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Aim 

This thesis is focused on the synthesis of new pyridine-based 1,2,3-triazoles to be employed as 

potential scaffolds for drug discovery and for diverse applications in organic chemistry such as C-

H activation and organocatalysis. In particular, this thesis will focus on the biological importance 

of the synthesised pyridine-based triazoles as potential inhibitors of the KAT2A protein and on 

their transformations through copper- and palladium- catalysed C-H activations into potentially 

active compounds. Moreover, it is also described the attempted synthesis of proline-based 

organocatalysts, enclosing a triazole moiety in their backbone, that will be further evaluated for 

future applications in organocatalytic reactions such as aldol condensations, Mannich and Michael 

reactions. 

 

 

Abstracts 

Chapter 1 

In this chapter, the synthesis of new pyridine-based 5-hydroxy-triazoles was attempted. The 

reaction protocol adopted has been already successfully employed in the Adamo’s group for the 

synthesis of aryl-based 5-hydroxy-triazoles and takes advantage of a free-catalyst cycloaddition 

occurring between active methylene compounds and pyridyl azides. Pyridine moieties are well 

known as ligands, organocatalysts and templates for fragment-based drug discovery, therefore 

the scope for this study was to include the pyridine unit in hydroxy-triazoles.  

Chapter 2 

The triazole pharmacophore is one of the most important well-known heterocycles which is a 

common and integral feature of a variety of natural products and medicinal agents. It is present 

as a core structural component in an array of drug categories such as antimicrobial, anti-

inflammatory, analgesic, antiepileptic, antiviral, antineoplastic agents etc. In this chapter 1,4-

disubstituted pyridine-based triazoles were turned into a small library of compounds that were 
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docked with a range of important biological targets (enzyme and proteins). This study allowed the 

identification of specific molecule/target selective interactions. The highest compound-protein 

binding scores proved our molecules to be quite selective and specific for a particular protein. 

Therefore, appropriate fluorescence tests were set up to quantify their activity against the target 

chosen, and biological evaluation followed for the final assessment. 

N.B. Chapter 2 experiments have been performed either in RCSI and in collaboration with other 

institutions in Italy under the supervision of the PhD candidate. 

Chapter 3 

C-H functionalisation has been known for decades as one of the most efficient methods to create 

new C-X bonds allowing production of new molecules to be used in a pletora of fields including 

medicinal chemistry, material chemistry and agriculture. The possibility to selectively activate a 

specific C-H bond through metal coordination, has been hugely explored as a powerful tool to 

overcome the many synthetic steps a classic cross-coupling reaction requires. Furthermore, C-H 

activation allows the potential to develop new compounds of biological interests by simply 

substituting one single C-H bond with another functional group that may better fit the 

pharmacological target. For this reason, we attempted the C-H functionalisation of triazoles 2.80a-

e with linear or cyclic aliphatic amines and substituted phenyl compounds to form either new C-N 

or C-C bonds. Given the activity showed by triazole 2.80b against KAT2A (see Chapter 2), we 

hypothesised the possibility to create new biologically active molecules by introducing different 

moieties through C-H functionalisation. Additionally, we also attempted to the synthesis of new 

potential triazole-based catalysts that incorporate a proline moiety within the backbone. Proline is 

renowed for being a powerful catalytic source, given its nature as bifunctional aminoacid, and 

1,2,3-triazoles, bearing diverse activation sites, which are known to be excellent metal-

coordinators. 
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triazoles via DBU-promoted 

cycloaddition and copper catalysis. 
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1.1 Introduction 

1.1.1 1,2,3-triazoles: electronic features 

Triazoles belong to the organic chemistry class of five-membered  ring  heterocycle containing 

three nitrogens. Generally, 1,2,3-triazoles derive from the replacement of one or two methines 

groups in pyrroles, thiophenes or furans with nitrogens. The insertion of one or more nitrogen 

atoms decreases the energy levels of the π-orbitals making 1,2,3-triazoles less “π-electron rich”.1 

They exist as two isomeric   forms   namely 1,2,3-triazole (Figure 1, 1.1a-c) and 1,2,4-triazole 

(Figure 1, 1.2a-c). Both isomers share the possibility to exist each in three tautomeric forms 

(tautomers are structural isomers of chemical compounds that rapidly interconvert): 1H-1,2,3-

triazole 1.1b and 3H-1,2,3-triazole 1.1a, formally being the same tautomer, and  2H-1,2,3-triazole 

1.1c, with regards to 1,2,3-triazoles, plus 1H-1,2,4-triazole 1.2a, 2H-1,2,4-triazole 1.2b and 4H-

1,2,4-triazole 1.2c, with regards to 1,2,4- triazoles (Figure 1).2  

 

 

 

Figure 1: 1H (3H) and 2H-1,2,3-triazoles 1.1a-c versus 1H, 2H and 4H-1,2,4-triazoles 1.2a-c 

tautomerism. 

The relative stability of the tautomers is influenced by the interactions between the substituents 

and the proton delocated on the three nitrogens. With regards to 1,2,4-triazoles, when electron 

withdrawing substituents are present, the 1H tautomer 1.2a is favoured, whereas with electron 

donating substituents, the 2H tautomer 1.2b is favoured. Considering, instead, the electronic 

nature of 1,2,3- triazole tautomers 1.1a-c, the three of them exist in equilibrium with each other 

given the low energies requirements for the intermolecular proton transfer.3 The 2H-1,2,3 triazole 

1.1c can be assumed as the most stable tautomer in gas phase, whereas the 1H- tautomer 1.1b 

is mostly stable in solution, because of dipole interactions with the solvent.4,5 Furthermore, 1H 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nitrogen
https://www.sciencedirect.com/topics/chemistry/1-2-3-triazole
https://www.sciencedirect.com/topics/chemistry/1-2-3-triazole
https://www.sciencedirect.com/topics/chemistry/1-2-4-triazole
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tautomer’s 1.1b stability is increased by the N-2 character of both pyridine-type (Figure 2 in blue) 

and pyrrole-type (Figure 2 in red) nitrogens due to the absence of electrostatic repulsion between 

the adjacent σ lone pairs (Figure 2).6 Since 1,2,3-triazoles display both pyridine and pyrrole type 

nitrogens atoms, frontier molecular orbitals also reflect different energy levels depending on the 

nitrogen atom-type involved in the reaction. More specifically, the pyrrole-like nitrogen acts as π-

donating and σ-accepting, given the inclusion of the NH lone pair in the aromatic π sextet. On the 

other hand, the pyridine-like nitrogen displays an additional σ lone pair, giving greater π deficiency 

thus its strongly π –accepting behavior, while being weakly σ-donating.7 Accordingly, the HOMO 

(Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) orbitals are, 

respectively, stabilised and destabilised when looking at the alternation of the π-accepting 

pyridine-type nitrogen and π-donating pyrrole-type nitrogen of the 1H- and 2H tautomers of 1,2,3-

triazoles (Figure 2).8    

 

Figure 2: Features of the electronic structure of 1H-1,2,3-triazole 1.1b. 

1,2,3-triazoles can be further subdivided into two other main classes, namely, 1,2,3-

benzotriazoles 1.3a,b and 1,2,3-triazolium salts 1.4a,b (Figure 3). 

 

Figure 3: 1H- and 2H- benzotriazoles 1.3a,b and 1,2,3-triazolium salts 1.4a,b classes. 

https://www.sciencedirect.com/topics/chemistry/benzotriazoles
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/inorganic-salt
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Monocyclic 1,2,3-triazoles 1.1 and benzotriazoles 1.3 are undoubtedly the most stable towards 

hydrolysis, oxidative conditions and enzymatic degradation.5 Additionally, alkylation of the 

nucleophilic nitrogen allows for the formation of triazolium salts 1.4. When subjected to pyrolysis 

or photolysis, 1,2,3 triazoles 1.5 can produce very reactive species because of the extrusion of 

nitrogen. This results in the formation of a wide range of compounds like nitriles 1.6, ketenimines 

1.7, azirines 1.8, etc (Figure 4).  

 

Figure 4: Decomposition products 1.6-1.8 of 1,2,3-triazole 1.5. 

Furthermore, the triazole nucleus benefits from its aromatic nature to increase its stability. 

Specifically, a cross conjugation, defined by Phelan as “a system possessing three unsaturated 

groups, two of which, although conjugated to a third unsaturated center, are not conjugated to 

each other”,9 occurs in these molecules rather than a proper π conjugation. This can be explained 

when considering that the lone pair on the pyrrole-type nitrogen (N1 position) cannot be 

delocalized to create consecutive “single bonds”.10 Consequently, an aromatic sextet 1.9b and 

1.10b is formed by donation of one π electron from each atom connected by double bonds, in 

addition to the remaining two electrons from a nitrogen atom (Figure 5)11. This aromaticity in 

triazoles is evidently shown in the much shorter C-C, C-N and N-N bonds than the corresponding 

normal single bonds.12 The same analysis can be carried out on triazolium salt 1.10 which bond 

distances and reactivity can be explained by limit formulas 1.10b-1.10d  (Figure 5). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-degradation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-degradation
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Figure 5: Resonance structures of 1,2,3-triazoles and 1,2,3-triazolium salts (1.9 and 1.10 

respectively) and their contribution to aromaticity. 

 

1.1.2 1,2,3-triazoles: acid-base behavior 

1,2,3-triazoles benefit from being either acidic or basic due to the pyridine/pyrrole-type nitrogens 

presence. Generally, the basicity of 1,2,3-triazoles is, for the most part, connected to the pyridine-

like nitrogen and decreases with additional pyrrole-type nitrogens in adjacent positions.13 In 

particular, the 1H- tautomer 1.1b (Figure 1) shows two basic centers corresponding to the two 

pyridine-type nitrogens at position 2 and 3 while the 2H- tautomer 1.1c (Figure 1) exhibits a 

weaker basic strength connected to the two pyridine-like basic centers, at positions 1 and 3 

because of the N2 position in between.14 Usually, 5-membered heterocyclic compounds 

containing oxygen or sulfur, possess a stronger acidity compared to nitrogen-based 5-membered 

heterocycles like triazoles due to the greater ability of oxygen and sulfur of stabilising negative 

charges. Consequently, carbanions formed in the adjacent positions will have higher stability. On 

the other hand, nitrogen-based 5-membered heterocycles’ acidity is, typically, related to the 

hydrogen position (in case of 1,2,3-triazole, crucial is the close proximity to the pyrrole- or pyridine- 

type nitrogens) and to the nature of eventual N-substituents. The greater the substituent electron 

withdrawing character, the stronger the acidity of the heterocyclic proton.15 Undoubtedly, 1,2,3-

triazoles most acidic proton is the one related to the CH position close to the pyrrole-type nitrogen. 

As consequence, deprotonation pKa values reach 35.0 for the C4 position and 27.8 for the C5 

position (when considering deprotonation of 1-methyl-1H-1,2,3-triazole in DMSO, Table 1). These 

values are significantly lower than the ones showed for benzene 1.11, which pKa deprotonation 

values are only set at 44.7 in DMSO (Table 1).16  
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Table 1: pKa values comparison of different aromatic and heterocyclic compounds. 

Compound 
pKa 

(azole, CH, 
DMSO) 

pKa  

(azole, NH, water) 

 
pKa  

(azolium, 
water) 

Benzene 

 

44.7 - - 

Pyridine 

 

40.3 (C4),  

43.6 (C2) 

- - 

Pyrrole 

 

38.8 (C2) 16.5 - 

Pyrazole 

 

33.8 (C5) 14.2 2.5 

1H-1,2,3 Triazole 

 

35.0 (C4), 

27.8 (C5) 

9.3 1.3 

 

The acidity of the C-H position offers, also, the possibility to use 1,2,3-triazoles as versatile 

scaffolds for C-H activation and consequent substitution with various electrophiles (Chapter 3).17 

Diversely, the N-H acidity contribution is mainly visible in solution and depends on the number of 

total nitrogen ring atoms.14 
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1.2 Synthesis of 1,2,3-triazoles 

1.2.1 Huisgen 1,3-dipolar cycloaddition 

The synthesis of 1,2,3-triazoles has been a challenging and attractive topic for many years and several 

strategies are available for their preparation. 1,3-dipolar cycloaddition, better known as Huisgen 

cycloaddition, has been known as one of the first synthetic method through which 1,2,3-triazoles started 

to be produced. This procedure can be classified as an innovative and important system to synthesise 

heterocyclic species by creation of new σ-bonds at the expense of the π-ones (Figure 6).  

 

 

Figure 6: General mechanism of Huisgen 1,3-dipolar cycloaddition. 

The species that participate at the reaction are known as 1,3-dipoles 1.17 and dipolarophiles 1.16. 

1,3-dipoles 1.17 are characterized by the presence of an atom with an incomplete sextet and a formal 

positive charge (electrophilic site), and an atom with an electron octet and a negative formal charge 

(nucleophilic site).18 Furthermore, this chemical moiety can exist as either an allyl-type 1.21 or as  

propargyl/allenyl type 1.20 zwitterionic sextet/octet structures.1,2,3-triazoles can be considered as 

propagyl-allenyl type (1.20) of 1,3-dipoles, thus, possessing almost a linear configuration (Figure 7).19 

 

 

Figure 7: Allyl and propargyl-allenyl type conformations 1.20 and 1.21 respectively. 

On the other hand, the dipolarophile 1.16 is a chemical entity that contains a multiple bond system 

capable of interacting with the 1,3-dipole 1.17 towards a cycloaddition reaction. Usually a dipolarophile 

is represented by alkenes and alkynes but heteroatomic molecules such as carbonyls or imines can 

also be considered capable of participating in 1,3-cycloaddition reactions.18 The concept of 1,3-dipolar 

cycloaddition was first discovered by Michael in 1893.20 He reacted phenyl azide 1.22 with dimethyl 
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acetylenedicarboxylate 1.23 discovering one of the first synthetic approach for the formation of 1,2,3-

triazoles 1.24 (Scheme 1).21,22  

 

Scheme 1: Michael’s first attempt to the synthesis of phenyl substituted 1,2,3-triazole 1.24. 

Huisgen later identified Michael’s discovery as a [3+2] 1,3-dipolar cycloaddition of a 1,3-dipole to a 

multiple bond. According to Huisgen, the 1,3-dipolar cycloaddition proceeds through a concerted 

pericyclic mechanism in which the 1,3-dipole allyl-type molecule 1.21 acts with a π4 fashion while the 

dipolarophile 1.20 acts as π2 reactant,18,23–25 in accordance with what also Woodward and Hoffman 

proposed few years later.26 In spite of that, reaction rates and regioselectivity were still inexplicable until 

Sustmann et al.27 and Houk et al.28  proposed to justify this behavior through the Frontier Molecular 

Orbital theory (FMO). According to the FMO theory, three types of HOMO-LUMO overlapping 

possibilities exist. Furthermore, the FMO theory predicts that the concerted mechanism only occurs 

with the smallest HOMO-LUMO energy gap. Therefore, the superimposition can happen as: 

a) HOMO-controlled dipole, in which the 1,3-dipole 1.25 has a high-lying HOMO that overlaps with 

the dipolarophile 1.26 LUMO (Type I, Figure 8). 

b) HOMO-LUMO controlled dipole, in which the HOMO of the 1,3-dipole 1.25 can pair with the 

dipolarophile 1.26 LUMO and vice versa. The small energy gap between the two orbitals is given by the 

chance of both EWGs and EDGs on the dipolarophile 1.26 and the 1,3-dipole 1.25 to accelerate the 

reaction reducing the activation energy gap (Type   II, Figure 8). 

c) LUMO-controlled dipole, in which the 1,3-dipole 1.25 low-lying LUMO pairs with the dipolarophile 

1.26 HOMO (Type III, Figure 8).29 
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Figure 8: Sustmann's classification of 1,3-dipolar cycloadditions and Houk's terminology. 

In line with a concerted mechanism, it seems that the 1,3-dipolar cycloaddition proceeds via LUMO- 

controlled dipole. The reaction rate appears to be independent from the solvent chosen as well as from 

the nature of the substituents (that also does not influence the formation of a specific regioisomer). 

Therefore, a HOMO-raising electron-donating group (EDG) as well as LUMO- lowering electron-

withdrawing group (EWG) enhance the rate of reaction. Moreover, these groups polarise the π-system 

that affects the regioselectivity due to the interaction occurring between orbitals with the largest 

coefficient of overlap.30 Notably, EWG groups at position C5 of 1,2,3-triazoles cause a reversible ring 

opening at the N1-N2 bond: in particular, when the C5 substituent is represented by a primary amine 

1.27a, an interconversion between triazole’s exocyclic 1.27b,c and cyclic form 1.27a,d occurs (known 

as Dimroth’s rearrangement, Scheme 2).31  

 

Scheme 2: Dimroth’s rearrangement. 
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On the other hand, Firestone envisaged a completely different pathway. Their proposal involved a two-

step reaction in which the rate determining step produces a spin paired di-radical species. This 

intermediate is formed when 1,3-dipoles 1.21, according to Firestone, lose their allylic resonance energy 

when reacted with dipolarophiles. Given that, Firestone claimed that a di-radical mechanism (1.28) 

corroborates the similar reactivity of olefins and acetylenes (Figure 9).32 Nowadays, after much debate, 

the Huisgen version is the only accepted mechanistic proposal. 

 

Figure 9: Huisgen’s and Firestone’s proposed mechanism for 1,3-dipolar cycloaddition. 

 

1.2.2 Copper catalysed azide-alkyne cycloaddition (CuAAC) 

 

The copper(I)- catalysed azide-alkyne cycloaddition (CuAAC) strategy to synthesise 1,2,3-triazoles 

was discovered, independently, by Sharpless et al.33 and Meldal et al.34 Sharpless demonstrated 

that an uncatalysed reaction between organic azides and alkynes proceeded slowly following the 

fundamentals of the Huisgen 1-3 dipolar cycloaddition. Furthermore, it required high temperatures 

and the overall process was unselective: this means that the Huisgen cycloaddition produced 

equimolar mixtures of both 1,4- and 1,5- 1,2,3-triazole regioisomers. Copper(I) (Cu) is capable of 

drastically improving the reaction rate as well as the regioselectivity towards the 1,4 regioisomer. 

Generally, Cu(II) salts are the most used copper catalysts in CuAAC reactions; however, only Cu(I) 

is known to be the active species promoting this reaction. Indeed, if Cu(II) salts are used alone, 

they are incapable of forming the copper-acetylide complex that initiates the cycloaddition. For 

this reason, Sharpless and Fokin introduced a reducing agent, sodium ascorbate, to the standard 

procedure. The latter had the enormous advantage to be performed in aqueous media with, 

eventually, organic co-solvents like alcohols or DMSO to improve reagents solubility. An aqueous 

solution of sodium ascorbate, in conjunction with Cu(II) salts, prevents the Cu(I) intermediate from 
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disproportionation to Cu(II) and Cu(0) and from re-oxidation to Cu(II) through contact with air.33,34 It 

is also possible to introduce copper(I) sources straight to the reaction mix, without having them 

being formed in situ, as aforementioned. Despite the advantages of having copper(I) species ready 

to be used (mostly represented by copper iodide (CuI), copper triflate benzene complex 

(CuOTf*C6H6) and copper(I) tetrakis(acetonitrile) hexafluorophosphate [Cu(H3CCN)4][PF6]), this 

latter strategy requires inert atmosphere and anhydrous conditions. Furthermore, co-solvents like 

acetonitrile and auxiliary bases, such as 2,6-lutidine and triethylamine, are also required. 

Mechanistically speaking, CuAAC proceeds through the following steps: in the first instance a 

Cu(I) (Scheme 3, 1.31) species binds an alkyne through a π-coordination (Scheme 3, 1.33). This 

bond substantially increases the CH-acidity of the terminal alkyne allowing the formation of a σ-

coordinated Cu(I)-acetylide (Scheme 3, 1.34).35 An azide (Scheme 3, 1.35), then, coordinates the 

copper metal center generating a π-coordinated Cu(I) complex (Scheme 3, 1.36). Coordination of 

the azide 1.35 can occur at either the terminal or substituted nitrogen.36 Nevertheless, the 

substituted nitrogen is the one preferred for the reaction to happen because of its π-donating 

features that increase the electron density on the metal center. The affinity of Cu(I) towards the α-

carbon of the alkyne 1.32,37 which is responsible for the nucleophilic attack of the alkyne β-carbon 

at the terminal electrophilic nitrogen,38 can explain the high selectivity for the 1,4- regioisomer 

1.39 produced from the copper-catalysed cycloaddition (Scheme 3).39 Finally, copper extrusion 

via reductive elimination (1.37) and subsequent protonolysis of the copper-triazolide complex 

(1.38), generate the desired 1,2,3-triazole (1.39) and allow copper to re-enter the catalytic cycle 

(Scheme 3). Based on these premises, many scientists have speculated whether or not the 

CuAAC proceeds via a mononuclear or dinuclear pathway. Sharpless firstly proposed a 

mononuclear fashion that evolved towards the product (Scheme 3, 1.39) via the formation of a 

six-membered Cu(III) metallacycle (Scheme 3, 1.37). 1.37 then undergoes ring contraction to 

release the product (Scheme 3, 1.39).33  
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Scheme 3: General scheme of CuAAC cycloaddition. 

A couple of years later, Fokin and Finn proposed a dinuclear fashion after reacting different 

heterocyclic ligands with dansyl azide 1.45 (Scheme 4). They found that the rate of reaction was 

second order with respect to Cu(I) concentration, suggesting the presence of a dinuclear 

intermediate species (Scheme 4, 1.40 and 1.41).40 It is believed that, once the alkyne-copper(I) 

complex is formed (Scheme 4, 1.43), a neighbouring Cu(I) can attract another acetylide ligand. 

This sets up an equilibrium between intermediate 1.44 and 1.43. This equilibrium, however, is 

unproductive as only when the azide (Scheme 4, 1.45) coordinates a neighbouring copper, does 

the reaction benefit from the active intermediate formed (Scheme 4, 1.46) and proceed further to 

completion of the cycloaddition mechanism (Scheme 4, 1.49). Following this hypothesis, acetylide 

1.43 does not bind to the azide 1.45 but, instead, to another copper center. According to Fokin 

and Finn, after formation of 1.46, the reaction proceeds straight to ring contraction and formation 

of the product (Scheme 4, 1.49).40 On the other hand, van Maarseeven proposed a revised 

formulation for this mechanism introducing a potential intermediate (Scheme 4, 1.50) that could 

be considered similar to the six-membered metallacycle described by Sharpless. According to 

Maarseeven, 1.50 is believed to be the dinuclear species formed before the transition from 1.46 

to 1.47 (Scheme 4).41 Throughout the years, others sustained and proved the existence of a 

dinuclear mechanism for the CuAAC rather than a mononuclear one such as Ahlquist and Fokin,37 

Cantillo42 and Heaney.43 All agreed on the impossibility for the CuAAC proceeding via a 
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mononuclear pathway due to a high energy barrier belonging to the ring strain in the cyclic Cu(III) 

intermediate (1.37, Scheme 3). The sp carbon in the Cu=C=C fragment prefers a 180°C angle 

that is impossible to recreate in a six-membered cycle. It is more plausible to accept the existence 

of two Cu(I) centers that bind the acetylide molecule (1.50, Scheme 4). 

 

Scheme 4: Proposed mechanism for the CuAAC dinuclear pathway by Fokin, Finn and 

Maarseeven. 

1.2.3 Ruthenium catalysed azide-alkyne cycloaddition (RuAAC) 

Even though CuAAC represents the preferred method for the 1,2,3-triazole synthesis, many other 

approaches have been developed to afford this important chemical moiety. Ruthenium-catalysed 

azide- alkyne cycloaddition (RuAAC), initially introduced by Lin, Jia, Fokin et al.44, takes 

advantage of strong electron-donating ruthenium complexes, such as 

pentamethylcyclopentadienyl ruthenium dichloride (Ru(Cp)Cl2), capability to catalyse alkyne 

cyclotrimerization and direct the reaction to the sole formation of the 1,5-regioisomer.44–46 

Furthermore, RuAAC is a novel strategy  that can be applied to either terminal and internal 

alkynes, despite CuAAC, where there are only few examples reported of 1,4-regioisomers 
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synthesised from internal alkynes.47,48 The interaction between ruthenium 1.51 and the alkyne 

1.32 proceeds through an addition/elimination sequence in which the π-coordinated alkyne 1.52 

reacts with the terminal nitrogen of the azide 1.53 producing a six-membered ruthenacycle 1.55, 

via oxidative coupling. Subsequently, 1.54 evolves into the product 1.59 through reductive 

elimination intermediates 1.56a,b and 1.57 with extrusion of ruthenium (Scheme 5).49  

  

Scheme 5: General scheme of RuAAC cycloaddition. 

It is pivotal to note that while the 1,5-regioisomer is completely afforded when reacting terminal 

alkynes, this exclusive regioselectivity does not fully occur when internal alkynes are used in the 

reaction. This issue mainly depends on how bulky the internal alkyne is. Electron-donating groups 

enhance the reactivity of the alkyne β-nucleophilic carbon that will attack the electrophilic nitrogen 

of the azide resulting in the formation of the 1,5-regioisomer exclusively.44,49,50 Conversely, 

electron-withdrawing groups reduce the β-nucleophilicity of the alkyne, thus resulting into an α-

carbon attack of the alkyne to the azide leading to the formation of 1,4-regioisomer instead.50 
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Nevertheless, the synthetic route using RuAAC still presents huge limits. In particular, when the 

ruthenium catalyst reacts with the sole azide 1.53, in absence of the alkyne species 1.32, side 

reactions can take place forming inactive and stable complexes (Figure 10, 1.60 or 1.61) that do 

not evolve towards the formation of the free triazole.44,49 On the contrary, if the alkyne 1.32 is the 

only species present in the reaction mix, then the ruthenium catalyst will form a 

ruthenacyclopentatriene complex 1.62 that is catalytically inactive (Figure 10).51 Furthermore, 

RuAAC hardly tolerates azides requiring high steric hindrance as well as aryl azides and strong 

π-accepting substituents.45 

 

Figure 10: Possible side products 1.60-1.62 arising from the RuAAC strategy. 

1.2.4 1,2,3-triazole synthesis via organocatalysis 

In the past few years, the organocatalytic approach for the synthesis of 1,2,3-triazoles has been 

notably preferred to the expensive and environmentally less ideal copper/ruthenium synthetic 

strategies.52,53 Organocatalysts are, indeed, environmental-friendly, easy to synthesise and 

straightforward to produce. Furthermore, organocatalysis does not require metals to be present 

for the reaction and can also provide diverse 1,2,3-triazoles, impossible to synthesise with 

traditional methods, in high yields, high regioselectivity and of significant pharmaceutical 

interest.54 Scientists agree on assuming Dimroth to be the very first one to apply organocatalysis 

to the synthesis of 1,2,3-triazoles via the condensation of organic azides and active methylene 

compounds.31 In 2008, Ramachary et al.55 proposed the first proline catalysed reaction between 

aryl azides 1.64 and Hagermann’s ester 1.63, via the formation of a dienamine intermediate 1.65 

species, resulting in the corresponding fused 1,2,3-triazole 1.66 in high yields (Scheme 6).  

 



32 

 

 

Scheme 6: Synthesis of fused 1,2,3-triazoles 1.66 via dienamine intermediate. 

Ramachary et al.56 also contributed to the synthesis of 1,4-disubstituted triazoles 1.70 using  

enolisable aldehydes 1.67 and azides 1.68, via DBU catalysis which proceeded via formation of 

enolate intermediate 1.69 (Scheme 7). 

 

 

Scheme 7: Synthesis of 1,4-disubstituted triazole 1.70 via enolisable aldehydes. 

Research was then extended to the synthesis of trisubstituted 1,2,3-triazoles 1.74 by reacting 

enolisable ketones 1.71 and a variety of aryl azides 1.72 with either electron-donating or electron-

withdrawing groups, that progressed via similar intermediate 1.73 (Scheme 8) as highlighted 

before (1.69, Scheme 7).57 

 

 

Scheme 8: Synthesis of fully decorated 1,2,3-triazoles 1.74 via enolisable ketones 1.71. 
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Wang et al.58 also deeply studied the reaction between active methylene compounds 1.75 and 

organic azides 1.72, making use of diethylamine 1.76, to achieve the regiospecific synthesis of 

trisubstituted 1,2,3-triazoles 1.77 in high yields. Wang’s strategy worked perfectly with a wide 

range of enolisable aldehydes as well as various azides, both aromatic and aliphatic, with a wide 

range of substituents tolerated (Scheme 9).58 

 

 

Scheme 9: Synthesis of trisubstituted 1,2,3-triazoles 1.77 via active methylene compounds 

1.75. 

Wang et al. also developed an efficient method for the synthesis of trisubstituted 1,2,3-triazoles 

starting from ketoesters 1.79 under the catalysis of pyrrolidine 1.80. This new approach let Wang 

and his group build an important CB1 cannabinoid receptor antagonist intermediate 1.81 (Scheme 

10).59 

 

Scheme 10: Synthesis of the CB1 cannabinoid receptor antagonist intermediate 1.81 via 

organocatalytic approach starting from unactivated ketones 1.79. 
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Furthermore, Wang et al.60 can also be considered as the first to have attempted the 

organocatalytic synthesis of substituted 1,2,3-triazoles in water. They designed a catalyst with the 

unique properties of possessing specific hydrophobic groups (1.85) that allowed the reaction to 

happen in hydrophobic pockets (Scheme 11). The yields obtained with this greener method were 

comparable to the ones resulting from the same reactions carried out in organic solvents.60 

Therefore, a range of ketones 1.83 were reacted with aromatic azides 1.84 to provide relevant 

triazoles 1.86 in moderate to very good yields. 

 

Scheme 11: Green approach to the synthesis of substituted 1,2,3-triazole 1.86. 

 

The Adamo’s lab also investigated the versatility of Wang’s and Ramachary’s approaches to 

organocatalysis to synthesise enantioenriched amides 1.89 from enolisable aldehydes 1.87 and 

aromatic azides 1.84 under basic conditions via formation of a triazoline intermediate 1.88 

(Scheme 12).61  

 

Scheme 12: Synthesis of enantioenriched amides 1.89 via triazoline intermediate 1.88 

formation. 
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1.2.5 Introduction to hydroxyazoles and 5-hydroxy-1,2,3-triazoles 

Hydroxyazoles, like 1,2,3-triazoles, belong to the azole heterocyclic class identified by the 

presence of a nitrogen involved in a double bond and, at least, another heteroatom in the same 

5-membered ring 1.90-1.95 (Figure 11). 

  

Figure 11: Some examples of 5-membered hydroxyazoles. 

In particular, hydroxy-1,2,3-triazoles bear a hydroxyl-group with an ortho orientation with respect 

to the pyrrole-like nitrogen. The hydroxyl group allows these compounds to delocalise the negative 

charge, arising from the deprotonation of the hydroxyl group itself, over both the oxygen and 

nitrogen atoms. For this reason, hydroxyazoles are, predominantly, weak acids and their pKa 

values is much lower than phenols as it strictly depends on the nature of the azole ring 

substituents. However, classifying hydroxyazoles only according to their pKa is not suitable 

because of the lactam-lactim (1.96 and 1.97 respectively) tautomerism that occurs between the 

hydroxyl group and the adjacent nitrogen. Specifically, the lactam-lactim tautomerism is a 

particular type of amide-imidol tautomerism that occurs when a hydrogen migrates between the 

oxygen and nitrogen atoms during the interconversion (Figure 12).62 

 

Figure 12: Lactam-lactim tautomerism in 5-hydroxy-1,2,3-triazoles. 
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The lactam-lactim tautomerism is greatly influenced by (i) the position of the heteroatom involved; 

(ii) the shape of the electronic density of the system after deprotonation of the hydroxyl moiety 

and, (iii), finally, by the reactivity towards electrophiles since both oxygen and nitrogen can 

intervene in creating new bonds.63 

1.2.5.1 Synthesis of 5-hydroxy-1,2,3-triazoles 

5-hydroxy-1,2,3-triazoles synthesis has been firstly described by Dimroth in 1902. He reacted 

ethyl acetoacetate 1.98 with phenyl azide 1.22 in the presence of sodium ethoxide 1.100 to 

provide 5-hydroxy-1,2,3-triazole 1.99 in poor yields (Scheme 13).31  

 

Scheme 13: Dimroth’s synthetic strategy to yield 5-hydroxy-1,2,3-triazole 1.99. 

Throughout the years, the base-catalysed reaction between aryl azides and active methylene 

compounds remained the general method of election for the synthesis of variously substituted 5-

hydroxy-1,2,3-triazoles. Begtrup and Pedersen, in 1964, demonstrated that, when 

methylmalonamide 1.101a (R1=H, R2=CH3) reacted with phenyl azide 1.22 in the presence of 

sodium ethoxide 1.100, the sole product observed was 1-phenyl-4-methyl-5-hydroxy-1,2,3-

triazole 1.103a. They obtained analogous results with N,N’-dimethyl methylmalonamide 1.101b 

(R1=R2=CH3), phenylmalonamide 1.101c (R1=H, R2=Ph) and N,N’-dimethyl phenylmalonamide 

1.101d (R1= CH3, R2=Ph) proposing the following synthetic pattern to justify the products obtained. 

The reaction between malonamides 1.101a-d and phenyl azide 1.22 produced the triazene 

intermediate 1.102 and was followed by the attack of the negatively charged terminal nitrogen of 

the azide on the amide-carbon group. Simultaneous loss of the carboxamido group brought to 

products 1.103a-d (Scheme 14).64  
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Scheme 14: Begtrup and Pedersen’s synthetic pathway for the synthesis of 5-hydroxy-1,2,3-

triazoles 1.103a-d. 

Olesen et al.65 took advantage of the 5-hydroxy-1,2,3-triazoles synthesis, to form a new versatile 

compound (1.106), bearing a chlorine at position C5 and an aldehyde moiety at position C4 of the 

triazole ring via the Vilsmeier-Haack reaction (Scheme 15).  

 

Scheme 15: Olesen approach for the synthesis of N-substituted-1H-1,2,3-triazole-4-

carboxamides 1.111.  

The Vilsmeier-Haack reaction allows the formylation of electron-rich arenes 1.112 to produce aryl 

aldehydes 1.116 starting from aromatic amines 1.113 and phosphorous oxychloride 1.114 

(Scheme 16).65  

 

Scheme 16: Vilsmeier-Haack reaction for the synthesis of aryl aldehydes 1.116. 

Olesen, then, turned the 5-chlorotriazole-4-carboxyaldhehyde 1.106 into the corresponding  5-

hydroxy-1,2,3-triazole 1.107 with a simple work-up with acidic aqueous media and finally reacted 

1.107 with an appropriate primary amine 1.109 to give 1.110 that, upon heating beyond the 
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melting point, rearranged into the resulting carboxamide 1.111 (Scheme 15) presumably following 

the Dimroth rearrangement (Scheme 17).31,66 This involves the relocation of two heteroatoms 

(1.110) in heterocyclic systems via ring opening (1.118) and ring closure (1.119) processes.31 

 

Scheme 17: Olesen Dimroth’s rearrangement proposed mechanism for the synthesis of 1.111.  

Cottrel et al.67 also obtained substituted 5-hydroxy-1,2,3-triazoles 1.123a-f. In this study, diethyl 

malonate 1.121a (R1=COOEt), ethyl benzylacetate 1.121b (R1=Bn), ethyl fluoroacetate 1.121c 

(R1=F) and ethyl nitroacetate 1.121d (R1=NO2) were reacted with benzyl azide 1.120a or 

substituted benzyl azides 1.120b-c, bearing both EWGs (1.120b, Ar=1,3-dichlorobenzene) and 

EDGs (1.120c, Ar=anisole). While compounds 1.123a (Ar=Bn, R1=COOEt), 1.123b (Ar=1,3-

dichlorobenzene, R1=Bn),  1.123c (Ar=anisole, R1=Bn), 1.123d (Ar=Bn, R1=Bn) were obtained in 

77-96% yields, compounds 1.123e (R1=F) and 1.123e (R1=NO2) were not afforded (Scheme 18).67 

 

Scheme 18: Cottrel’s strategy for the synthesis of 1-benzyl 5-hydroxy-1,2,3-triazoles 1.123a-f. 

The Adamo’s lab provided a high-yielding cycloaddition reaction of β-ketoesters 1.124a (R1=H) 

and 1.98 (R1=CH3) with aryl azides 1.125a-g to yield 5-hydroxy-1,2,3-triazoles 1.127a-g.68 The 

reaction was promoted by 1.2 equiv. of DBU 1.126 in acetonitrile (ACN) at 50 °C for 18 h and 

provided 5-hydroxy-1,2,3-triazoles 1.127a-g in moderate to good yields (Scheme 19). The 

reaction was, however, sensitive to the electronic effects of substituents on the azide, where 

electron-neutral azides 1.125a (Ar=Ph), 1.125b (Ar=4-BrC6H4), 1.125d (Ar=2-PhC6H4), 1.125e 

(Ar=1-naphthyl) gave highest yields. Electron-rich azide 1.125c (Ar=4-OMeC6H4) reacted well, 

albeit yields were lower. Aromatic azides 1.125f (Ar=4-NO2C6H4), 1.125g (Ar=2-NO2-4-MeC6H3) 

bearing strong electron-withdrawing groups provided corresponding 5-hydroxy-1,2,3-triazoles 

1.127f–g only in moderate yields. Steric hindrance from aryl-substituents of aryl azides 1.125 was 

not found to affect the reaction yield.  
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Scheme 19: Synthesis of 5-hydroxy-1,2,3-triazoles 1.127a-g via DBU catalysis. 

Since compound 1.127a (R1=CH3) behaved as a relatively strong Brønsted acid, a titration 

experiment was carried out, to better characterise its properties. The pKa of 1.127a was found to 

be 4.2, which is comparable to that of a carboxylic acid (Figure 13).69  

 

Figure 13: Potentiometric titration of 5-hydroxy-1,2,3-triazole 1.127a. Equivalence point: pH = 

8.4, pKa = 4.2. 

This result was very unexpected if compared to the pKa values of related 4-hydroxy-1,2,3-

triazoles, found to be significantly less acidic as reported by Pippione and co-workers.70 This 

intriguing finding allowed the Adamo’s group to synthesise long chain 5-hydroxy-1,2,3-triazoles 

1.13268 (Scheme 20) to be potentially used as bioisosteres of hydroxamic acids (Figure 14), such 

as suberanilohydroxamic acid 1.133 (SAHA), known as potent HDAC (histone deacetylase) 

inhibitor.71,72 
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Scheme 20: Preparation of long chain 5-hydroxy-1,2,3-triazoles 1.132 via DBU catalysis. 

A literature search highlighted the structural similarity of 5-hydroxy-1,2,3-triazoles 1.132 to 

hydroxamic acids.73 Hydroxamic acids and 5-hydroxy-1,2,3-triazoles share similar pKa and amide-

like bioisosterism, which makes them excellent ligands for enzyme-bound metals. Compounds 

1.127a–g reacted with Fe2+ and Cu2+ salts providing blue-violet and red colored solutions, 

indicating a similar ligand-like behavior as hydroxamic acids. Suberanilohydroxamic acid  1.133 

(SAHA) is an hydroxamic acid which is active as histone deacetylase (HDAC) inhibitor.71,72 The 

structural and functional similarities between 1.133 and 5-hydroxy-1,2,3-triazoles 1.132 are 

highlighted in Figure 14 and include: (i) nominally similar scaffolds and chemical functionalities 

(i.e OH groups circled in blue); (ii) analogous lone pairs (circled in red) of the carbonyl oxygen of 

the hydroxamic acid and pyridyl-like nitrogen of the triazole system;74 (iii) hydrophobic backbones 

(circled in green), essential for interaction with active sites of HDAC isoforms, e.g. zinc-binding 

groups; and (iv) aromatic rings (circled in pink), essential for the correct positioning in the enzyme 

active site via π-π stacking.75 

 

Figure 14. Structural similarities between HDAC inhibitor SAHA 1.133 and long-chain 5-

hydroxy-1,2,3-triazoles 1.132. 

A more detailed description of 1,2,3-triazoles’ properties in medicinal chemistry as hydroxamic 

acid biososteres will be discussed in Chapter 2. 
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1.3 Results and Discussion 

The possibility to synthesise long-chain 5-hydroxy-1,2,3-triazoles as potential hydroxamic acid 

bioisosteres worked as driving force for the start of this project that was, initially, laying the 

groundwork for an important question: what if the reaction of β-ketoesters with pyridyl azides, 

instead of aryl azides, could lead to an even more active substrate to test as potential candidate 

in drug discovery? Consequently, this project focused, in the first part, on the synthesis of 5-

hydroxy-1,2,3-pyridyl triazoles via the DBU promoted protocol followed for the synthesis of 5-

hydroxytriazoles 1.127. The reaction was carried out in ACN at 50 °C for 18 hours but did not 

provide the desired product except recovering of the starting materials. For this reason, different 

types of bases, either organic or inorganic, were used instead of DBU as well as solvents other 

than acetonitrile (Table 2). Additionally, β-ketoesters 1.98 and 1.124a were reacted with diverse 

pyridyl azides (1.134a,b) all bearing the azido group N3 in an ortho position, to prove the reaction 

to be, eventually, more favored in presence of EW or ED groups. Unfortunately, none of these 

approaches led to obtain the desired pyridyl-based 5-hydroxytriazoles 1.135a,b (Table 2) in spite 

of the extensive attempts that were made.  

Table 2: Reaction conditions: 1.124a and 1.98 (1.2 equiv.,0.8 mmol), 1.134a,b (1 equiv., 0.67 

mmol), base (1.2 equiv., 0.80 mmol), solvent (0.3 M). 

 

Entry Ketoester Azide Base Solvent Temperature 

1 1.124a 1.134a 

DBU DMSO 

 

Reflux 

 

2 1.124a 1.134b 

3  1.98 1.134a 

4  1.98 1.134b 
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Entry Ketoester Azide Base Solvent Temperature 

5 1.124a 1.134a 

NaOEt EtOH rt 

6 1.124a 1.134b 

7 1.98 1.134a 

8 1.98 1.134b 

9 1.124a 1.134a 

NaH THF dry 0°C to rt 

10 1.124a 1.134b 

11 1.98 1.134a 

12 1.98 1.134b 

13 1.124a 1.134a 

Diethylamine 
Toluene 

dry 
Reflux 

14 1.124a 1.134b 

15 1.98 1.134a 

16 1.98 1.134b 

17 1.124a 1.134a 

Proline DCM dry Reflux 

18 1.124a 1.134b 

19 1.98 1.134a 

20 1.98 1.134b 

 

Hence, we thought of avail of a catalyst that, by lowering the energy barrier required to start the 

cycloaddition reaction, could act as a promoter. Different catalysts were tested to try to afford the 

desired products (Table 3). Copper(II)- and copper(I)- based catalysts were investigated in the first 

instance, due to the efficient role of copper in CuAAC reactions.33 Notably, only when copper(I) 

trifluoromethane sulfonate toluene complex (Cu(OTf)2*C6H5CH3) was employed, with DMSO as 

solvent (Table 3, entry 3), the reaction succeeded, although affording a different triazole from the 

desired 5-hydroxy pyridine-based 1,2,3-triazole. The triazole obtained (1.136a) retained the ester 

moiety at the C4 position of the ring and a methyl at position C5. Surprisingly, when reacting azide 

1.134b with β-ketoesters 1.124a and 1.98 (Table 3, entry 2 and 4) the only process observed was 
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the reduction of the azido group into an amino group (1.137). We explained the reduction step to 

be accelerated by the simultaneous presence of a copper source and an electron-donor group 

adjacent to the azido group, which was precedented in the literature.76 In addition to that, when 

azide 1.134a reacted with 2-substituted β-ketoester 1.98, TLC of the reaction after 24 hours 

showed no conversion of the starting materials in all of the reaction conditions attempted. We 

assumed that the absence of substituents at position 2 of β-ketoester 1.124a was essential to 

provide the optimal orientation for the azide to complete the cycloaddition. Bulky copper sources, 

like bromotris(triphenylphosphine)copper [Cu(PPh3)3,Table 3, entries 5-8], copper(II) species, like 

copper sulfate (CuSO4, Table 3, entries 9-12), and  other bases stronger than DBU (pKa=13.5), 

like diethylamine (pKa= 11.09, Table 3, entries 5-8), N,N’-dimethylethylendiamine (DMEDA, 

pKa=9.5, Table 3, entries 9-12) and proline (pKa=10.96, Table 3, entries 9-12), also did not bring 

to the formation of the desired pyridine-based 5-hydroxy-1,2,3-triazole 1.135. 

Table 3: aReaction conditions: 1.124a and 1.98 (1.2 equiv.,0.80 mmol), 1.134a,b (1 equiv., 0.67 

mmol),base (1.2 equiv., 0.80 mmol), copper source (0.1 equiv., 0.067 mmol), solvent (0.3 M). 

bOnly starting materials recovered. 

 

Entrya Ketoester Azide Base Solvent Catalyst Product Yieldb 

1 1.124a 1.134a 
 

        

     DBU 

 

 

 

DMSO 

 

 
Cu(OTf)2* 
C6H5CH3 

1.136a 60% 

2 1.124a 1.134b 1.137 55% 

3  1.98 1.134a - - 

4  1.98 1.134b 1.137 58% 

5 1.124a 1.134a 

Diethyla

mine 
Toluene 

dry 
CuBr(PPh3)3 - -b 

6 1.124a 1.134b 

7  1.98 1.134a 

8  1.98 1.134b 
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Entrya Ketoester Azide Base Solvent Catalyst Productb Yield 

9 1.124a 1.134a 

DMEDA 

or Proline  
EtOH/ 

H2O (7:3) 
CuSO4/ Na 
ascorbate  

- -b 

10 1.124a 1.134b 

11  1.98 1.134a 

12  1.98 1.134b 

 

Supported by a similar mechanism described by Pedersen and Begtrup for the reaction of phenyl 

azides and amides of malonic acids,64 we hypothesised that the terminal nitrogen of pyridyl-azide 

1.134a does not possess enough energy to promote the nucleophilic addition to the electrophilic 

ester carbonyl. We believed the strong EW effect of the adjacent pyridine nitrogen to have 

undermined the reaction success, contrary to what has been demonstrated in the past in our lab 

for the synthesis of 5-hydroxy-1,2,3-triazoles 1.127a-g (Scheme 19) and 1.132a-c (Scheme 20).68 

Based on the reactivity observed, two reaction mechanisms have been proposed (Figure 15) 

leading to distinct products via analogous intermediates 1.139a and 1.140a. These intermediates 

arise from the reaction of enolate 1.138, formed by the base-promoted deprotonation of the 

corresponding β-ketoester, with aryl azides 1.125a,b or 1.134a,b (pathway a or pathway b), 

respectively. In pathway a, species 1.139a evolves towards cyclic amide 1.139b, containing no 

enolisable proton, with concomitant elimination of ethoxide. Subsequent attack of ethoxide to the 

acetoxy group in 1.139c will lead to elimination of ethylacetate and formation of 1.127. Conversely, 

in the presence of an enolisable proton such as in 1.140a (pathway b), the following cyclisation 

to 1.140b and its subsequent protonation will generate 1.140c which will provide compounds 

1.136a after dehydration.  
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Figure 15: Different proposed pathways for the synthesis of aryl-based 5-hydroxy-1,2,3-

triazoles 1.127 and pyridyl-based 5-methyl-1,2,3-triazoles 1.136a. 

In view of that, we tried to overcome the low reactivity of the nucleophilic azide by reacting 2-

azidopyridines 1.134a,b with different active methylene compounds, different bases and different 

solvents with the purpose of forcing the terminal nitrogen to interact with the ester carbonyl to give 

the desired pyridine-based 5-hydroxy-1,2,3-triazoles 1.135a,b. Thus, we started the new 

cycloadditions with active methylene compounds bearing two ester moieties (1.124b,c, Table 4, 

entries 1 and 2), with one of them replacing the keto group, or with transforming the ester group 

of 1.98 into an activated and more electrophilic function (1.124d, Table 4, entry 3), making use, 

for this purpose, of hexafluoroisopropanol ester. Is it well known that the trifluoromethyl group is 

a strong EW moiety and, when attached to a carbonyl function, increases its electrophilicity 

providing an enhanced positive charge lying on the carbonyl carbon.77 We also attempted to 

protect the keto-group with cyclic acetals (1.124e, Table 4, entry 5) or to enclose it into a cyclic 

constraint (1.124f, Table 4, entry 4), in order to make the ketone function less available to be 

attacked by the azide. Unfortunately, all these attempts met with no success. 
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Table 4: Different active methylene compounds reacting with azides 1.134a,b 

aReaction conditions: 1.124b-f (1.2 equiv.,0.80 mmol), 1.134a,b (1 equiv., 0.67 mmol), base (1.2 

equiv., 0.80 mmol), copper source (0.1 equiv., 0.067 mmol), solvent (0.3 M). 

 

Entrya β-ketoester Base Catalyst Solvent Temperature 

1 

 

a) DBU 

b) NaOEt 

c) NaH 

d) K2CO3 

a) Cu(OTf)2* 
C6H5CH3 

b) none 

c) none 

d) Cu(OTf)2* 
C6H5CH3 

a) DMSO 

b) EtOH 

c) THF dry 

d) DMSO 

a) reflux 

b) rt to 60°C 

c) 0°C to rt 

d) reflux 

2 

 

3 

 

4 

 

5 

 

 

 

Acknowledging the possibility that also the presence of copper as catalytic source might have 

played a negative role for the synthesis of 1,2,3-triazoles 1.135a,b, we decided to introduce 

different catalysts to the reaction process. According to literature, copper easily coordinates 

oxygen and nitrogen ligands.78,79 A deep study on metal-ligands geometrical coordination has 

been disseminated by Mohamed. As reported by his review (Figure 16), copper can coordinate 

the azide moiety with three different spatial conformations: (i) the azide can link one metal center 

only (Figure 16, 1.141a, square-planar arrangement), (ii) the azide can bridge two metal centers 

through the same nitrogen (Figure 16, 1.141b, four-membered ring) or (iii) can bridge two metal 
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centers that are, in turn, linked to two terminal nitrogens of another azido-group (Figure 16, 

1.141c, eight-membered ring).80,81 

 

Figure 16: Copper spatial conformation when complexed with azides. 

Based on these findings, we hypothesised that a possible competition of copper sources bridging 

either the carbonyl groups of β-ketoesters 1.98 and 1.124a or the terminal nitrogen of azides 

1.134a,b might have reduced the reactivity of both reagents leading to product 1.136a instead of 

1.135a,b. We therefore performed the only successful reaction again, which occurred between 2-

azidopyridine 1.134a and β-ketoester 1.124a (Table 3, entry 3) in the presence of two catalysts 

diverse from copper: cerium chloride heptahydrate (CeCl3*5H2O) and scandium triflate (Sc(OTf)3) 

for their higher affinity for oxygen rather than nitrogen. The reaction produced the same compound 

obtained with Cu(OTf)2 toluene complex, triazole 1.136a, proving our hypothesis wrong about a 

potential negative effect of the catalyst employed on the reactivity of the reagents. Finally, we 

decided to investigate whether or not the position of the azido group might have also influenced 

the outcome of the reaction. For this reason, we reacted β-ketoester 1.124a with regioisomers of 

2-azidopyridine 1.134a, in which the azido group is in meta or para position respectively 

(1.134c,d), in the presence of DBU 1.126 as the base and ACN as the solvent. Once more, the 

products obtained, 1.136b and 1.136c, kept the ester function at position C4 of the triazole ring 

without evolving to the 5-hydroxytriazole 1.135 (Scheme 21). 

 

Scheme 21: Reaction conditions: 1.124a (1.2 equiv.,0.80 mmol), 1.134c,d (1 equiv., 0.67 

mmol), DBU 1.126 (1.2 equiv.,0.80 mmol), ACN (0.3 M) 

Despite not having obtained the desired pyridine-based 5-hydroxy-1,2,3-triazole 1.135, we 

decided, anyway, to investigate the ability of triazole 1.136a to act as potential interesting fragment 
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for fragment-based drug discovery. Chapter 2 will describe the docking tests performed on some 

triazoles, including 1.136a, and the results obtained. 

1.4 Conclusions 

In conclusion we have attempted to synthesise a new class of pyridine-based 5-hydroxy-1,2,3-

triazoles 1.135 via a mild and catalyst-free reaction protocol, already validated in the Adamo’s lab, 

between pyridyl azides 1.134a-d and β-ketoesters 1.98 and 1.124a-f. Unfortunately, the only 

result obtained was the formation of triazoles 1.136a-c in which the ester function is retained and 

did not evolve towards the formation of the hydroxyl-group at position C5 of the triazole ring. It 

was clear that the withdrawing effect of the pyridine nitrogen had an important impact on the 

reactivity of the azido group of 1.134a-d; the nucleophilic attack of the azide to the ketone carbonyl 

was energetically more favored than the one towards the ester group, despite all the attempts to 

make the ester function of β-ketoesters 1.98 and 1.124a more electrophilic. Nevertheless, given 

the importance of the triazole nucleus in medicinal chemistry as amide bioisostere, we decided to 

perform docking tests on triazole 1.136a, along with other 5-hydroxytriazoles previously 

synthesised in our group, to better evaluate their potential application in biological systems.  

1.5 Experimental Section 

1H and 13C NMR spectra were recorded on a Bruker 400 spectrometer. Chemical shifts (δ) are 

reported in ppm relative to residual solvent signals (1H NMR: 7.26 ppm for CDCl3; 13C NMR: 77.16 

ppm for CDCl3). 13C NMR spectra were acquired with 1H broad band decoupled mode. Coupling 

constants (J) are in Hz. Melting points were measured using a Stuart scientific melting point 

apparatus and are uncorrected. Infrared spectra (IR) were recorded with KBr discs using a Bruker 

Tensor27 FT-IR instrument. High-resolution mass spectra were obtained on a Waters Micromass 

GCT PremierMS spectrometer or on a Bruker microTOF-Q III LC-MS spectrometer (APCI 

method). Analytical grade solvents and commercially available reagents were used as received. 

Dry DCM, dry toluene, dry THF and anhydrous DMSO were purchased from Sigma Aldrich. 

Reactions were monitored by TLC (Merck, silica gel 60 F254). Flash column chromatography was 

performed using silica gel 60 (0.040-0.063 mm, 230-400 mesh). Substituted pyridyl azides 

1.134a-f were prepared according to reported procedures82,83 from the corresponding 

commercially available bromides. β-ketoesters 1.98 and 1.124b,c,e were purchased from Sigma 

Aldrich and used without further purifications.  

N.B. pyridyl azides 1.134e,f synthesis is reported here but both compounds will be used for the 

synthesis of 1,2,3-triazoles 2.80d and 2.80e in Chapter 2. 
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1.5.1 General procedure for the synthesis of substituted 2-azidopyridines 

1.134a-c,e,f (GP1) 

 

Sodium azide 1.143 (1.54 mmol, 2 equiv.) was dissolved in a solution of EtOH/H2O (7:3) in a 

round bottom flask equipped with a magnetic stirring bar. Commercially available 2-

bromopyridines 1.142a-c,e,f (0.77 mmol, 1 equiv.), dimethylethylendiamine 1.144 (DMEDA, 0.11 

mmol, 0.15 equiv.), copper iodide 1.145 (CuI, 0.077 mmol, 0.01 equiv.) and sodium ascorbate 

1.145 (0.038 mmol, 0.05 equiv.) were then added to the reaction mix. The reaction stirred at 80°C 

overnight. The day after, TLC showed complete consumption of the starting material (PE/AcOEt 

70:30). The crude was washed with DCM/H2O three times, the organic phases collected and dried 

over anhydrous sodium sulfate (Na2SO4). Hence the solvent was removed by rotary evaporation 

to afford products 1.134a,b,e in almost quantitative yields (>95%) without further purification. 

Azides 1.134c,f were, instead, obtained by column chromatography (DCM/AcOEt 80:20 and 

DCM/AcOEt 90:10 respectively) in 40% and 70% yields respectively. 

2-azidopyridine 1.134a 

 

Prepared according to GP1. Yellow solid, 95% yield, 262 mg. 1H NMR (400 MHz, CDCl3) δ 8.86 

(dt, J = 6.9, 1.0 Hz, 1H), 8.08 (d, J = 9.0 Hz, 1H), 7.70 (ddd, J = 9.0, 6.8, 1.1 Hz, 1H), 7.24 (dd, J 

= 6.8, 0.8 Hz, 1H).13C NMR (101 MHz, CDCl3) δ 148.5, 131.8, 125.5, 116.6, 116.1. All analytical 

data are consistent with those reported in the literature.82 
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2-azido-3-methoxypyridine 1.134b 

 

Prepared according to GP1. Orange solid, 98% yield, 156 mg. 1H NMR (400 MHz, CDCl3) δ 8.46 

(d, J = 6.8 Hz, 1H), 7.14 (t, J = 7.2 Hz, 1H), 6.87 (d, J = 7.6 Hz, 1H), 4.14 (s, 3H).13C NMR (101 

MHz, CDCl3) δ 148.4, 144.3, 117.7, 117.1, 107.3, 56.9. All analytical data are consistent with 

those reported in the literature.82 

3-azidopyridine 1.134c 

 

Prepared according to GP1. Yellow oil, 40% yield, 36.1 mg. 1H NMR (400 MHz, CDCl3) δ 8.40 (d, 

J = 4.4 Hz, 1H), 8.38 (s, 1H), 7.39 – 7.33 (m, 1H), 7.30 (dd, J = 8.2, 4.7 Hz, 1H).13C NMR (101 

MHz, CDCl3) δ 146.1, 141.4, 137.1, 125.9, 124.1. All analytical data are consistent with those 

reported in the literature.82 

2-azido-5-methylpyridine 1.134e 

 

Prepared according to GP1. Yellow solid, 84% yield, 86.7 mg. 1H NMR (400 MHz, CDCl3) δ 8.61 

(s, 1H), 7.93 (d, J = 11.0 Hz, 1H), 7.52 (d, J = 9.1 Hz, 1H), 2.50 (s, 3H). 13C NMR (101 MHz, 

CDCl3) δ 147.6, 135.0, 127.2, 122.9, 115.1, 18.1. IR (KBr, cm-1): 2960, 2135, 1645, 1288. m.p. 98 

°C. HRMS (ESI) m/z: [M+H]+ calcd for C6H7N4 135.0671; found: 135.0693. 
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2-azido-5-chloropyridine 1.134f 

 

Prepared according to GP1. Yellow solid, 70% yield, 83 mg. 1H NMR (400 MHz, CDCl3) δ 8.89 (s, 

1H), 8.03 (d, J = 9.5 Hz, 1H), 7.66 (d, J = 9.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 146.7, 133.7, 

125.4,  123.5, 116.2. IR (KBr, cm-1): 2153, 1644, 1328, 728. m.p. 102 °C. HRMS (ESI) m/z: [M+H]+ 

calcd for C5H4ClN4 155.0124; found: 155.0158. 

 1.5.2 Synthesis of 4-azidopyridine 1.134d 

 

To a solution of 4-bromo-pyridine hydrochloride 1.142d (500 mg, 2.6 mmol, 1 equiv.) in a mix of 

ethanol:water 1:1 (5.2 mL) NaOH 1.146 (52 mg, 1.3 mmol, 0.5 equiv.) and NaN3 1.143 (390 mg, 

6 mmol, 2.3 equiv.) were added. The reaction mixture was refluxed at 110 °C for 2 h. After 

completion of the reaction, monitored by TLC (PE/AcOEt 70:30), the mixture was extracted with 

DCM three times. The collected organic layers were then washed with brine and saturated 

NaHCO3 and dried over anhydrous Na2SO4. The solvent was evaporated to afford product 1.134d 

without further purification as yellow oil in high yields (75%, 235 mg). 1H NMR (400 MHz, CDCl3) 

δ 8.55 (d, J = 4.2 Hz, 2H), 6.96 (d, J = 6.0 Hz, 2H).13C NMR (101 MHz, CDCl3) δ 151.2 (C2-C7), 

148.7, 114.1 (C3-C6). All analytical data are consistent with those reported in the literature.83 

1.5.3 Hydrolysis of β-ketoester 1.98 to obtain 2-methyl-3-oxobutanoic acid 

1.147, precursor for the synthesis of β-ketoester 1.124d  

 

To an aqueous solution (20 mL, 0.5 M) of β-ketoester 1.98 (3 mL, 21 mmol, 1 equiv.), KOH 1.148 

(1.18 g, 21 mmol, 1 equiv.) was added. The reaction mix stirred at room temperature for 24 hours. 

After complete consumption of the starting material, monitored by TLC analysis (PE/AcOEt 

60:40), the reaction mix was quenched with sodium bicarbonate. The crude was extracted with 
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AcOEt and the organic phase discarded. The aqueous phase was then acidified with HCl 1N and 

washed with AcOEt twice. The organic phases were dried over anhydrous Na2SO4 and the solvent 

removed by rotary evaporation to afford the product 1.147 as yellow oil in moderate yields (41%, 

1g). 1H NMR (400 MHz, CDCl3) δ 10.20 (s, 1H), 3.58 (q, J = 7.2 Hz, 1H), 2.31 (s, 3H), 1.39 (d, J 

= 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 203.7, 175.9, 36.9, 28.7, 12.8. All analytical data are 

consistent with those reported in the literature.84 

1.5.4 Synthesis of modified β-ketoester 1,1,1,3,3,3-hexafluoropropan-2-yl 2-

methyl-3-oxobutanoate 1.124d  

 

In a round bottom flask equipped with a magnetic stirring bar, a solution of 1.147 (668.3 mg, 5.75 

mmol, 1 equiv.) in dry DCM (19 mL, 0.3 M) was prepared and cooled to 0°C. Afterwards, 

dimethylaminopyridine 1.150 (DMAP, 70 mg, 0.575 mmol, 0.1 equiv.), 1,1,1,3,3,3-hexafluoro-2-

propanol 1.149 (0.65 mL, 6.32 mmol, 1.1 equiv.) followed by N,N′-dicyclohexylcarbodiimide 1.151 

(DCC,1.3 g, 6.32 mmol, 1.1 equiv.) were added to the reaction mix. The reaction stirred at 0°C 

overnight. The day after a white precipitate was observed, corresponding to the dicyclohexyl urea 

(DCU) produced as DCC by-product, while TLC (DCM/MeOH 99:1) showed complete 

consumption of the starting material. The solid was filtered and washed carefully with petroleum 

ether. The solution collected was evaporated and purified by column chromatography (DCM 

100%) to afford the product 1.124d as colorless oil in moderate yields (64%,445 mg).1H NMR 

(400 MHz, CDCl3) δ 5.78 (m, 1H), 3.72 (q, J = 7.2 Hz, 1H), 2.28 (s, 3H), 1.45 (d, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 201.0, 167.6, 120.2, 66.8 (average for the two CF3), 52.8, 28.3, 

12.7. All analytical data are consistent with those reported in the literature.85 

1.5.5 Synthesis of modified β-ketoester ethyl 2-(2-methyl-1,3-dioxolan-2-

yl)propanoate 1.124f  

 

A mixture of 1.98 (1 mL, 7.07 mmol, 1 equiv.), ethylene glycol 1.152 (1.2 mL, 21.21 mmol, 3 
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equiv.) and p-toluensulfonic acid monohydrate 1.153 (4mg, 0.02 mmol, 0.003 equiv.) in anhydrous 

toluene (4 mL, 1.7 M), was refluxed using a distillation kit trap until the theoretical amount of water 

(1 mL for 1 mmol of starting material) was collected. After 1 hour, the reaction mix was cooled 

down and the crude extracted with sodium bicarbonate, water and brine three times. The organic 

phases were dried over anhydrous Na2SO4 and the solvent removed by rotary evaporation. The 

compound obtained was distilled again in order to separate the product (recovered at 150°C, 1 

atm) from residuals of starting material. Product 1.124f was obtained as colorless oil in poor yields 

(15%,195 mg). 1H NMR (400 MHz, CDCl3) δ 4.16 (q, J = 7.1 Hz, 2H), 4.03 – 3.90 (m, 2H), 2.76 

(q, J = 7.1 Hz, 1H), 1.41 (s, 3H), 1.27 (t, J = 7.1 Hz, 3H), 1.22 (d, J = 7.1 Hz, 3H).13C NMR (101 

MHz, CDCl3) δ 173.3, 109.8, 64.9, 60.5, 47.9, 21.4, 14.2, 12.9. All analytical data are consistent 

with those reported in the literature.86 

1.5.6 Synthesis of ethyl 5-methyl-1-(pyridin-2-yl)-1H-1,2,3-triazole-4-

carboxylate 1.136a  

 

To a solution of 2-azido pyridine 1.134a (80 mg, 0.67 mmol, 1 equiv.) in DMSO (0.3 M, 2 mL), β-

ketoester 1.124a (0.102 mL, 0.80 mmol, 1.2 equiv.), DBU 1.126 (0.120 mL, 0.80 mmol, 1.2 equiv.) 

and copper triflate toluene complex 1.154 (Cu(OTf)2*C6H5CH3, 48 mg, 0.067 mmol, 0.1 equiv.) 

were added. The reaction turned from light brown to black upon addition of the catalyst and stirred 

overnight at reflux. The day after, TLC (DCM/AcOEt 90:10) showed complete consumption of 

1.134a. The reaction mix was then cooled to room temperature, extracted with DCM/H2O three 

times and the collected organic phases filtered through a celite pad, to eliminate solid copper 

triflate toluene complex. The crude was then purified by column chromatography (DCM/AcOEt 

90:10) to afford product 1.136a as a yellow oil in moderate yields (60%, 93 mg). 1H NMR (400 

MHz, CDCl3) δ 8.60 (d, J = 4.6 Hz, 1H), 8.03 – 7.90 (m, 2H), 7.48 – 7.38 (m, 1H), 4.48 (q, J = 7.1 

Hz, 2H), 2.93 (s, 3H), 1.46 (t, J = 7.1 Hz, 3H).13C NMR (101 MHz, CDCl3) δ 161.8, 150.2, 148.5, 

139.8, 139.1, 137.4, 124.1, 118.4, 61.2, 14.4, 11.1. All analytical data are consistent with those 

reported in the literature.68a,b 
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1.5.7 General procedure for the synthesis of pyridine-based triazoles 

1.136b,c (GP2) 

 

To a solution of 2-azido pyridines 1.134c,d (0.5 mmol, 1 equiv.) and β-ketoester 1.124a (0.6 mmol, 

1.2 equiv.) in ACN (0.2 M) was added DBU 1.126 (0.6 mmol, 1.2 equiv.) and the reaction was 

stirred at 50 °C in an oil bath, overnight. The crude mixture was evaporated under vacuum and 

purified via flash column chromatography (MeOH/DCM/AcOH 90:10:0.1) to afford title compounds 

1.136b,c in moderate to high yields (50% and 86% respectively).  

Ethyl 5-methyl-1-(pyridin-3-yl)-1H-1,2,3-triazole-4-carboxylate 1.136b 

 

Prepared according to GP2. Yellow oil, 50% yield, 24.5 mg. 1H NMR (400 MHz, CDCl3) δ 8.83 (d, 

J = 4.7 Hz, 1H), 8.78 (s, 1H), 7.89 (d, J = 8.1 Hz, 1H), 7.58 (dd, J = 8.1, 4.9 Hz, 1H), 4.48 (q, J = 

7.1 Hz, 2H), 2.65 (s, 3H), 1.46 (t, J = 7.1 Hz, 3H).13C NMR (101 MHz, CDCl3) δ 161.5, 151.2, 

145.9, 139.1, 137.2, 132.7, 132.3, 124.3, 61.3, 14.4, 9.9. All analytical data are consistent with 

those reported in the literature.68 

Ethyl 5-methyl-1-(pyridin-4-yl)-1H-1,2,3-triazole-4-carboxylate 1.136c 

 

Prepared according to GP2. Orange solid, 86% yield, 84.4 mg. 1H NMR (400 MHz, CDCl3) δ 8.88 

(d, J = 6.1 Hz, 2H), 7.51 (d, J = 6.1 Hz, 2H), 4.48 (q, J = 7.1 Hz, 2H), 2.72 (s, 3H), 1.46 (t, J = 7.1 

Hz, 3H).13C NMR (101 MHz, CDCl3) δ 161.4, 151.7 (C11-C9), 142.5, 138.7, 137.6, 118.7 (C12-

C8), 61.4, 14.4, 10.3. All analytical data are consistent with those reported in the literature.68 
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Chapter 2 

 

 

 

 

 

Pyridine-based 1,2,3-triazoles as 

potential lead compounds for drug 

discovery: Docking screening, 

Fluorescence Tests and Biological 

Evaluation. 

  



56 

 

2.1 Introduction 

In this chapter we report a study that, starting from synthetically available triazole 1.136a, 

discussed in Chapter 1, identified a new lead compound, 2.80c, for KAT2A inhibition. The study 

has been performed in collaboration with other institutions in Italy with frequent online meetings 

for the setting-up of the experiments and the comparison of the results. The PhD candidate has 

been supervising the entire process from the very first step while always interacting with the 

partner institutions to compare and analyse the results obtained from specific tests. In particular, 

the study involved the following activities: 

A. Virtual screening of a small set of pyridyl-triazoles, including 1.136a and its carboxylate 

analog 2.53, performed in collaboration with Dr. Lydia Siragusa and Prof. Gabriele 

Cruciani of the Laboratory for Chemometrics and Molecular Modelling, Department of 

Chemistry, Biology and Biotechnology, University of Perugia, Italy. 

B. Synthesis of a small library of pyridyl-triazoles following the results obtained from the 

virtual screening, performed here at RCSI by the PhD candidate. 

C. Binding studies via fluorescence assays of the best candidates performed here at RCSI 

by the PhD candidate. 

D. Biological evaluation in vitro following the results assessed through binding studies, 

performed in collaboration with Dr. Nunzio del Gaudio, Guglielmo Bove and Prof. Lucia 

Altucci of the Department of precision medicine, University of Campania Luigi Vanvitelli, 

Naples, Italy. 

 

The contribution to science described in the Figures and Schemes of this Chapter is opportunely 

declared; when no indication is provided, it is assumed to be entirely work carried out by the 

PhD candidate at RCSI.  
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2.1.1 Bioisosteres definition and application in medicinal chemistry 

Bioisosterism is defined as the replacement of a part of a bioactive molecule with another unit that 

shows similar biological properties.87 The concept of bioisosterism was firstly described by 

Langmuir88 and experimentally proved, in 193289 and 193390, by Erlenmeyer and his collaborators. 

They noticed that a group of antibodies, involved in recognising specific ortho substituents on 

tyrosines’s scaffolds, were not able to distinguish between a phenyl and a thiophene ring or 

between O, NH and CH2 in a linker element. Following this finding, in 1951, Friedman was able 

to attribute to this phenomenon the definition of bioisosterism as of compounds displaying similar 

biological activity.91 Bioisosteric replacement is a powerful tool that has been and continues to be 

used by medicinal chemists to find new potential scaffolds for drug discovery. Moreover, 

bioisosteres can be useful to alter both parmacokinetic and pharmacodynamic profiles as well as 

toxicity and metabolic activation in vivo by simply modifying the electronic properties, the pKa 

values or size and shape of the molecule (Figure 17).92–98  

 

Figure 17: Some of the bioisosteric key-substitutions for new templates discovery. 

Along with bioisosterism, scaffold hopping represents another important tool for searching for new 

drug candidates. Scaffold hopping involves the replacement of a core unit with another one that 

is structurally dissimilar but retains the original biological activity (Figure 18).99–101 At the moment, 

diverse in silico methods are available to identify potential groups with similar properties such as 

chemoinformatic techniques (Principal Components Analysis, Self-Organising Maps, k-Means 

Clustering, Hierarchical Clustering)102–104 that use specific descriptors to select similar bioisosteric 

pairs. In particular, two constants play an important role when looking for functional groups for 

bioisosteric replacement: Hammett’s sigma constant, σ105 and Hansch’s parameter, π.106 The σ 

parameter allows to screen for the electron-donating power of substituents while the π paramenter 

explores the hydrophobicity of the substituents.  
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Figure 18: Scaffold hopping approach for the identification of new bioisosteres. 

In spite of the terrific advances herein described,  the identification of new bioisosteric 

replacements remains challenging and requires a deep chemical knowledge as well as multiple 

trials and error experiments to be performed, which is why there is urgent need for robust 

predictive models that furnish ideal conditions for bioisosteres development. 

2.1.2 1,2,3-triazoles as bioisosteres in drug design 

1,2,3-triazoles are commonly recognised as important chemical scaffolds as well as efficient 

molecules in the area of medicinal chemistry.107,108 Throughout the years, many synthetic methods 

were developed to afford these compounds allowing for the disconnection of the triazole nucleus 

1.5 in several directions and from diverse building blocks. Hence, from the first Huisgen 1,3-dipolar 

cycloaddition using 2.1 and 2.2,20,109 to the copper- or ruthenium- catalysed alkyne-azide 

cycloaddition developed by Sharpless and co-workers,34,35,110 to finally end with greener and 

milder approaches explored by Wang111 and Ramachary49, who reacted active methylene 

compounds 2.4112 with organic azides 1.125 using secondary amines as catalysts 1.80 (Figure 

19). Given 1,2,3-triazoles’s versatile behavior as both soft Lewis acids and bases and considering 

the pyrrole-pyridine type characteristics of the three nitrogens,12,113 they have been used as a core 

structural motif in a huge varieties of drug categories such as: antimicrobial,114,115 anti-

inflammatory,116 antineoplastic,117 antiviral,118 antihypertensive119 or as immunomodulatory 

agents120. 
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 Figure 19: Different synthetic routes to afford 1,2,3-triazoles 1.5. 

1,2,3-triazoles owe their ability to be employed as bioisosteres, in particular, to the presence of a 

lone pair on one of the three nitrogens which provides a protonation site and imbues to 1,2,3-

triazoles a unique capability of acting as both H-bond donors and acceptors.121 For these reasons, 

1,2,3-triazoles’ solubility is increased versus other azoles along side their interaction with diverse 

biomolecular targets.122 Furthermore, the 1,2,3-triazole nucleus is particularly stable to oxidation, 

hydrolysis or reduction, if compared to other organic compounds with three adjacent nitrogens.123 

Their unique chemical structure allows these compounds to bind enzymes and biological systems 

through weak interactions like coordination-bonds, H-bonds, π-π stacking, ion-dipole and so 

on.124 Additionally, when combined with other active chemical fragments, the 1,2,3-triazole core 

turns into “lead compound” for the design of new pharmacophores, defined as parts of a molecular 

structure that are responsible for a particular biological or pharmacological interaction (Figure 

20).126,127 

 

Figure 20. Sites potentially available for bioisosterism of 1,2,3-triazoles 1.5. 

For these reasons, i.e. H-bonding and solubility, the triazole core has been used to ameliorate the 

pharmacokinetic profile as in 2.5, 2.7, 2.8, 2.9 or 2.10 or to become the pharmacophore as in 

antifungal 2.6. (Figure 21). In this way the research of new potential candidates for drug discovery 
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is speeded up and optimised.128 

 

Figure 21: Examples of the 1,2,3-triazole scaffold in commercial drugs or bioactive compounds 

2.5-2.10. 

2.1.2.1 1,2,3-triazoles as amide bond isosteres. 

Among the most famous functional groups used for isosterism in medicinal chemistry, amides 

cover a huge variety of drugs that have been developed throughout the years. The amide function 

consists of two hydrogen bonding sites: i) the carbonyl function, that acts as hydrogen bond 

acceptor site, and ii) the amine group that acts as hydrogen bond donor site. The lone pair lying 

on the amine nitrogen cannot be employed as hydrogen bond acceptor site due to its involvement 

in stabilising the amide bond itself with resonance structures. For this reason, the amido group 

possesses a planar configuration that introduces a spatial rigidity that can either enhance or 

weaken any hydrogen bonds.129 Erroneously, the peptide bond is considered as a synonym of the 

amide bond. The amide involved in a peptidic bond results from the linkage of the α-amino 

nitrogen of one aminoacid with the carbonyl carbon of a second aminoacid. The resulting amide-

like bond can be considered as with partial double bond features (since the lone pair of the amido 

nitrogen can be delocalised for resonance structures) and, therefore, shares with amides a similar 

planar conformation.130 Unfortunately, the amide bond is easily cleaved by enzymes, known as 

proteases, in vivo thus suffering from poor metabolic stability. Hence, bioisosteric replacement of 

the amide bond became imperative to build new pharmacophores more resistant to metabolic 
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cleavage and with an improved pharmacokinetic profile. 1,2,3-triazoles are commonly used as 

amide bioisosteres and are considered among the most efficient as they share an overlapping 

structure, in terms of dipole moment and substituents position. Specifically, 1,4-disubstituted 

1,2,3-triazoles 2.14 present a similar superimposition with the trans conformer 2.13 (Figure 22) of 

the amide bond for the following reasons: i) carbon C4 possessing the same electrophilic power 

displayed by the carbonyl moiety of the amido group ii) N-3 lone pair featuring similar electronic 

properties to the oxygen lone pair of the amide carbonyl group.130 On the other hand, 1,5-

substituted 1,2,3-triazoles 2.12 possess high similarity in spatial conformation of the substituents, 

with regard to the cis amide conformer 2.11 keeping all the same electronic features of the 1,4-

regioisomer.130  Furthermore, the CH bond (at position 4 and 5 respectively) of both 1,4- 2.14 and 

1,5-disubstituted 2.12 1,2,3-triazoles exhibits a strong dipole moment and can be considered 

analogous of the amide NH function as H-bond donor site (Figure 22).131 

 

Figure 22: Electronic comparison of cis/trans amides 2.11 and 2.13 with 1.5-/1.4- substituted 

1,2,3-triazoles 2.12 and 2.14. 

Contrary to amides, 1,2,3-triazoles are resistant to enzymatic cleavage and introduce a structural 

rigidity that can improve potency, selectivity, metabolic stability and pharmacokinetic properties.132 

Consequently, 1,2,3-triazoles are largely employed in drug discovery for amide bioisosteric 

replacements. Imatinib is the treatment of choice of an aggressive type of cancer known as 

chronic myelogenous leukemia (CML). This disease is caused by an unregulated growth of 

myeloid cells in the bone marrow and consequent accumulation of them in the blood. This 

enhanced proliferation, originated from the formation of the Bcr-Abl oncogene, results from the 
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traslocation of chromosomes 9 and 22 of the Philadelphia chromosome and follows overactivation 

of the tyrosine kinase linked to it. Nevertheless, mutations within and not the Bcr-Abl kinase 

domain conferred CML cancerogenic cells resistance to Imatinib.133,134 Arioli et al.135 developed 

1,2,3-triazole FA030 2.15 as potential triazole-based analog of Imatinib 2.16 (Figure 23) through 

CuAAc cycloaddition reaction. They proved 2.15 to be able to decrease phosphorylation of the 

Bcr-Abl tyrosine-kinase protein with a similar effect observed for Imatinib (0.9±0.1 μM versus 

0.40±0.1 μM respectively); it is known that phosphorylation of the tyrosine 393 residue stabilises 

the open form of the activation loop of Bcr-Abl and prevents Imatinib from accessing the catalytic 

region.136,137  Moreover, 2.15 showed a higher activity than Imatinib in the inhibition of the CDC25A 

in two diverse cell lines; dual specificity phosphatase CDC25A is a protein of the CDC25 

phosphatase family that removes phosphate groups from phosphorylated tyrosine residues.138  

 

Figure 23: Arioli’s compound FA030 2.15 as potential Imatinib 2.16 triazole-based analog. 

Among other important examples of 1,2,3-triazoles employed as amide bioisosteres, we can find 

several HIV-1 protease inhibitors developed by Mohammed et al.139 They generated a new class 

of HIV-1 viral infectivity factor (vif) inhibitors, such as 2.17, based on the structure of vif inhibitor 

RN-18 (2.18), and noticed that analogs containing a triazole nucleus (Figure 24) showed improved 

activity (IC50=1.2μM against 6μM observed for RN-18).  

 

Figure 24: Mohammed’s triazole analog 2.17 as potential HIV-1 vif inhibitors resembling 

approved drug RN-18 2.18. 

On the other hand, Brik et al.140,141 developed HIV-1 protease inhibitor Amprenavir (2.21) analogs 



63 

 

to overcome drug resistance. They proved two of the compounds synthesised, AB2 (2.19) and 

AB3 (2.20), both including a 1,2,3-triazole scaffold (Figure 25), possess nanomolar activity against 

HIV-proteases in both wild type and resistant models (6±0.5 nM and 13±0.5 nM respectively). 

Moreover, X-rays of AB2 and AB3, complexed with HIV-1 protease, found these molecules were 

bound in a similar binding position to the way Amprenavir relates with the protease thus confirming 

the 1,2,3-triazole scaffold to be a valid amide bioisosteric replacement.142 

 

Figure 25: Brik’s triazole analogs AB2 (2.19) and AB3 (2.20) as potential HIV-1 protease 

inhibitors resembling commercial drug Amprenavir 2.21. 

Additionally, diverse attempts have been performed to create 1,2,3-triazole-based bioisosteres of 

peptides, considering 1,2,3-triazoles resistance to proteolysis. Pioneers in this field were Meldal 

and Ghadiri. Meldal et al.143 were the first to use the CuAAC strategy in solid support to couple 

small peptides 2.22 to 1,4-disubstituted-1,2,3-triazoles.35 Meldal’s team proved these peptides to 

be able to link with diverse azides 2.24 in high yields to generate a vast library of new 

peptidomimetics 2.25 with potential biological interest (Figure 26).  
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Figure 26: Meldal’s strategy to incorporate 1,4-disubstituted-1,2,3-triazole unit into small 

peptides. 

Ghadiri also worked on inserting the 1,4-disubstituted-1,2,3-triazole core into cyclic 

peptidomimetics with excellent results.144,145 Mindt et al.146,147 demonstrated peptidomimetics 

containing a 1,4-disubstituted-1,2,3-triazole unit were more efficient in tumor-targeting compared 

to the original peptides and also more stable to proteolysis, while keeping the same receptor-

affinity properties. Inclusion of the 1,5-disubstituted-1,2,3-triazole scaffold has also been 

investigated by Beke-Somfai et al.148 They noticed that peptidomimetics bearing a 1,4-

disubstituted-1,2,3-triazole core could exist in a limited number of comformations while the same 

peptidomimetics including a 1,5-disubstituted-1,2,3-triazole scaffold were adopting a higher 

number of folded conformations such as torn, helix and zig-zag secondary structures.149 Cao et 

al.150 reported 1,2,3-triazole-based analog 2.26 of leucine-ureido conjugates to be roughly 100-

fold more potent (Figure 27), compared to the positive control Bestatin 2.27, in suppressing the 

activity of cell surface aminopeptidase N, APN, a membrane-bound ectoenzyme responsible for 

tumor cell expansion and mobility.151  

 

Figure 27: Cao’s triazole analog 2.26 as potential cell surface aminopeptidase N inhibitor 

resembling commercial drug Bestatin 2.27. 

In summary, 1,2,3-triazoles can be employed as valid amides isosteres given their similar size 

and planar structure, their high dipolar moment (4.9Å and 3.1Å respectively for 1,4- and 1,5-

substituted triazoles), their similar H-bonding capabilities and their resistance to cleavage by 

protease enzymes. Most importanty, more studies in vivo need to be performed to better 

characterise triazoles binding-mode with specific targets together with enhancing their 
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pharmacokinetic profile. 

2.1.2.2 1,2,3-triazoles as ester bond isosteres. 

Going further with the application of 1,2,3-triazoles as bioisosteres, an important role is covered 

by 1,2,3-triazoles employed as isosteres of the ester function. The ester moiety has the potential 

to act as H-bond acceptor site, thanks to the greater electron density on the carbonyl function, but 

its susceptibility to enzymatic degradation in vivo makes it a fragile scaffold to be employed in 

drug discovery. The triazole nucleus has been put to use as it offers the possibility to act as H-

bond acceptor, enhancing the selectivity towards its target.152,153 Notably, Imperio et al.154 tried to 

synthesise 1,2,3-triazole-based analogs of Steganacin 2.30 and Podophyllotoxin 2.31, two natural 

compounds with antitubuline effects. The replacement of the lactone moiety with a 1,2,3-triazole 

unit produced two analogs (Figure 28), 2.28 and 2.29, that retained the antitubulin activity, 

displayed against neuroblastoma cells, while also keeping a high cytotoxicity, that is, although, 

inferior to the one possessed by their parental natural compounds 2.30 and 2.31.  

 

Figure 28: Imperio’s triazole analogs 2.28 and 2.29 as potential antitubuline compounds 

resembling their parental compounds Steganacin 2.30 and Podophyllotoxin 2.31. 

Despite Podophyllotoxin toxicity, Yang et al.155 revelead that 1,2,3-triazole analogs of 

Podophyllotoxin were efficiently employed against lung cancer (Figure 29). Compound 2.32 

showed the best activity in vitro with an IC50 value of 5.49 μM, even higher than the one Etoposide 

2.33 possesses, against KBvin (vincristine resistant nasopharingeal carcinoma)156 cell line. 
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Figure 29: Yang’s triazole analog 2.32 as potential anticancer compounds resembling 

commercial drug Etoposide 2.33. 

Currently, a significant effort towards finding new ester bond isosters is ongoing. 1,2,3-triazoles 

are being increasingly included as ester bond isosteres in drug discovery due to their versatility 

to act as hydrogen bond donors or hydrogen bond acceptors and, mostly, due to their stability 

towards hydrolysis by esterases. 

2.1.2.3 1,2,3-triazoles as hydroxamic acid isosteres. 

Hydroxamic acids can be considered valid bioisosteres of the carboxylic acid function with many 

advantages. Indeed, carboxylic acids suffer from metabolic instability, poor permeability across 

biological membranes and toxicity.157 On the contrary, the stability of hydroxamic acids can be 

controlled towards hydrolysis by simply adding bulky substituents at the nitrogen atom of the 

hydroxylamine fragment.158 Furthermore, they possess improved profiles of absorption, 

distribution, metabolism and excretion.159 Above all, hydroxamic acids take their biological activity 

characteristics from their ability to chelate metals making them excellent candidates in targeting 

cancer, HIV, Alzheimer’s disease etc.160 1,2,3-triazoles and, in particular, 4- and 5-hydroxy-1,2,3-

triazoles share many common features with hydroxamic acids. More specifically, the Adamo’s 

group already proved 5-hydroxytriazoles 1.127a to be able to interact with metal ions, such as 

Fe3+ and Cu2+, suggesting similar chelating properties as hydroxamic acids and display a similar 

pKa value (4.2 against 7.6 respectively, Table 5).68 Additionally, Pippione et al.70 also 

demonstrated 4-hydroxy-1,2,3-triazoles 2.34 to be as acidic as hydroxamic acids (pKa values of 

5.54 against 7.6 respectively, Table 5).  
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Table 5: Comparison of the pKa of 5- and 4-hydroxytriazoles 1.127a and 2.34 with hydroxamic 

acids. 

Triazole 

structure 

Triazole 

pKa 

Hydroxamic 

acid pKa 

 

5-hydroxy-

1,2,3-triazole 

1.127a 

4.20 

  

7.6-10.3 

 

4-hydroxy-

1,2,3-triazole 

2.34 

5.54 

 

 

Hydroxamic acids are one of the most potent histone deacetylase (HDAC) inhibitory unit, often 

used as scaffold for the development of HDACs inhibitors. HDACs inhibitors, besides, are known 

to have a crucial impact on arresting cancer cell proliferation in most of the tumor types 

known.161,162 He et al.163 developed a potent 1,2,3-triazole-based HDAC inhibitor (2.35) with 

excellent activity profile (Figure 30) showed against five different pancreatic cell lines (at 

concentrations of 0.2μM, 0.4μM, 0.02μM, >0.5μM and 0.8μM respectively). Mwakwari et al.164 

also contributed to the discover of new HDAC triazole-based inhibitors by building a library of 

triazolyl analogs of tricyclic ketolide TE-802 2.36, a powerful mimetic of HDAC1 isoform peptide 

backbone (Figure 30). All their 1,2,3-triazole analogs produced high inhibitory activity against both 

HDAC isoforms 1 and 2 with nanomolar concentrations (for compound 2.37 they obtained 

concentrations of 1.17 nM, 0.82 nM and 1.26 nM against three different cell lines).  
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Figure 30: He’s and Mwakawari’s triazoles analogs 2.35 and 2.37 as potential HDAC inhibitors 

resembling commercial drug Ketolide TE-802 2.36. 

Giraudo et al.128 highlighted the importance of 4-hydroxy-1,2,3-triazoles as potential analogs of 

GABA inhibitors. The gamma-aminobutirric acid (GABA) is an important neurotransmitter involved 

in reducing neuronal excitability. A deficiency in GABA (2.39) activity can produce mental health 

conditions such as anxiety, schizophrenia and depression.165 Giraudo noticed that 1,2,3-triazole 

analogs, bearing diphenylbutyl profiles within the backbone, like compound 2.38, showed a higher 

Ki value concentration (1.6 μM) and that their alkylation on the N3 nitrogen might increase their 

inhibition power of the GABAA isoform (Figure 31). 

 

Figure 31: Giraudos triazole analog 2.38 as potential GABA 2.39 isoforms inhibitors. 

1,2,3-triazoles are also efficiently employed as anti-inflammatory hydroxamic acids analogs. Kim 

et al.166 illustrated a well-planned development of phenyl-1,2,3-triazoles 2.40 that produced a 

TNFα-induced COX2 expression higher than Diclofenac 2.41 when assessed at molecular level 

in ear edema model mice (Figure 32).  
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Figure 32: Kim’s triazole analog 2.40 as potential antinflammatory candidate based on 

Diclofenac’s nucleus 2.41. 

Interestingly, Flieger et al.167 demonstrated that Econazole derivatives with the 1H-triazole 

scaffold did not have any antifungal effect but, when the same derivative was converted into a 5-

hydroxy-1,2,3-triazole, it turned out to have activity as an antitubercular. Compound 2.42 was 

found to be 2-fold more potent than Econazole 2.43 itself, suggesting the 1,2,3-triazole unit, in 

conjunction with the β-OH, to be very selective towards M.Tubercolosis (Figure 33). 

 

Figure 33: Flieger’s triazole analog 2.42 as potential antitubercular candidate resembling 

commercial drug Econazole 2.43. 

In summary, 1,2,3-triazoles can be efficiently employed as hydroxamic acid bioisosteres due to 

their similar pKa and ability to coordinates metal ions. For this reason, we synthesised a small 

library of pyridine-based 1,2,3-triazoles bearing an acidic C-H proton at position 5 and evaluated, 

through docking studies, their potential as hydroxamic acids bioisosteres. 

2.2 Docking studies: principles 

 Molecular docking was first described in 1982 by Kuntz et al.168 They started to approach 

computational studies through the geometrical overlap of two structures, the receptor, with its 

“pockets” and “cavities”, and the ligand, which fits into the receptor body through specific 

interactions. Kuntz’s major challenge was the high degrees of freedom (3 translations and 3 

orientations) that characterises each pair of objects interacting with each other in space. 

Therefore, he took advantage of Richard’s169 and Connolly’s170 algorithms to accelerate his 

screenings studies. According to Richards and Connolly, treating the ligand and the substrate as 
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a set of spheres, distributed on both surfaces, makes it easier to establish the binding energy 

affinity between the two systems. When the geometrical overlap is examined and a good fitting 

score is provided it can be stated that, within a specific error limit, the internal distances of both 

ligand and target spheres match with each other. This was the first example of molecules grouping 

through geometrical similarity in order to create clusters of selective compounds for that target.171 

Throughout the years, the term docking was introduced to incorporate all the techniques that were 

employed for drug discovery. Docking studies are commonly known as in silico virtual screening 

techniques (VS). Currently, virtual screening is extensively used to obtain fast and rapid affinity 

evaluations between substrates and enzymes or already existing protein crystal structures via 

computer programs that can screen up to 1060 potential hits simultaneously from fragment virtual 

libraries.172 This new automated system can work synergistically with the high-throughput 

screening method (HTS). HTS, compared to the VS, can only screen from 103 to 106 compounds 

simultaneously against biological systems via a physical preparation of the test. The scientist 

loads microtiter plates, in 96-, 384-, or 1536-well formats, with the compounds to screen and then 

submits the microtiter plates to analysis through a specific machine.172  Nevertheless, it is 

important to note that both HTS and VS share the same goal: the identification of novel hits.173 

More specifically, a typical workflow of HTS (Figure 34) starts with: 

i)  Target identification: this process starts with identifying the function of a possible 

therapeutic target (gene/protein) and its role in the disease. Target identification can be 

achieved using many different sources and approaches such as data mining 

bioinformatics, genetic association with the disease, expression profile (i.e. changes in 

mRNA/protein levels) and functional screening (knockdown/knockout models).175 

 

ii) Assay development: once the target has been identified, the HTS process proceeds 

with the development of biological assays to assess and identify molecules with activity 

at the drug target. It is pivotal that, whatever is the assay selected, these factors are 

considered: a) pharmacological relevance of the assay; b) reproducibility of the assay; 

c) assay costs; d) assay quality; e) effects of compounds in the assay (i.e. assay sensitive 

to the concentration of the solvent used to dissolve/store the compound).176 

 

iii) Primary screen: a primary screen is then run to examine direct binding measurements 

of selected molecules from the biological assays against the target by achieving a 

minimum number of false positives and a maximum number of confirmed hits. Generally, 

primary screening runs in multiplets of single compound concentrations and the results 

are expressed in terms of percentage activity as a negative (0%) and a positive 

(100%).177 
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iv) Secondary screen: a secondary screen is run when some hits from the primary screen 

display the same activities and to ensure that they can reliably proceed to further 

screenings and, eventually, become leads.177 

 

v) Lead optimisation: intensive SAR investigations of the selected hits are then carried out 

via X-ray crystallography or NMR studies. If positive results are obtained, further 

preclinical pharmacology studies and clinical trials may follow to finally achieve the 

prototype of a drug.177 

 

Figure 34: Example of high throughput screening workflow (HTS) for screening of new 

potential lead compounds. 

 

On the other hand, VS can be run via both ligand-based and structure-based approach (Figure 

36). VS ligand-based approach is performed by comparing the candidates ligand structure to the 

pharmacophore model according to shape similarities to known actives against that 

pharmacophore model.178,179 VS structure-based approach is performed by using different 

computationl techniques, such as molecular docking or molecular dynamics simulations, that 

focus on the structure of the receptor as the molecualr target of the investigated active 

ligands.180,181 A typical workflow of VS (Figure 36) starts with: 

i) Target identification: the target is identified by 2D molecular databases (for ligand-

based VS, Figure 36) or from protein structures of the PDB (protein data bank) 

database (for structure-based VS, Figure 36).175 

 

ii) Protein structure preparation: is the most crucial step of virtual screening and 
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occurs once the target has been identified. Protein structure preparation can be 

achievedttvia:  

 

a) Protonation/charge assignment: the protonation state refers to the exact locations 

of hydrogen atoms within the molecule.182 Knowing where hydrogen atoms are 

revealed, allows for an accurate prediction of the affinity for the binding pocket.183 An 

incorrect evaluation of the protonation state can lead to an increased number of false 

positives.184 Moreover, the protonation state is crucial to understand how many H-

bond donor/acceptor sites are present in both target and ligand (Figure 35).185 

 

b) Addition of explicit water molecules: this operation is pivotal in determining the 

potential mediation that water molecules can establish between the compound and 

the receptor as well as their contribution to significant energetic changes.186,187 Failing 

in the precise inclusion of necessary water molecules can lead to biased results.188,189 

Usually, water molecules are included in the docking algorithm in three cases: i) when 

their absence reduces the accuracy calculation,190 ii) when they possess a maximum 

of three hydrogen bonds with the receptor.191,192 and iii) when their presence is the 

only connection between the ligand and the target (Figure 35).190yyyyyyyyyyyyyyyy 

 

c) Dealing with mutations. Often proteins are represented by a mutant form. It is very 

important to revert every mutant form to the wild-type form before performing a virtual 

screening particularly if the mutation affects the active site-compound binding (Figure 

35).193 

 

d) Considering proteins flexibility. Proteins flexibility represents one of the major 

challenges of virtual screening. Currently, two methods include proteins dynamic 

nature when producing scoring results: i) Flexible receptor docking incorporates 

lateral chains of residues within the active site despite very few aminoacidic side 

chains changing their conformation upong ligand binding.194 ii) Ensemble docking is 

instead focused on the generation of an “ensemble” of target conformations by using 

molecular dynamic simulation (Figure 35).195-200ttttttttttttttttttttttttttttttttttttttttttttttttttttttttt 

 

e) Incorporating pharmacophoric constraints. Pharmacophoric features can help to 

reduce the number of molecules to screen as well as to better identify a repeating 

scheme, for example, of a set of inhibitors towards the same protein/enzyme (Figure 

35).201  

 



73 

 

 

 

 

 

Figure 35: Structure-based virtual screening ligand/receptor preparation steps. 

 

 

iii) Docking: this step of the workflow merges both ligand- and structure- based VS and 

consists in placing each molecule in a 3D small molecule database containing 

information about binding sites of a receptor/protein. The screening selects then 

molecules from the database that have the right orientation and conformation to 

possibly tightly bind to the protein (Figure 36).175 

 

iv) Scoring: to each molecule is attributed a scoring function that is capable, 

theoretically, of predicting the binding affinity of a protein-ligand complex structure. 

Scoring functions can be mainly divided into three categories: a) force-field based, 

that takes into account the intermolecular van der Waals and electrostatic interactions 

between the ligand and the protein using a force field; b) empirical-based, that takes 

into account various types of interactions between ligand and protein such as number 

of atoms in contact or solvent accessible surface area difference in the 

complexed/uncomplexed ligand/protein set; c) knowledge-based, that takes into 

account statistical observations of intermolecular close contacts in large 3D 

databases (Figure 36).175 

v) Post-processing: this stage includes ranking the ligands of a database, while the 
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docking simulation is running, and analysis of the drug-likeness to finally achieve a 

library of hit-candidates list (Figure 36).175 

 

 

Figure 36: Example of virtual screening workflow (VS) for screening of new potential lead 

compounds. 
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2.2.1 Docking studies: virtual screenings techniques (VS) 

VS aims to reduce the number of good candidates for a specific subject among millions of possible 

aspirants through a vast testing method that includes as many compounds as possible.174 VS 

bases its screening on protein-structure202,203 and chemical-similarity204 approaches on small 

molecules and calculates binding affinity by applying specific descriptors as follows: 

i) Structure- or descriptor-based queries: the easiest way to start screening potential 

candidates follows similarity-search calculations according to specific substructures.205 Generally, 

these calculations require  low-energy conformations of database compounds to be produced.206 

However, other specific descriptors can help the structure-based query such as the ones that 

compare similarities in molecular shape207,208 or electronic characteristics209 between the query 

and the candidates (2.44-2.47, Figure 37). 

 

Figure 37: Substructure/Descriptors-based queries example: circled in red are the specific 

descriptor to look for in each molecule. 

 

ii) Fingerprints: molecular fingerprints are better known as binary bit strings that connect diverse 

properties of molecular structures through a series of 1 or 0 characters that stands for the 

presence (1) or the absence (0) of a specific feature (Figure 38). Fingerprints are specifically used 

when single hits or leads are the only templates available for searching. When features of the 

template molecule find correspondence within the fingerprint database, an overlap occurs and is 

quantified by similarity measurements according to the similarity threshold values.210,211 

Fingerprints in VS can compare and screen candidates also according to more complex properties 

that make use of 2D and 3D tools. In particular, 2D fingerprints can scan possible connectivity 

pathway between molecules through the overlapping of thousands of bits while 3D fingerprints 

tracks all the possible settings of three- or four- point pharmacophores in a molecule.212 
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1 0 0 1 0 1 

 

Figure 38: Example of a binary bit string matching specific functional groups and recognising 

them as peculiar fingerprints for that set of molecules. 

 

iii) Clustering and Partitioning: Clustering is a VS technique that screens compounds according 

to the calculation of intermolecular distances in chemical reference spaces213–215 whereas 

Partitioning involves building a solid frame that assigns specific coordinates to each molecule 

independently of others in different databases (Figure 39).216 Clustering and partitioning are 

mainly used in VS when the screening starts from a set of active compounds available as starting 

point. Unfortunately, the increasing size of modern data set rendered clustering and partitioning 

methods more and more challenging. 

Figure 39: Example of Clustering and Partitiong HTS screening: stars in green represent active 

compounds to screen against a source database. In Clustering, each blue ball represents a 

“similar” molecule to the one being analysed. Same happens for Partitioning, where similar 

feautures are grouped through red circles. 

 

PartitioClusteri
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2.2.2 Docking studies: high-throughput screening techniques (HTS) 

HTS, compared to VS, is more focused on largely examining compound-target bonds with the 

highest accuracy and is more prone to the presence of false positives or false negatives mainly 

occurring because of degradation of compounds on screening plates, purity issues or too low 

concentrations.174 For this reason, different techniques have been implemented to minimise HTS 

issues such as: 

i) Computational approaches: recursive partitioning (RP) is a computational approach that 

works by partitioning the data set according to a decision tree that has been adapted to recognise 

between active and inactive molecules by Rusinko et al.217 Each branch of the tree encodes a 

specific descriptor (i.e. physical properties such as number of triple bonds, presence of nitrogen, 

chiral molecules etc) which separates potential candidates according to those descriptors. In this 

way, the candidates belonging to a specific branch will possess the desired number of properties 

to start screening for active biological compounds.218 RP is a very fast and efficient method, as it 

screens large database of compounds and thousands of descriptors simultaneously, however it 

is also hugely impacted by the structural diversity of active compounds. It has been observed that 

active molecules with different scaffolds might end in different branches thus limiting the 

application of descriptors classifying for a specific chemotype. Recently, the phylogenetic-like tree 

algorithm has been addressing this issue by an iterative-like classification of compounds that 

allows for the association, in one single cluster, of diverse active molecules with different 

descriptors.219,220 

 

ii) Binary Quantitative Structure-Property Relationship (bQSAR): based on Bayes’ theorem 

and further developed by Labute,221 this method determines associations between structural 

features and molecular properties of compounds and their biological activity through specific 

combinations of descriptors. In this way, each molecule will be linked to a determined probability 

value of biological activity.222 bQSAR can work without requiring accurate activity data because 

of a binary system model that calculates all the possible predictions on activity-treshold values 

defined prior.223 Furthermore, bQSAR can be employed to screen large data sets in which 

candidates share similar probability of activity. This is a key advantage in HTS screening as it is 

not only limited to biological activity prediction but involves any other feature that can be included 

in a binary scheme system. 

2.2.3 Docking studies: problems and success of virtual screening 

Unfortunately, even though VS is widely accredited as one of the best options for drug design, it 

still suffers from many disadvantages. First of all, the majority of chemical compounds are not of 
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any biological interest due to lack of selectivity or worse, acute toxicity. Secondly, receptors or 

enzymes or proteins are huge molecules made up of extremely high numbers of atoms that are 

more or less free to rotate and move in space. The consequence of this is that, as the number of 

possible rotations increases, the interaction prediction becomes more complicated and requires 

more computing resources.224 Thirdly, calculations of the binding affinity is particularly hard when 

the solvation effect cannot be minimised.225 Although the water effect can be reduced by 

thermodynamic integration methods, doing so is time consuming. However, many successes 

came from the application of either VS or HTS to drug discovery. Several molecules, binding more 

than 50 receptors of known structures, have been discovered through computational chemistry 

producing numerous libraries of compounds that resulted from patiently docking each organic 

molecule into various receptor structures, calculating their affinity and testing all of them 

experimentally.226,227 The virtual screen “hit rate”, defined as the number of compounds that bind 

a receptor at a specific concentration divided by the number of compounds tested, increased of 

100- to 1000- fold with computational methods rather than empirical ones.228,229 Furthermore, VS 

allows the restriction of research parameters for molecules matching only certain properties by, 

for example, introducing some sort of filters to meet specific standards, avoiding tedious 

experimental research.230,231 Even though VS and HTS screenings may be affected by false-

positive hits,232 because of very large libraries of compounds screened, the progresses made 

through modern algorithms233 to improve their potency are particularly impressive. 

2.3 Results and Discussion 

2.3.1 A) Virtual screening of pyridyl-triazoles 1.136a and 2.48-2.54 

Given the importance of the pyridine scaffold in medicinal chemistry,234-244 we decided to submit 

a number of pyridine-triazoles into a virtual screening study. Compounds 2.53 and 1.136a were 

the only 1,2,3-triazoles that was possible to synthesise, using the synthetic methodology 

highlighted in Chapter 1, whereas for 1,2,3-triazoles 2.48-2.52 and 2.54, the insufficient azide 

nucleophilic power impeded the generation of the hydroxyl function at position 5 of the triazole 

ring (see Chapter 1, paragraph 1.2.4).  
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Figure 40: Pyridine-based 1,2,3-triazoles 2.48-2.54 and 1.136a tested through docking 

screening against the BioGPS cavity database 

 

In order to identify potential bioactivity of compounds 2.48-2.54 and 1.136a, we established a 

collaboration with Prof. Gabriele Cruciani and Dr. Lydia Siragusa of the Laboratory for 

Chemometrics and Molecular Modeling, Department of Chemistry, Biology and Biotechnology, 

University of Perugia, Italy. They are both experts in the field of Molecular Modeling and owners 

of the BioGPS algorithm that has been used for the virtual screening of compounds 2.48-2.54 and 

1.136a. The BioGPS245 is a new method implemented by Prof. Gabriele Cruciani that has the 

great advantage of comparing protein binding sites to each other by their ligand “image”, derived 

from the GRID molecular interaction fields (MIFs), rather than according to rigid structural 

requirements such as protein/ligand shape similarity.246,247 GRID is a computational procedure for 

determining energetically favorable binding sites on molecules of known structure, known as 

Molecular Interaction Fields (MIFs).248,249 The BioGPS software has been already successfully 

employed by Prof. Cruciani’s research group for i) the screening of new ligands for novel 

Thymidylate synthase (TS) inhibitors;250 ii) for the retrieval of similar proteins with different 

structural folding to explain Sunitinib side effects;250 iii) for the analysis of similarities between 

binding sites of two different ezymes by focusing on a multi-target therapy case.250 In particular, 

the BioGPS workflow used for the docking screening of triazoles 2.48-2.54 and 1.136a consisted 

of 5 parts: 

i) Protein refinement, achieved by using an algorithm known as “Fixpdb” that enables 

the preparation of the protein structure obtained from the Protein Data Bank (PDB). 

Additionally, Fixpdb also processes potential solvent molecules, cocrystallised 
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ligands, cofactors or ions to be retained for consideration in subsequent analysis, if 

considered essential for the protein functionality.245 

ii) Cavity detection, achieved by using an algorithm known as “Flapsite” that embeds 

the protein structure into a tridimensional grid and allows for the identification of 

pocket points located only within a distance of 4 Å maximum from the closest protein 

atom using the GRID probe H, that discriminates according to the “shape” 

parameter.245 

iii) Cavity characterisation, achieved by the FLAP program (Fingerprints for Ligands And 

Proteins) that enables the identification of the potential complementary ligand 

pharmacophoric features for a protein binding site. The GRID probes H, DRY, O and 

N1 are used to calculate the shape, the hydrophobic interactions and the H-bond 

acceptor and donor interactions respectively for each cavity considered in the 

analysis. Generally, the minimum numbers of energetically favorable interactions 

between a ligand and a protein is equal or greater than 4. FLAP then generates all 

possible combinations of four of the representative points returning them as 

quadruplets. All quadruplets generated for a specific cavity form the so called 

“Common Reference Framework”.245,251 

iv) Cavities comparison, occurs via comparison of binding sites via superimposition of 

the “Common Reference Framework” of the cavity against one or more template 

structures. A good match between cavity and template occurs when a pair of 

quadruplets have their distances coupled within 1 Å from each other.245 

v) Data analysis, in which each final superimposition, called “solution”, is identified by a 

set of Tanimoto similarity scores,252 inteded as a measure of the similarity of two sets 

of elements obtained by dividing the intersection of the two sets over the union of the 

two sets. The global pocket-pocket similarity is analysed by using the global scores 

that attribute to 0 no similarity and to 1 maximum similarity.245 

Docking screening of compounds 2.48-2.54 and 1.136a against the whole PDB returned a set of 

20 proteins being able to bind, in their active site, the abovementioned triazoles (Table 6). In 

particular, distribution scores of compounds 2.48-2.54 and 1.136a displayed a characteristic 

gaussian curve for each molecule that measured the probability the of these compounds to bind 

a protein’s active site according to their shape similarities. Specifically, triazoles 2.59 and 1.136a 

produced the highest global score of similarity against the 20 proteins returned by the docking 

screening against the PDB, with values close to 0.80 (the global score of similarity is a number 

comprised between 0, meaning “no similarity”, and 1, meaning “maximum similarity”, Figure 

42).245  
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Figure 42: Distribution of scores of 1,2,3-triazoles 2.48-2.54 and 1.136a against the BioGPS 

cavity database. 

Table 6 describes the affinity of each triazole tested against the active site of the 20 proteins 

returned by the docking screening and it is expressed by an arbitrary score comprised between 0 

and 100. From the results obtained, 1,2,3-triazoles 2.48,2.49 and 2.51, bearing a hydroxyl group 

at position 5, as well as ketol triazole 2.50, did not show significant binding scores with the 20 

proteins screened, except for few pairs (Table 6). This latter phenomenon proved that the OH 

presence for these 1,2,3-triazoles was not crucial or did not increase the interaction between the 

compound and the protein target. Triazoles 2.52 and 2.54, bearing a long chain at position C4 

instead, displayed high binding scores with almost all of the proteins examined, thus suggesting 

lack of selectivity (Table 6). More interestingly, the docking analysis for 1,2,3-triazole 2.53 showed 

relatively high binding coefficient values only for a few proteins, including a binding score of 80.13 

observed for KAT2A that caught our attention (Table 6, circled in black). Curiosly, triazole 1.136, 

formally being 2.53 ester analog, also showed a relatively moderate binding score with KAT2A of 

61.2 besides possessing a low binding-affinity with almost all of the 20 proteins. 
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Table 6: List of the 20 proteins examined and the compounds tested: red cells indicate bad fitting 

ligand-protein, green cells indicate medium fitting ligand-protein, blue cells indicate good fitting 

ligand-protein. 

 

These results were particularly intriguing since we noticed how the sole presence of a pyridine 

ring, instead of a phenyl residue at position N1 of the triazole ring, shifted the selectivity towards 

a protein, KAT2A, with opposite functions (acetylation of lysine residues from histones)253,254 with 

respect to HDACs isoforms (deacetylation of lysine residues from histones)255, contrary to what 

observed instead for 5-hydroxy-1,2,3-triazoles 1.132 (Chapter 1). According to the data collected, 

we hypothesised the presence of a carboxylic moiety at the C4 position would favor the interaction 

of 1,2,3-triazole 2.53 with the desired target (Figure 43), whereas the same 1,2,3-triazole 

displaying the ester function at position C4 (1.136a) showed a lower, but still moderate, binding 

score with KAT2A. We considered the absence of a hydrogen-bond donor site, either at position 

C4 or C5 of 1.136a, to potentially reduce the interactions with the other proteins. To better 

understand the importance of 2.53’s carboxylic group when interacting with KAT2A, we evidenced 

triazole’s 2.53 structure connections with KAT2A active site using the PyMOL software (Figure 

43). PyMOL is an open source for molecular visualisation system used to produce high-quality 3D 

images of small molecules and biological macromolcules, such as proteins.256 KAT2A’s structure 

was imported from the PDB database and 2.53’s structure was drawn via the ChemDraw software 

and imported into PyMOL. 2.53’s nitrogens atoms have been colored in blue, oxygen atoms in 

red and carbon atoms in green whereas polar contacts, with relative bond distance from the 

aminoacids of KAT2A active site, are expressed in angstrom values and represented with yellow 

dashes (Figure 43). In support of our hypothesis, polar contacts connecting 2.53 and KAT2A 

occurred mainly when 2.53’s OH function of the carboxylic moiety and 2.53’s N2-N3 atoms of the 
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triazole ring interacted with the NH functions of KAT2A Arg-558 residue (shown with blue and light 

blue sticks, Figure 43). In particular, 2.53’s N2 and N3 atoms of the triazole ring coordinate 

arginine NH number 20289 (2.2 Å and 2.1 Å distance respectively, Figure 43) while the N3 atom 

of the triazole ring and the OH function of the carboxylic moiety coordinate arginine NH number 

20292 (2.3 Å and 2.5 Å distance respectively, Figure 43). 

 

Figure 43: Pymol outlook of triazole 2.53 bound to KAT2A active site pocket. Triazole’s 2.53 

nitrogens are coloured in blue, carbons in green and oxygens in red while KAT2A active site is 

coloured in pink. 

 

2.3.2 Importance of KAT2A gene: background and biological significance 

We decided to focus our attention on the KAT2A protein for the crucial importance of this protein 

in several biological functions and, particularly, for its role in the surge of aggressive tumors such 

as renal carcinoma257 or acute myeloid leukemia (AML)258 when overexpressed or depressed. 

KAT2A, also known as GCN5 (general control nonderepressible 5), is part of the HAT (histone 

acetyltransferase) family and, more specifically, belongs to the GCN5-related N-acetyltransferase 

group.259,260 HATs can be divided in two groups: type A and type B according to their localisation 

and function. HATs belonging to type A are located within the nucleus and include three main 

families: GNAT (Gcn5 related N-acetyltransferase), MYST (acronym for its four members: MOZ, 

Ybf2, Sas2 and Tip60) and p300/CBP (CREB-Binding Protein). HATs belonging to type B are 

located in the cytoplasm and, generally, modify new free histone proteins in order to transfer them 
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to the nucleus. KAT2A belongs to the GNAT family and promotes the acetylation of the ε-amino 

group of lysine residues of histones H3 and H4 thus preventing the positive charge on the amino 

group to negatively impact other proteins interaction. Histones acetylation is a primary epigenetic 

modification, intended as a chemical or physical modification that influences how genes are read 

and expressed, without changing the DNA sequence.261 In particular, histones acetylation is 

responsible for genes accessibility or inaccessibility to transcriptional factors thus influencing 

chromatine structure, DNA replication, repair and recombination.262 However, most of these 

histones modifications are reversible. KAT2A is mainly directing its acetylating activity to histones 

H3 and, to a lesser extent, to histone H4 despite each HAT being able to acetylate hundreds of 

targets.263 It is noteworthy that KAT2A is also capable of acetylating non-histone targets such as 

CDC6 (cell division cycle 6) and cyclin A influencing, then, important biological functions such as 

the G1/S cell cycle transition (intended as a phase of the cell cycle in which the cell grows, phase 

G1, and the DNA is replicated, phase S)264 and mitosis.265,266 Furthermore, the neutralisation of 

lysine’s positive charge leads to a weaker bond with DNA strands allowing transcriptional factors 

to penetrate DNA itself more easily.267 KAT2A can also act as glutaryltransferase or 

succinyltransferase depending on the context. Succinylation268 and glutarylation269 are 

complementary functions as 2-oxoglutarate dehydrogenase is fundamental to provide succinyl 

CoA.270 KAT2A is involved in numerous vital functions such as: i) long memory consolidation and 

synaptic plasticity;271 ii) expression of a hippocampal gene network linked to neuroactive receptor 

signaling;271 iii) regulation of embryonic stem cell (ECS) pluripotency and differentiation;272 iv) 

positive regulation of T-cell activation upon T-cell receptor (TCR) stimulation and promotion of IL-

2 (interleukin-2) expression.273 KAT2A role in IL-2 expression is particularly important given that 

IL-2 is a type of cytokine that regulates white blood cells activity during infections and it is mainly 

expressed by activated CD4+ and CD8+ T-cells.274 When KAT2A is repressed, T-cell growth is 

impared and so is the production of IL-2, given the dramatic reduction in both CD4+ and CD8+ T-

cells production, thus drastically reducing the immune system response to infections.272 Moreover, 

dysregulation of KATs’ activity produces inhibition of the cell cycle and induces apoptosis. For this 

reason KAT’s dysregulation is associated with numerous severe tumors such as small-cell lung 

cancer275 or colon cancer276, inflammatory disorders277, type 2 diabetes278 etc.  

2.3.2.1 HATs inhibitors: classification and biological importance 

So far, HATs inhibitors have been classified in three groups: i) bisubstrate inhibitors, ii) natural 

compounds and iii) synthetic compounds.  

i) Bisubstrate inhibitors: Building bisubstrate chemical entities has been a widely used method 

to obtain effective and selective bioactive compounds.279 HATs bisubstrate inhibitors can be, 

mainly, obtained according to two strategies: i) small organic molecules conjugated with CoA, 
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synthesised from corresponding bromo carboxamides, and subsequent coupling with CoASH; ii) 

peptide molecules conjugated with CoA, synthesised from corresponding Fmoc protected 

peptides by solid phase.  

Cullis et al.280, in 1982, reported the synthesis of Spd-CoA 2.55 and found this molecule to strongly 

inhibit histone activity with values below 10nM (Figure 44). Later, Lau et al.281 synthesised Lys-

CoA 2.56 and H3-CoA-20 2.57 proving their selectivity towards p300 inhibition with IC50 value of 

0.5μM (Figure 44). In 2011, Kwie et al.282 investigated how specific conformational changes can 

modify the interactions of HATs inhibitors toward a specific member of HATs. In particular, they 

noticed that compound 2.58 displayed the most suitable chain length to interact with p300 with a 

50% inhibitory activity of 0.07μM while a shorter chain length decreased the potency (Figure 44). 

Additionally, they observed that steric hindrance on constrained compounds also decreased HATs 

inhibitory activity highlighting the importance of size and chain length when interacting with the 

active site pocket. 

 

Figure 44: A few examples of active bisubstrate HATs inhibitors 2.56, 2.57 and 2.58 and their 

reference compound 2.55.  
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ii) Natural compounds:  

 

a) Polyphenols. Garcinol, 2.59, is a polyisoprenylated benzophenone extracted from Garcinia 

indica and shows either p300 or PCAF (KAT2B) inhibitory activity in the low micromolar range (7 

and 5μM respectively).283 Even though garcinol’s hydroxyl groups limit oxidative stress damage, 

due to the stability of the reduction products, being aspecific towards one of the HATs enzymes 

still remains the biggest issue.284 For this reason, derivatives of isogarcinol 2.60, resulting from 

the intramolecular cyclisation of garcinol, such as 2.61, displayed absence of toxicity towards T-

cells as well as a diminished reproduction of HIV through downregulation of p53 acetylation 

(Figure 45).285  

 

 

Figure 45: Garcinol 2.59 and its more active derivatives, isogarcinol 2.60 and 2.61, as potential 

more specific HATs inhibitors. 

 

Curcumin 2.62, extracted from the rhizome of turmeric (Curcuma longa), is a non-competitive 

p300 inhibitor.286 The inhibition occurs via formation of a covalent bond to the enzyme through 

curcumin’s cynnamoil groups that work as Michael acceptors.287 Curcumin, like garcinol, is a non 

selective KAT inhibitor and has been tested, for in vivo efficacy, in more than 120 clinical trials for 

different diseases.288 Unfortunately, curcumin never showed a significant biological activity in vivo 

thus requiring the development of more potent analogs. In particular, compounds 2.63a,b, in 

which the methoxy groups have been replaced with a carboxylic acid (2.63a) or bromine (2.63b), 

showed improved inhibition power towards p300 with an IC50 value of 33 μM and 21 μM 

respectively, suggesting the importance of an EW group to interact with the protein (Figure 46).289  
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Figure 46: Curcumin 2.62 and analogs 2.63a,b showing improved selectivity towards p300 

protein. 

b) Anacardic acid and derivatives. Anacardic acid, 2.64, is a 6-pentadecylsalicylic acid 

extracted from the cashew nut shell and is classified as a non-competitive and non-selective 

inhibitor of KAT enzymes.290 Derivatives of anacardic acid, such as 2.65a-h, proved the 

importance of long aliphatic tails to establish hydrophobic interactions with the target. Indeed, 

when substituting long chains with shorter ones or when introducing a hydroxyl group as a terminal 

modification, a complete activity loss was observed against p300 (Figure 47).291 

 

 

Figure 47: Anacardic acid 2.64 and analogs 2.65a-h displaying different chain lengths and 

different electronic features. 

 

 c) Quinones. Plumbagin, 2.66, is a hydroxynaphtoquinone extracted from Plumbago rosea roots 

and acts with a non-competitive mechanism as KAT inhibitor against p300 and PCAF with IC50 

values in vitro and in vivo of 20 μM and 50 μM respectively.292 Docking studies on 2.66 highlighted 

how crucial the hydroxyl group is for the interaction with the target as it establishes a hydrogen 
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bond with Lys1358 residue which is fundamental for the inhibition activity. Derivatives of 

Plumbagin, such as Embelin 2.67, with other moieties replacing the hydroxyl group and loss of 

the aromatic conjugation showed reduction of the inhibitory activity (Figure 48).293  

 

Figure 48: Plumbagin 2.66 and its inactive derivative Embelin 2.67 showing how loss of the 

conjugated aromatic system eliminates KATs selectivity. 

iii) Synthetic compounds:  

a) Thiazole-based compounds have been identified by Filetici et al.294 to be excellent p300 HAT 

inhibitor against a strain of yeast Saccharomyces cerevisiae holding a deletion of KAT2A. In 

particular, compound 2.68a, bearing a fluorophenyl substitution at 4-thiazole, and compounds 

2.68b,c, with conjugated aromatic systems substituting the cyclopentelidene framework, 

displayed over 90% p300 HAT inhibition activity (Figure 49).294  

 

 

Figure 49: Thiazole-based compounds 2.68a-c bearing EWG and conjugated aromatic systems 

inhibit p300 HAT activity in Saccharomyces cerevisiae. 

 

b) Isothiazolone-based compounds have been recognised as excellent HAT inhibitors. 

Investigations of their inhibitory activity started in 2005 when it was clear that the cleavage of the 

S-N bond to form the disulfide bond was the key-point to engage with the target (Scheme 22).295–

299 Through this mechanistic rationale, thiols of proteins may react with 2.69 to form a transient 

species 2.71 which in turn reacts with a second thiol 2.70 to give reduced 2.72 and oxidised 

disulfide bond 2.73 (Scheme 22). 
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Scheme 22: Proposed mechanism of inhibition of HATs by S-N bond cleavage of isothiazolone- 

based compounds.  

 

The S-N cleavage is positively influenced by the presence of free thiols groups onto the enzyme 

and by electrophilic substituents, such as EWG or less steric hindrance, in both position 4 and 5 

of the isothiazolone nucleus whereas nucleophilic groups produce the opposite effect. In most 

cases, compounds bearing EWGs at position 5 (Figure 50, 2.74a and 2.74b) showed inhibitory 

activity against KAT2B below 20 μM (2.2 μM and 1.3 μM  respectively)295,299 while the introduction 

of a methyl group at position 4 (Figure 50, 2.74c) decreased the potency bringing the inhibitory 

activity against KAT2B below 50% value at 10 μM concentration, proving the importance of the 

S-N bond cleavage to create a disulfide bridge with the target (Figure 50).296  

 

 

Figure 50: Isothiazolone- based compounds 2.74a-c showing HATs inhibition power due to S-N 

bond cleavage. 

 

c) pyrido- and benzisothiazolone- based compounds are mainly classified into 5 groups, 

according to the modification of the aromatic ring.300,301 Compounds 2.75a,b with a fluorine-group 

in the para-position, belonging to the Type B group of N-substituted pyridoisothiazolones (Figure 

51), were found to be responsible for the hypoacetylation of H3K14 and H4K8 thus producing an 

anti-cancer effect against SK-N-SH neuroblastoma cell line (IC50 under 10 μM)301. Compounds 

2.76a,b with a flexible N-substituted linker, belonging to the Type C group of N-substituted 

pyridoisothiazolones (Figure 51), displayed decreased activity against HATs like KAT2B and 

KAT2A while still showing high selectivity towards HAT CBP.300 N-alkyl derivatives with a 
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carboxylic acid function (2.77a,b), belonging to the Type E group of N-substituted 

pyridoisothiazolones (Figure 51), were found to be less potent against KAT2A, KAT2B and p300 

while the same N-derivatives bearing an amido group showed an improved selectivity towards 

KAT2B (2.78a with IC50=1.44 μM) and CBP (2.78b with IC50=9.41 μM). Overall, pyrido- and 

benzoisothiazolones are known to be highly potent but, unfortunately, not very specific for a HAT 

enzyme in particular. 

 

 

 

Figure 51: Pyrido- and benzoisothiazolone based compounds 2.75a,b, 2.76a,b, 2.77a,b and 

2.78a,b displaying different electronic features thus different HATs selectivity. 

Despite their high inhibition power, most of the HATs inhibitors known share a lack of selectivity 

and a pletora of side effects. Additionally, their mechanism of action remains unknown as well as 

how to increase their metabolic stability, potency, solubility and permeability without negatively 

affecting activity. For this reason, it is crucial to improve the efficiency and accuracy of screening 

methods such as HTS (high throughput screening), fluorometric assays and HCS (high content 

screening), in order to gather more data about KATs interaction with potential inhibitors.302 Hence, 

the potential of triazole 2.53 (Figure 41) to selectively inhibit KAT2A isoform can dramatically 

contribute to the general knowledge of HATs inhibitors. 
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2.3.3 B) Synthesis of pyridyl-triazoles 2.80a-f undergoing biological tests 

against KAT2A 

In order to confirm the results obtained via the virtual screening in relation to the activity of 2.53 

(Figure 42) against KAT2A, two libraries of compounds 2.80a-f and 2.81a-d were prepared. 

Compounds 2.80a-f included carboxylates or derivatives thereof, for example esters and amides. 

Based on the completely aspecific or negative binding scores obtained by docking screening for 

triazoles 2.48-2.52 and  2.54, we thought that the hydrogen atom at position 5 could benefit from: 

i) a less polar behavior than the OH function, thus avoiding the resulting compound to be too 

hydrophilic to enter the external cells’ membrane, ii) a smaller radius compared to the methyl 

group possessed by triazole 2.53, thus producing a smaller molecule with an additional hydrogen-

bond donor site. In addition to that, we also included, in the same library, the synthesis of long 

chain pyridyl-based triazole 2.80f bearing an amide moiety to better investigate the role of diverse 

functional groups of our compounds when interacting with the target. However, 2.80f synthesis 

was performed only after triazoles 2.53, 2.80b and 2.81a-d were tested in vitro to investigate a 

possible different and better interaction with KAT2A when including an amide function (increased 

lipophilicity, facilitated passage through cell membrane) instead of a carboxylic one on the long-

chain triazole 2.80b; therefore, 2.80f was not preliminary tested against KAT2A via fluorescence 

screening. The preparation of compound 2.53 has been carried out following the procedure 

previously reported in Chapter 1 paragraph 1.3. In particular, different pyridine-azides 1.134a,b,e,f 

were reacted with an opportune alkyne (2.79a-c) to obtain triazoles 2.80a-f via CuAAc 

cycloaddition protocol (Scheme 23). 

 

Scheme 23: Pyridyl-azides 1.134a,b,e,f reacting with alkynes 2.79a-c to obtain a small library of 

pyridine-based 1,2,3-triazoles 2.80a-f. 

Pyridine-based 1,2,3-triazoles 2.80a-f were obtained in high yields (Table 7); however, when 

reacting pyridyl azide 1.134b with terminal alkyne 2.79b, the only compound recovered was the 

amino-product (1.137), deriving from the reduction of the azido group of pyridyl azide 1.134b 

(Table 7 entry 4), similarly to what happened when reacting azide 1.134b with β-ketoesters 1.98 

and 1.124a (Table 3, entries 2 and 4). We again proposed the presence of a copper source and 

an electron-donor group adjacent to the azido group to be responsible for promoting the reduction 

process rather than driving the reaction to completion.75 The presence of EDG or EWG in para 



92 

 

position of the pyridine ring instead did not negatively impact the reaction but conversely produced 

very high yields (Table 7 entries 5,6) and fast reaction times (Table 7 entry 6). Finally, the long 

lateral chain of alkyne 2.79b, bearing a carboxylic function, also did not affect the reaction yields 

except when reacting with azide 1.134b, where the abovementioned reduction product 1.137 has 

been the only compound recovered.  

Table 7: a Reaction conditions: 1.134a,b,e,f (1 equiv.,0.8 mmol), 2.79a-c (1.1 equiv., 0.9 mmol), 

catalyst (0.1 equiv., 0.08 mmol), solvent (0.25M). 

Entrya Azide R1 R2 Alkyne R3 
Time 

(h) 
Product 

Yield  

(%) 

1 1.134a H H 2.79a COOEt 17 2.80a 90 

2 1.134a H H 2.79b (CH2)4COOH 17 2.80b 89 

3 1.134b OCH3 H 2.79a COOEt 17 2.80c 78 

4 1.134b OCH3 H 2.79b (CH2)4COOH 17 1.137 80 

5 1.134e H CH3 2.79a COOEt 24 2.80d 94 

6 1.134f H Cl 2.79a COOEt 1 2.80e 99 

7 1.134a H H 2.79c (CH2)4CONHPh 17 2.80f 75 

 

Given the importance of a carboxylic group at position 4, as highlighted by the docking screening, 

we then proceeded with the hydrolysis of esters 2.80a,c-e to reveal the corresponding acids 

2.81a-d (Scheme 24), hence generating a second small library of compounds. 

 N.B. Herein is also reported the synthesis of 2.81a-d parental compound, triazole 2.53. 
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Scheme 24: Hydrolysis of pyridyl-based 1,2,3-triazoles 1.136a and 2.80a,c-e to obtain the 

corresponding carboxylic acids 2.53 and 2.81a-d. 

We then performed the preparation of amide 2.80f by firstly reacting alkyne 2.79b with aniline 

1.130 in the presence of DCC 1.151 and DMAP 1.150 to achieve alkyne intermediate 2.79c. 

Afterwards, we reacted alkyne 2.79c with azide 1.134a, following the same protocol described in 

scheme 2, to obtain 1,2,3-triazole 2.80f in high yields (75%, Scheme 25). 

 

Scheme 25: Synthesis protocol of amide-based 1,2,3-triazole 2.80f. 

 

2.3.4 C) Preliminary binding studies through fluorescence analysis of 

pyridyl-triazoles 2.80a-e, 2.81a-d and 2.53 against KAT2A 

The newly synthesised compounds 2.80a-e, 2.81a-d and 2.53 were tested against KAT2A, 

according to a validated pre-existing fluorescence protocol, to evaluate their effective binding 

properties. Fluorescence spectroscopy analyses fluorescence emitted from a sample by using a 

beam of light, generally UV light, that excites the electrons of the molecule which, in turn, emit 

light.303 The emission of light is related to the excitation of the molecule from its ground state to 

an excited electronic state of higher energy. When the molecule collides with other molecules, it 

loses its vibrational energy until it reaches the lowest vibrational state emitting a photon in the 

process.303 Fluorescence can be measured via instruments called fluorometers that exist as i) 

filter fluorometers, that use filters to isolate the incident light and the fluorescent light and ii) 
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spectrofluorometers, that use a diffraction grating monochromator to isolate the incident light and 

the fluorescent light. Anyway, both types of machines work via the same following scheme: the 

incident light passes through a filter or monochromator and hits the sample. Part of the incident 

light is absorbed by the sample and part of the sample’s molecules fluoresce. The fluorescent 

light is then emitted in all directions and passes, eventually, through a second monochromator or 

filter before reaching the detector (Figure 52).303  

 

Figure 52: Example of fluorescence spectroscopy workflow. 

KAT2A fluorogenic assay is based on the transfer of an acetyl group from acetyl-CoA (acetyl 

coenzyme A) to a peptide substrate, in this case represented by histone H3. The goal of this test 

is to detect the presence of potential inhibitors capable of reducing KAT2A acetylating activity by 

comparing the fluorescence levels of CoASH (intended as CoA without the acyl group) emitted, 

following the incubation of the enzyme with Acetyl CoA, the H3 histone and the potential inhibitors. 

The fluorogenic assay performed on 1,2,3-triazoles 2.53, 2.80a-e and 2.81a-d against KAT2A 

was provided by West Bioscience protocol304 and fluorescence of the abovementioned 

compounds  was detected at excitation wavelength: 495 nm and emission wavelength: 519 nm 

on a Varian Cary Eclipse fluorescence spectrophotometer. Specifically, the assay was set up as 

follows:  

- A positive control, to confirm the good quality of the enzyme purchased by testing its inherent 

acetylating activity on histone H3 when excluding the potential inhibitors from the test. 

- An autoacetylation control, perfomed without the presence of either the inhibitors or the H3 

histone. It is known that KAT2A, as well as all the other HATs of the GNAT family, can undergo 

autoacetylation with lysine residues within their catalytic subunit rather than with lysine residues 

of the original target, histone H3.305 

- A negative control (blank), performed without the the presence of the KAT2A enzyme, to subtract 

from all other values when plotting the final graphs. 

- And the proper test for screening the inhibition power of triazoles 2.53, 2.80a-e and 2.81a-d, 

with all the components present.  
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The inhibition test was set up as follows (Table 8): Acetyl CoA (0.2 μM, 80 μL), the H3 histone 

(0.32 μM, 400 μL), the inhibitors 2.53, 2.80a-e and 2.81a-d (dissolved in 1% N-methylpyrrolidone, 

20 μL, in a range of 4 different concentrations: 1.5 μM, 5 μM, 10 μM and 15 μM ) and the KAT2A 

protein (0.1 μM, 200 μL) were incubated in a water bath at 37°C for 30 minutes in 2 mL volume 

of TRIS HCL, (pH=8 buffer) in a glass vial. After incubation with acetyl CoA and the potential 

inhibitors, KAT2A generated acylated histone H3 and CoASH. After 30 minutes, the reaction was 

stopped by the addition of 50 μL of isopropanol (0.8 M) followed by introduction of 100 μL of 

fluoresceine isothiocyanate isomer I (5-FITC) in DMSO (0.4 μM) as fluorochrome to detect the 

fluorescence emitted by CoASH, given its reactivity towards nucleophiles 

including amine and SH groups on proteins.255 Particularly, 5-FITC is capable of reacting with the 

SH group of CoASH to generate a fluorescent complex (Scheme 26).  

 

Scheme 26: KAT2A acetylation of histone H3 and generation of CoASH. 

After 20 additional minutes of incubation with the fluorochrome at room temperature, the samples 

were analysed with a fluorescence spectrophotometer to quantify the actual fluorescence emitted. 

More specifically, the lowest the levels of CoASH complexed with 5-FITC were detected, the best 

was the inhibitory activity displayed by the specific triazole tested. Detection of the 5-FITC/CoASH 

complex occurred at absorption wavelength = 495 nm and emission wavelength = 525 nm, 

https://en.wikipedia.org/wiki/Amine
https://en.wikipedia.org/wiki/Sulfhydryl
https://en.wikipedia.org/wiki/Protein
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whereas we were able to differentiate between free 5-FITC and 5-FITC bound to the CoASH by 

detecting the absence of CoASH inherent fluorescence emission at 258 nm. We performed each 

assay in triplicate at increasing concentrations of compounds 2.53, 2.80a-e and 2.81a-d while 

keeping constant the concentration of KAT2A (Table 8). We decided to perform this fluorogenic 

assay, specifically validated for the identification of KAT2A inhibitors,304 because it allowed us to 

identify, with a rapid response (less than an hour), high specificity, by using small quantities of 

materials, and with the best cost-effective ratio, the triazole with the highest acetylation inhibition 

power. Other tests, such as immunofluorescence assays, would have required more time to occur 

and would have been less specific, given the frequent undesired fluorescence emitted by antigenic 

contaminants, and more expensive.  

Table 8: Set-up of the fluorescence tests of 1,2,3-triazoles 2.53, 2.80a-e and 2.81a-d  

 

Each diagram has been plotted using the Prism software and shows the absolute value of 

fluorescence emitted by comparing the number of emitted photons with the number of absorbed 

photons. According to that, Figure 53 shows how the CoASH levels emitted changed according 

to the inhibitory power displayed by the specific triazole incubated with KAT2A. In particular, 

compounds 2.81a and 2.81c displayed a good inhibitory activity at as low as 5 μM concentration 

(colored as blue line, Figure 53) while higher concentrations for triazoles 2.53 and 2.80b (15 μM 

and 10 μM respectively colored in black and red, Figure 53) were needed to start exhibiting 

inhibitory activity. Additionally, we observed that when electron-donor (methyl at C5 position of 

the pyridine ring for 2.81d, Figure 53) and electron-withdrawing (chlorine at C5 position of the 

pyridine ring for 2.81e, Figure 53) groups were added to the pyridine ring, the inhibition power 

was promising for 2.81d only, which displayed a decreasing level of KAT2A activity at as low as 

 
Positive 

control 

Negative  

control 

(blank) 

Autoacetylation 

Control 

Test 

inhibitor 

Buffer 1.52 mL 1.70 mL 1.72 mL 1.50 mL 

Acetyl-CoA 80 μL 80 μL 80 μL 80 μL 

Histone H3  400 μL 400 μL - 400 μL 

KAT2A  

Enzyme 
200 μL - 200 μL 200 μL 

Inhibitor - 20 μL - 20 μL 
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5 μM concentration (colored as blue line, Figure 53). Surprisingly, 2.81e seemed to promote 

KAT2A acetylating activity as highlighted by the increasing level of CoASH produced despite 

possessing a very similar chemical structure to the other triazoles tested (Figure 53). No activity 

was detected for triazoles 2.80a,c-e, bearing an ester group at position C4 of the triazole ring, 

thus proving the importance of an acidic functionality in that position for the engagement with the 

protein. 

 

Figure 53: KAT2A fluorescence tests performed on triazoles 2.53, 2.81a-d and 2.80b at 

different concentrations of 1.5 µM (purple), 5 µM (blue), 10 µM (red) and 15 µM (black) against 

KAT2A (green). 
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2.3.5 D) In vitro studies of pyridyl-triazoles 2.53, 2.81a-d, 2.80b and 2.80f 

against KAT2A 

Compounds 2.53, 2.81a-d, 2.80b and 2.80f  were tested against U937 cell cultures as potential 

KAT2A inhibitors. The U937 cell culture is a pro-monocytic human histiocytic lymphoma cell line 

(more specifically, human myeloid leukemia, AML).306 These monocytic cells can differentiate into 

either macrophages or dendritic cells depending on the stimulus received upon treatment with 

chemical substances, such as DMSO, phorbol-12-myristate-13-acetate (PMA), retinoic acid, zinc 

ions and so on.306 The KAT2A enzyme is known to be overexpressed in tumors like human acute 

myeloid leukemia (AML). More specifically, KAT2A in U937 tumor cell lines induces elevated 

acetylation levels of histones H3K9ac.307 H3K9 is an epigenetic modification to the DNA 

packaging protein histone H3. H3K9 acts as a gene switch as when acetylated, gene activation is 

promoted, whereas when methylated, gene inhibition occurs.308 Domingues et al.309 demonstrated 

that knockout of KAT2A in retroviral-delivered MLL-AF9 model of AML produced a drastic 

reduction of AML cells ability to propagate and initiate the disease. Furthermore, KAT2A’s 

absence in the abovementioned retroviral model impeded H3K9 acetylation thus reducing the 

binding level of trascriptional factors and impeding promoters to enhance AML cells proliferation. 

In order to tests triazoles 2.53, 2.81a-d and 2.80b effective inhibition of KAT2A, a cell viability 

assay, namely thiazolyl blue tetrazolium bromide (MTT) assay, has been performed by treating 

U937 AML cells with the abovementioned compounds at different concentrations, starting from 

200 µM. The MTT assay consists of a colorimetric assay for assessing cell metabolic activity and 

cytotoxicity.310 The reaction of the NAD(P)H-dependent cellular oxidoreductase enzymes with the 

MTT dye produces an insoluble formazan which has a purple color detectable by a 

spectrofluorometer at 500-600 nm wavelenght and whose intensity is directly correlated with the 

amount of living/death cells detected.310 We then plotted the results obtained from the MTT test 

in a bar chart graph that reports the drug concentration on the x axis and the % viability on the y 

axis. As shown in Figure 54, the test displayed a slight reduction in cell viability by all of the 

compounds tested by comparing their ability to induce cell death with a non-treated (NT) solution 

`(Figure 54).  
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Figure 54: MTT assay performed on triazoles 2.53, 2.81a-d, and 2.80b. NT=non treated. 

Dr. Nunzio del Gaudio developed the MTT assay and provided the data, which were interpreted 

and plotted on the graph by the PhD candidate using the Microsoft Excel program. 

Given that KAT2A is specifically promoting the acetylation of histones H3 and H4, we focused our 

attention on the acetylation levels of histone H3K9/14ac when discussing compounds 2.53, 2.81a-

d, and 2.80b inhibition against KAT2A. To this end, U937 cells were treated with a 200 µM 

concentration of compounds 2.53, 2.81a-d, and 2.80b for 24 hours, using SAHA (Suberoylanilide 

hydroxamic acid), a known histone deacetylase inhibitor, as positive control of acetylation at 5 µM 

concentration. Histone extraction and subsequent Western Blot (WB) analysis were carried out 

checking H3K9/14ac acetylation levels. Western Blot is a common technique used to identify 

specific proteins from a mixture of proteins extracted from cells. Generally, proteins are separated 

according to their molecular weight via gel electrophoresis. The results are transferred to a 

membrane of polyvinylidene fluoride (PDVF) that produces a band for each protein; the membrane 

is then incubated with a specific primary antibody to the target protein while the unbound antibody 

is washed out. The membrane is then exposed to a secondary antibody, conjugated with an 

enzyme, that can bind to the primary antibody bound to the target protein. Finally, a substrate 

reacts with the enzyme bound to the secondary antibody to produce a colored substance that 

indicates the densitometry and location of the target proteins. There are numerous detection 

methods, including colorimetric, chemiluminescent, and fluorescent detection, but the 

electrochemiluminescence system (ECL) is the most commonly used (more information about the 

specific antibodies used to perform WB on 2.80b is described in the Experimental Section 

paragraph 2.5.5.2).311 We then analysed WB assay results by plotting the data obtained into the 

ImageJ software. The data returned highlighted a 40% reduction of KAT2A acetylating activity 
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only for triazole 2.80b, which displayed a less thick band compared to the other triazoles tested 

despite its higher concentration needed to start exhibiting KAT2A inhibition via fluorescence assay 

(Figure 55).  

 

Figure 55: WB analysis (on the left) of 2.53, 2.80b and 2.81a-d showing H3K9/14Ac levels in 

U937 cells following 24h treatment at the concentration of 200 µM; 5 µM SAHA treatment was 

used as positive control of acetylation. Densitometric analysis of WB is shown on the right. 

Dr. Nunzio del Gaudio provided the data, while the PhD candidate created the graph by plotting 

the densitometry raw data from the ImageJ software into Microsoft Excel. 

From the results obtained, we observed that, despite all triazoles tested possessing a carboxylic 

moiety at the C4 position, only triazole 2.80b, bearing the carboxylic function not directly attached 

to the triazole nucleus, produced a moderate inhibition of KAT2A of 40%. Therefore, we 

hypothesised that a lateral and flexible chain at position C4 of the triazole ring was necessary to 

properly interact with KAT2A as well as a carboxylic moiety not directly attached to the triazole 

scaffold. Despite a promising inhibition profile displayed by triazole 2.80b, the high concentration 

of 200 µM needed to start displaying inhibitory activity, posed the question about wheter we could 

improve 2.80b’s pharmacokinetic profile by rendering the molecule more lipophilic thus improving 

its permeability of cells’ membrane and reducing the dose concentration to use. For this purpose, 

we decided to modify the terminal fragment of the C4-lateral chain by introducing an N-

phenylacetamide moiety. We, then, tested the newly synthesised triazole 2.80f directly in a CCK8 

(Cell Counting Kit-8) assay skipping the MTT procedure due to the already assessed promising 

results of its parental compound 2.80b. Moreover, the WST-8 formazan, employed in the CCK8 

assay, is an upgraded replacement of the MTT dye, first because it generates a water-soluble 

product and secondly because it is more stable, has a wider linear range and higher sensitivity. 

Despite the CCK8 assay being more accurate and less toxic than the MTT one, we decided to 

perform both MTT and CCK8 assays to assess 2.80b and 2.80f inhibition power on KAT2A in 

order to compare the results obtained by two very similar tests. The CCK8 assay consists of a 

robust test that measures cell proliferation, allowing for accurate live cell counting.312 The CCK8 

assay, in particular, is based on the reduction of a water soluble tetrazolium salt, named Dojindo 
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WST-8, by dehydrogenase enzymes found in cells that convert NAD+ or NADP+ into NADH or 

NADPH.The resulting orange-colored formazan dye is formed via electron-transfer, following the 

abovementioned reduction reaction, mediated by 1-methoxyphenazine methosulfate (PMS), 

which is known to be a stable electron-transport mediator between NADPH and tetrazolium 

dyes.312 The absorbance of the formazan dye produced is then measured by a spectrophotometer 

at 450 nm wavelength and is directly proportional to the number of living cells (Figure 56).312  

 

Figure 56: Principles of the CCK8 assay. 

The results obtained from the CCK8 assay performed on triazole 2.80f are shown in Table 9 which 

reports values of absorbance at different concentrations of 2.80f matching a specific percentage 

of cell proliferation. In particular, 2.80f displayed an improved inhibiting profile compared to 2.80b, 

at even lower concentrations (30% cell proliferation inhibition at 50 M against 200 M of 2.80b, 

Table 9).  
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Table 9: CCK8 assay absorbance values at different concentrations of 2.80f matching a specific 

percentage of cell proliferation. Dr. Nunzio del Gaudio provided the data, while the PhD candidate 

organised the values for display. 

Compound Concentration Absorbance 
% Cell 

Proliferation 

2.80f 400 M 0.43 88 

2.80f 200 M 0.98 83 

2.80f 100 M 1.14 73 

2.80f 50 M 1.09 70 

2.80f 25 M 1.43 91 

2.80f 12.5 M 1.41 90 

2.80f 6.25 M 1.52 97 

 

However, a WB of 2.80f performed against U937 cells evidenced only a 15% reduction of KAT2A 

activity at 50 µM concentration when considering H3K9/14ac acetylations levels (Figure 57).  

 

Figure 57: WB (on the left) of 2.80f showing H3K9/14ac levels in U937 cells following 24h 

treatment at the concentrations of 100, 50 and 25 µM; Densitometric analysis of WB is shown 

on the right. 

Dr. Nunzio del Gaudio provided the data, while the PhD candidate created the graph by plotting 

the densitometry raw data from the ImageJ software into Microsoft Excel. 

Through consolidation of results, we considered the less flexible amide bond to negatively impact 

2.80f ability to bind the enzyme with the correct orientation, adding to the steric hindrance brought 
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by the aromatic portion. Nevertheless, object of future work will be 2.80b modulation with either 

more lipophilic alternatives to the carboxylate group or functionalisation with other chemical 

fragments that can more favourably interact with the enzymatic pockets.  

 

2.4 Conclusions 

In conclusion, we evaluated triazoles 2.48-2.54 and 1.136a potential biological importance 

through preliminar docking studies. The screening revealed these compounds to target 20 

proteins and, in particular, highlighted a promising binding-score value (80.13) for 2.53 with 

KAT2A protein while accentuating the non-selective behavior of 5-hydroxy-triazole 2.52 and the 

low binding-score values for triazoles 2.48-2.51, 2.54 and 1.136a. Therefore, we proceeded to the 

synthesis of a small library of 2.53 analogs (2.80a-f and 2.81a-d) bearing a hydrogen atom at 

position C5 rather than a hydroxy moiety, as shown by triazoles 2.48-2.52 and 2.54. Fluorescence 

assays confirmed the activity of triazoles 2.53, 2.81a-d and 2.80b only against KAT2A, pointing 

out the importance of a carboxylic function at position C4 of the triazole ring, while showing 

inactivity of triazoles 2.80a,c-e bearing an ester group at position C4 instead. At this point, we 

tested activity of triazoles 2.53, 2.81a-d, 2.80b and 2.80f in vitro and found out that only triazole 

2.80b showed the best results, with a promising inhibition of KAT2A acetylation activity of 40%. 

Furthermore, the synthesis of a modified version of triazole 2.80b bearing an amide function, 

instead of a carboxylic one (2.80f), proved the inhibitory activity of 2.80f to slightly increase in 

CCK8  assay even though exhibiting only a 15% of H3K9/14ac reduction of acetylation levels 

when submitted to WB on U937 leukemia cells. These preliminary results proved a flexible lateral 

chain at position C4 to be fundamental to bind the enzyme as well as possessing an hydrogen-

bond acceptor site to further engage with KAT2A. Future studies will focus on the structure-activity 

relationship (SAR) of 2.80b in order to find the optimal chain length and substitution pattern at the 

end-chain fragment to correctly orientate the tested compound towards the enzyme.  
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2.5 Experimental Section 

1H and 13C NMR spectra were recorded on a Bruker 400 spectrometer. Chemical shifts (δ) are 

reported in ppm relative to residual solvent signals (1H NMR: 7.26 ppm for CDCl3; 3.31 ppm for 

CD3OD, 13C NMR: 77.16 ppm for CDCl3, 49.03 for CD3OD). 13C NMR spectra were acquired with 

1H broad band decoupled mode. Coupling constants (J) are in Hz. Melting points were measured 

using a Stuart scientific melting point apparatus and are uncorrected. Infrared spectra (IR) were 

recorded with KBr discs using a Bruker Tensor27 FT-IR instrument. High-resolution mass spectra 

were obtained on a Waters Micromass GCT PremierMS spectrometer or on a Bruker microTOF-

Q III LC-MS spectrometer (APCI method). Purity of final products was verified by HPLC analysis 

and 1H and 13C NMR spectroscopy. Analytical grade solvents and commercially available 

reagents were used as received. Anhydrous toluene was purchased from Sigma Aldrich. 

Reactions were monitored by TLC (Merck, silica gel 60 F254). Flash column chromatography was 

performed using silica gel 60 (0.040-0.063 mm, 230-400 mesh). Alkynes 2.79a,b were purchased 

from Tokyo Chemical Industry (TCI). Alkyne 2.79c has been synthesised by reacting alkyne 2.79b 

with aniline according to literature procedure.313 2-azidopyridines 1.134a,b,e,f were synthesised 

from commercially available 2-bromopyridines according to literature procedure and following 

GP1 described in Chapter 1.81 Pyridyl 1,2,3-triazoles 2.53, 2.80a-f and hydrolysed products 

2.81a-d were synthesised according to literature procedures (GP3 and GP4).314–316 Recombinant 

Human KAT2A/GCN5 His Protein from E.Coli source (corresponding to the amino acids 411-837 

of Human KAT2A/GCN5) was purchased from Novus Biological. Acetyl CoA and H3 histone 

peptide were purchased from Sigma Aldrich. For in vitro biological tests, fetal bovine serum (FBS) 

and SAHA were purchased from Sigma Aldrich, L-glutamine and antibiotics penicillin, 

streptomycin and amphotericin-B and U937 cell lines were purchased from Euroclone, KAT2A 

protease inhibitor cocktail was purchased from Roche, nitrocellulose membrane was purchased 

from Bio-Rad, α-tubulin was purchased from Cell Signal, antibodies anti-GADPH, anti-H4 and 

CCK8 assay kit were purchased from Elabscience and, finally, histones H3K9/14ac were 

purchased from Diagenode. 
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2.5.1 Synthesis of N-phenylhept-6-ynamide 2.79c 

 

A solution of DCC 1.151 (410 mg, 2.0 mmol) in DCM (0.4 M, 5.0 mL) was added dropwise to a 

cooled (0°C) solution of alkyne 2.79b (252 mg, 2.0 mmol), aniline 1.130 (1.82 mL, 2.0 mmol) and 

DMAP 1.150 (24 mg, 0.2 mmol) in DCM (0.4 M, 5.0 mL). Once the mixture reached room 

temperature, the mix was left to stir overnight. The progress of the reaction was monitored by TLC 

(PE/AcOEt 70:30). After disappearance of the starting material, the solid was filtered off and the 

mixture washed with 1N HCl, 5 mL, 5% solution of NaHCO3, 5 mL and brine, 5mL. The organic 

layer was dried over anhydrous sodium sulfate Na2SO4 and the solvent evaporated. Then, the 

crude was further purified by flash chromatography (PE/AcOEt 70:30) to yield compound 2.79c 

as yellowish solid in high yields (321.8 mg, 80%). 1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 7.9 

Hz, 2H), 7.33 (t, J = 7.8 Hz, 2H), 7.22 (bs, 1H), 7.11 (t, J = 7.3 Hz, 1H), 2.40 (t, J = 7.4 Hz, 2H), 

2.29 – 2.23 (m, 2H), 1.98 (s, 1H), 1.93 – 1.82 (m, 2H), 1.63 (dd, J = 13.4, 6.1 Hz, 2H). 13C NMR 

(101 MHz, CDCl3) δ 170.9, 137.9, 129.0 (C5-C6), 124.3, 119.8, 84.0, 68.7, 37.1, 27.8, 24.6, 18.2. 

All analytical data are consistent with those reported in the literature.313 

2.5.2 General procedure for the synthesis of pyridine-based triazoles 2.80a-

f (GP3)  

 

To a solution of 2-azidopyridines 1.134a,b,e,f (0.8 mmol, 1 equiv.) and copper triflate toluene 

complex 1.154 (0.08 mmol, 0.1 equiv.) in dry toluene (0.25 M), alkynes 2.79a-c (0.9 mmol, 1.1 

equiv.) were added. The reaction mix stirred for 30min-24 hours at 80°C until complete 

consumption of the starting material, monitored by TLC (DCM/EtOAc 70:30). Once cooled to room 

temperature, the crude was washed with DCM/H2O three times, the organic phases collected and 

dried over anhydrous Na2SO4. The crude was then further purified via column chromatography to 

afford the products 2.80a-f (DCM/AcOEt 90:10 for 2.80a-e and DCM/AcOEt 70:30 for 2.80f) in 

good to excellent yields. Reaction of azidopyridine 1.134b with alkyne 2.79b did not afford the 

desired product but side compound 1.137 only. 
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Ethyl 1-(pyridin-2-yl)-1H-1,2,3-triazole-4-carboxylate 2.80a 

 

Prepared according to GP3, yellow/orange solid, 90%, 157 mg. 1H NMR (400 MHz, CDCl3) δ 9.10 

(s, 1H), 8.55 (d, J = 4.7 Hz, 1H), 8.26 (d, J = 8.2 Hz, 1H), 7.97 (t, J = 7.8 Hz, 1H), 7.42 (dd, J = 

7.3, 5.0 Hz, 1H), 4.48 (q, J = 7.1 Hz, 2H), 1.45 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

160.6, 148.8, 148.5, 140.5, 139.4, 124.8, 124.3, 114.2, 61.5, 14.3. All analytical data are 

consistent with those reported in the literature.314,315 

5-(1-(pyridin-2-yl)-1H-1,2,3-triazol-4-yl)pentanoic acid 2.80b  

 

Prepared according to GP3, brown solid, 70%, 137.8 mg. 1H NMR (400 MHz, CDCl3) δ 8.49 (d, J 

= 4.4 Hz, 1H), 8.35 (s, 1H), 8.19 (d, J = 8.2 Hz, 1H), 7.91 (t, J = 7.8 Hz, 1H), 7.36 – 7.31 (m, 1H), 

2.86 (t, J = 7.1 Hz, 2H), 2.44 (t, J = 7.0 Hz, 2H), 1.89 – 1.71 (m, 4H).  13C NMR (101 MHz, CDCl3) 

δ 177.6, 149.3, 148.4, 139.1 (C13-C14), 123.4, 118.4, 113.8, 28.6, 25.2, 24.2, 18.9. IR (KBr, cm-

1): 3149, 2880, 1726, 1635, 1566. m.p. 172 °C. HRMS (ESI) m/z: [M+Na]+ calcd for C12H14N4O2Na 

269,1114; found: 269,1141. 

Ethyl 1-(3-methoxypyridin-2-yl)-1H-1,2,3-triazole-4-carboxylate 2.80c 
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Prepared according to GP3, yellowish solid, 80%, 158.8 mg. 1H NMR (400 MHz, CDCl3) δ 8.73 

(s, 1H), 8.26 (d, J = 4.4 Hz, 1H), 7.57 – 7.41 (m, 2H), 4.48 (q, J = 7.1 Hz, 2H), 2.93 (s, 3H), 1.45 

(t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 160.9, 148.0, 140.5, 139.7, 138.1, 128.8, 126.0, 

121.2, 61.5, 56.4, 14.4. IR (KBr, cm-1): 2860, 1735, 1625, 1528, 1189. m.p. 100 °C. HRMS (ESI) 

m/z: [M+H]+ calcd for C11H13N4O3 249,0288; found: 249.0299. 

Ethyl 1-(5-methylpyridin-2-yl)-1H-1,2,3-triazole-4-carboxylate 2.80d 

 

Prepared according to GP3, orange solid, 94%, 174.5 mg. 1H NMR (400 MHz, CDCl3) δ 9.05 (s, 

1H), 8.34 (s, 1H), 8.13 (d, J = 8.3 Hz, 1H), 7.75 (d, J = 8.2 Hz, 1H), 4.47 (q, J = 7.1 Hz, 2H), 2.44 

(s, 3H), 1.44 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 160.7, 148.8, 146.4, 140.4, 139.7, 

134.4, 124.6, 113.6, 61.4, 18.1, 14.3. IR (KBr, cm-1):  2860, 1724, 1645, 1466. m.p. 105 °C. 

HRMS (ESI) m/z: [M+H]+ calcd for C11H13N4O2 233,2510; found 233,2870. 

Ethyl 1-(5-chloropyridin-2-yl)-1H-1,2,3-triazole-4-carboxylate 2.80e 

 

Prepared according to GP3, dark brown solid, 99%, 200 mg. 1H NMR (400 MHz, CDCl3) δ 9.04 

(s, 1H), 8.50 (s, 1H), 8.23 (d, J = 8.7 Hz, 1H), 7.94 (dd, J = 8.7, 2.1 Hz, 1H), 4.48 (q, J = 7.1 Hz, 

2H), 1.44 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 160.4, 147.6, 146.7, 140.7, 139.1, 

132.3, 124.8, 114.9, 61.6, 14.3. All analytical data are consistent with those reported in the 

literature.316 
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N-phenyl-5-(1-(pyridin-2-yl)-1H-1,2,3-triazol-4-yl)pentanamide 2.80f 

 

Prepared according to GP3, yellowish solid, 75%, 192.6 mg. 1H NMR (400 MHz, CDCl3) δ 8.49 

(d, J = 3.6 Hz, 1H), 8.35 (bs, 1H), 8.18 (d, J = 8.2 Hz, 1H), 7.90 (t, J = 7.1 Hz, 1H), 7.55 (d, J = 

7.9 Hz, 2H), 7.45 (bs, 1H), 7.32 (dd, J = 14.0, 6.4 Hz, 3H), 7.09 (t, J = 7.4 Hz, 1H), 2.88 (t, J = 5.5 

Hz, 2H), 2.44 (t, J = 6.4 Hz, 2H), 1.87 (bs, 4H). 13C NMR (101 MHz, CDCl3) δ 171.5, 149.2, 148.5, 

139.1, 138.3, 128.9 (C21-C23), 124.0, 123.4, 119.9 (C20-C24), 118.5, 113.71, 37.1, 28.6 (C13-

C14), 25.2, 24.9. IR (KBr, cm-1): 2875, 1680, 1643, 1338. m.p. 152 °C. HRMS (ESI) m/z: [M+Na]+ 

calcd for C18H19N5ONa 344,3738; found: 344,3873. 

3-methoxypyridin-2-amine 1.137 

 

By-product obtained when reacting pyridyl-azide 1.134b with terminal alkyne 2.85b, yellow solid 

80%, 79.3 mg. 1H NMR (400 MHz, CDCl3) δ 7.67 (bs, 1H), 6.90-6.92 (d, J = 7.8 Hz, 1H), 6.61 – 

6.64 (m, 1H), 4.66 (bs, 2H), 3.84 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 150.0, 142.4, 138.7, 115.1, 

113.8, 55.2. All analytical data are consistent with those reported in the literature.317 

2.5.3 General procedure for the synthesis of hydrolised pyridine-based 

triazoles 2.53 and 2.81a-d (GP4)  
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To a solution of triazoles 1.136a and 2.80a,c-e (1 eq., 0.2 mmol) in water (1 M), potassium 

hydroxide 1.148 (1 eq., 0.2 mmol) was added. The reaction mix then stirred for 8 up to 24 hours 

at room temperature. Once TLC (DCM/MeOH 90:10) showed complete consumption of the 

starting triazoles, the crude was washed with AcOEt twice and the organic phases were discarded. 

The aqueous phases were collected and acidified with HCl 1M (20 mL) and washed with AcOEt 

twice. The collected organic phases were dried over anhydrous Na2SO4 and the solvent was 

removed by rotary evaporation to afford title compounds 2.53 and 2.81a-d in good yields and 

without further purification. 

5-methyl-1-(pyridin-2-yl)-1H-1,2,3-triazole-4-carboxylic acid 2.53 

 

Prepared according to GP4, white solid, 68%, 27.8 mg. 1H NMR (400 MHz, CDCl3) δ 8.62 (d, J = 

4.5 Hz, 1H), 8.01-7.99 (m, 2H), 7.47 (t, J = 4.6 Hz, 1H), 2.96 (s, 3H). 13C NMR (101 MHz, CDCl3) 

δ 171.3, 150.1, 148.6, 140.6, 139.2, 136.7, 124.3, 118.3, 21.1.. All analytical data are consistent 

with those reported in the literature.318 

1-(pyridin-2-yl)-1H-1,2,3-triazole-4-carboxylic acid 2.81a 

 

Prepared according to GP4, white solid, 87%, 33 mg. 1H NMR (400 MHz, CDCl3) δ 9.18 (s, 1H), 

8.56 (d, J = 4.6 Hz, 1H), 8.26 (d, J = 8.2 Hz, 1H), 7.99 (t, J = 7.9 Hz, 1H), 7.44 (dd, J = 7.3, 5.1 

Hz, 1H).13C NMR (101 MHz, CDCl3) δ 161.8, 148.9, 148.6, 140.5, 139.7, 124.8, 124.5, 113.8. All 

analytical data are consistent with those reported in the literature.315 
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1-(3-methoxypyridin-2-yl)-1H-1,2,3-triazole-4-carboxylic acid 2.81b 

 

Prepared according to GP4, orange solid, 70%, 30.8 mg. %). 1H NMR (400 MHz, MeOD) δ 8.93 

(s, 1H), 8.20 (d, J = 4.9 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.64 (dd, J = 8.0, 4.5 Hz, 1H), 3.98 (s, 

3H). 13C NMR (101 MHz, MeOD) δ 162.0, 148.8, 139.7, 137.7, 129.3, 126.8, 122.0, 55.6, 53.4. 

IR (KBr, cm-1):  3268, 2860, 1625, 1528, 1189. m.p. 160°C. HRMS (ESI) m/z: [M+H]+ calcd for 

C9H9N4O3 221,2248; found 221,2332. 

1-(5-methylpyridin-2-yl)-1H-1,2,3-triazole-4-carboxylic acid 2.81c 

 

Prepared according to GP4, white powder, 71%, 29 mg. 1H NMR (400 MHz, MeOD) δ 9.15 (s, 

1H), 8.42 (s, 1H), 8.08 (d, J = 8.3 Hz, 1H), 7.91 (d, J = 8.1 Hz, 1H), 2.44 (s, 3H). 13C NMR (101 

MHz, MeOD) δ 161.8, 148.8, 146.4, 140.3, 139.9, 135.1, 124.7, 113.3, 16.6. IR (KBr, cm-1): 3256, 

2860, 1645, 1466. m.p. 125 °C. HRMS (ESI) m/z: [M+H]+ calcd for C9H9N4O2 205,0726; found 

205,1057. 

1-(5-chloropyridin-2-yl)-1H-1,2,3-triazole-4-carboxylic acid 2.81d 

 

Prepared according to GP4, yellowish powder, 64%, 28.6 mg. 1H NMR (400 MHz, MeOD) δ 9.19 

(s, 1H), 8.60 (s, 1H), 8.22 (d, J = 8.7 Hz, 1H), 8.14 (d, J = 8.7 Hz, 1H). 13C NMR (101 MHz, MeOD) 

δ 161.6, 147.5, 146.9, 140.5, 139.4, 132.2, 125.0, 114.9. All analytical data are consistent with 

those reported in the literature.315 
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 2.5.4 Docking studies 

The screening was launched on the AWS E2 cloud (Amazon Web Service EC2) using the 

following virtual centralized processing unit (VCPU): 36 RAM: 72 G HD: SSD (GP2 type) on a 

Scalable 2nd Gen Intel Xeon (Cascade Lake) with an all-core turbo frequency of 3.6 GHz and a 

single-core turbo frequency up to 3.9 GHz. Docking screening of 1,2,3-triazoles 2.48-2.54 and 

1.136a has been performed testing each of the candidate compounds against a precomputed 

database of human crystallographic protein pockets (BioGPS pocketome).245 The BioGPS 

software combined GRID Molecular Interactions Fields (MIFs) and pharmacophoric fingerprints. 

The GRID probes H, DRY, O, and N1 were used to compute the shape, the hydrophobic 

interactions, the H-bond acceptor interactions and the H-bond donor interactions respectively for 

each cavity and for each compound considered in the analysis. Additionally, The GRID software 

calculated the MIFs complementarity returning a Tanimoto similarity score after each 

evaluation.249 The 20 proteins identified by the screening have been chosen according to the best 

similarity score obtained for each protein pockets and the tested compounds. Each compound 

was docked within the selected pockets with the FLAPdock algorithm implemented in FLAP. 

FLAPdock is a program that enables flexible fragment-based docking, based on GRID MIF 

similarities, in combination with classical energetics.249 

2.5.5 In vitro tests performed on pyridyl-triazoles 2.53, 2.81a-d, 2.80b and 

2.80f against KAT2A overexpressed U937 leukemia cell lines. 

2.5.5.1 Cell cultures 

U937 cell line (DMSZ) was cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium 

supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and antibiotics (100 U/mL 

penicillin, 100 μg/mL streptomycin, and 250 ng/mL amphotericin-B). In all the experiments, the 

cells were treated with compounds 2.53, 2.81a-d, 2.80b and 2.80f at different concentrations and 

SAHA at a 5 μM concentration as positive control of acetylation. 

2.5.5.2 Western Blot analysis 

To determine the levels of H3K9/14ac, the histone protein lysates were quantified by Bradford 

assay using 1 mL Bradford reagent and 2 μL of each lysate in triplicate. Absorbance values were 

used to calculate protein concentration. 5 μg of proteins were then diluted in 6X Laemmli buffer 

(0.217 M Tris-HCl pH 8.0, 52.17% SDS, 17.4% glycerol, 0.026% bromo-phenol blue, 8.7% beta-

mercapto-ethanol) + 50 mM DTT and subsequently boiled for 3 min at 99°C degrees; 5 µg of total 

protein extract was run and separated by SDS-polyacrylamide gel electrophoresis and then 

blotted on nitrocellulose membrane (Bio-Rad). The blotted membrane was blocked in 5% non-fat 
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milk dissolved in 1 X TBS-T for 1 hour and then incubated ON with the 1:1000 diluted H3K9/14ac 

antibody in 5% non-fat milk/TBS-T.  The next day the membrane was washed 3 times with TBS-

T 1X and incubated with anti-rabbit secondary antibody and washed again 3 times with TBS-T 1X 

for 5 min. Protein expression was detected by ECL chemiluminescence method (Bio-Rad). 

Normalization was performed with anti-H4 primary antibody and anti-mouse secondary antibody. 

The ImageJ software was used for the densitometric analysis of the bands. 

2.5.5.3 Histones’ extraction 

Cells were harvested and washed twice with cold 1X PBS and lysed in Triton  extraction buffer 

(TEB; PBS containing 0.5% Triton X 100 (v/v), 2 mM PMSF, 0.02% (w/v) NaN3) at a cell density 

of 107 cells/mL for 10 min on ice, with gentle stirring. After centrifugation (2000 rpm at 4 °C for 

10 min), the supernatant was removed, and the pellet was washed in half the volume of TEB and 

centrifuged as before. The pellet was suspended in 0.2 N HCl at a cell density of 4 × 107 cells/mL 

overnight at 4 °C on a rolling table. The samples were then centrifuged at 2000 rpm for 10 min at 

4 °C and the supernatant for each of them was collected. 

2.5.5.4 Cell Proliferation Assay (MTT Assay) 

Thiazolyl blue tetrazolium bromide (MTT) assay was carried out as follows. Cells were collected 

and counted; 30.000 cells were seeded per well in a 48-well plate. The cells were treated with 

compounds 2.53, 2.81a-d, 2.80b and 2.80f at different concentrations and with SAHA and then 

kept at 37°C in 5% CO2 for 24 hours. At this point, 50 μL of (5 mg/mL) MTT reagent was added to 

each well and the plate was placed at 37°C in the incubator for 4 hours. 300 μL of dimethyl 

sulfoxide (DMSO) was added to each well after aspirating the supernatant. Colored formazan 

product was assayed spectrophotometrically at 570 nm using TECAN infinite M200 plate reader. 

2.5.5.5 Enhanced Cell Counting Kit 8 (WST-8/CCK8) 

To assess viability of U937 cells after treatment with the compound, CCK8 assay Elabscience 

(cat num E-CK-A362) was performed. CCK8 is a colorimetric assay that employs WST-8 

substrate, which is reduced by cellular NADH dehydrogenase, thus generating a yellow-colored 

formazan dye product correlated to the cell's metabolic activity. To perform CCK8 assay, the 

following protocol has been applied: 100 μL of cell suspension was added per well to the 96 well 

microplate ( counting ca 5000 cells between control and treated cells) the day before and treated 

with 10 μL of compound 2.80f at different concentrations; incubation for 24 hours 37°C, in a 5% 

CO2 incubator then followed. The day after, 5 μL of CCK8 reagent was added to the wells and the 

plate was kept at 37°C in dark conditions for 4 hours to allow the reduction reaction of the WST-

8 reagent into a colored formazan. The plate was then read in a Tecan Infinite M200 microplate 

reader at 450 nm. The background absorbance was subtracted, and the values were normalized 
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to the control cells.319  
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Chapter 3 

 

 

 

 

 

Pyridine- and proline-based 1,2,3-

triazoles’ applications in organic 

chemistry for C-H functionalisation and 

organocatalysis. 
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3.1 C-H functionalisation of 1,2,3-triazoles in organic chemistry. 

3.1.1 Introduction  

The carbon-hydrogen bond functionalisation (C-H functionalisation) involves a set of reactions in 

which a carbon-hydrogen bond is replaced with a carbon-X bond, with X being an oxygen, carbon 

or nitrogen. Usually, the process requires the presence of a transition metal that creates a 

coordination state with the hydrocarbon to form an intermediate “alkane or arene complex” or 

“metal-carbon complex”. This requirement is necessary because of the non reactive nature of a 

scarcely acidic C-H bond and because of the large kinetic barrier to overcome when C-H cleavage 

occurs, considered the apolar nature of the C-H bond itself.320,321 C-H functionalisation has been 

explored in the last years because of the vast number of applications that this synthetic strategy 

can access. In particular, C-H functionalisation has many advantages such as i) can synthetically 

work with almost all organic molecules known due to the presence of a C-H bond,322 ii) reduction 

of the number of synthetic steps to achieve one chemical transformation322 and iii) possibility to 

be a more environmentally green option compared to common cross-coupling reactions,322 such 

as Negishi coupling,323 Suzuki coupling,324 Sonogashira coupling325 and so on. The first reported 

example of C-H functionalisation dates back to Hoffman in 1883.326 He performed a C-H 

functionalisation based on reactive nitrogen-containing radicals 3.2 under strongly acidic 

conditions (Scheme 27). This strategy was later applied successfully by Löffler and Freytag for 

the synthesis of N-containing heterocycles, such as nicotine (Scheme 27).327 In this 

transformation, an N-centered radical performed “benzylic” C-H abstraction to give 3.3 as a 

transient species which then collapsed to bromide 3.4. Final displacement of bromine provided 

pyrrolidine 3.5. 

 

Scheme 27: The Hofmann-Loffler Freytag (HLF) first C-H functionalisation reaction. 

On the other hand, the first metal-catalysed C-H activation was reported by Volhard in 1892 who 

reacted thiophene 3.6 and mercury(II)chloride to obtain chloromercurythiophene 3.7 (Scheme 
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28).328 Even so, it is generally considered that Chatt is recognised as the pioneer of the metal-

promoted C-H reactions with his successful first attempt to insert a ruthenium(0) (Ru(0)) complex 

3.8 into a C-H bond of naphtalene 3.9 in 1965 (Scheme 28),328 a process that occurred via 

oxidative insertion of Ru(II) into a C-H bond (3.10). 

 

Scheme 28: Volhard’s and Chatt’s first proposed mechanisms for metal-catalysed C-H 

activation. 

However, C-H bond activation suffers of a major issue: the selective activation of a specific C-H 

bond among others in the same molecule. Independent of the mechanism involved in the C-H 

activation, site selectivity can be conventionally achieved via substrate or innate control and 

reagent or guided control. The innate control takes advantage of the natural propensity of the 

substrate to react at one specific site while the guided control depends on the specific 

characteristics of the reagent that can overcome the inner control of the substrate.329  

Additionally, C-H functionalisation can be also improved with regards to: 

a) The design of directing groups to be easily removed thus facilitating the functionalisation not 

only of sp2 C-H bonds but for sp3 C-H bonds too.330–333 A directing group (DG) is a substituent on 

a molecule or ion that facilitates reactions by interacting with a reagent.334 DGs, used in C-H 

activation reactions, represent the most powerful strategy to control the reaction regioselectivity 

by allowing the catalyst to approach the C-H bond in the most suitable orientation, generally 

promoted by the presence of Lewis bases linked covalently to the substrate. Directing groups 

employed for C-H functionalisations include heteroatom-containing groups along with some 

alkenes molecules and usually possess the following characteristics: i) strong but reversible 
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coordination to the metal.335 ii) being an intrinsic part of the starting reagent and of the desired 

product.335 iii) if not intrinsic, to be formed in situ, readily available and easily removed.336 Several 

directing groups have been designed throughout the years aiming for milder reaction conditions 

as well as for a facile disposal of them such as 5-methoxy-8-amidoquinoline. Bull et al.337 took 

advantage of this 5-methoxy-8-amidoquinoline control site selectivity for one of the first sp3 C-H 

functionalisation reaction reported between proline derivative 3.11 (intrinsic part of the DG) and 

aryl iodide 3.12 to achieve only the cis isomer 3.13. The mechanism proposed for this reaction 

involved the  oxidative addition of palladium(II) to form intermediate 3.15 that, upon addition of aryl 

iodide 3.12, yielded Pd(IV) complex intermediate 3.16, which, finally, evolved into product 3.13 

following a reductive elimination process (Scheme 29). Furthermore, 5-methoxy-8-amidoquinoline 

can be removed upon treatment with cerium(IV) ammonium nitrate (CAN) to achieve product 3.14 

thus fully respecting the need of an easily detachable DG.337  

 

Scheme 29: Bull’s use of the 5-methoxy-8-amidoquinoline moiety to stereo-direct the C-H 

activation of proline derivative 3.11 with different aryl iodides 3.12. 

Pyridine N-oxide 3.17 is also known to work as a powerful DG and to be smoothly removed by 

reaction with ammonium formate. Fagnov et al.338 were the first to design 3.17 as a DG but Zeng 

and Lu339 were the first to recognise its potential for the C(sp3)-H functionalisation of acycilic 

systems 3.18 via palladium catalysis. They proved the amide nitrogen and the N-oxide could 

coordinate and orientate palladium to an ideal position to perform the C-H activation (Scheme 30). 
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Scheme 30: Pyridine N-oxide as DG for the functionalisation of acyclic systems 3.17. 

b) the use of cheaper and greener catalysts.340,341 Metal catalysed C-H activation often requires 

the employment of expensive and precious metals like rhodium, palladium, ruthenium or iridium. 

However, it is worthy of note how beneficial the use of first row transition metals instead could be 

for the environmental impact of traditional metal catalysed C-H activations. In 2014, Kumar et 

al.342 proposed, for the first time, the use of potassium tert-butoxide (KOtBu) as the catalyst instead 

of a metal source to perform the C-H functionalisation of benzamide 3.20 into isoindoline 3.21 via 

a radical mechanism. Kumar proposed an electron transfer to occur between KOtBu and amide 

3.20 to form radical anion 3.22. Radical anion 3.22 furnished radical 3.23 upon release of iodide 

which, in turn, after a 1,5-hydrogen atom transfer (1,5-HAT), led to radical 3.24. Radical 3.24 then 

attacked the aromatic ring of 3.20 through a 5-exo/endo-trig mechanism, intended as the 

formation of a 5-membered ring via both trigonal exocyclic and endocyclic new bonds formation, 

yielding intermediate 3.25. 3.25, after abstraction of a proton, furnished radical 3.26 which, finally, 

donated an electron to 3.20 and released the final product 3.21 (Scheme 31). 

 

Scheme 31: Potassium tert-butoxide as valide alternative to metal source for the C-H 

functionalisation of 3.20 to obtain 3.21. 
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c) the possibility to direct the C-H functionalisation also towards the meta and para position of the 

benzene ring rather than just the preferred ortho position. Referring to that, Yu et al.343 designed 

nitrate-based templates 3.28 to achieve the activation of C-H bonds at the meta position. These 

templates were found to overcome the inherent ortho-activating moieties or steric biases for a 

vast number of substituted anilines, benzylic amines, toluene derivatives etc.344–348 They 

hypothesised these C-H transformations proceeded via formation of a cyclophane-like-12-

membered transition state 3.32 between the arene 3.28 and the catalyst (Scheme 32).  

 

Scheme 32: Proposed cyclophane-like-12-membered transition state for meta selectivity of C-H 

activation reaction of 3.28. 

Yu and his collaborators also planned a strategy to obtain para selectivity by reacting substituted 

arenes 3.34 with aryl substitutents 3.33 in the presence of palladium acetate as the catalyst with 

the help of a pyridine-like ligand to enhance the para selectivity (Scheme 33).349 

 

Scheme 33: Proposed scheme of reaction for the meta selectivity of C-H activation reaction of 

3.34 
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3.1.2 Reactivity of the C-H bond 

Metals are often required for the C-H activation to occur, as the C-H bond has a very low reactivity. 

As previously mentioned, the cleavage of a C-H bond is particularly hard to perform due to the 

high kinetic barrier and its apolar nature.320 The energy required to break any chemical bond is 

called bond dissociation energy (BDE). More specifically, BDE is defined as the energy required 

to break an A-B bond by homolysis to give fragments A and B which are usually radical species.350 

Therefore, we can consider BDE as directly related to free radical stability. Thus, the higher the 

number of alkyl substitutents, the weaker the C-H bond as the corresponding radical becomes the 

most stable species.351 This means BDE decreases along the series C(sp)-H → C(sp2)-H → 

C(sp3)-H and also when going through 1°→2°→3°→allylic C(sp3)-H bond, due to a longer C-C 

bond length that decreases the energy required to cleave the bond itself.350 Additionally, C-H 

stability is also attributed to the hyperconjugation, defined as the interaction of the electrons in a 

σ orbital with an adjacent unpopulated non-bonding p or antibonding σ* or π* orbitals to give a 

pair of extended molecular orbitals. These interactions are usually from alkyl substituents 3.36 

which possess a partially filled orbital with adjacent C-H or C-C bonds 3.37 (Figure 58).352 

However, there are concerns with this model as Gronert pointed out two important issues. Firstly, 

he stressed out the importance of the substituent effect on both the alkane and radical species. 

Throughout the years it has been assumed that the alkyl substitution did not impact the alkane 

stability and has been ignored when considering BDEs.332 However, isomers of alkanes (i.e. n-

butane versus isobutane heats of formation) proved the substitution to be crucial for alkane’s 

stability.353 Secondly, Gronert also showed that there are examples of many alkyl radicals species 

not following the BDE trend aforementioned, such as the BDE of water being greater than the one 

possessed by hydroxy groups in alcohols or carboxylic acids due to the stronger hydrogen-bond 

forces occurring in water.354,355 Furthermore, geometrically and spatially speaking, when a 

hyperconjugation occurs, the C-H bond should lean towards the radical center. However, angles 

greater than 109.5° were observed for alkyl radicals’ H-C-C bonds suggesting a repulsive rather 

than stabilising interaction. Given these instances, Gronert hypothesised a three-electron 

mechanism occurring during hyperconjugation in which the radical’s orbital interacts with the σ 

and σ* orbitals of the adjacent bonds (3.36, 3.37, Figure 58).353-359 
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Figure 58: Hyperconjugation of alkyl substituents 3.36 partially filled orbital with adjacent C-H or 

C-C  bonds 3.37. 

 

3.1.3 Metal-catalysed C-H activation 

Undoubtedly, metal-catalaysed C-H activation is the most used strategy to produce new 

compounds, particularly functionalised arenes and heteroarenes,360–364 owing to the coordination 

of the C-H bond with early or late stage transition metals. Specifically, mechanisms for C-H 

activation can be divided into two groups: 

i) Outer sphere mechanism. The outer sphere mechanism is an electron transfer process 

occurring in coordination complexes in which the C-H bond is inserted into the ligand of a transition 

metal complex and its cleavage does not bring to a carbon-metal complex formation.365–368 The 

outer sphere mechanism is mostly promoted by metal-oxo species through a metalloradical 

pathway known as the “rebound mechanism” in which the hydrogen radical is removed by the 

metal-species 3.41 (in which X is generally an oxo-, imido, or carbene species) from the alkane 

3.42 and followed by the rebound of the same radical species to the metal hydroxo intermediate 

3.44 (Scheme 34).320 A clear example of this mechanism concerns the reactivity of metal-

carbenes and metal-nitrenes. Once the former species react with C-H bonds to form metal-C-H 

and C-C (or N-H and C-N for nitrenes) complexes, a simultaneous dissociation of the metal 

species to furnish the desired product/s is observed.320 
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Scheme 34: Outer sphere mechanism of metal-catalysed C-H activation. 

 

ii) Inner sphere mechanism: The inner sphere mechanism is an electron transfer process in 

which the C-H bond-metal complex 3.46 species remains in the inner-sphere during the activation 

(Scheme 35). In particular, the inner sphere process in C-H functionalisation reactions proceeds 

via two different steps: i) cleavage of the C-H bond 3.42 that leads to a transition metal allyl/aryl 

intermediate 3.46 and ii) functionalisation of 3.46 with an external oxo-, imido, or carbene species 

source (X=3.39) to yield product 3.47 (Scheme 35).369  

 

 

 

Scheme 35: Inner sphere mechanism of metal-catalysed C-H activation. 

 

Three different classes belong to the inner sphere mechanism:  

 

a) Oxidative Addition (OA) for low-valent electron-rich late transition metals, belonging to groups 

VIII to XI of the periodic table, that proceeds via low-valent metal insertion 3.48 into a C-H bond 

3.42a with subsequent formation of a C-H-metal coordination complex 3.49a with a weak σ-

donation and strong π-back bonding. In the OA process, the metal oxidation and coordination 

number increase of two units (Scheme 36).370  
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Scheme 36: Oxidative addition process for low-valent electron-rich late transition metals 3.48. 

 

Furthermore, good donor ligands promote the OA process while acceptor ligands suppress it.371 

OA can occur via many pathways depending on the metal center and the substrate involved: i) 

concerted pathway, for OA of nonpolar substrates such as hydrogen (H-H) or hydrocarbons 

(iodomethane, Me-I) A-B 3.52. In this case, a σ-complex 3.53 is formed between the metal 3.51 

and the substrate 3.52 followed by intramolecular cleavage of the bond to generate the oxidised 

complex 3.54 (Scheme 37).372 ii) SN2-type pathway, for OA of polar and electrophilic substrates 

such as alkyl halides and halogens (iodomethane, MeI). In this case, the metal center 3.55 attacks 

the less electronegative atom of the substrate to form a [M-R]+ species 3.56. This step is followed 

by the anion coordination with metal center 3.57 (Scheme 37).372 iii) radical pathway, for OA, 

generally involving, alkyl halides 3.60a,b reaction with Pt(PPh3)3 complexes 3.58. In this case, we 

can distinguish two mechanisms, a non-chain type, in which the metal 3.58 transfers one electron 

to the R-X 3.60a,b σ*-orbital to form cationic 3.61 and anionic 3.62 (M+• and RX-•) radicals, and 

a chain-type, which mainly occurs for OA of ethyl bromide 3.60a (EtBr) or benzyl bromide 3.60b 

(PhCH2Br) to the Vaska complex373 3.55 (PMe3)2Ir(CO)Cl, in which a radical initiator 3.64 is 

required (Scheme 37).372 
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Scheme 37: OA’s different pathways for metal-catalysed C-H activation. 

 

b) σ-Bond Metathesis (σ-BM) for electrophilic early transition metals belonging to groups III to VII 

of the periodic table. σ-BM consists of a four-center concerted mechanism 3.76 without change 

of the metal transition state.374–382 Generally, the transferring atom is a hydrogen atom 3.42a that, 

with its spherical 1s orbital, is able to interact with the orbitals of the three other centers thus 

adding stability to the four-center transition state 3.72 (Scheme 38).377 Despite early transition 

metals being the ones mostly undergoing σ-BM, studies from Morokuma et al.383, concerning the 

hydrogenolysis reaction of palladium(II) or nickel(II) complexes [(diimine)M(R)(η2-

H2)]+→[(diimine)M(H)(η2-HR)]+, demonstrated a four-transition state 3.72 to exist also for late 

transition metals with low valency.  
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Scheme 38: σ-bond metathesis mechanism for electrophilic early transition metals. 

c) Electrophilic Activation (EA) is typical of amido, alkylidene, alkoxy or alkylidyne complexes of 

early and middle transition metals bearing electron withdrawing ligands 3.75.384 This mechanism 

occurs via formation of a concerted four-center 1,2-addition 3.76 similar to σ-BM 3.72 but, in this 

case, the new X-H bond does not come from the metal complex but involves lone pairs or π-

electrons instead of σ-bonds (Scheme 39). Moreover, in order to perform a 1,2-addition of a C-H 

bond to an M-X (X=O,N) metal center, a vacant site on the metal is needed. This requires the 

presence of a Lewis acidic/electron-deficient metal and a nucleophilic/basic heteroatom in close 

proximity to start the reaction.369 

 

Scheme 39: Electrophilic activation 1,2-addition mechanism of amido, alkylidene, alkoxy or 

alkylidyne complexes of early and middle transition metals 3.75 bearing electron withdrawing 

ligands. 

Depending on the oxidation state of the metal complex, the charge transfer (CT) during the C-H 

activation process can occur in two different ways: from the occupied dπ orbital of the metal to 

the σ* orbital of the C-H bond, in a fashion known as reverse CT, or from the σ orbital of the C-H 

group to an empty dσ orbital of the metal center, in a fashion known as forward CT (Figure 59).385  
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Figure 59: Electrophilic and nucleophilic C-H activation explained through forward and reverse 

charge transfer. 

Furthermore, according to the electronic nature of the metal complex, we can distinguish between 

electrophilic and nucleophilic C-H activation. 

i) Electrophilic C-H activation mainly occurs with electron-deficient transition metals, such as d0 

transition metals with high oxidation state, such as titanium or zirconium complexes (i.e TiCl4 or 

(C5H5)2ZrHCl). These metals possess low dπ and dσ energy thus interacting with C-H bonds only 

through the σ-BM mechanism (Figure 59).354-356 

ii) Nucleophilic C-H activation occurs, instead, with electron-rich late transition metals (groups VIII 

to XI of the periodic table), prevalently in the d8 configuration, in which the energetic barrier among 

the C-H bond break and the M-H bond d6 configuration is not very high. Additionally, these metals 

possess a high dπ and dσ energy thus interacting with C-H bonds mainly through the OA 

mechanism (Figure 59).320  
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3.1.3.1 Palladium (Pd)-catalysed C-H activation 

Palladium (Pd), along with ruthenium (Ru), rhodium (Rh) and platinum (Pt) transition metals, is 

known to undergo ligand-directed C-H activation reactions known as cyclometalations.386,387 

Palladium complexes employed in C-H activation reactions allow for the formation of different kind 

of bonds such as C-O, C-N, C-S and C-C. This is an exceptional characteristic given that only few 

other metals permit such a variety of bond creations.388–390 Furthermore, Pd catalysts are 

compatible with many oxidants and grant functionalisation of diverse cyclopalladated 

intermediates. Pd also promotes both C-H activation of sp2 and sp3 C-H sites and its resistance 

to air and moisture is optimal for application in organic chemistry. Generally, Pd ligand directed 

C-H activations can take place according to two different mechanisms via a common 

cyclopalladated intermediate 3.81. The first mechanism proceeds through a Pd(II/0) pathway in 

which a reductive process, which can be either reductive elimination or β-hydride 

elimination/deprotonation, generates the new C-functional group (FG) bond 3.83 and Pd(0) 3.84 

which, in turn, is ready to be reoxidised to Pd(II) (Scheme 40, number 1). The second pathway 

involves an electrophilic reagent for the palladacycle intermediate 3.81 functionalisation. The 

addition of the electrophilic reagent 3.79 can occur via direct cleavage of the Pd-C bond without 

Pd changing its oxidation state (Scheme 40, number 2, mechanism a), via one-electron oxidation 

of intermediate 3.85 (Scheme 40, number 2, mechanism b) or via two-electron oxidation of 

intermediate 3.87 (Scheme 40, number 2, mechanism c) with Pd(IV) or Pd(III) dimeric species 

formation as an intermediate complex (Scheme 40, number 2).391 
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Scheme 40: Pd ligand directed C-H activation via reductive or electrophilic functionalisation 

mechanisms. 
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3.1.3.1.1 Pd-catalysed C-H activation for C-O bond formation 

Dick et al. were the first to perform a Pd-catalysed sp2 C-H activation to form a new C-O bond by 

using stoichiometric amount of (diacetoxyiodo)benzene 3.90, PhI(OAc)2, as the oxidant and 

palladium acetate 3.89, Pd(OAc)2, as palladium source. They tested a wide range of pyridine 

derivatives 3.88 as directing ligands and obtained ortho-acetoxylated products 3.91 between 

average and good yields (Scheme 41).392 The same reaction performed with ketones or aldehydes 

as directing groups did not afford any product, presumably because of their poor engagement 

with Pd(II) species.393,394  

 

Scheme 41: Pd-catalysed sp2 C-H activation using PhI(OAc)2 3.90 as the oxidant. 

Moreover, it has been proved that Pd(II)-catalysed sp2 acetoxylation of meta-substituted aryl 

pyridines and aryl pyrrolidinones occurs at the less-hindered ortho site despite the electronic 

properties of the meta substitutent.395 Polymer assisted-(diacetoxyiodo)aryl, ArI(OAc)2, has also 

been introduced, later on, for Pd(II)-catalysed acetoxylations, leading to results comparable to the 

ones obtained with PhI(OAc)2. Furthermore, polymer assisted ArI(OAc)2 is readily recovered from 

the reaction media and recycled for the next set of reactions.396 PhI(OAc)2  3.90 has been also 

employed for the first Pd-catalysed sp3 C-H functionalisation to form new C-O bonds. Many 

examples of benzylic387 3.92 and unactivated sp3 C-H bonds397 3.92 have been successfully 

acetoxylated when incorporating pyridines or oximes as directing groups in their structures 

(Scheme 42).  

 

 Scheme 42: Pd-catalysed sp3 C-H activation using PhI(OAc)2 as the oxidant. 
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3.1.3.1.2 Pd-catalysed C-H activation for C-S bond formation 

Pd-catalysed C-H activation to form new C-S bonds remains still challenging. However, there is 

record of a first successful report of C-S bond formation provided by Inamoto et al.398 They 

converted thioenols 3.94 to substituted benzothiophenes 3.96 through dichloro(1,5-

cyclooctadiene)palladium(II) 3.95, Pd(cod)Cl2, catalysis and proposed this reaction proceeding via 

a disulfide intermediate, formed in situ by reaction of the starting material with DMSO (Scheme 

43).399–403 Once the disulfide has been formed, oxidative addition to Pd(0), cyclometalation at Pd(II) 

and reductive elimination to release the product followed. 

 

Scheme 43: Pd(cod)Cl2 3.95 catalysed C-H activation for the formation of a new C-S bond. 

3.1.3.1.3 Pd-catalysed C-H activation for C-N bond formation 

Pd-catalysed C-H activation to achieve new C-N bond has been crucial for the formation of several 

biologically active molecules.404–407 Two different reaction pathways can occur for the Pd-

catalysed C-N new bond formation:  

a) C-N bond formation intramolecularly. Tsang reported the synthesis of carbazoles 3.99 from 2-

phenylacetanilides 3.97 cyclisation catalysed by Pd(OAc)2 3.89 species in the presence of copper 

acetate/molecular oxygen, Cu(OAc)2/O2, or O2 in DMSO as the oxidant/s species (Scheme 44).408 

 

Scheme 44: Pd-catalysed intramolecular C-H amination of 2-phenylacetanilides 3.97 to form 

carbazoles 3.99. 

He reported this system to proceed either via coordination of palladium to the amide nitrogen 

followed by a Heck-type cyclisation and β-hydride elimination or via coordination of palladium to 

the amide nitrogen followed by a Wacker-type cyclisation and β-hydride elimination.409 

b) C-N bond formation intermolecularly. To date, there is only one example, described by Thu et 
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al.410, of Pd-catalysed C-N bond intermolecular formation and involves sp2 or sp3 C-H bonds of 

pyridine-based and oxime-based ethers. Pd(OAc)2 3.89 was selected, again, as the catalytic 

source along with potassium sulfate 3.112 (KSO4) and an external source to provide the nitrogen 

atom, such as an electron-deficient primary amide like carbamates, acetamides or sulfonamides. 

They indicated the reaction to proceed through the formation of a cyclopalladate intermediate 

3.113, followed by nitrene insertion into the C-Pd bond (Scheme 45).410 

 

Scheme 45: Proposed mechanism for the intramolecular C-H amination of primary amide like 

carbamates, acetamides or sulfonamides via nitrene insertion. 

3.1.3.1.4 Pd-catalysed C-H activation for C-C bond formation 

Pd-catalysed C-H activation for the formation of new C-C bonds has been for decades the most 

used strategy to create new molecules. Extensive studies have been performed about ortho-

arylation, alkenylation, alkylation and alkynylation reactions through Pd-species catalysis. 

a) Pd-catalysed C-H arylation. Pd-catalysed C-H arylation reactions take place with coordination 

of Pd(OAc)2 3.89 with diphenyliodonium salts 3.116 to obtain ortho-functionalised 2-aryl pyridines, 

quinidines, pyrrolidinones, oxazolidinones and benzodiazepines 3.117 (Scheme 46).411–414  

 

Scheme 46: Pd-catalysed C-H arylation in the presence of diphenyliodonium salts 3.116. 

Hull also proposed a C-H arylation reaction without the need for an auxiliary reagent to link to the 

catalytic source. He performed a Pd(OAc)2-catalysed dimerisation of 2-arylpyridine derivatives 
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3.118 in presence of Oxone 3.119, a potassium salt containing peroxymonosulfuric acid, as 

oxidant species to give substituted aryl pyridines 3.120 in good yields (Scheme 47).415 

 

Scheme 47: Pd-catalysed C-H arylation reaction withouth an auxiliary reagent. 

b) Pd-catalysed C-H alkenylation. In 2002, Boele proposed one of the first example of C-H 

alkenylation involving Pd(OAc)2 3.89 catalysis of acetanilides 3.121 coupling with acrylates 3.122 

in the presence of benzoquinones 3.123 (BQ) as oxidant species. He was able to perform several 

ortho-substituted alkenylated products 3.125 with low yields only when reacting acrylates bearing 

EWGs (Scheme 48).416 Wang, later, described comparably promising results while performing the 

same reaction but using O2 as the oxidant and Cu(OAc)2 as the catalyst.417 

 

Scheme 48: Pd-catalysed C-H alkenylation in the presence of benzoquinone 3.123 as the 

oxidant species. 

c) Pd-catalysed C-H alkylation. In 2006, Chen et al.418 accomplished the Pd(OAc)2-catalysed 

ortho-alkylation of aryl oxazolines 3.126 using stannane species 3.127 as methylating agent. They 

took advantage of Cu(OAc)2 3.99 as the oxidant species and benzoquinone (3.123, BQ) to speed-

up the cyclopalladate intermediate formation and subsequent C-C new bond release (Scheme 

49).  
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Scheme 49: Pd-catalysed C-H alkylation of oxazolines 3.126 using stannane species as 

auxiliary reagent. 

Shi et al.419 reported, in 2008, an asymmetric sp2 C-H alkylation using monoprotected aminoacids 

3.132 as chiral ligands. They reacted diverse (diarylmethyl)pyridines 3.130 in C-H alkylation of 

one prochiral aryl group with boronic acids 3.131 in good to excellent yields (96%, 88% ees, 

Scheme 50). 

 

Scheme 50: Asymmetric sp2 C-H alkylation of (diarylmethyl)pyridines 3.130 with boronic 

species 3.131. 

d) Pd-catalysed C-H alkynylation. The only example known so far of C-H alkynylation is attributed 

to Tobisu and his group. They reacted anilides 3.135 with bromoalkynes 3.136 in the presence of 

Pd(OAc)2 3.89 as catalytic source, silver triflate 3.137 (AgOTf) as the oxidant and potassium 

carbonate 3.138 (K2CO3) as the deprotonating base (Scheme 51).420 

 

Scheme 51: Pd-catalysed C-H alkynylation of anilides 3.135 in the presence of AgOTf 3.137 as 

the oxidant species. 
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3.1.3.2 Copper (Cu)-catalysed C-H activation 

Copper (Cu) species have been employed frequently in the last decades for C-H activation 

reactions to obtain several new C-N, C-O, C-C and C-S bonds with promising results.421–423 

Additionally, copper was the first transition metal identified to promote C-H bond arylation.424 

Generally, the mechanism involved in Cu-catalysed C-H activations is still very difficult to explain 

because of the several copper oxidation states involved. However, early studies proposed a single 

electron transfer (SET) for electron-rich substrates involved in the reaction. According to this 

proposal, it is believed that a Cu-catalysed C-H functionalisation may start with abstraction of one 

electron from the substrate 3.143 by Cu(II) 3.141 species to obtain a radical intermediate 3.144 

(Scheme 52). At this point, the radical species can evolve through cyclisation, oxidation and 

formation of the product 3.145 or can proceed to the final result via further radical transformations 

3.146 to 3.147. Cu(I) species 3.142, derived from Cu(II) 3.141 SET previously mentioned, is then 

oxidised to regenerate Cu(II) 3.141 that can enter a second Cu(II)/Cu(I) catalytic cycle (Scheme 

52).425 A two-electron process has also been proposed involving a Cu(I)/Cu(III) catalytic cycle. First, 

a organocopper(III) intermediate 3.150 is formed between Cu(I) 3.142 and a halogenated substrate 

3.148. Then, reductive elimination occurs to restore Cu(I) 3.142 and yield the desired product 

3.151. An alternative two-electrons  process results from the formation of the organocopper(III) 

intermediate 3.150 in the presence of strong oxidants (Scheme 52).425 Guo et al. also mentioned 

the possibility to, eventually, combine both one- and two-electron process to achieve improved 

results. The ideal Cu(I)/Cu(II)/Cu(III) catalytic cycle would proceed through the formation of an 

organocopper(III) intermediate 3.154 by a Cu(II) disproportionation. Reductive elimination would 

then follow to afford the product 3.155 and restore Cu(I) species 3.142, which can be reoxidised 

and join a second catalytic cycle (Scheme 52).425 
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Scheme 52: Proposed mechanisms occurring for the Cu-catalysed C-H activation. 
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3.1.3.2.1 Cu-catalysed C-H activation for C-O bond formation 

In 2013, Gooβen et al.426 introduced a novel method for the formation of C-O new bonds via Cu-

catalysis. They reacted benzoates 3.156 with boron alkoxides 3.167 in the presence of Cu(OAc)2 

3.99 and silver carbonate 3.158 (Ag2CO3) to achieve good yields of aryl ethers products 3.159 

proving Ag2CO3 to be fundamental for the decarboxylation step to obtain the desired compounds 

(Scheme 53, pathway a). In the same year, they also performed a successful C-O new bond 

formation of arenes 3.156 with alcohols 3.160 involving both sp2 and sp3 C-H bonds (Scheme 53, 

pathway b).427  

 

Scheme 53: Cu-catalysed C-H activation for the formation of new C-O bonds using either 

boron- 3.157 or alcohol- 3.160 based compounds as oxygen source. 

Recently, carboxylic acids have also been employed as new C-O bond sources even though they 

are limited in use to stoichiometric amount of copper salts.428,429 In 2017, Zhang et al.430 reacted 

aryl amides 3.163 with carboxylic acids 3.164 in the presence of Cu(I) bromide 3.165 and Ag2CO3 

3.158 to achieve a broad range of acyloxy compounds 3.166. This methodology was one of the 

most versatile given the vast types of acids that can be made use of such as benzoic acids, 

aliphatic acids or cinnamic acids (Scheme 54). 
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Scheme 54: Cu-catalysed C-H activation for the formation of new C-O bonds using carboxylic 

acids 3.164 as oxygen source. 

3.1.3.2.2 Cu-catalysed C-H activation for C-S bond formation 

Daugulis et al.431 described a C-S new bond formation via Cu-catalysis by reacting amides 3.167 

with disulfide reagents 3.168 in the presence of Cu(OAc)2  3.99 to give products 3.169 (Scheme 

55).  

 

Scheme 55: Cu-catalysed C-H activation for the formation of new C-S bonds using disulfide 

reagents 3.168 as sulfur source. 

Shi et al.432 introduced sodium sulfinates 3.172 as sulfur source to achieve aryl sulfones 3.192 by 

reaction with benzamides 3.170. They employed a removable DG, such as phosphatidylinositol 

3.171 (PIP), a Cu catalytic source and Ag2CO3 3.158 as the best oxidant among all the others 

tested (Scheme 56). 

 

Scheme 56: Cu-catalysed C-H activation for the formation of new C-S bonds using sodium 

sulfinates 3.172 as sulfur source. 
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3.1.3.2.3 Cu-catalysed C-H activation for C-N bond formation 

In 2010, Li et al.433 proposed a Cu-catalysed C-N bond formation by reacting 2-arylpyridines 3.174 

with secondary amides 3.175 in the presence of Cu(I) bromide 3.165 (CuBr) as catalytic source 

and tert-butyl peroxide 3.176 (tBuOOH or TBP) as the oxidant with no need of a base or ligands 

(Scheme 57).  

 

Scheme 57: Cu-catalysed C-H activation for the formation of new C-N bonds with no need for 

bases or ligands. 

However, since primary amides produced very low yields, Nicholas et al.434 presented an 

improved reaction scheme taking advantage of molecular oxygen as the oxidant, anisole as the 

solvent, DMSO as the additive and high temperatures. These factors allowed the successful 

coupling of primary sulfonamides, carboxamides and anilines 3.179 with 2-arylpyridines 3.178 to 

obtain amidation products 3.180. DMSO was found to be crucial for the catalytic turnover as well 

as the addition of anisole for the positive outcome of the reaction (Scheme 58).  

 

Scheme 58: Cu-catalysed C-H activation for the formation of new C-N bonds using DMSO as 

crucial additive. 

Regardless of the good yields obtained for 2-arylpyridines amidation, the pyridine moiety still 

remained a powerful, non removable, directing group. To overcome this issue, Daugulis et al.435 

delineated a different directing group using a combination of 8-aminoquinoline and picolinic acid 

scaffolds, due to the easy removal process of aminoquinolines by basic hydrolysis. Unfortunately, 

expensive Ag2CO3 as cocatalyst, N-Methylmorpholine-N-Oxide 3.182 (NMO) as an oxidant and 
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the inclusion of primary and secondary aliphatic amines only, heavily limited the use of 8-

aminoquinoline as DG (Scheme 59).  

 

Scheme 59: Cu-catalysed C-H activation for the formation of new C-N bonds using 3.167 to 

replace pyridine as more versatile DG. 

Recently, Wu and Cui attempted to perform a Cu-catalysed C-N bond formation by reacting 

quinoline N-oxides 3.184 with secondary amines 3.185 with copper(I) iodide 3.186 as the catalyst 

and air as the oxidant. Alas, the reaction failed for the amidation of quinoline N-oxide with primary 

amines, aromatic amines or amides. (Scheme 60).436 

 

 

Scheme 60: Cu-catalysed C-H activation for the formation of new C-N bonds starting from 

quinoline N-oxides 3.184. 

 In 2014, Zhu et al.437 reported the synthesis in good yields of N-arylamides 3.191 using azides 

3.189 as amino sources in the presence of copper(I) thiophene-2-carboxylate 3.190 (CuTc) as the 

catalyst and N-heterocycles 3.188 as directing groups (Scheme 61).  

 

Scheme 61: Formation of new C-N bonds using azides 3.189 as amino source. 
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Ammonia has also been proposed as an amino source but suffers from a great disadvantage: it 

readily binds to metals to form stable complexes that impede the C-H activation. Chang et al.438 

tried to use aqueous ammonia 3.193 instead of ammonia in the presence of a low Cu(I) catalytic 

concentration to avoid its poisoning and by using 2-(4,5-dihydrooxazool-2-yl)aniline 3.196 as DG. 

In this way, they obtained several primary anilines 3.195 in good yields (Scheme 62). 

 

Scheme 62: Cu-catalysed C-H activation for the formation of new C-N bonds using aqueous 

ammonia 3.193 as amino source. 

3.1.3.2.4 Cu-catalysed C-H activation for C-C bond formation 

The most common C-H activation reactions catalysed by copper species concern, mainly, sp2 and 

sp3 C-H activation. Gaunt et al.439 proposed, in 2008, a Cu-catalysed C-H activation of indoles 

3.197 with diaryl-iodine(III) 3.198 in the presence of copper triflate 3.199, Cu(OTf)2, as the catalyst 

and 2,6-di-tert-butylpyridine 3.200 (dtbpy) as the base. They noticed how important was the 

directing power of the N-substituent of the indole: more specifically the free NH- and N-alkylindoles 

provided C3 selectivity while N-acetylindoles provided C2 selectivity (Scheme 63).  

 

Scheme 63: Cu-catalysed C-H activation for the formation of new C-C bonds using N-

substituted indoles 3.197 as DG. 
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Wang et al.,440 taking advantage of previous studies conducted by Yang et al.,441,442 began 

investigating the origins of C2, C3, C5 and C6 indole selectivity by specific types of directing 

group, using theoretical calculations and mass spectroscopy. They noticed that all of the tested 

directing groups induced a Heck-like four-membered ring mechanism (Scheme 64). However, 

indoles 3.204 bearing a strong DG, such as di-tert-butylphosphine-oxide P(O)tBu2, or a pivaloyl 

group in position C3 were shown to provide C5 and C6 indole arylation (3.206 and 3.207 

respectively) whereas a weak DG provides C2 or C3 indole arylation (3.205). 

 

Scheme 64: Proposed mechanism for the Cu-catalysed C-H activation of indoles bearing EDGs 

or EWGs to explain a specific regioselectivity. 

In 2014, Wang et al.443 performed a C-H cyanation of tetrahydroisoquinolines 3.208 in the 

presence of trimethylsilyl azides 3.209 (TMSN3), dichloroethane (DCE), 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone 3.210 (DDQ) as the oxidant and copper iodide 3.186 (CuI) as the catalytic 

source (Scheme 65).  
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 Scheme 65: Cu-catalysed C-H activation for the formation of new C-C bonds using cyanide as 

oxidant source. 

Menche et al.444 described a similar reaction to activate a C-H bond near a nitrogen atom using 

tetrahydroisoquinolines 3.208 and organo zinc reagents 3.212 (Scheme 66). The presence of 

copper species 3.213 in this reaction confirmed the process to follow a SET mechanism through 

investigation conducted via electron paramagnetic resonance spectroscopy (EPR).  

 

Scheme 66: Cu-catalysed C-H activation for the formation of new C-C bonds using organo zinc 

reagents 3.214. 

A Cu-catalysed sp3 C-H activation of benzylic systems has also been described by Li et al.445 

They hypothesised a three-component intermolecular mechanism for the esterification of styrenes 

3.215, toluenes 3.216 and peroxyesters 3.217 to achieve new C-O bond formation (Scheme 67). 

 



143 

 

 

Scheme 67: Cu-catalysed C-H activation for the formation of new C-C bonds using a three-

component intermolecular mechanism. 

3.1.4 C-H activation of 1,2,3-triazoles 

1,2,3-triazoles are known to be versatile scaffolds and unique chemical entities that found wide 

application in both medicinal chemistry and material science fields.113-120 Unfortunately, given the 

particular conditions that 1,2,3-triazoles require for their synthesis, the C-H activation strategy was 

highlighted as an alternative approach to expensive catalysts or toxic starting materials. In fact, 

there are only a few examples of efficient C-H activation for 1,2,3-triazoles as they all have a 

demand for transition metals to occur.446,447 Palladium, ruthenium and copper are among the most 

common transition metals used for direct arylation of the C5 position of the triazole ring.  

Ackermann et al.448 attempted to use copper sources to perform the synthesis of fully substituted 

1,2,3-triazoles 3.225 in a regioselective one-pot four-component reaction.449 With this protocol in 

hands, they obtained both EWG and EDG-substituted 1,2,3-triazoles 3.225 by reacting either 

alkyl- or aryl-based alkynes 3.219 with sodium azide 3.221 and iodo-aryl based compounds 3.223 

in high yields; additionally, bulky substituents were also tolerated. Notably, when using copper 

catalysts in combination with DMEDA 3.224 as stabilising ligand, 1,2,3-triazoles were produced 

using a one pot strategy to build simoultaneously one new C-C and three C-N bonds with high 

efficiency (Scheme 68).448 

 

Scheme 68: One-pot four-component reaction protocol proposed for the synthesis of fully 

substituted 1,2,3-triazoles 3.225. 
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Later on, Wei et al.450 proposed a new Cu/Pd transmetalation to perform a C-H activation reaction 

with mild reaction conditions achieving trisubstituted 1,2,3-triazoles in good yields. The 

mechanism they proposed suggested a simultaneous formation of the cuprate-triazole 

intermediate 3.228, by cycloaddition of copper(I) acetylide 3.227 and azide 3.221, and the 

palladium intermediate 3.332, by oxidative addition of the aryl halide 3.323 and Pd(0) 3.330.450,451 

Subsequent transmetalation and reductive elimination would end the catalytic cycle with formation 

of the trisubstituted 1,2,3-triazole 3.324 and regeneration of Pd(0) (Scheme 69). 

 

Scheme 69: Proposed mechanism for a Cu/Pd transmetalation to perform a C-H activation 

reaction yielding trisubstituted triazoles 3.225. 

Nevertheless, Wei envisaged two important issues arising from two potential side reactions: i) 

protonation of the cuprate intermediate 3.328 to give 1,4-disubstituted 1,2,3-triazole 3.322 and ii) 

transmetalation between copper(I) acetylide 3.327 and palladium intermediate 3.231 to give 

byproduct 3.229, thus resembling a Sonogashira coupling reaction. According to Lei’s group,452 

the Sonogashira product 3.229 has first-order kinetic dependance on both [Cu] and [Pd] whereas, 

according to Fokin’s group,453,454 the CuAAc reaction has second order kinetic dependance on 

[Cu] suggesting that high [Cu] species concentration would favor the cycloaddition product. 

Consequently, Wei disclosed a new reaction protocol using 2-dicyclohexylphosphino-2′,4′,6′-

triisopropylbiphenyl 3.356 (XPhos) as ligand which was able to accelerate the [Pd] cycle over the 

[Cu] cycle, K2CO3 3.138 as the base and DMF as the solvent to achieve in 93% yields the desired 

product (Scheme 70). 
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Scheme 70: Potential side reactions occurring when substituting 1,2,3-triazoles 3.238 via Cu/Pd 

C-H activation. 

Chuprakov et al.455 described an efficient C5 arylation of 1,4-disubstituted 1,2,3-triazoles 3.241 in 

good to excellent yields by using palladium catalysis, tetrabutylammonium acetate 3.243 

(Bu4NOAc) and N-methylpyrrolidone (NMP) as the solvent. Notably, this methodology allowed for 

the successful introduction of both electron-deficient and electron-rich aryl groups and bulky 

substitutents 3.242. Furthermore, they proved this reaction scheme to be fruitful for the C5 

regioselective arylation of 4,5-unsubstituted 1,2,3-triazoles 3.241 (R1=H) too with the possibility 

to easily introduce aromatic EW substituents at the C5 position (Scheme 71). 

 

Scheme 71: C5 arylation of 1,4-disubstituted 1,2,3-triazoles 3.241 via palladium C-H activation. 

In 2015, Zhu et al.456 reported a Cu-catalysed direct amination of 2-aryl-1,2,3-triazoles N-oxides 

3.245 with primary 3.246a and secondary amines 3.246b (Scheme 72).  
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Scheme 72: Direct amination of 2-aryl-1,2,3-triazoles N-oxides 3.245 with primary and 

secondary amines 3.246. 

They demonstrated the crucial role of Cu(OAc)2 as catalytic source in establishing a potential 

copper-catalysed cross-deprotonative mechanism going through the following steps: i) 

substitution of the C5 hydrogen atom of triazole 3.245 with copper, ii) reaction of the 

organocuprate intermediate 3.251 with amine 3.246, iii) reductive elimination to yield the product 

3.248 and a copper species 3.255 with lower oxidation state ready to be reoxidised to restore 

copper(II) 3.256 (Scheme 73). They also observed the importance of choosing a specific solvent: 

1,2-dimethoxyethane (DME) achieved the best results while DMF showed to suppress the 

reaction. K3PO4 was, also, identified as the most suitable base over other inorganic bases.  

  

Scheme 73: Proposed mechanism for the direct amination of 2-aryl-1,2,3-triazoles N-oxides 

3.245 with primary and secondary amines 3.246. 

With these optimised conditions, Zhu obtained various 4-substituted 2-aryl-1,2,3-triazoles 3.248 

in up to 82% yields with triazoles bearing EWG, such as fluoro- or chloro- groups, giving the best 

results.1,2,3-triazoles have been widely exploited not only for their versatility in C-H activation 
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reactions to form new molecules, thus avoiding long reaction times and multiple steps, but have 

also become templates of interest as potential directing groups in new sp2 and sp3 C-H bond 

formations. Ye et al.457 were among the first to propose 1,2,3-triazoles as directing group for C-H 

activation reactions. They started to investigate the potential of 1,2,3-triazole-4-carboxylic acid 

derivatives 3.258 (TAA) to be used as auxiliary reagents in Pd-catalysed C-H activations. They 

tested TAA activity for sp2 and sp3 C-H activations and noticed the reactions to effectively promote 

the formation of the desired cyclisation products in good to excellent yields in a similar fashion to 

picolinic acid (PA) or quinaldic acid (QA) directing groups performances (Scheme 74).  

 

Scheme 74: 1,2,3-triazoles TAA 3.258 and TA-Py 3.259 applied as directing groups in the C-H 

activation of both sp2 and sp3 C-H bonds. 

However, when they attempted to obtain only the substitution product, hence achieving the C-H 

activation goal via TAA, a tridentate directed group was needed. TAA, as well as PA and QA, was 

proved to favor the cyclisation reaction rather then the substitution pattern because of the more 

stable in-plane reductive elimination of palladium (Figure 60 pathway a, 3.260). The introduction 

of a tridentate ligand, such as triazole-pyridine amide 3.259 (TA-Py) or pyridine-triazole acid 3.262 

(Py-TA), produced an axial Pd-C bond orientation with an out-of-plane reductive elimination 

reaction favored (Figure 60, pathway b, 3.261).458–460 Nevertheless, only the combination of TA-

Py 3.259 as directing group and silver acetate (AgOAc) as the oxidant directed towards the sole 

substitution product with no cyclisation occurring at all. So far, this is the only example known of 

Pd-catalysed C-H activation with 1,2,3-triazoles employed as directing group. 
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Figure 60: In-plane and out-of-plane proposed mechanisms involving Pd(IV) intermediates using 

TA-Py, 3.259, and Py-TA, 3.262, as DGs. 

 

3.2 1,2,3-triazoles as organocatalysts 

3.2.1 Organocatalysis: introduction and crucial role of proline- and pyridine-

based organocatalysts in enantioselective reactions. 

Organocatalysis is a form of catalysis reaction in which the catalyst is an organic molecule that 

does not contain a metal ion thus contributing to greener chemistry for more sustainable reaction 

conditions. Furthermore, when the organocatalyst involved is a chiral molecule, an asymmetric 

catalysis, also known as enantioselective reaction, occurs.461 The enantioselective process allows 

for the formation of a specific enantiomer or diasteroisomer according to the properties of the 

catalyst employed.462 Organocatalytic reactions can proceed via covalent bond interactions 

between the organocatalyst and the reactants or via a weaker bond interaction such as hydrogen 

bonding or ion pairing. The hydrogen-bonding interactions gained enormous attention in the last 

decade for their potential to furnish a greener pathway for alternatively metal-catalysed Diels-

Alder reactions.463-466 Generally, organocatalysts involved in organocatalytic reactions are 

represented by heteroatom-centerd Lewis bases (mainly N(O)-, P(O)- and S(O)- centered). 

However, Brønsted acids have been employed more and more often in asymmetric catalysis even 

in conjunction with other Lewis bases for synergic systems.467 Organic molecules can catalyse a 

reaction with four different mechanisms: i) activation of the reaction based on the 

electrophilic/nucleophilic behavior of the catalyst, ii) formation of the reactive intermediates which 

consume the catalyst and require its regeneration, iii) phase-transfer catalysis in which the catalyst 
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forms a transient complex with the substrate and shuttles between the organic solvent of the 

reaction and a second phase, iv) molecular-cavity-accelerated asymmetric transformations in 

which the catalyst can select between competing reactants according to their size and structure.468  

3.2.2 1,2,3-triazole-based organocatalysts: introduction 

1,2,3-triazoles are extremely versatile ligands for metal coordination as they furnish the possibility 

to incorporate transition metals either at the N1 or the C4/C5 positions enabling the preparation 

of polydentate chelating systems.469 Recently, metal-labelled 1,2,3-triazoles, such as technetium-

labelled radiopharmaceuticals, have found wide applications in the field of diagnostics and 

therapeutics.470 If conjugated with particles emitting radionuclides, such as α- and β-emitters,  

metal-labelled 1,2,3-triazoles have been proved to destroy some tumor species that cannot be 

reached by other therapies.470,471 Generally, 1,2,3-triazoles can interact with transition metals 

through three different ways: i) via the N3 atom to form either a monodentate ligand 3.263 or a bi-

/poly-dentate chelator 3.264 (Figure 61).472,473 However, if more donor sites are present in 

proximity of the N3 atom, bi- or poly-dentate complexes can occur also at the N2 position 3.265 

(Figure 61).474 In both cases, transition metals complexed with the N2 or N3 nitrogen atom of 

1,2,3-triazoles usually create bridging complexes with five or six terms (Figure 62, 3.266 and 

3.267). 

 

Figure 61: N2/N3 1,2,3-triazole-metal coordination binding modes. 

ii) via C5 coordination of deprotonated triazolium salts to form N-heterocyclic carbenes (NHCs). 

NHCs are versatile ligands for transition metal catalysis given their strong electron-donating 

behavior as well as their improved stability to oxidation and easier possibility to undergo 

functionalisation.475 Before the introduction of 1,2,3-triazolium salts in the synthesis of NHCs, the 

most common template used to create NHCs was represented by imidazolium salts. Imidazolium 
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salts are usually bounded at the C2 position to form the so-called normal NHCs (nNHCs), 

displaying a resonance structure with all neutral formal charges (Scheme 76, 3.284). However, 

Crabtree et al.476 also reported the existance of C4 bounded NHCs to form the so-called abnormal 

NHCs (aNHCs), possessing a mesoionic configuration instead (Scheme 75, 3.272).477 In 2008, 

Albrecht was the first to propose to use 1,3,4-substituted 1,2,3-triazolium salts, obtained by 

reacting alkynes 3.273 and azoles 3.274 via click reaction followed by nitrogen alkylation of the 

N3 position and complexation with metals like palladium 3.89 and silver 3.133, as precursors for 

the synthesis of aNHCs 3.278 and 3.279 (Scheme 75).478  

 

Scheme 75: Synthesis of 1,3,4-triazolium salts 3.277 as precursor for the formation of abnormal 

NHCs 3.278 and 3.279. 
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On the other hand, Schaper proposed the synthesis of normal 1,2,3-triazolylidene carbenes with 

a 1,2,4-substitution fashion by reacting hydrazonoyl chlorides 3.285 with isocyanides 3.286 to 

form the precursor 1,2,4-triazolium salt 3.288 and by using ammonia adducts479 3.290 or 

transmetalation with silver oxide480 3.133 to form the final nNHC 3.291 and 3.292 (Scheme 76). 

He noticed that 1,2,4-substituted triazole-based nNHCs possessed an even higher donor strenght 

than the corresponding abnormal 1,3,4-substituted triazole-based NHCs.  

 

Scheme 76: Synthesis of 1,2,4-triazolium salts 3.288 as precursor for the formation of normal 

NHCs 3.291 and 3.292. 

iii) via NH deprotonation of 4,5-disubstituted triazoles (i.e. benzotriazoles or 4,5-disubstituted-NH-

1,2,3-triazoles) to form anionic ligands in metal complexes. Generally, benzotriazoles bind metal 
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centers through the N1 position (Figure 62, 3.293) whereas 4,5-disubstituted-NH-1,2,3-triazoles 

bind metal centers through the N2 position (Figure 62, 3.294) despite the ability of the transition 

metal to also coordinate to the free neutral nitrogen to create diverse bridged complexes (Figure 

62, 3.295-3.297).481 

 

Figure 62: N2/N3 4,5- disubstituted 1,2,3-triazole-metal anionic coordination binding mode. 

 

3.2.2.1 1,2,3-triazole-based organocatalysts: manganese, iron, copper, ruthenium 

and palladium metal complexes 

Metal-based 1,2,3-triazoles complexes represent one of the most promising area of organic 

chemistry due to the high versatility of 1,2,3-triazoles in a plethora of organic reactions. The C5 

proton acidity of 1,4-disubstituted 1,2,3-triazoles provides the opportunity to create new metal-

coordinate complexes via C-H activation. In this way, mono-, bi- and poly-dentate 1,2,3-triazoles-

based ligands can be obtained in a single step reaction and are ready to be linked to most 

transition metals (such as manganese, iron, copper, ruthenium and palladium) and, eventually, 

employed as organocatalysts. 

i) Manganese (Mn) atoms usually form with 1,2,3-triazoles N4-tetradentate-like ligands 3.299 via 

nitrogen coordination. They have been covering an important role in the past years due to their 

versatile application in epoxidation reactions of terminal aliphatic olefines 3.298 with low catalyst 

loading and short reaction times (Scheme 77).482  

ii) Iron (Fe) atoms are considered potent catalysts due to their dual reactivity as Lewis acids or as 

redox centers.483,484 There are very a few examples of 1,2,3-triazoles complexed with iron atoms 

ligands, via nitrogen coordination, but a remarkable one (Scheme 77, 3.303a) is furnished by Yan 

et al.485 They described a successful 1,2,3-triazole-iron catalysed dehydration reaction of enyne 
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3.301 in propargyl alcohol 3.304 (Scheme 77). The presence of the triazole ligand was crucial for 

the success of the reaction; the addition of a triazole unit 3.303 to the iron catalyst, in a 2:1 

ligand/Fe loading ratio, formed a more efficient bidentate ligand 3.303a that greatly improved the 

yield of reaction.485  

 

Scheme 77: Mn- and Fe- 1,2,3-triazole complexes 3.299 and 3.303a catalysing epoxidation and 

dehydration reactions respectively. 

iii) Cu-complexes of 1,2,3-triazoles are mainly formed via nitrogen coordination and have been 

used for the catalysis of CuAAc reactions. Chan et al.486 reported the use of tris((1-benzyl-4-

triazolyl)methyl)amine (3.307, TBTA) to stabilise, encapsulate and protect the Cu(I) center from 

disproportionation and oxidation while allowing the pendant triazole group to temporarily 

dissociate from the metal center and promote the formation of the Cu(I) acetylide intermediate 
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(Scheme 78).486 Intriguely, William et al.487 also reported the existance of TBTA complexes with 

Cu(I) in the presence of an opportune reducing agent such as sodium ascorbate.  

 

Scheme 78: Copper-1,2,3-triazole complex TBTA 3.307 as useful catalyst for CuAAc 

cycloaddition reactions. 

Additionally, covalently immobilised catalysts for CuAAc reactions have been recently 

developed.487 Tris(triazolyl) methanol ligands 3.312 supported on a Merrifield resin 3.311, have 

been successfully employed in click reactions of various azides and alkynes in both aqueous and 

methanol-water systems to yield the corresponding triazoles with high yields (Scheme 79).488  

 

Scheme 79: Synthesis of the covalently immobilised tris(triazolyl) methanol ligand 3.312. 

Cu-carbene complexes with 1,2,3-triazoles have also been reported even though hardly used in 

CuAAc reactions because of the potential formation of byproducts arising from the reaction of the 

product-Cu-carbene bond with the catalyst-Cu-carbene bond. The only documented example of 

Cu-carbene complex with 1,2,3-triazole has been described by Nakamura et al.489 They coupled 

copper with 1,4-diphenyl (3.313), 2,4,6-trimethylphenyl (Mes, 3.314), 3,5-dimethylphenyl (Xyl, 

3.315) and 2,6-diisopropylphenyl (Dipp, 3.315)-1,2,3-triazol-5-ylidene (aNHCs) to yield a new 

CuCl(aNHC) catalyst that gave excellent results when employed in CuAAc reactions between 

diverse alkynes and azides (Figure 63). 
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Figure 63: Nakamura’s 1,4-diphenyl, 1,4-dimesityl and 2,6-diisopropylphenyl (Dipp)-1,2,3-

triazol-5-ylidene (aNHCs) 3.313-3.315 employed in CuAAc reactions. 

iv) Ruthenium (Ru) atoms complexes with 1,2,3-triazoles have been mainly synthesised in the low 

oxidation state Ru(II)
490. Ru(II) species are the most active for reactions like hydrogenation, 

reduction, cyclopropanation etc. Moreover, 1,2,3-triazole based NHC contributed to stabilise Ru(II) 

limited stability towards some substrates thus increasing Ru(II) catalytic activity.490 Ru-complexes 

with 1,2,3-triazoles via nitrogen coordination have been introduced as active catalysts for both 

alcohol oxidation, in the presence of NMO, and for the hydrogenation of ketones to alcohols. 

Notably, Ru-N2 complexes 3.322 were proven to be more active than the Ru-N3 ones 3.321 

(Scheme 80).490  

 

Scheme 80: Synthesis of Ru-complexes 3.321 and 3.322 with 1,2,3-triazoles via nitrogen 

coordination. 
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On the other hand, (η6-arene) Ru-NHC complexes (3.323-3.325) are among the best catalyst 

sources used for the synthesis of amides starting from alcohols and amines (Figure 64).491  

Albrecht et al.492 proved Ru(II) complexes with triazolium derivatives to be more active than the 

corresponding imidazolylidene systems. 

 

Figure 64: (η6-arene) Ru-NHC complexes as best catalyst source used for the synthesis of 

amides starting from alcohols and amines. 

v) Palladium (Pd) is one of the most used metals in catalytic sources due to its exceptional 

versatility in a miriad of reactions such as oxidations, substitutions, cross-couplings etc.493,494 

1,2,4-triazolylidene nNHC and 1,3,4- triazolylidene aNHC found large employment in forming less 

toxic and unstable Pd-complexes.494 In particular, 1,3,4- triazolylidene aNHC were found to be 

more potent than the corresponding nNHC in catalysing Suzuki and Heck reactions due to their 

inherent stronger σ-donor ability.495 Pd-metal complexes usually interact with 1,2,3-triazoles via 

nitrogen coordination of the N3 nitrogen496 but N2 coordinated complexes have also been 

documented by Scrivanti et al.497 (Scheme 81, 3.329). He introduced them as active catalysts in 

Suzuki reactions between phenyl boronic acid 3.331 and aryl bromides 3.330 (Scheme 81).  

 

Scheme 81: Triazole chelated cationic palladium allyl complex 3.329 employed in Suzuki 

reactions between phenyl boronic acid 3.331 and aryl bromides 3.330. 
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Verma et al.498 designed an efficient N,N-type of bidentate ligand 3.334, composed by an N3 

substituted benzotriazole with a 2-pyridyl group, to be introduced in palladium catalysed C-C, C-

N and C-S coupling reactions. The lone pair of the pyridyl nitrogen and the N=N bond of the 

benzotriazole contributed enhancing this bidentate ligand’s donor properties (Scheme 82).  

 

Scheme 82: N3 substituted benzotriazole 3.334 introduced in palladium catalysed C-C, C-N and 

C-S coupling reactions. 

Recently, Zhang et al.499 started to incorporate phosphine in 1,2,3-triazole scaffolds complexed 

with palladium species to obtain triazole-based monophosphine ligands 3.346 (ClickPhos) 

efficiently employed in amination and Suzuki reactions of unactivated aryl chlorides (Figure 65). 

 

Figure 65: Triazole-based monophosphine ligands (ClickPhos). 

Sankararaman et al.500 reported the first chiral palladium and palladium bis aNHCs 3.349 and 

3.350 complexed with the C4 position of the 1,2,3-triazole scaffold to form a pair of catalysts that 

were introduced in Suzuki reactions with moderate yields only for the synthesis of biphenyl 

derivatives (Scheme 83). Therefore, they delineated a new 1,2,3-triazolylidene-based binuclear 

palladacycle complex with bridging acetate ligands 3.351 that found useful application in 
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hydroarylation reactions of alkynes 3.348 in the presence of trifluoroacetic acid (TFA, Scheme 

83).500  

 

Scheme 83: Chiral palladium and palladium bis aNHCs 3.349-3.351 complexed with 1,2,3-

triazoles employed as catalysts in Suzuki reactions. 

In 2012, Albrecht et al.501 described the synthesis of triazolylidene derived pyridine precatalyst 

preparation stabilisation and initiation (PEPPSI) palladium complexes 3.353-3.355 in conjunction 

with the 3-chloropyridine ligand (Figure 66). This group of catalysts found great applications in 

Suzuki reactions with the best yields obtained with less bulky substituents on the triazole portion. 

They proposed palladium atoms, generated from palladium nanoparticles of the catalyst, to be 

the active species catalysing the reaction and yielding the product.  
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Figure 66: (PEPPSI) palladium complexes in conjunction with the 3-chloropyridine ligand. 

Almost simultaneously, Crudden et al.502 synthesised new PEPPSI complexes and observed high 

conversion yields when employed in Heck-like reactions involving aryl iodides and electron-

deficient bromides in a similar palladium nanoparticles fashion described by Albrecht. Despite 

1,2,3-triazoles forming, generally, aNHC with a 1,3,4-substitution pattern, Shaper et al.479 outlined 

the existance of a Pd-complexed aNHC with 1,2,4-substitution 3.357. They reported this catalyst 

to give moderate results when introduced to Suzuki reactions of aryl bromides and chlorides 

because of its instability despite following the same Pd-nanoparticles release mechanism 

described before (Scheme 84).480 

 

Scheme 84: Synthesis of a Pd-complexed aNHC with 1,2,4-substitution pattern 3.357 to be 

used in Suzuki reactions of aryl bromides and chlorides. 
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3.2.2.2 1,2,3-triazoles in asymmetric reactions: BINOL- and triazole-based H-donor 

organocatalysts. 

BINOL (1,1’-bi-2-naphtol) is an organic compound mostly used as a ligand for transition-metal 

catalysed asymmetric synthesis. BINOL has axial chirality and the two enantiomers are easy to 

separate and stable towards racemisation.503 When bounded to 1,2,3-triazoles at the 3- and 3’ 

position, they form important complexes that are crucial for selectivity and control of electronic 

and steric properties. BINOLs owe their chelating properties to the presence of two basic hydroxy 

moieties that can coordinate metal Lewis acids such as titanium (Ti(IV)) or aluminium (Al(III)) to 

generate chiral complexes. The addition of a second coordination portion, such as the 1,2,3-

triazole core, greatly improves BINOL’s catalytic activity.504 BINOL’s complexes with 1,2,3-

triazoles 3.359-3.361 can be synthesised via click reaction of opportune azides and alkynes (click-

BINOLs) or by ortho-lithiation of non-protected (S)-BINOLs followed by addition of the 

corresponding electrophile and methoxymethyl ether’s (MOM) cleavage (Scheme 85).505 

 

Scheme 85: Synthesis of BINOL’s complexes with 1,2,3-triazoles 3.359-3.361 via click reaction 

of opportune azides and alkynes or by ortho-lithiation of non-protected (S)-BINOLs. 

Click-BINOL ligands 3.363 have been tested in the asymmetric addition of diethyl zinc to 

benzaldehyde 3.362 in the presence of titanium isopropoxide 3.364 (Ti(O-iPr)4). These showed 
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the best activity with the 1,2,3-triazole scaffold directly bounded to the binaphtol moiety in position 

C2 (93:7 er) while bulky substituents in C4 position decreased the enantioselectivity (Scheme 86). 

Furthermore, when linking 1,5-disubstituted-1,2,3-triazoles a complete inversion of 

enantioselectivity was observed.506  

 

Scheme 86: Asymmetric addition of diethylzinc to benzaldehyde 3.362 via triazole-based 

BINOL catalyst 3.363. 

The catalytic complex responsible for the reaction protocol was found i) via coordination of the 

N2/N3 atom of the triazole unit by titanium as the organometallic species (3.366, Figure 67), i) via 

coordination of the triazole C5 position by titanium as the organometallic species (3.367, Figure 

67) or iii) with a mixture of both coordination pathways (3.368, Figure 67).472  

 

Figure 67: Potential triazole-based catalytic complexes involved in the asymmetric addition of 

diethylzinc to benzaldehyde 3.362. 
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Toste et al.507 described the synthesis of a triazole-based BINOL derivative 3.372 conjugated with 

phosphoric acid (PA) as organocatalyst. The corresponding bifunctional catalyst achieved high 

enantioselective yields in oxidative intramolecular C-N bond forming reactions (Scheme 87).  

 

Scheme 87: Triazole-based BINOL derivative 3.372 as organocatalyst in oxidative 

intramolecular C-N bond forming reactions. 

Very recently, the ability of triazoles to bind anions through hydrogen bonding has been applied 

to organocatalysis.508 Anion-binding organocatalysis involves the activation of an ionic 

electrophile 3.374 by linkage of its counteranion 3.375 via H-bonding thus facilitating the attack of 

a nucleophile 3.378 (Scheme 88).509  

 

Scheme 88: Anion-binding organocatalysis. 
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Zurro et al.510 designed novel bistriazole-based acceptors 3.381 for non covalent anion-binding 

by reacting a 1,3-bistriazolylbenzene motif with a 2-(methoxypropan-2-yl)acetylene group. NMR 

studies revealed weakly or non-coordinating anions, like the trifluoromethanesufonate anion (TfO-

) or the tetrafluoroborate anion (BF4
-) not to link the acceptor molecule whereas moderate to good 

affinities were observed with chloride ions (Scheme 89).511 

 

Scheme 89: Novel bistriazole-based acceptors 3.381 for non covalent anion-binding. 

Chiral bis-triazoles have been also developed by Zurro et al.505 by reaction of two- four- or six- 

triazoles groups with aryl electrophiles to obtain large and flexible structure organised in 

supramolecular patterns (Figure 68, 3.382-3.384).505 Chirality was introduced either at the 

backbone or at the end-chain and the anion-binding abilities were tested by circular dicroism (CD). 

CD revealed a strong chlorine ion binding with increasing amount of tetrabutylammonium chloride 

(TBACl) and suggested the existance of a more rigid catalyst-anion complex when the binding 

with chloride anions occurs.512 
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Figure 68: Chiral bis-triazoles 3.382-3.384 organised in supramolecular patterns. 

In conclusion, a significant development has been made in the field of catalysis. With the 

increasing demand of non-renewable natural resources, chemicals and pharmaceuticals, 

catalysts will remain at the forefront of chemical research and development. Catalysts enabled us 

to synthesise complex molecules in fewer steps, and were crucial in the reduction in emission of 

CO, NOx, unburned hydrocarbons from the vehicles that operate on the combustion of petrol, 

diesel and jet fuel. Even though there are still  issues associated with catalysts, including the cost, 

availability, toxicity of many of the precious metals and ligands needed to exploit the catalytic 

activity, a variety of organic transformations have been successfully accomplished by using 

metallorganocatalysis which were not achievable without the presence of a catalyst. 
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3.3 Results and discussion: C-H activation 

3.3.1 Importance of the C-H activation in medicinal chemistry 

C-H activation reactions have become a powerful and innovative tool for the incorporation of new 

chemical fragments that can potentially lead to the discovery of biologically active molecules.513-

515 Moreover, C-H activation can be directly used to functionalise known active drugs to enlarge 

libraries of known active compounds.515 Yu et al.516 produced analogs of the antinflammatory drug 

Celecoxib 3.385 via C-H activation of the sulfonamide ring, which is fundamental for celecoxib’s 

activity. In this way, they were able to obtain new ortho-functionalised perfluoroaryl analogs 3.387 

of Celecoxib in a single step with moderate yields (Scheme 90).  

 

Scheme 90: Synthesis of Celecoxib’s analogs 3.387 via C-H activation. 

Itami and Wünsch used the inherent directing power of the thiophene ring α-position to selectively 

introduce an aryl residue via C-H activation.517 When using palladium to catalyse the reaction, 

they obtained a library of α-arylated spirocyclic thiophenes 3.390 (Figure 69), starting from just 

two “parental” molecules (Figure 69, 3.388 and 3.389) and test them for biological activity (Figure 

69).500,518 
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Figure 69: Synthesis of a library of α-arylated spirocyclic thiophenes 3.390 from parental 

compounds 3.388 and 3.389. 

3.3.2 Cu-catalysed C-H activation of pyridyl-triazoles 2.80a-e to form new C-

N bonds. 

Given the importance of C-H activation for the development of potential biologically active 

compounds and the promising results obtained against KAT2A for 1,2,3-triazole 2.80b, we 

decided to perform C-H activation reactions on triazoles 2.80a-e to prepare a small library of 

functionalised analogs to be eventually tested for further activity. Firstly, we attempted C-H 

activation of the triazoles’ 2.80a-e C5 position with either linear or cyclic primary and secondary 

amines 3.391-3.396 via copper catalysis 3.99 in the presence of an inorganic base such as 

potassium phosphate 3.247 (Scheme 91). The reaction produced eight new pyridine-based 

triazoles 3.397a-h, not yet reported in literature. 
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Scheme 91: Proposed reaction pathway for the Cu-catalysed C-H activation of pyridine-based 

1,2,3-triazoles 2.80a-e. 

The reaction succeeded when triazoles 2.80a,c-e were reacted with amines 3.391 and 3.393-

3.396 whereas 1,2,3-triazole 2.80b did not show any reactivity towards amines 3.391-3.396. 

Notably, when reacting triazole 2.80a with cyclic amine 3.391, the reaction produced compound 

3.397a, whose NMR outlined loss of the ester group at the C4 position (R2) and displayed the 

presence of a hydrogen atom instead, probably because of a decarboxylative side reaction 

occurring (Scheme 92). Additionally, when triazole 2.80a was reacted with cyclic amine 3.395, it 

was evident, by NMR analysis, that the formation of two different C-H activation products had 

occurred. These consisted of 3.397f, in which the piperidine 3.395 substituted the ester group at 

the C4 position while retaining the hydrogen at C5, and 3.397g, in which piperidine substituted 

the C5 hydrogen according to the traditional C-H activation pattern, albeit producing the same 

ester loss at C4. We hypothesised a decarboxylative side reaction to occur before the C-H 

activation process, thus leading to the loss of the ester group (3.401) at C4 and the activation of 

both C4 (3.402a) and C5 (3.402b) positions to achieve substituted triazoles 3.397f and 3.397g 

(Scheme 92).  
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Scheme 92: Proposed mechanism for the Cu-catalysed C-H activation of 1,2,3-triazoles  

2.80a-e. C-H activation expected products 3.397b-e,h are enclosed in the blue box while C-H 

activation products 3.397a,f,g arising from a decarboxylative side reaction are enclosed in the 

red box. 

2D NMR experiment HMBC (Heteronuclear Multiple-Bond Correlation), that establishes 

correlations between carbons and protons by two, three or four bonds, was needed to distinguish 

between triazoles 3.397f and 3.397g. In particular, HMBC of triazole 3.397f showed a correlation 

between the proton at the C5 position (9.01 ppm, circled in red, Figure 70) and carbon C6 of the 

pyridine ring (144.52 ppm, circled in blue, Figure 70). This latter demonstrated the presence of a 

hydrogen atom at the C5 position, given the very downfield NMR signal of this proton matching 
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the ppm range value of all the other triazoles bearing this substitution, and the presence of the 

piperidine ring at the C4 position, given the long-range correlation existing between the proton at 

the C5 position and carbon C6, which is impossible to achieve if the piperidine ring was 

substituting the C5 (Figure 70). 

 

Figure 70: 2D NMR HMBC experiment to confirm triazole 3.397f identity. 

 

On the other hand, HMBC of triazole 3.397g displayed no down-shifted singlet signal that could 

highlight the presence of a hydrogen atom at the C5 position. However, it revealed an upfield 

signal at 5.65 ppm (circled in red, Figure 71) that did not show any long-range correlation with the 

pyridine carbons, suggesting the presence, this time, of the piperidine ring at the C5 position and 

the hydrogen atom at the C4 position (Figure 71). 
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Figure 71: 2D NMR HMBC experiment to confirm triazole 3.397g identity. 

 

Triazoles 2.80a-d were found unreactive towards linear amine 3.394 except for 1,2,3-triazole 

2.80e which afforded good yields of aminated product. Branched amine 3.393 gave modest to 

average results only when coupled with triazoles 2.80d and 2.80e while poor results arose from 

reaction of triazole 2.80c and branched amine 3.396. However, all of the 1,2,3-triazoles employed 

did not produce any results when reacted with amine 3.392, due to the sterically hindered 

diisopropyl group not allowing copper to properly orientate for the C-H substitution (Table 10).  
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Table 10: aReaction conditions: 2.80a-e (1 equiv.,0.2 mmol), 3.391-3.396 (3 equiv., 0.6 mmol), 

Cu(OAc)2 (0.2 equiv., 0.04 mmol), K3PO4 (2 equiv., 0.4 mmol), DME (0.2 M). bOnly starting 

materials recovered. 

Entrya Triazole Amine Product Yield (%)b 

1 2.80a 

3.391 

3.397a 41 

2 2.80b - - b 

3 2.80c 3. 397b 10 

4 2.80d - - b 

5 2.80e - - b 

6 2.80a 

3.392 

- - b 

7 2.80b - - b 

8 2.80c - - b 

9 2.80d - - b 

10 2.80e - - b 

11 2.80a 

3.393 

- - b 

12 2.80b - - b 

13 2.80c - - b 

14 2.80d 3. 397c 20 

15 2.80e 3. 397d 40 

16 2.80a 

3.394 

- - b 

17 2.80b - - b 

18 2.80c - - b 

19 2.80d - - b 

20 2.80e 3. 397e 65 

 

  



172 

 

Entrya Triazole Amine Product Yield (%)b 

21 2.80a 

3.395 

3. 397f,g 20,30 

22 2.80b - - b 

23 2.80c - - b 

24 2.80d - - b 

25 2.80e - - b 

26 2.80a 

3.396 

- - b 

27 2.80b - - b 

28 2.80c 3. 397h 10 

29 2.80d - - b 

30 2.80e - - b 

 

We hypothesised this set of reactions to follow the same C-H amination pattern described by Zhu 

et al.518, in which a Cu(II)-Cu(I) catalytic cycle explained the oxidative addition and reductive 

elimination processes to afford aminated 1,2,3-triazoles N-oxide derivatives. We envisaged the 

reductive elimination to be the rate limiting step as influenced by the electronic nature of the 

substituents on the pyridine ring (Scheme 92). More specifically, we noticed the amination reaction 

happening only with electron-withdrawing groups present on the pyridine ring, such as chlorine in 

triazole 2.80e, or with no substituents at all, in the case of triazole 2.80a, in accordance with what 

has also been observed by Zhu et al.518 The only electron-donating positive effect was displayed 

by triazole 2.80c, whose reaction with branched amine 3.396 was the only successful one if 

compared to the failed reactions of triazoles 2.80a,b-d,e, and by triazole 2.80d when reacted with 

tert-butyl amine 3.393 (Scheme 92).  
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3.3.3 Pd-catalysed C-H activation of pyridyl-triazoles 2.80a-e to form new C-

C bonds. 

Although the average results obtained for the copper-catalysed C-H activation of 1,2,3-triazoles 

2.80a-e, we further investigated the reactivity of 2.80a-e via palladium-catalysed C-H activation 

to obtain new C-C bonds. The addition of an auxiliary agent such as tetrabutylammonium acetate 

3.243 (Bu4NOAc) stabilised the palladium-intermediate complex during the C-H activation due to 

the presence of a quaternary ammonium cation species. Diverse palladium complexes have been 

screened, including phosphine-based Pd species, electron-rich and electron poor Pd-complexes 

and aNHC Pd-based compounds 3.89 and 3.406-3.409. Unfortunately, only triazole 2.80a 

successfully reacted with the sole aryl bromide 3.403 in the presence of palladium acetate 

Pd(OAc)2 3.89 to yield a new triazole 3.410a, not yet reported in literature (Scheme 93 and Table 

11).  

 

Scheme 93: Proposed reaction pathway for the palladium-catalysed C-H activation of pyridine-

based 1,2,3-triazoles 2.80a-e. Palladium species 3.89 and 3.406-3.409 employed as catalysts 

are enclosed in the red box while the only product achieved (3.410a) is enclosed in the blue 

box. 
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Table 11: aReaction conditions: 2.80a-e (1 equiv., 0.5mmol), Pd species (0.05 equiv., 0.025mmol), 

Bu4NOAc (2 equiv., 1mmol), aryl bromides 3.403-3.405 (1.5 equiv., 0.75mmol), NMP (0.5M). 

bOnly starting materials recovered. 

 

Entrya Triazole 
Aryl 

bromide 
Pd species Product Yield (%) 

1 2.80a 

3.403 
3.89 and 

3.406-3.409 

3.410a 40 

2 2.80b - -b 

3 2.80c - -b 

4 2.80d - -b 

5 2.80e - -b 

6 2.80a 

3.404 
3.89 and 

3.406-3.409 

- -b 

7 2.80b - -b 

8 2.80c - -b 

9 2.80d - -b 

10 2.80e - -b 

11 2.80a 

3.405 
3.89 and 

3.406-3.409 

- -b 

12 2.80b - -b 

13 2.80c - -b 

14 2.80d - -b 

15 2.80e - -b 

 

 

We hypothesised this reaction to follow a Pd(II)/Pd(0) catalytic cycle with transmetallation of 

palladium-intermediate 3.412 with aryl bromide 3.403-3.405 to give 3.414 that, after reductive 

elimination, led to the formation of the product 3.410 and restored Pd(II) species 3.89. Steric 

hindrance of the CF3 group of aryl bromide 3.404 or conflicting interactions between EDGs and 

EWGs on the pyridine ring of 1,2,3-triazoles 2.80a-e and on the phenyl ring of aryl bromides 3.403-

3.405 probably played a negative role resulting in the absence of reactivity (Scheme 94). 
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Scheme 94: Proposed mechanism for the Pd-catalysed C-H activation of pyridine-based 1,2,3-

triazoles 2.80a-e. 

Moreover, not even when employing other reagents such as triphenyl phosphine 3.417 or 

tricyclohexylphosphine 3.418, when using a stronger base such as potassium carbonate 3.138 

(K2CO3), and when reacting only unsubstituted phenyl chloride 3.416 and phenyl bromide 3.415,  

positive results were obtained  (Scheme 95). 

 

Scheme 95: Proposed alternative reaction pathway for the Pd-catalysed C-H activation of 

pyridine-based 1,2,3-triazoles 2.80a-e. 
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3.3.4 Synthesis of proline-based organocatalysts from pyridyl azide 1.136a 

and 4-nitrophenyl azide 3.423b. 

Proline-based organocatalysts have been proved to be fundamental for enantioselective 

reactions, such as aldol condensations, Mannich and Michael reactions.519-528 Furthermore, there 

has been a significant increase in examples of 1,2,3-triazoles, conjugated with the proline moiety, 

employed in organocatalysis such as BINOLs complexes or bistriazole-based acceptors for non 

covalent anion-binding.505,510 Previous attempts to build triazole-based organocatalysts with the 

insertion of the proline scaffold have been already exploited by the Adamo’s lab (Scheme 96).  

 

Scheme 96: Previous attempts for the synthesis of triazole-proline based organocatalysts 

3.425. 

More specifically, β-ketoester 1.124a was reacted with a Boc-protected proline functionalised with 

a methoxy group at position C2 (3.420) to obtain intermediate 3.422. However, when intermediate 

3.422 was coupled with phenyl azide 3.423a and 4-nitrophenyl azide 3.423b, the reaction 

produced only acylated compound 3.426 with loss of the proline fragment, probably due to the 

more stable imine 3.428 as the elimination product (Scheme 97).  
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Scheme 97: Proposed mechanism for the formation of by-product 3.426. 

For this reason, we decided to insert a CH2 spacer between the proline fragment and the triazole 

ring to avoid proline’s elimination and push the reaction towards completion. Therefore, we 

approached the synthesis of new bifunctional triazole-based organocatalysts by employing the 

following reaction protocol. Firstly, we reacted D-prolinol 3.431 with Boc anhydride (Boc2O) 3.432 

in the presence of sodium hydroxyde (NaOH) to afford protected proline-Boc 3.433. 3.433 was 

then coupled with the Dess-Martin reagent 3.434 in DCM for the oxidation of the alcohol group 

into aldehyde 3.435. Reaction of 3.435 with β-ketoester 1.124a afforded intermediate 3.437 that, 

after reduction in the presence of ammonium formate 3.438 (NH4HCO2) and palladium on carbon 

3.439 (Pd/C), led to the final compound 3.440. Notably, split 1H NMR peaks of 3.437 and 3.440 

suggested the existance of two stereoisomers 3.437a,b and diasteroisomers 3.440 arising from 

the non-controlled stereoselectivity addition of Boc-prolinal 3.435 to β-ketoester 1.124a as well as 

from Boc predisposition to the formation of multiple rotamers (Scheme 98).  

 

Scheme 98: Reaction flow for the synthesis of intermediates 3.440. 

At this point, pyridyl azide 1.136a and 4-nitrophenyl azide 3.423b were reacted with the N-Boc-

proline β-ketoester 3.440 following the same DBU-catalysed cycloaddition process described in 

Chapter 1 for the synthesis of 1,2,3-triazoles 1.136b,c. Unfortunately, neither of the two aryl 

azides furnished the desired products, as they were collected unreacted, and the only observation 
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was degradation of the Boc-proline β-ketoester 3.440 with loss of the Boc protecting group. 

Consequently, we decided to perform the reaction in the presence of DMSO or ethanol as 

solvents, instead of ACN, sodium ethoxyde (EtONa) as the base, instead of DBU, and, eventually, 

a catalytic source, such as Cu(OTf)2*C6H5CH3 3.442, to push the reaction towards completion. 

Unfortunately, also these new reaction conditions did not lead to the formation of the desired 

triazole 3.441 as we only observed loss of the Boc protecting group and degradation of the starting 

materials (Scheme 99 and Table 12).  

 

Scheme 99: Proposed reaction flow for the synthesis of a new proline-based 1,2,3-triazole 

organocatalyst 3.441. 

Table 12: aReaction conditions: azides 1.136a, 3.423b (1 equiv.,0.063 mmol), base (1.1 

equiv., 0.07 mmol), catalyst (0.2 equiv., 0.0126 mmol), solvent (0.2 M).  

 

Entrya Azide Base Solvent Catalyst 

1 1.136a 

DBU ACN - 

2 3.423b 

3 1.136a 

DBU DMSO - 
4 3.423b 

5 1.136a 

EtONa Ethanol - 

6 3.423b 

7 

8 

1.136a 

3.423b 
DBU Neat - 

9 1.136a 

3.423b 
DBU DMSO Cu(OTf)2*C6H5CH3 

3.442 10 
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Given Boc protecting group instability and tendency to produce a high number of rotamers, we 

attempted to modify the nature of proline’s nitrogen protecting group, by substituting the Boc 

fragment with a p-toluensulfonyl chloride moiety (ClSO2PhCH3), also known as tosyl group (Ts), 

which cleavage required more harsh conditions (i.e. reduction in the presence of lithium aluminiun 

hydride). Therefore, we approached the synthesis of N-tosyl-proline β-ketoester 3.447 following 

the same protocol abovementioned for N-Boc-proline β-ketoester 3.440. It is important to note 

that also with the tosyl protecting group, two different steroisomers were visible from 1H and 13C 

NMR after coupling of N-tosyl prolinal 3.445 with β-ketoester 1.124a and subsequent reduction to 

afford intermediate 3.447 (Scheme 100) due to the non-stereoselective reaction conditions. Final 

coupling with either pyridyl azide 1.136a and 4-nitrophenyl azide 3.423b did not bring, 

unfortunately, to the desired products 3.448, despite attempting the same diverse reaction 

conditions used for the N-Boc protected intermediate 3.440 (Scheme 100). We supposed the 

steric hindrance of the tosyl group to have negatively impacted the nucleophilic addition of the 

azido-group to one of the two electrophilic carbonyls as well as the rigidity of its aromatic ring to 

have impeded N-tosyl-proline β-ketoester 3.447 flexibility during the reaction. 

 

Scheme 100: Reaction protocol for the attempted synthesis of N-tosyl protected proline-triazole 

based organocatalysts 3.448. 
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3.4 Conclusions 

In conclusion, given the positive results obtained for 1,2,3-triazole 2.80b against KAT2A and given 

the importance of C-H activation for the development of potential biologically active compounds, 

we built a small library of 2.80a-e analogs via C-H activation reactions through either copper or 

palladium catalysis. In particular, copper-catalysed C-H activation led to the formation of new C-

N bonds when reacting pyridine-based 1,2,3-triazole 2.80a-e with both linear and cyclic primary 

and secondary amines 3.391-3.396 yielding analogs 3.397a-h, not yet reported in literature, in 

average yields. On the other hand, palladium-catalysed C-H activation to form new C-C bonds 

was not successful. When reacting pyridine-based 1,2,3-triazole 2.80a-e with both EW and ED 

substituted and unsubstituted aryl bromides and chlorides 3.403-3.405 and 3.415,3.416,  the sole 

product formed (3.410a), not yet reported in literature, arose from reaction of 1,2,3-triazole 2.80a 

with 4-bromoanisole 3.403 in the presence of palladium acetate 3.89. Unfortunately, when 

attempting to the development of a new prototype of proline-based triazole organocatalyst 3.441 

or 3.448, by reaction of β-ketoesters 3.440 or 3.447 with azides 3.423b or 1.136a, we observed 

no formation of the desired products either when employing the Boc or the tosyl protecting groups. 

When hypothesised the Boc instability as well as the tosyl group steric hindrance to have 

negatively impacted the outcome of the reactions, suggesting a more deeper investigation of how 

to optimise the reactions conditions.  

3.5 Experimental Section 

1H and 13C NMR spectra were recorded on a Bruker 400 spectrometer. Chemical shifts (δ) are 

reported in ppm relative to residual solvent signals (1H NMR: 7.26 ppm for CDCl3; 3.31 ppm for 

CD3OD, 13C NMR: 77.16 ppm for CDCl3, 49.03 for CD3OD). 13C NMR spectra were acquired with 

1H broad band decoupled mode. Coupling constants (J) are in Hz. Melting points were measured 

using a Stuart scientific melting point apparatus and are uncorrected. Infrared spectra (IR) were 

recorded with KBr discs using a Bruker Tensor27 FT-IR instrument. High-resolution mass spectra 

were obtained on a Waters Micromass GCT PremierMS spectrometer or on a Bruker microTOF-

Q III LC-MS spectrometer (APCI method). Purity of final products was verified by HPLC analysis 

and 1H and 13C NMR spectroscopy. Analytical grade solvents and commercially available 

reagents were used as received. Reactions were monitored by TLC (Merck, silica gel 60 F254). 

Flash column chromatography was performed using silica gel 60 (0.040-0.063 mm, 230-400 

mesh). Amines 3.391-3.396, aryl bromides 3.403-3.405, phenyl chloride 3.416, phenyl bromide 

3.415 copper acetate 3.99, palladium species 3.89 and 3.406-3.409, D-Prolinol 3.431, Boc2O 

3.432, tosyl chloride 3.443 and Dess-Martin reagent 3.434 were purchased from Sigma Aldrich. 

Pyridine-based 1,2,3-triazoles’ 2.80a-e synthesis is described in Chapter 2 Experimental Section. 

C-H activation products 3.397a-h and 3.410a were synthesised according to literature protocols 
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applied on different substrates.450,451,529 Proline-based aldehyde intermediates 3.435, 3.445 

together with β-ketoesters 3.437, 3.446 and the corresponding reduced products 3.440, 3.447 

were synthesised according to existent literature procedures on similar substrates.530-534 

Attempted synthesis of proline-based triazole 3.441 and 3.448 was performed according to 

procedure GP2 already described in Chapter 2 Experimental Section. 

3.5.1 General procedure for the C-H activation of triazoles 2.80a-e via 

copper catalysis (GP5)451. 

 

To a solution of triazoles 2.80a-e (1 equiv., 0.2 mmol), copper acetate 3.99 (0.2 equiv., 0.04 mmol) 

and potassium phosphate 3.370 (2 equiv., 0.4 mmol) in DME (0.2 M), amines 3.391-3.396 (3 

equiv. 0.6 mmol) were added. The reaction was set up at 80°C in a microwave vial under pressure 

given the solvent low boiling point (bp=85°C). After 24 hours, TLC (DCM/AcOEt 70:30) showed 

complete consumption of the starting materials only for the following reactions: triazole 2.80a with 

amines 3.391 and 3.395; triazole 2.80c with amines 3.391 and 3.396; triazole 2.80d with amine 

3.393; triazole 2.80e with amines 3.393 and 3.392. Once cooled to room temperature, each crude 

was washed with DCM/H2O three times, the organic phases collected and dried over anhydrous 

Na2SO4. Hence, the solvent was removed by rotary evaporation and further purification occurred 

via column chromatography to afford products 3.397a-h in modest to average yields. 
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2-(5-(pyrrolidin-1-yl)-1H-1,2,3-triazol-1-yl)pyridine 3.397a 

 

Prepared according to GP5, yellow solid (DCM/MeOH 95:05), 40% (21 mg). 1H NMR (400 MHz, 

CDCl3) δ 8.91 (d, J = 7.1 Hz, 1H), 7.62 – 7.46 (m, 1H), 7.29 (s, 1H), 6.83 (t, J = 6.8 Hz, 1H), 5.40 

(s, 1H), 3.64 (bs, 2H), 3.37 (bs, 2H), 2.01 (bs, 4H). 13C NMR (101 MHz, CDCl3) δ 159.3, 158.0, 

150.8, 136.2, 127.7, 124.1, 111.9, 81.0, 77.4, 77.1, 76.8, 46.7. IR (KBr, cm-1): 2938, 1673,1636, 

1285. m.p. 125°C. HRMS (ESI) m/z: [M+H]+ calcd for C11H14N5 216.1249; found 216.2714.  

Ethyl 1-(3-methoxypyridin-2-yl)-5-(pyrrolidin-1-yl)-1H-1,2,3-triazole-4-carboxylate 3.397b 

 

Prepared according to GP5, orange oil (DCM/ACOEt 80:20), 10% (5 mg). 1H NMR (400 MHz, 

CDCl3) δ 8.90 (d, J = 6.8 Hz, 1H), 6.75 (t, J = 7.3 Hz, 1H), 6.68 (d, J = 7.7 Hz, 1H), 4.40 (q, J = 

7.1 Hz, 2H), 4.00 (s, 3H), 3.74 – 3.60 (m, 4H), 2.02 – 1.84 (m, 4H), 1.43 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 161.0, 157.6, 146.5, 139.5, 121.2, 111.5, 105.0, 100.1, 59.8, 55.9, 51.4, 

29.7, 25.8, 14.7. IR (KBr, cm-1): 3005, 1743, 1647, 1456, 1185. HRMS (ESI) m/z: [M+H]+ calcd for 

C15H20N5O3 318.4566; found 318.5346. 

Ethyl 5-(tert-butylamino)-1-(5-methylpyridin-2-yl)-1H-1,2,3-triazole-4-carboxylate 3.397c 

 

Prepared according to GP5, brown oil (PE/ACOEt 90:10), 20% (42mg). 1H NMR (400 MHz, CDCl3) 

δ 7.91 (s, 1H), 7.37 (d, J = 8.5 Hz, 1H), 6.68 (d, J = 8.4 Hz, 1H), 4.24 (s, 1H), 4.12 (q, J = 7.1 Hz, 

2H), 2.22 (s, 3H), 1.43 (s, 9H), 1.29 (t, J = 7.1 Hz, 3H).  13C NMR (101 MHz, CDCl3) δ 157.5, 

153.1, 145.10, 139.0, 125.3, 112.5, 65.9, 58.3, 53.4, 50.8, 29.7, 29.3, 17.6, 14.9. IR (KBr, cm-1): 

3428, 3061, 2918, 1739, 1650, 1646, 1485. HRMS (ESI) m/z: [M+H]+ calcd for C15H22N5O2 

304.1773; found 304.2514.  
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Ethyl 5-(tert-butylamino)-1-(5-chloropyridin-2-yl)-1H-1,2,3-triazole-4-carboxylate 3.397d 

 

Prepared according to GP5, brown oil (PE/ACOEt 95:05), 40% (45 mg).1H NMR (400 MHz, CDCl3) 

δ 8.05 (s, 1H), 7.50 (dd, J = 8.9, 2.3 Hz, 1H), 6.71 (d, J = 8.8 Hz, 1H), 4.27 (s, 1H), 4.12 (q, J = 

7.1 Hz, 2H), 1.43 (s, 9H), 1.29 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 156.8, 153.3, 

144.1, 138.0, 123.3, 113.9, 66.8, 58.5, 51.0, 29.7, 29.2, 14.8. IR (KBr, cm-1): 3438, 3021, 2917, 

1736, 1651, 1636, 1455. HRMS (ESI) m/z: [M]+ calcd for C14H18ClN5O2 323.6227; found 323.6966.  

Ethyl 5-(butylamino)-1-(5-chloropyridin-2-yl)-1H-1,2,3-triazole-4-carboxylate 3.397e 

 

Prepared according to GP5, yellow solid (PE/ACOEt 95:05), 65% (50 mg).1H NMR (400 MHz, 

CDCl3) δ 8.07 (s, 1H), 7.54 – 7.47 (m, 1H), 6.73 (d, J = 8.8 Hz, 1H), 4.12 (q, J = 7.2 Hz, 3H), 3.11 

(dd, J = 12.3, 6.6 Hz, 1H), 1.73 – 1.52 (m, 4H), 1.43 (td, J = 14.7, 7.3 Hz, 2H), 0.97 (t, J = 7.3 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 158.3, 153.2, 144.3, 138.1, 113.7, 63.8, 58.4, 41.8, 30.6, 29.7, 

20.2, 14.7, 13.7. IR (KBr, cm-1): 3438, 3021, 2917, 1736, 1651, 1636, 1455. HRMS (ESI) m/z: [M]+ 

calcd for C14H18ClN5O2 323.1149; found 323.5312.  

2-(4-(piperidin-1-yl)-1H-1,2,3-triazol-1-yl)pyridine 3.397f   

 

Prepared according to GP5, yellow oil (DCM/ACOEt 40:60), 20% (20 mg).1H NMR (400 MHz, 

CDCl3) δ 9.01 (s, 1H), 8.54 (d, J = 4.6 Hz, 1H), 8.20 (d, J = 8.2 Hz, 1H), 7.95 (t, J = 7.8 Hz, 1H), 

7.42 – 7.35 (m, 1H), 4.09 (s, 3H), 3.76 (s, 3H), 3.58 – 3.39 (m, 2H), 3.35 – 3.22 (m, 2H). 13C NMR 

(101 MHz, CDCl3) δ 159.8, 148.8, 144.7, 139.2, 124.9, 124.0, 113.8, 48.1, 46.8, 43.8, 40.6. IR 

(KBr, cm-1): 3425, 3027, 2927, 1475. HRMS (ESI) m/z: [M+H]+ calcd for C12H16N5 230.1206; found 

230.1292.  
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2-(5-(piperidin-1-yl)-1H-1,2,3-triazol-1-yl)pyridine 3.397g   

 

Prepared according to GP5, yellow oil (DCM/ACOEt 20:80), 30% (25mg).1H NMR (400 MHz, 

CDCl3) δ 8.87 (d, J = 7.1 Hz, 1H), 7.54 (t, J = 7.7 Hz, 1H), 7.27 (d, J = 3.5 Hz, 1H), 6.83 (t, J = 6.8 

Hz, 1H), 5.65 (s, 1H), 3.66 (d, J = 5.2 Hz, 3H), 1.69 (d, J = 5.0 Hz, 3H), 1.63 (d, J = 4.8 Hz, 4H). 

13C NMR (101 MHz, CDCl3) δ 160.6, 158.8, 150.5, 136.1, 127.5, 124.2, 112.1, 80.9, 45.5, 25.6, 

24.6. IR (KBr, cm-1): 3425, 3027, 2927, 1475. HRMS (ESI) m/z: [M+H]+ calcd for C12H16N5 

230.1206; found 230.1292.  

Ethyl 5-(diethylamino)-1-(3-methoxypyridin-2-yl)-1H-1,2,3-triazole-4-carboxylate 3.397h 

 

Prepared according to GP5, yellow oil (DCM/ACOEt 80:20), 10% (5mg). 1H NMR (400 MHz, 

CDCl3) δ 8.89 (d, J = 6.8 Hz, 1H), 6.75 (t, J = 7.2 Hz, 1H), 6.67 (d, J = 7.8 Hz, 1H), 4.41 (q, J = 

7.2 Hz, 2H), 4.00 (s, 3H), 3.58 (q, J = 7.0 Hz, 4H), 1.41 (dd, J = 21.0, 13.9 Hz, 4H), 1.19 (t, J = 

7.1 Hz, 3H). IR (KBr, cm-1): 3436, 3017, 2917, 1475, 1123. HRMS (ESI) m/z: [M+H]+ calcd for 

C15H22N5O3 320.1723; found 320.2213.  

N.B 13C NMR was impossible to obtain due to the very low quantity of product arising from the 

reaction. 
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3.5.2 General procedure for the C-H activation of triazoles 2.80a-e via 

palladium catalysis (GP6).455 

 

To a round bottom flask equipped with a magnetic stirring bar were added the following: triazoles 

2.80a-e (1 equiv., 0.5 mmol), palladium species 3.89 and 3.406-3.409 (0.05 equiv., 0.025 mmol) 

and tetrabutylammonium acetate 3.243 (Bu4NOAc, 2 equiv., 1 mmol) under nitrogen atmosphere. 

NMP (0.5 M) was then added, followed by the aryl bromides 3.403-3.405 (1.5 equiv., 0.75 mmol). 

The reaction mixture was stirred at 100°C for 24 hours. The day after, TLC (DCM/AcOEt 90:10)  

showed complete consumption of the starting material only when reacting triazole 2.80a with aryl 

bromide 3.403. The crude was then diluted with ethyl acetate, washed twice with H2O/brine and 

dried over anhydrous sodium sulfate Na2SO4. Further purification occurred via column 

chromatography and the only product 3.410a (DCM/AcOEt 90:10) was obtained in low yields. 

Ethyl 5-(4-methoxyphenyl)-1-(pyridin-2-yl)-1H-1,2,3-triazole-4-carboxylate 3.410a 

 

Prepared according to GP6, yellow oil (DCM/AcOEt 90:10), 5% (4mg). 1H NMR (400 MHz, CDCl3) 

δ 8.47 (d, J = 4.7 Hz, 1H), 7.86 (t, J = 7.8 Hz, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.37 (dd, J = 12.4, 5.2 

Hz, 1H), 7.29 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 4.39 (q, J = 7.1 Hz, 2H), 3.82 (s, 3H), 

1.39 – 1.35 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 161.0, 160.6, 149.2, 140.3, 138.8, 135.3, 131.7, 

128.8, 124.6, 120.1, 117.6, 113.6, 61.2, 55.2, 14.2. IR (KBr, cm-1): 3436, 3017, 2917, 1436, 1075, 
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HRMS (ESI) m/z: [M+H]+ calcd for C17H17N4O3 325.3480; found 325.4199.  

3.5.3 Synthesis of tert-butyl (R)-2-(hydroxymethyl)pyrrolidine-1-carboxylate 

3.433.530 

 

D-prolinol (3.431, 1 equiv., 10.4 mmol, 1.02 mL) was dissolved in a mixture of dioxane/water (20.8 

ml and 15.6 ml respectively) and a 2 M solution of aqueous NaOH (5.2 mL). The solution was 

then cooled down to 0°C in an ice bath for 15 minutes and addition of Boc-anhydride 3.432 (1.1 

equiv., 11.4 mmol, 2.5 g) then followed. After all the reagents dissolved, the ice bath was removed 

and the reaction stirred at room temperature until consumption of 3.431 (ca 100 min). Once TLC 

(DCM/AcOEt 70:30) showed complete consumption of 3.431, the reaction was stopped and the 

solvent evaporated under reduced pressure. The crude was then washed with AcOEt/H2O twice, 

the organic layers collected, dried over anhydrous Na2SO4 and concentrated upon removal of the 

solvent by rotary evaporation to yield the product 3.433 as colourless oil (98% yield, 1.97 g) 

without further purification needed. N.B. the product 3.433 solidified upon treatment with vacuum 

pump overnight and NMR double signals highlight the presence of two rotamers because of the 

Boc protecting group presence. 1H NMR (400 MHz, CDCl3) δ 4.78 (d, J = 6.1 Hz, 1H), 3.96 (s, 

1H), 3.70 (s, 2H), 3.62 (dd, J = 18.8, 9.7 Hz, 3H), 3.52 – 3.38 (m, 1H), 3.39 – 3.21 (m, 2H), 2.07 

– 1.94 (m, 2H), 1.80 (ddt, J = 18.9, 12.6, 6.3 Hz, 3H), 1.53 (s, 5H), 1.47 (s, 13H). 13C NMR (101 

MHz, CDCl3) δ 157.1, 146.7, 85.1, 80.1, 67.6, 67.0, 60.1, 47.5, 28.6, 28.4, 27.7, 27.3, 24.0. All 

analytical data are consistent with those reported in literature.530 

3.5.4 Synthesis of (R)-(1-tosylpyrrolidin-2-yl)methanol 3.444.531 

 

D-prolinol 3.431 (1 equiv., 10.1 mmol, 1 mL) was dissolved in ethanol (0.25 M, 40 mL) and a 1.5 

M solution of aqueous NaOH (6.7 mL). Tosyl chloride 3.443 was then added and the reaction mix 

stirred at room temperature for 24 hours. The day after, TLC (PE/AcOEt 60:40) showed complete 

consumption of 3.431. Therefore, the crude was washed with diethyl ether and water, the organic 
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phase collected and acidified with HCl 1 M until pH 2-3. A further extraction with AcOEt occurred 

to dissolve the product 3.444 in the organic phase. Further purification via column chromatography 

(100% AcOEt) occurred to yield the product as yellow oil in average yields (45%, 1.16 g). 1H NMR 

(400 MHz, CDCl3) δ 7.74 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 7.8 Hz, 1H), 3.77 – 3.56 (m, 2H), 3.51 – 

3.40 (m, 1H), 3.35 – 3.19 (m, 1H), 2.75 (s, 1H), 2.44 (s, 2H), 1.86 – 1.71 (m, 1H), 1.69 (dd, J = 

13.1, 6.5 Hz, 1H), 1.50 – 1.36 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 143.8, 133.9, 129.8, 127.6, 

65.9, 61.8, 50.0, 28.9, 24.2, 21.5. All analytical data are consistent with those reported in 

literature.531 

3.5.5 General procedure for the synthesis of proline-based aldehydes 3.435 

and 3.445 (GP7).532 

 

To a solution of 3.433 or 3.444 (1 equiv. 0.5 mmol and 2 mmol respectively) in DCM (0.5 M), 

previously cooled down to 0°C, the Dess-Martin reagent 3.434 (1.5 equiv., 3.75 mmol and 3 mmol 

respectively) was added under nitrogen atmosphere. The reaction stirred for 10 minutes at 0°C 

and for 1 hour at room temperature. After 1 hour, TLC (DCM/AcOEt 70:30) showed complete 

consumption of the starting materials 3.433 and 3.444. The crude was then filtered through a 

celite pad, to separate the organic phase from the unreacted Dess-Martin reagent 3.434, and 

further purified via column chromatography.  

Tert-butyl (R)-2-formylpyrrolidine-1-carboxylate 3.435 

 

Prepared according to GP7, colorless oil (DCM/AcOEt 90:10), 82% (407.2 mg). 1H NMR (400 

MHz, CDCl3) δ 9.56 (s, 1H), 9.46 (s, 2H), 4.23 – 4.17 (m, 1H), 4.05 (t, J = 5.2 Hz, 2H), 3.60 – 3.39 

(m, 6H), 2.19 – 1.80 (m, 14H), 1.48 (s, 12H), 1.43 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 200.6, 

200.4, 171.1, 154.9, 153.9, 80.6, 80.2, 65.0, 64.8, 60.4, 53.4, 46.8, 46.7, 29.7, 28.4, 28.2, 28.0, 

27.7, 26.7, 24.6, 23.9, 21.0, 14.2. All analytical data are consistent with those reported in 

literature.532 

N.B. NMR double signals highlight the presence of two rotamers because of the Boc protecting 

group presence. 
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(R)-(1-tosylpyrrolidin-2-yl)methanol 3.445 

 

Prepared according to GP7, yellow oil (PE/AcOEt 40:60), 65% (330 mg). 1H NMR (400 MHz, 

CDCl3) δ 9.69 (s, 1H), 7.73 (d, J = 7.8 Hz, 2H), 7.35 (d, J = 7.9 Hz, 2H), 3.83 (t, J = 6.6 Hz, 1H), 

3.64 – 3.50 (m, 1H), 3.19 (dd, J = 16.7, 7.5 Hz, 1H), 2.45 (s, 3H), 2.07 (td, J = 10.9, 5.1 Hz, 1H), 

1.88 – 1.74 (m, 2H), 1.66 (dd, J = 11.6, 5.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 200.2, 144.1, 

133.5, 129.9, 127.7, 66.5, 49.1, 27.5, 24.7, 21.6. All analytical data are consistent with those 

reported in literature.532 

3.5.6 General procedure for the synthesis of proline-based β-ketoesters 

3.437 and 3.446 (GP8).533 

 

To a solution of β-ketoester 1.124a (1 equiv., 0.5 mmol) in ethanol (1 M), previously cooled down 

to 0°C, piperidine 3.436 (0.05 equiv. 0.025 mmol) and aldehydes 3.435 or 3.445 (1 equiv., 0.5 

mmol) were added. The reaction was monitored via TLC (DCM/AcOEt 70:30) analysis and 

showed complete consumption after 4 hours for both aldehydes 3.435 and 3.445. The crude was, 

then, washed with diethyl ether and water three times. The organic phases were separated, 

collected and dried over anhydrous Na2SO4. Finally, the solvent was evaporated by rotary 

evaporation to yield product 3.437, used directly in the next step of reaction due to the impossibility 

to separate the two Boc rotamers, and product 3.446 after further purification via column 
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cromatography (DCM/AcOEt 80:20). 

Tert-butyl (R,E)-2-(2-(ethoxycarbonyl)-3-oxobut-1-en-1-yl)pyrrolidine-1-carboxylate 3.437 

 

Prepared according to GP8, yellow oil, 75% (115.2 mg). 1H NMR (400 MHz, CDCl3) δ 6.76 (d, J 

= 7.9 Hz, 1H), 4.54 (d, J = 6.6 Hz, 1H), 4.31 (q, J = 6.6 Hz, 3H), 3.62 – 3.32 (m, 3H), 2.35 (s, 5H), 

2.27 (d, J = 4.9 Hz, 2H), 2.01 – 1.71 (m, 5H), 1.42 (d, J = 14.1 Hz, 12H), 1.34 (t, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 175.8, 165.7, 151.4, 134.4, 61.3, 56.4, 46.7, 32.9, 28.3, 27.5, 24.0, 

14.1. IR (KBr, cm-1): 3004, 1742, 1738, 1718, 1629; m.p. 157°C. HRMS (ESI) m/z: [M+H]+ calcd 

for C16H26NO5 312.1811; found: 312.1835. 

N.B. NMR double signals highlight the presence of two rotamers because of the Boc protecting 

group presence. 

Ethyl (E)-3-oxo-2-((1-tosylpyrrolidin-2-yl)methylene)butanoate 3.446  

 

Prepared according to GP8, yellow oil (DCM/AcOEt 80:20) 60% (126 mg). 1H NMR (400 MHz, 

CDCl3) δ 7.62 (d, J = 7.7 Hz, 1H), 7.30 (d, J = 7.9 Hz, 1H), 4.83 (d, J = 10.1 Hz, 1H), 4.42 (d, J = 

6.9 Hz, 1H), 4.31 – 4.17 (m, 1H), 4.05 (q, J = 7.1 Hz, 1H), 3.44 (t, J = 10.3 Hz, 1H), 3.08 (dd, J = 

25.6, 9.4 Hz, 1H), 2.44 (d, J = 8.4 Hz, 3H), 2.15 – 2.05 (m, 1H), 1.66 – 1.52 (m, 3H), 1.39 – 1.22 

(m, 2H), 1.16 (t, J = 7.1 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 177.1, 172.9, 168.4, 143.7, 134.3, 

129.8, 127.4, 98.1, 62.2, 61.2, 61.1, 60.9, 48.0, 41.1, 30.6, 28.6, 23.6, 21.5, 20.0, 14.3, 14.0.  IR 

(KBr, cm-1): 3014, 1732, 1738, 1718, 1624,1420, 1368; m.p. 97°C. HRMS (ESI) m/z: [M+H]+ calcd 

for C18H24NO5S 366.2365; found: 366.2635. 

N.B. NMR double signals highlight the presence of both stereoisomer arising from the non  

stereospecific addition of β-ketoester 1.124a to aldehyde 3.445. 
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3.5.7 General procedure for the reduction of proline-based β-ketoesters 

3.437 and 3.446 (GP9).534 

 

To a solution of proline-based β-ketoesters 3.437 and 3.446 (1 equiv. 0.37 mmol and 0.14 mmol 

respectively) in ethanol (0.3 M), palladium on carbon 3.439 (Pd/C 20% of the starting material 

weight) and ammonium formate 3.438 (NH4HCO2, 10 equiv. 3.7 mmol and 1.4 mmol respectively) 

were added. The reaction stirred at 60°C for 3 hours due to the complete consumption of the 

starting materials observed on TLC (PE/AcOEt 1:1). After cooling down the solution, the crude 

was filtrated to eliminate Pd/C and the solvent removed by rotary evaporation. Product 3.440 was 

used directly in the next step of reaction without further purification, due to the impossible 

separation of the two Boc rotamers, whereas product 3.447 was obtained after purification via 

column chromatography (DCM/AcOEt 70:30). 

Tert-butyl 2-(2-(ethoxycarbonyl)-3-oxobutyl)pyrrolidine-1-carboxylate 3.440 

 

Prepared according to GP9, yellow oil, 78% (91 mg). 1H NMR (400 MHz, CDCl3) δ 4.29 – 4.07 

(m, 4H), 3.95 (d, J = 9.7 Hz, 1H), 3.69 – 3.61 (m, 1H), 3.26 (t, J = 8.4 Hz, 1H), 2.35 (s, 3H), 1.95 

– 1.78 (m, 2H), 1.41 (s, 9H), 1.33 – 1.23 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 161.8, 142.0, 

123.7, 82.8, 61.7, 53.4, 46.4, 32.9, 28.3, 28.0, 24.0, 17.4, 14.2. IR (KBr, cm-1): 2851, 1731, 1737, 

1728, 1368; m.p. 87°C. HRMS (ESI) m/z: [M+H]+ calcd for C16H28NO5 314.1489; found: 314.1576. 
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N.B. NMR double signals highlight the presence of two rotamers because of the Boc protecting 

group presence 

Ethyl 3-oxo-2-((1-tosylpyrrolidin-2-yl)methyl)butanoate 3.447 

 

Prepared according to GP9, white solid (DCM/AcOEt 70:30) 72% (32.6 mg). 1H NMR (400 MHz, 

CDCl3) δ 7.63 (d, J = 7.4 Hz, 1H), 7.28 (dd, J = 16.4, 4.5 Hz, 1H), 4.32 – 4.13 (m, 3H), 3.64 (t, J 

= 7.4 Hz, 1H), 3.28 (t, J = 8.0 Hz, 1H), 3.09 (dd, J = 17.5, 8.5 Hz, 1H), 2.40 (t, J = 15.5 Hz, 3H), 

2.32 (s, 2H), 1.90 (dd, J = 18.3, 10.4 Hz, 1H), 1.69 (d, J = 10.6 Hz, 1H), 1.48 (d, J = 7.1 Hz, 1H), 

1.40 – 1.26 (m, 3H), 1.07 (dd, J = 20.1, 9.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 168.6, 168.0, 

146.8, 145.5, 143.0, 135.3, 129.5, 127.4, 100.6, 100.1, 77.4, 77.1, 76.8, 64.0, 59.9, 59.7, 48.4, 

37.1, 27.4, 23.8, 21.4, 19.6, 19.1, 14.4, 14.3. IR (KBr, cm-1): 2861, 1731, 1737, 1736, 1368; m.p. 

107°C. HRMS (ESI) m/z: [M+H]+ calcd for C18H26NO5S 368.1532; found: 368.1783 

N.B. NMR double signals highlight the presence of a mixture of diasteroisomers arising from the 

non-asymmetric reduction of 3.447 
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Appendix: Copies of 1H and 13C Spectra 

Compound 1.134a 
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Compound 1.134b 
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Compound 1.134c 
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Compound 1.134d 
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Compound 1.134e 
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Compound 1.134f 
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Compound 1.136a 
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Compound 1.136b 
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Compound 1.136c 
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Compound 1.137 

 

 



202 

 

Compound 1.147 
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Compound 1.124d 
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Compound 1.124f 
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Compound 2.79c 
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Compound 2.80a  

 

 



207 

 

Compound 2.80b  
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Compound 2.80c  

 

 



209 

 

Compound 2.80d  
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Compound 2.80e  
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Compound 2.80f 
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Compound 2.53  
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Compound 2.81a 
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Compound 2.81b 

 

 



215 

 

Compound 2.81c 
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Compound 2.81d 
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Compound 3.397a 
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Compound 3.397b 
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Compound 3.397c 
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Compound 3.397d 

 

 



221 

 

Compound 3.397e 
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Compound 3.397f 
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Compound 3.397g 
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Compound 3.397h 
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Compound 3.410a 
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Compound 3.433 
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Compound 3.435 
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Compound 3.437 
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Compound 3.440 
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Compound 3.444 
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Compound 3.445 
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Compound 3.446 
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Compound 3.447 
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Conclusions 

In summary, this thesis project has been focused on the synthesis of a novel small library of 1,4-

disubstituted pyridine-based 1,2,3-triazoles 2.80a-f via a mild and catalyst-free reaction protocol, 

already validated in the Adamo’s lab, between pyridyl azides 1.134a-d and β-ketoesters 1.98 and 

1.124a-f. Given the importance of the triazole pharmacophore in medicinal chemistry as amide 

bioisostere, we performed docking tests on triazoles 1.136a and 2.80a-e, along with other 5-

hydroxytriazoles previously synthesised in our group, to better evaluate their potential application 

in biological systems. Notably, we found out these compounds to target 20 proteins and, in 

particular, the carboxylate derivative of 1.136a (2.53) highlighted a promising binding-score value 

(80.13) with KAT2A protein. Therefore, we synthesised a small library of 2.53 analogs (2.80a-f 

and 2.81a-d) bearing a hydrogen atom at position C5 rather than a hydroxy moiety. Fluorescence 

assays confirmed the activity of the sole triazoles 2.53, 2.81a-d and 2.80b against KAT2A, 

pointing out the importance of a carboxylic function at position C4 of the triazole ring, while 

showing inactivity of triazoles 2.80a,c-e bearing an ester group at position C4 instead. Following 

these results, we tested the activity in vitro of triazoles 2.53, 2.81a-d, 2.80b and 2.80f and found 

out that only triazole 2.80b displayed the best results, with a promising inhibition of KAT2A 

acetylation activity of 40%. Furthermore, the synthesis of a modified version of triazole 2.80b, 

bearing an amide function instead of a carboxylic one (2.80f), proved the inhibitory activity to 

sligthly increase in CCK8 assay, even though exhibiting only a 15% H3K9/14ac reduction of 

acetylation levels when submitted to WB on U937 leukemia cells. These preliminary results 

proved the presence of a flexible lateral chain at position C4 to be crucial to bind the enzyme as 

well as possessing a hydrogen-bond acceptor site to further engage with KAT2A. We then also 

submitted triazoles 2.80a-e to C-H activation and conjugation with prolinic scaffolds in order to 

test their potential in supramolecular organic chemistry and organocatalysis. We created a small 

library of 2.80a-e analogs via C-H activation reactions through either copper or palladium 

catalysis. In particular, copper-catalysed C-H activation led to the formation of new C-N bonds 

when reacting pyridine-based 1,2,3-triazole 2.80a-e with both linear and cyclic primary and 

secondary amines 3.391-3.396 yielding analogs 3.397a-h, which are new compounds not yet 

reported in literature, in average yields. On the other hand, palladium-catalysed C-H activation to 

form new C-C bonds was successful only when reacting pyridine-based 1,2,3-triazole 2.80a with 

4-bromoanisole 3.403 in the presence of palladium acetate 3.89 yielding a new triazole-based 

compound 3.410a, not yet reported in literature. We also tried to develope a new prototype of 

proline-based triazole organocatalyst by reacting N-Boc- and N-tosyl proline β-ketoesters 3.440 

and 3.447 with azides 1.136a and 3.423b in the presence of various solvents and bases but none 

of these attempts succeeded. Therefore, future work will involve optimisation of the structure-

activity relationship of 2.80b, in order to find the optimal substitution pattern to correctly orientate 
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the tested compound towards KAT2A, and investigation of the best reaction conditions to attempt 

again to the synthesis of proline-based triazoles as organocatalysts. 
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