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Abstract 

Nitrous oxide (N2O) has gained much interest because of its physiological effects (“laughing 

gas”) and its negative environmental impact (“greenhouse gas”, “ozone-depleting substance”): It has a 

lifetime of more than 100 years in the atmosphere. Its persistent character shows how challenging it is 

to convert N2O into more valuable products. From a synthetic point of view, N2O has potential as diazo 

(N2) transfer reagent, but applications in synthetic organic chemistry are scarce. The main challenges 

are to capture N2O, avoid the loss of N2, and to overcome poor-selectivity and -yields.  

Herein, we describe two examples of the incorporation of two nitrogen atoms into the final 

product. Firstly, we use N2O as diazo transfer reagent in the preparation of triazolopyridines, which are 

valuable starting materials for heterocyclic compounds. The reactions can be performed under mild 

conditions and give synthetically interesting triazoles in moderate to good yields. Secondly, general 

methods to N1 acylated triazenes were missing previously. We developed routes to 1-acyl triazenes via 

acid-catalyzed hydration, or by gold- or iodine-catalyzed oxidation of 1-alkynyl triazenes. The latter 

compounds are prepared from N2O. The properties of the N1 acylated triazenes are distinct compared 

to other triazenes, displaying different physical and chemical properties. Under strong acidic conditions, 

1-acyl triazenes act as acylation reagents. Finally, despite that triazene chemistry is known for more 

than 160 years, the preferred coordination site of acids still remained a matter of debate (N1, N2, or 

N3). In search of experimental evidence, we have analyzed triflic acid, B(C6F5)3, and PdCl2 adducts of 

triazenes by IR, NMR spectroscopy and single crystal X-ray crystallography. For all cases, we found 

the acid coordinating to the N1 atom of the triazene. This preference should be taken into account for 

future acid- and transition metal-catalyzed reactions with triazenes.  

Altogether, this thesis contributes to triazene chemistry and synthetic chemistry with N2O. 

In this way, we provide further evidence that N2O can be used as a diazo donor to get to synthetically 

interesting N-containing products. 

 

Keywords 

Nitrous oxide, diazo transfer, triazolopyridines, triazenes, synthetic organic chemistry 
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Résumé 

Le protoxyde d'azote (N2O) a suscité beaucoup d'intérêt pour ses effets physiologiques 

("gaz hilarant") et son impact environnemental négatif ("gaz à effet de serre", "substance appauvrissant 

la couche d'ozone") : il a une durée de vie de plus de 100 ans dans l’atmosphère. Son caractère persistant 

montre à quel point il peut être difficile de convertir le N2O en produits plus précieux. D'un point de 

vue synthétique, le N2O a un potentiel en tant que réactif de transfert diazo (N2), mais les applications 

en chimie organique synthétique sont rares. Les principaux défis sont de capturer le N2O, d'éviter la 

perte de N2 et de surmonter la mauvaise sélectivité et les rendements. 

Ici, nous décrivons deux exemples de l'incorporation de deux atomes d'azote dans le produit 

final. Premièrement, nous utilisons N2O comme réactif de transfert diazo dans la préparation de 

triazolopyridines, qui sont des matières premières précieuses pour les composés hétérocycliques. Les 

réactions peuvent être effectuées dans des conditions douces et donnent des triazoles synthétiquement 

intéressants avec des rendements modérés à bons. Deuxièmement, car les méthodes générales pour les 

triazènes acylés N1 manquaient auparavant, nous avons développé des voies vers les 1-acyl triazènes 

via une hydratation catalysée par un acide, ou par oxydation catalysée par l'or ou l'iode de 1-alcynyl 

triazènes. Ces derniers composés sont préparés à partir de N2O. Les propriétés des triazènes acylés N1 

sont distinctes par rapport aux autres triazènes, affichant des propriétés physiques et chimiques 

différentes. Dans des conditions fortement acides, les 1-acyl triazènes agissent comme des réactifs 

d'acylation. Enfin, bien que la chimie des triazènes soit connue depuis plus de 160 ans, le site de 

coordination préféré des acides restait encore un sujet de débat (N1, N2 ou N3). À la recherche de 

preuves expérimentales, nous avons analysé les adduits d'acide triflique, B(C6F5)3 et PdCl2 des triazènes 

par spectroscopie IR, RMN et cristallographie aux rayons X sur un seul cristal. Pour tous les cas, nous 

avons trouvé l'acide se coordonnant à l'atome N1 du triazène. Cette préférence doit être prise en compte 

pour les futures réactions catalysées par des acides et des métaux de transition avec des triazènes. 

Au total, cette thèse contribue à la chimie des triazènes et à la chimie de synthèse avec N2O. 

De cette façon, nous fournissons une preuve supplémentaire que le N2O peut être utilisé comme donneur 

diazoïque pour obtenir des produits contenant de l'azote synthétiquement intéressants. 

Mot clés 

Protoxyde d’azote, transfert diazo, triazolopyridines, triazènes, chimie organique de synthèse 
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1.1 General introduction to N2O 

Nitrous oxide (N2O), commonly known as “laughing gas”, has had a remarkable journey 

throughout history.1 It was discovered by Joseph Priestly in 1772, and not long after that, the euphoric 

effects upon inhalation were discovered. That was picked up by dentistry and surgery, and nowadays 

N2O is used as an anaesthetic and it is listed as one of essential medicines by the World Health 

Organization (WHO).2 Besides that, N2O has been applied as a food additive (E942, aerosol spray 

propellant) in whipped cream and cooking sprays. Other than that, it is added to rocket fuel to increase 

the power of the engine (Figure 1.1). 

Despite of its many applications, there is a dark side of N2O: its negative environmental 

impact.3–7 With a global warming potential (GWP) of 265-298, N2O is the third most emitted 

greenhouse gas and is acknowledged as an ozone-depleting substance. The atmospheric lifetime of N2O 

is more than 100 years,8 which indicates how difficult it can be to break it down, and, thus, it is often 

regarded as an inert molecule. In nature, N2O is produced and converted to N2 via an enzymatic pathway 

in microbial processes.9,10 Despite of this natural decrease process, emissions of N2O are increasing. 

Close to two thirds of N2O in the atmosphere is produced in oceans and soils. The other third 

is due to human-based emissions via agriculture and industrial processes.3,11–13 Since 1980, human-

induced emissions have increased by 30%, which is faster than scientists had assumed previously.5 

The largest industrial sources of N2O as by-product are the manufacturing of nitric acid (the Ostwald 

process) as raw material for fertilizer, and the synthesis of adipic acid and caprolactam for Nylon 

production. Consequently, attention has increased in climate control discussions to set regulations to 

limit emissions, to capture, and abate N2O.4 

 

 

Figure 1.1 Discovery, applications, and environmental impact of N2O. 
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From a synthetic point of view, N2O is a promising reagent in organic synthesis.14 In 2018, N2O 

was incorporated in the Encyclopedia of Reagents for Organic Synthesis (Figure 1.2).15 Despite of its 

inert character, scientists have discovered ways to successfully activate N2O and use it as a building 

block in synthetic chemistry. To obtain an acceptable conversion, high pressures (> 25 bar) and high 

temperatures (> 200 °C) are often required, but recent studies employ milder, and more general 

conditions. Furthermore, several methods have shown that using N2O over comparable reagents is 

advantageous for the reaction outcomes. Moreover, new products can be made of which N2O is an 

essential building block. More applications towards fine chemical synthesis are emerging to get new 

synthetically interesting products, e.g. starting materials for pharmaceuticals or other functional 

materials.  

In this chapter, we highlight and discuss developments of N2O in synthetic organic chemistry, 

particularly aiming at generalized methods, mild conditions, and scope explorations of synthetically 

interesting products. Note that heterogeneous/homogeneous catalytic reactions, and metal-free, 

main group chemistry (frustrated Lewis Pairs)16 and bio(in)organic chemistry (e.g. Nitrous Oxide 

Reductase) of N2O are discussed extensively in the literature.9,17–20 

 

 

Figure 1.2 General properties of N2O. Adapted from J. H. Conway, Encycl. Reagents Org. 

Synth. 2018.15 

 

1.2 N2O as oxygen atom donor 

1.2.1 High temperature, pressure, and/or heterogeneous catalysts 

The selective oxidation of olefins to ketones or aldehydes is a challenging reaction. In the 

Wacker process, the oxidation of alkenes is performed with oxygen and homogeneous PdCl2/CuCl2 

catalyst in the presence of HCl. However, high selectivity remains challenging, chlorinated waste 

products are formed, and it can be difficult to recover the catalyst. To optimize the selective oxidation, 

N2O has been explored as alternative oxidant. N2O is a thermodynamically strong oxidant, producing 

in principle only N2 as a side product. Compared to O2, the release of the oxygen atom is energetically 

more favorable (ΔrG0
298 = 30.5 kcal/mol for N2O vs. ΔrG0

298 = 55.3 kcal/mol for O2). However, N2O is 
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kinetically inert and thus requires overcoming a higher activation barrier (50-60 kcal/mol).21 Therefore, 

high temperatures, high pressures or catalysts are required to successfully perform oxidations with N2O 

(Scheme 1.1 a).  

In non-catalytic approaches, high temperatures (> 180 °C) and pressures (> 10 bar) lead to the 

oxidation of C=C bonds in the gas-phase, liquid-phase and polymers,22,23 or the oxidization of C=O 

bonds such as for benzaldehyde.24 Via ball milling of sodium oxides and alkali metal and halide salts, 

compounds cis-Na2N2O2 and NaNO3 are produced in the presence of N2O.25 

In these cases, harsh conditions are applied to obtain acceptable yields and the scopes are 

sometimes rather limited. Alternatively, heterogeneous catalysts have been employed in selective 

oxidations, such as Fe-containing ZSM-5 zeolites for the oxidation of benzene and other aromatic 

compounds to alcohols,26 and the oxidation of methane and ethane to alcohols and aldehydes.27 

In particular, the oxidation of benzene to phenol with ~100% selectivity has been remarkable, as efforts 

with oxygen have not been successful. Apparently, N2O has the unique property to selectively oxidize 

double bonds, due to the non-radical reaction mechanism and its inertness to other types of bonds. 

Moreover, it is a rather cheap reagent, readily accessible and convenient to handle. Demonstrating the 

practical applicability of N2O, BASF developed and commissioned in 2019 two new industrial 

processes for the oxidation of olefins to ketones by N2O (Scheme 1.1 b).22 In these industrial processes, 

two valuable products, cyclopentanone (for crop protection products) and cyclodecanone (for raw 

materials in Nylon production), are synthesized by using N2O that has been recovered from the waste 

gas of the adipic acid production.  

 

 

Scheme 1.1 General oxidation reaction of alkenes by N2O (a). Ketones synthesized on 

industrial scale via N2O (b). 
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1.2.2 Transition metal activation and catalysis 

1.2.2.1 Activation and characterization of the N2O complex 

Another strategy to activate N2O is by using transition metal complexes. It is known that N2O 

is a poor ligand,28 and thus it is challenging to activate it and fully characterize the resulting complex. 

Nonetheless, more examples of well-characterized N2O complexes are emerging with metal centers, 

such as with Ru, V, Ni, Cu, Rh, and Co atoms (Figure 1.3).29–36 These structures provide valuable 

knowledge on the coordination modes of N2O and demonstrate that N2O can act as a ligand. The right 

balance of π-basicity is obtained by tuning the metal center and corresponding ligands, while preventing 

the oxidation of the metal center. Nowadays, well-characterized N2O complexes by NMR, IR, and 

XRD, with various transition metal centers have been reported. 

 

 

Figure 1.3 Synthesis of structurally characterized N2O transition metal complexes. a N2O 

activated transition-metal complex. 
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1.2.2.2 Oxygen transfer to the complex 

Compared to molecular intact N2O-complexes, more studies on oxygen transfer reactions with 

transition metal complexes have been reported. Known oxidations of the ligand and/or metal center are 

with Ti, Cr, V, Ni, Ru, Ir, Sm, and U transition metal complexes.14 Recent examples (Figure 1.4) show 

the oxidation of Ir pincer complexes,37,38 a dinuclear cobalt pincer complex,39 a nickel thioperoxide 

complex,40 and a di-iron imidophosphorane complex.41 

 

 

Figure 1.4 Oxygen transfer reaction to transition metal complexes recent examples. 

 

1.2.2.3 Oxygen transfer to substrate 

Important progress has also been made in the utilization of N2O as an oxidant in homogeneous, 

transition metal-catalyzed reactions (Scheme 1.2).  

First reports on the hydrogenation of N2O to water have been reported, but were limited to 

stoichiometric activation.37,42,43 Then, a catalytic hydrogenation was achieved using a Ru PNP pincer 

complex (TON 417).44 This reaction proceeds under relatively mild reaction conditions (65 °C) in 

comparison to the heterogeneous catalyzed hydrogenation of N2O (250-500 °C).45–47 In 2021, a 

bimetallic Rh-Pt catalyst was developed that exceeds the previous efficiency (TON 587).48 A recent 

reported silylene-iron complex was able to deoxygenate N2O, with a TON of up to 1400.49 

The deoxygenation of N2O can also be achieved in the presence of Re complexes photocatalytically to 

form water,50 or electrochemically to form hydroxide ions.51  

Other transition metal-catalyzed reactions include the oxidation of CO to CO2 by pincer 

complexes,52 different organic substrates with Ru-porphyrin53,54 or polyoxometalate catalysts,55–57 and 

isocyanide in the presence of an organometallic Mo catalyst.58 The oxidative coupling of Grignard 

reagents can be realized via metal catalysis.59 
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Scheme 1.2 Catalytic cycle of N2O oxidation and examples of substrates and products. 

 

Recently, new applications of oxygen transfer from N2O under relatively mild conditions with 

broader scopes have emerged. For example, the transfer of oxygen to phosphines to form the 

corresponding phosphine oxides is possible with a cobalt catalyst under mild conditions (25−70 °C, 

7−22 h, 2 bar N2O) (Scheme 1.3 a).60 Some of the employed phosphanes are highly O2/H2O sensitive, 

and benefit from the selective oxidation by N2O, resulting in higher efficiency compared to other 

standard oxidation methods.  

In another transition metal-catalyzed oxygen atom transfer, the hydrosilylation of N2O was 

achieved using a Ru-pincer complex (Scheme 1.3 b).44 Initially, the reaction was optimized for the 

hydrogenation of N2O to form H2O. With the optimal catalyst, oxygen transfer is applicable to three 

different silanes, resulting in moderate yields under mild conditions (65 °C, 36−72 h, ~3.5 bar N2O). 

 

 

Scheme 1.3 Oxygen transfer from N2O to substrate transition-metal catalyzed. 
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Other recent studies have used N2O to activate the catalyst by selective oxidation in synthetic 

transformations (Scheme 1.4 ). With a Rh-catalyst, nitrous oxide acts as hydrogen acceptor for the 

dehydrogenative coupling of alcohols (Scheme 1.4 a).61 The reaction proceeds under mild conditions 

and low catalyst loadings (50 °C, 7−22 h, 1 bar N2O). By varying the amount of KOtBu, either the 

carboxylate or the ester was obtained in yields ranging from 6−98%. In another example, Pauson–

Khand cycloadditions are promoted by N2O (Scheme 1.4 b).62 The role of N2O is to oxidize the CO 

ligand, rather than the Co atom. With this method, no pre-synthesis of an acetylene complex is required 

and only gaseous byproducts are formed. This reaction has been applied in the total synthesis of 

(+)-Waihoensene (Scheme 1.4 c).63 To perform the cycloaddition, several conditions were initially 

screened, such as combinations of Co2(CO)8 and other oxygen atom transfer reagents (e.g. 

trimethylamine N-oxide, methyl morpholine N-oxide, and tetramethyl thiourea), as well as other 

catalysts, such as Pd- or Rh-based ones. However, only low yields (< 38%) were obtained. The use of 

N2O, however, was advantageous and yielded 59% with 93% ee. 

 

 

Scheme 1.4 Nitrous oxide as hydrogen acceptor (a). Oxygen transfer from N2O to activate the 

catalyst in a Pauson-Khand reaction (b). Application of an N2O-promoted Pauson-Khand reaction in 

total synthesis (c). 
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1.2.3 Main group compounds 

The selective oxidation of low valent main group compounds by N2O is also possible. Examples 

include low valent silicon, germanium, basic phosphines, phosphorane, sodium sulphite, and boranes.14 

Recent examples (Figure 1.5) are the silanones,64,65 monoalumoxane anion,66 P-B system in the 

frustrated Lewis pair,67 dialumenes,68 two-coordinate acyclic iminosiloxysilylene,69 and a boraalkene 

stabilized internally by a N-heterocyclic carbene.70 For the monoalumoxane anion and the acyclic 

iminosiloylene, the compound with intact N2O were also isolated and fully characterized. 

 

 

Figure 1.5 Recent examples of oxidation of low valent main group compounds by N2O. 

 

Interestingly, catalytic activation can be achieved with a low-valent bismuth redox platform in 

the deoxygenation of N2O (Scheme 1.5 a). A TON of up to 6700 was achieved.71 Another metal-free 

catalytic reaction is the deoxygenation of N2O with disilanes (Scheme 1.5 b). A catalytic amount of 

fluoride anions or alkoxides allowed for mild reduction at ambient pressure and temperature.72 

 

 

Scheme 1.5 Catalytic examples of the reduction of N2O by main group compounds. 
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1.3 N2O as nitrogen atom donor 

Using N2O as an oxygen atom donor has been studied extensively, as is described in the 

previous section. In contrast, applying N2O as a diazo transfer reagent has been limited so far. The main 

challenges are: 1) finding reactants that can activate N2O, 2) avoiding reactions which lead to loss of 

N2, and 3) ensuring the selective formation of a desired product. 

One notable example of N2O-diazo transfer dates back to 1892, when Wislicenus discovered 

the synthesis of sodium azide (NaN3) from NaNH2 and N2O.73 To date, this is an industrial method for 

preparing NaN3 on large scale, which is a useful compound for biomedical applications, agricultural 

uses, and in synthetic chemistry for the preparation of other chemical compounds.74 Moving onward 

from NaNH2, multiple metalated organic compounds were investigated for their ability of N2O 

activation and transfer of the nitrogen atoms. As a result, nitrogen containing compounds were observed 

with lithium-,75–84 sodium-,85 magnesium-,86 and calcium-organic compounds,87–89 but the 

transformations were often found to be non-selective, poor-yielding, and/or of limited scope.  

In 1928, N2O activation was achieved by triphenyl sodium (Scheme 1.6 a),85 forming a 

“coloured salt”, which can be attributed to the diazotate. Upon the addition of an alcoholic solvent, the 

final product triphenyl methanol was obtained. The diazotate intermediate is often depicted as the 

intermediate in organometallic N2O activation. Diazotates are highly reactive and are potentially 

explosives.90 Due to the high reactivity of these compounds, it can be challenging to isolate it and 

control the reactivity. Further reactions with nucleophiles are sometimes unavoidable, such as in the 

presence of organometallic compounds. Other proposed reaction pathways are the formation of the 

reactive diazo species with the loss of metal hydroxide, or a bimolecular reaction with the removal of 

metal oxides. 

In the case of n-butyl lithium (n-BuLi), the main product, the hydrazone, is formed in 24% yield 

(Scheme 1.6 b), indicating that at least two moles of n-BuLi had reacted.84 Other than that, multiple side 

products are reported, including other N-containing products. For other organolithium reactions with 

N2O, various substituents have been screened, such as primary, secondary, and tertiary alkyl 

substituents, amines, and aromatic substituents.75–84 A mixture of products and poor selectivity was also 

found with these substituents.  

For organomagnesium compounds, it was generally assumed that they do not react with N2O. 

Early attempts in 1913 by Zerner showed no conversion of MeMgI with N2O, which was later confirmed 

by Beringer in 1953.84,91 Despite of the general assumption that Grignard reagents do not react with 

N2O, Severin and co-workers showed that reactions of iPrMgCl and BnMgCl with N2O do give 

hydrazones (Scheme 1.6 c), and their corresponding hydrazinium salts were isolated in 44-63% yield.86 
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Finally, some organocalcium complexes activating N2O have been reported. For example, the 

biphenyl calcium complexes for the biphenyl heterocycle in moderate yields (Scheme 1.6 d).87 

A substrate scope was not explored in this case. 

 

 

Scheme 1.6 Examples of alkali-metal reagents with N2O forming nitrogen containing 

products. 

 

Only recently, synthetically interesting diazo transfer reactions with N2O have emerged. 

For example, the synthesis of different benzotriazinones results from the treatment of amides and 

sulfonamides with BuLi reagents and N2O (Scheme 1.7).92 It is known that these types of heterocycles 

can be biologically active and they are used as building blocks in organic synthesis.   

 

 

Scheme 1.7 N2O in the synthesis of benzotriazinones from amides (a), and sulfonamides (b). 
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The discovery of N2O activation by N-heterocyclic carbenes, has led to the development of the 

synthesis of azoimidazolium salts.93 The salts can be prepared from N-heterocyclic carbenes, arenes, 

and N2O (Scheme 1.8).94,95 These azo compounds are strongly colored, making them suitable for 

applications as dyes. Furthermore, they can be reduced to give stable aminyl radicals,96,97 and they can 

serve as precursors for mesoionic carbene ligands.98  

 

 

Scheme 1.8 N2O activation by N-heterocyclic carbenes and the coupling to form azo dyes. 

 

Most recently, N2O was used to prepare novel organic reducing agents based on N-heterocyclic 

olefins (Scheme 1.9 a).99 These dimers can be converted into stable radical cations or a dicationic 

imidazolium salts. Their oxidation potentials allow for the reduction of aryl iodides, which demonstrates 

their utility as reducing agents in synthetic chemistry. When the solvent was switched to DMF and 

additives were added, diazoolefins were isolated in high yields (Scheme 1.9 b).100 Isolation and 

characterization of these elusive intermediates for the first time allows for exploring new types of 

reactivities. For a mesoionic N-heterocyclic olefin, a similar product was obtained (Scheme 1.9 c).101  
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Scheme 1.9 N2O activation by N-heterocyclic olefins to form azo dimers (a), and diazoolefins 

(b, c). 

 

The most atom economical reaction is to incorporate all the atoms into the final product.  

Plefka and Banert have achieved this goal by applying strained alkynes and a high pressure of N2O to 

synthesize pyrazole derivatives (Scheme 1.10).102 The reaction is proposed to proceed via a 

cycloaddition as 1,3-dipole of the diazonium betaine type, based on Huisgen’s classification. 

The intermediate undergoes normally a rapid Wolff rearrangement. However, in the presence of a 

nucleophile, the pyrazole ring is formed and acylation takes place. The cycloaddition with N2O is 

presumed to be the rate determining step. 

 

 

Scheme 1.10 Full atom transfer of N2O. 

 

Finally, nitrous oxide can also be used to build triazenes, which is described in more detail 

below (section 1.4).  
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1.4 Synthesis and chemistry of 1-alkynyl triazenes  

Triazenes are explored for more than 160 years and to date their scope and synthetic utility are 

ever expanding.103–105 Because of their intrinsic reactivity, triazenes are, for example, applied as anti-

cancer agents in medicinal chemistry,106,107 as protecting groups in total synthesis,108 as traceless solid-

phase linkers in synthetic chemistry,109,110 and as building tools in polymer technology.111 

To date, there are a couple of general synthetic routes to prepare triazenes (Scheme 1.11). 

One of the first and most explored route is the coupling of aryldiazonium salts with secondary amines 

to obtain 1-aryl-3,3-dialkyl triazenes (Scheme 1.11 a).112 Although this method is applicable to various 

amines, the diazonium salts are limited to aryl substituents, because alkyl, vinyl, or alkynyl substituents 

for diazonium salts are unstable. With the azide route it is also possible to access vinyl triazenes 

(Scheme 1.11 b).113,114 

 

 

Scheme 1.11 General synthetic routes to triazenes. 

 

The key synthetic utility is the cleavage of triazenes and to install a range of nucleophiles 

(Scheme 1.12 a). Therefore, triazenes can be regarded as masked diazonium salts. The acid-induced 

cleavage of triazenes has been studied extensively with kinetic115–124 and theoretical studies,125–129 which 

is of interest for the synthetic utility of triazenes and their potential biological activity.130,131 

Two triazene-based drugs have been developed as anticancer agents: dacarbazine and temozolimide 

(Scheme 1.12 b). In the presence of an enzyme, the compound releases a DNA-alkylating agent, which 

eventually leads to cell apoptosis and cell death. When R” = H and in the presence of a base, the 

triazenide is formed, which act as a ligand for transition and main group metals (Scheme 1.12 c).132–138 
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Scheme 1.12 Brønsted or Lewis acid-induced conversion of 1-aryl-3,3-dialkyltriazenes into 

diazonium compounds (a). Bioactivity of triazenes and two clinically used triazenes (b). Metal 

complexation of triazenes (c). 

 

Finally, nitrous oxide can also be used to build triazenes.139 Notably, it is possible to access 

1-alkynyl triazenes (Scheme 1.13), which had not been prepared before. Lithiated amines form 

diazotates upon subjection to N2O atmosphere, and the addition of a Grignard reagent results in 

triazenes.139 Besides alkynyl substituents, also aryl, vinyl, and one example with alkyl triazene have 

been reported. 

 

Scheme 1.13 General synthetic routes to prepare triazenes via N2O. 

 

Due to the electron-donating nature of the triazene functionality, 1-alkynyl triazenes show an 

ynamide-type reactivity with an activated triple bond (Figure 1.6), and thus open-up a range of possible 

further reactions.105 Examples include organic transformations (Scheme 1.14) by regioselective addition 

of acid,140 isomerization to allenyl triazenes,141 Lewis acid-catalyzed diastereoselective four-component 

reaction,142 and reactions with ketenes,140 donor-acceptor-substituted cyclopropanes,140 or with 

tetracyanoethylene.140  
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Figure 1.6 1-Alkynyl triazenes display ynamide-type reactivity. 

 

 

Scheme 1.14 Organic transformations of 1-alkynyl triazenes. 

 

Furthermore, transition metal-catalyzed reactions (Scheme 1.15) are possible, including the 

Au-catalyzed addition to N-aminopyrazoles,143 Ru-catalyzed [2+2]144 and [2+2+2]145 cycloadditions, 

Rh-catalyzed C-H annulations,146–148 Ir-catalyzed [3+2] cycloadditions,149 Pd-catalyzed addition 

reactions,150 and Cu- or BCF-catalyzed annulation or addition reaction.151 
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Scheme 1.15 Metal-catalyzed transformations of 1-alkynyl triazenes. 
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1.5 Objectives of the thesis 

The overall objectives of the work described in the present thesis were: to use nitrous oxide as 

diazo transfer reagent to form triazolopyridines- and quinolines (Chapter 2), develop general routes 

towards 1-acyl triazenes and study their chemical, physical, and biological properties (Chapter 3), and 

investigate triazene intermediates formed upon the addition of acids (Chapter 4). These studies 

contribute to the fields of synthetic chemistry with nitrous oxide and triazenes, and they provide 

fundamental knowledge on the activation of nitrous oxide and synthetizing valuable organic precursors, 

which will have potential in further organic transformations. 

 

 

 

Scheme 1.16 Overview objectives of thesis. 
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2.1 Introduction 

A first report about the activation of N2O by organolithium compounds was published in 1953 

by Beringer, Farr and Sands.84 Reactions of alkyllithium compounds were found to give different 

nitrogen-containing products (e.g. hydrazones or azines). It was proposed that these transformations 

involve diazo compounds as intermediates, which can react further with the alkyllithium reagent 

(Scheme 2.1 a).79–84 Diazo compounds, which are directly linked to 2-pyridyl groups, rapidly cyclize to 

give triazolopyridines.152–157 Therefore, we assumed that the reaction of metallated 2-alkylpyridines 

with N2O might give triazolopyridines as main reaction products (Scheme 2.1 b).158 Triazolopyridines 

represent highly valuable starting materials for heterocycle synthesis.152–157 These fused 1,2,3-triazoles 

are unique heterocycles with fluorescent and coordination properties,159,160 and they are applied in 

materials science and organic chemistry,154,156,157,161–165 and show preliminary results for pharmaceutical 

applications.166,167 The triazole ring can be activated by being subjected to high temperatures or 

transition-metal complexes (Scheme 2.1 c).  

 

 

Scheme 2.1 The reaction of alkyllithium compounds with N2O gives nitrogen-containing products, 

and diazo compounds were discussed as putative intermediates (refs 79–84) (a). Proposed formation of 

triazolopyridines (b). Reactivity of triazolopyridines (c). 

 

2.2 Synthesis of the triazoles 2.1–2.10 

To test our hypothesis, we lithiated 2-benzylpyridine and subjected it to an atmosphere of N2O. 

Analysis of the mixture after a reaction time of 1 h at room temperature showed that triazole 2.1 had 

indeed formed. Subsequently, the conditions were optimized.  
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First, the lithiation efficiency was examined by performing the lithiation in Et2O or THF and 

then dissolving a small amount of the lithiated salt in dry CD3OD (Scheme 2.2). For both, Et2O and 

THF, the lithiation was nearly complete under the given conditions.  

 

 

Scheme 2.2 Investigation of the lithiation efficiency. A: Et2O (0.1 M), 0 °C to rt, 1 h, B: THF (0.1 M), 

–78 °C to rt, 2 h. Yield calculated based on CH2 vs CHD 1H NMR signal after quenching with 

CD3OD. 

 

Starting from the lithiated 2-benzylpyridine, an initial optimization was performed to find 

conditions for the N2O conversion (Table 2.1). The reaction conditions were varied and the crude 

reaction mixtures were analyzed by 1H NMR (CD2Cl2) by comparing the α-H signal of the pyridyl group 

of product A (8.76 ppm), side-product B (8.55 ppm), and starting material C (8.50 ppm). The initial 

screening indicated that at rt and 0 °C (entry 1 and 2), the reaction does not go to full completion. 

Increasing the temperature to 50 °C (entry 4) was beneficial for the conversion. For reactions at higher 

concentration (0.1 M, entry 6 and 7), a new side-product was detected, which was not identified. 

We have chosen the conditions given under entry 5 (50 °C for 2 h) for further studies. 

 

Table 2.1 Screening of reaction conditions. 

 

Entry T (°C) Conc. (M) Time (h) Conversion (%) 

A B C 

1 rt 0.048 1 52 48 0 

2 0 0.048 1 23 67 10 

3 40 0.024 1 >95 2 <5 

4 50 0.024 1 >95 0 <5 

5 a 50 0.048 2 >95 0 <5 

6 b,c 50 0.1 1 93a 3 4 

7 b,c 50 0.1 2 >95a 0 <5 

a 350 mg instead of 50 mg. b 200 mg instead of 50 mg. c New set of signals appeared. 
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Subsequently, the reaction was followed and optimized over two steps in one pot. For the 

reaction screening (Table 2.2), an aliquot of the organic phase was evaporated and the ratio of product 

and side-products was determined by 1H NMR (CD2Cl2). Starting with THF as solvent (entry 1–3), the 

increase in equivalents of n-BuLi did not lead to a higher conversion into the desired product. In the 

case of 4 equiv (entry 3), there was a mixture of signals, suggesting some side-reactions had taken place. 

Switching to Et2O and 1.1 equiv (entry 4) gave the desired clean conversion, which was selected as the 

optimal reaction conditions. Heating overnight also produced side-products (entry 5).  

 

Table 2.2 Screening of reaction conditions, two-step reaction, one-pot. 

 

Entry n-BuLi 

(equiv) 

Solvent T (°C) Conversion (%) 

A B C 

1 1.5 THF –78 88 5 7 

2 2 THF –78 55 40 5 

3 4 THF –78 Mixture of signals 

4 1.1 Et2O 0 >95 <5 <5 

5 a 1.1 Et2O 0 Mixture of signals 

a N2O reaction overnight instead of 2 h. 

 

From the reaction optimization, it appeared that mild heating at 50 °C for 2 h in THF (0.05 M) 

was advantageous for the diazo transfer reaction. A cleaner reaction was observed when the lithiation 

step was performed in diethyl ether, followed by a solvent switch to THF for the reaction with N2O. 

Under these conditions, triazole 2.1 could be isolated in 82% yield (Scheme 2.3).  
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Scheme 2.3 Synthesis of triazolopyridines and triazoloquinolines with N2O. The values in brackets 

refer to isolated yields. a Reaction performed on a 5 mmol scale/ gram scale. b Extended reaction 

times for the reaction with N2O, 2.9: 19 h, and 2.10: 4 h. 

 

The scope of the diazo transfer reaction was examined next (Scheme 2.3). Chloro (2.2) and 

methyl substituents (2.3) on the phenyl ring were well-tolerated, whereas the more electron donating 

groups OMe (2.4) and N(Me)2 substituents (2.5) gave lower yields. Apparently, side-reactions take 

place when the phenyl ring is too strongly activated. Changing the pyridine moiety to lutidine (2.6) and 

quinoline (2.7 and 2.8) resulted in good yields. Finally, replacing the phenyl group with 2-pyridyl or 

5-indolyl provided the desired products 2.9 and 2.10 in moderate yields. It is worth noting that the anion 

in lithiated bis(2-pyridyl)methane (the precursor of 2.9) is highly delocalized, with Li+ coordinating to 

both pyridyl groups.168 The delocalization is expected to lower the nucleophilicity of the organolithium 

compound, hampering the reaction with N2O. We have also examined reactions of pyridines with simple 

alkyl instead of benzyl substituents. A complex mixture of products was observed, and further analyses 

were not performed. 

2.3 Synthesis of the triazoles 2.11–2.15 

Stentzel and Klumpp reported that reactions of trans-1,2-di(2-pyridyl)ethylene with 

organolithium reagents give stable 2-alkylpyridine anions, which can be trapped with 

electrophiles.169,170 These results prompted us to explore if we can combine a C–C coupling reaction 

with the nitrous oxide-induced triazole formation. 
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First, the lithiation efficiency was examined according to the procedures by Stentzel and 

Klumpp.169 The yields were calculated by integration of selected 1H NMR signals (Table 2.3). A large 

excess of n-BuLi resulted in a mixture of signals (entry 2). Both, the presence of TMEDA (entry 3) and 

without (entry 1), showed a good conversion. In the case of HMPA (entry 4), a higher conversion was 

not obtained. 

 

Table 2.3 Screening of lithiation conditions. 

 

Entry Additive n-BuLi (equiv) Conversion (%) 

A.1 B.1 

1 - 1.5 <5 83 

2 a - 7 <5 <5 

3 TMEDA (1 equiv) 1.5 <5 86 

4 HMPA (1 equiv) 1.5 5 72 

a Mixture of signals.  

 

It has been reported that olefinic N-heterocycles react poorly with organolithium and Grignard 

reagents.169 Under the conditions of entry 1 (Table 2.3), we briefly examined other organolithium and 

EtMgBr for a couple of olefinic N-heterocycles. In the case of n-BuLi, we observed good to high yields 

(B.2-4), while for PhLi a lower yield was obtained (B.5). For EtMgBr, only traces of the product were 

observed (B.6). 

 

 

Figure 2.1 Screening addition reaction of organolithium and magnesium compounds to 

various olefinic N-heterocycles. 1H NMR yields. a With PhLi, 1.5 equiv. b With EtMgBr, 1.5 equiv. 

 

Next, the reaction was optimized over two steps in one pot (Table 2.4). The yield was calculated 

by integration of selected 1H NMR signals. First, the reaction under N2O was followed over time 

(entry 1a–d) indicating that prolonged reaction times were beneficial for the yield. Then, changing the 

size of the flask (entry 2 and 3) or adding TMEDA (entry 4) did not lead to higher yields. A side-product 

was identified by HRMS as is shown in Figure 2.2, which can be assigned to the dehydration of B. 
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Table 2.4 Screening of reaction conditions, two-step reaction, one-pot.

 

Entry Schlenk flask size Additive Time (h) Conversion (%) 

A B C 

1a 250 ml - 2 5 a 7 a 29 a 

1b 250 ml - 3.5 8 a 5 a 17 a 

1c 250 ml - 16 7 a 8 a 15 a 

1d 250 ml - 24 8 5 - 

2 100 ml - 24 0 0 - 

3 500 ml - 24 4 5 - 

4 250 ml TMEDA 

(1 equiv) 

24 1 5 - 

a NMR yield calculated based on the ratio of the three products instead of an internal standard. 

 

 

Figure 2.2 Identified side-product during the screening of lithiation conditions. 

HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C16H19N2
+ 239.1543; Found 239.1550. 

 

The addition of n-BuLi (1.2 equiv) to a solution of trans-1,2-di(2-pyridyl)ethylene in THF 

followed by reaction with N2O at slightly elevated temperature (50 °C) gave triazolopyridine 2.11 

(Scheme 2.4). Purification by standard flash chromatography turned out to be difficult. However, by 

using preparative HPLC, it was possible to isolate 2.11 in 54% yield. n-BuLi could be replaced by 

s-BuLi or t-BuLi, giving the triazoles 2.12 and 2.13. Attempts to substitute one of the two pyridyl groups 

with a phenyl group were met with limited success. 2-Alkenyl quinolines, on the other hand, could be 

converted into to the triazoles 2.14 and 2.15. 
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Scheme 2.4 Synthesis of triazoles by sequential reaction of alkenyl pyridines or quinolines 

with first organolithium reagents and then N2O. The values in brackets refer to isolated yields. 

 

Overall, the isolated yields for these sequential C–C, C–N coupling reactions were only modest 

(29–54%). However, it should be noted that structurally complex triazolopyridines are formed in a 

simple one-pot procedure. 

2.4 Synthesis of the triazole 2.17 

Triazolopyridines with ester substituents are frequently used as substrates for synthetic 

transformations.152–157 In order to examine if compounds of this kind can be obtained with nitrous oxide, 

we have investigated the reaction of metalated methyl 2-(pyridine-2-yl)acetate with N2O.  

A quick optimization was performed (Table 2.5). In DMSO and in THF, oligomers were 

formed, which hampered the conversion (entry 1 and 4). Addition of 18-crown-6 did prevent the 

formation of oligomers (entry 2 and 5), whereas TMEDA was not suited (entry 3). The conversion was 

followed by 1H NMR in d6-DMSO (entry 2) and d8-THF (entry 5). In d8-THF, a mixture of products 

was observed. In d6-DMSO, the conversion was clean and a more detailed 1H NMR study was 

performed. 
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Table 2.5 Screening of reaction conditions. 

 

Entry Solvent Additive T Result 

1 DMSO - rt Oligomers 

2 DMSO 18-crown-6 rt Dissolved → followed by NMR 

3 DMSO TMEDA rt Oligomers 

4 THF - rt Oligomers 

5 THF 18-crown-6 rt, 50 °C for 1 h Dissolved → followed by NMR: 

Mixture of products 

 

In a J-Young’s NMR tube, methyl 2-pyridylacetate (3 μl) was dissolved in d6-DMSO/DMSO 

(1:1, 0.5 ml) and KOtBu (1.05 eq) and 18-crown-6 (1.0 eq) were added. A blank measurement was 

taken after which the sample was subjected to an N2O atmosphere (3x N2O/vac cycles) and heated at 

50 °C. The conversion was followed by 1H NMR over time (Figure 2.3). 

According to the 1H NMR measurements, the deprotonation by KOtBu was quantitative. 

After 2.5 h, the reaction was nearly complete. Under basic conditions, H/D exchange of acidic protons 

can occur in d6-DMSO.171,172 The proton next to the N-atom in the ring of the triazolopyridine is known 

to be acidic, and partial H/D exchange was observed. Moreover, cleavage of the ester of the product 

was observed as the signal of methanol has appeared. The by-product KOH had induced simultaneous 

hydrolysis of the ester function.162 

 

 

Figure 2.3 1H NMR spectra for the conversion of metalated methyl 2-pyridylacetate into 2.16 

using the conditions given in entry 2, Table 2.5. 
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The formation of salt 2.16 was corroborated by X-ray diffraction (Figure 2.4). Single crystals 

of 2.16 were obtained within two weeks after layering the DMSO sample with ethyl acetate. The product 

crystallized as a cluster with the molecular formula C42H26K2N18Na4O13. 

 

 

Figure 2.4 Molecular structure of 2.16 in the crystal. Thermal ellipsoids are drawn at 50% 

and hydrogen atoms are not shown for clarity. 

 

The optimization studies showed that deprotonation of the ester was achieved by KOtBu in 

DMSO.173,174 18-Crown-6 (18-C-6) was used as additive to facilitate solubilization of the metallated 

pyridine. Subsequent addition of N2O along with gentle heating at 50 °C resulted in the clean formation 

of potassium salt 2.16 (Scheme 2.5). Acidic work-up gave carboxylic acid 2.17, which was isolated in 

89% yield.  

 

 

Scheme 2.5 Synthesis of triazolopyridine 2.17. 

 

Next, we have investigated the removal of the CO2H group via Ag(I)-catalysis to give the plain 

triazole 2.18 (Scheme 2.6).175 A nearly clean conversion was observed and the 1H NMR yield of 

[1,2,3]triazolo[1,5-a]pyridine 2.18 was 91% (Figure 2.5). Note that triazolopyridines will decompose 

at higher temperatures and release N2.176 
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Scheme 2.6 Decarboxylation of 2.17.  

 

 

Figure 2.5 1H NMR spectra for the protodecarboxylation of 2.17 to 2.18 in d6-DMSO. TMB = 

trimethoxybenzene. 

 

2.5 Mechanistic considerations 

With regard to the mechanism of the reactions discussed herein, one can propose an initial 

nucleophilic attack of the carbanion to N2O to give a diazotate of type I (Scheme 2.7). Elimination of 

MOH would provide diazo compounds of type II, which are prone to cyclize to give the final products. 

However, it is also conceivable that the nucleophilic attack occurs via the pyridyl N-atom, since 

metalated 2-alkylpridines display significant charge density at the N-atom.168,173 In this case, the 

reaction with N2O would give aminodiazotates of type III. It is worth noting that aminodiazotates have 

previously been observed in reactions of lithiated amines with N2O.139 Elimination of MOH from III 

would give triazolopyridines without involvement of diazo compounds.  
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Scheme 2.7 Proposed mechanism for the synthesis of triazolopyridines from N2O. 

 

Attempts to identify intermediates by in situ 1H NMR spectroscopy were not successful. 

For example, we followed the reaction by 1H NMR spectroscopy (Figure 2.6). In a J-Young’s NMR 

tube, lithiated 2-benzylpyridine (~2 mg) was dissolved in d8-THF (0.5 ml) and an initial blank spectrum 

was recorded. Subsequently, N2O was added and the sample was heated for 1 h at 50 °C. A clean 

conversion was observed with a trace of the starting material remaining. The reaction was complete 

within ~5 min. The difference in reaction time compared to the up-scale reaction we attribute to the 

difference in mass transfer and concentration. 

 

 

Figure 2.6 1H NMR spectra for the conversion of lithiated 2-benzylpyridine into 2.1 at 50 °C 

in d8-THF. 

 

We then further investigated the reaction at lower temperatures: In a J-Young’s NMR tube, 

lithiated 2-benzylpyridine (~4 mg) was dissolved in d8-THF (0.5 ml) and first the sample was analyzed 
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at –20 °C (Figure 2.7). Then the sample was frozen in liquid nitrogen and N2O was added. While cold, 

the sample was inserted into the NMR spectrometer and the spectra were recorded at different 

temperatures (Figure 2.7). Going from –20 and to 25 °C, the reaction proceeds. A clean conversion from 

lithiated 2-benzylpyridine to triazolopyridine 2.1 was observed with no signs of an intermediate. 

Noteworthy is that the chemical shift of 2.1 is temperature dependent. 

 

 

Figure 2.7 Following the reaction by VT NMR spectroscopy. 

 

In these preliminary studies, intermediates could not be identified by in situ 1H NMR. 

Further studies on the mechanism would be needed to determine the precise reaction pathways of the 

diazo transfer reactions. 
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2.6 Conclusion 

In conclusion, we have shown that nitrous oxide can be used as a diazo transfer reagent for the 

synthesis of triazolopyridines and triazoloquinolines. The N2O-based methodology allows accessing 

synthetically interesting triazoles in moderate to good yields. Traditionally, triazoles with aryl 

substituents in 3-position (e.g. 2.1) are prepared from 2-acylpyridines by condensation with hydrazine 

(H2NNHR’) followed by oxidation (Scheme 2.8).177 Alternatively, 2-pyridyl amines can be oxidized 

with tert-butyl nitrite (t-BuONO).178 Our procedure is distinct since it employs 2-alkyl or 2-alkenyl 

pyridines as starting materials.179 Furthermore, the compounds are obtained using operationally facile 

one-pot reactions. More generally, our results are further evidence for the utility of N2O in synthetic 

organic chemistry. 

 

 

Scheme 2.8 General synthetic routes to triazolopyridines. 
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3.1 Introduction 

Triazenes with acyl groups attached to the N3 atom (Figure 3.1) have been studied extensively 

over the past decades in medicinal and synthetic chemistry.180–182 These compounds are typically 

prepared by acylation of 1,3-disubstituted triazenes.103,180–184 Alternative synthetic pathways include the 

reaction of deprotonated amides with diazonium salts,185–187 the condensation of hydrazides with 

aromatic nitroso compounds,188 or the reaction of benzoyl azide with a Grignard reagent.189 

3-Acyl triazenes have found considerable interest in medicinal chemistry, and numerous bioactive 

compounds have been reported in the literature.190–195 In this context, the reactivity of 3-acyl triazenes 

has been studied in detail, from both a theoretical127 and experimental190,191,200–202,192–199, point of view. 

3-Acyl triazenes have also been used as precursors for aminyl radicals,203 as acylating agents,204 and as 

chemodosimeters for cyanide.205  

 

 

Figure 3.1 3-Acyl triazenes versus 1-acyl triazenes. 

 

In contrast to the well-established chemistry of 3-acyl triazenes, there are hardly any reports 

about triazenes with carbonyl groups attached to the N1 atom. Triazenes with 1-carbamoyl and 

1-alkoxycarbonyl groups have been prepared by oxidation of functionalized triazanes.206,207 

Furthermore, there are reports about benzo[1,2,3]triazine-4(3H)-one derivatives,208–210 which can be 

regarded as cyclic (covalent connection between N1 and N3)211 acyl triazenes. A general synthetic 

method for synthesizing acyclic 1-acyl triazenes (Figure 3.1) is not available so far. We found that 

1-acyl triazenes are accessible by hydration or oxidation of 1-alkynyl triazenes, and details about these 

reactions are given below.212  

The starting materials of choice to attempt the synthesis of 1-acyl triazenes were 1-alkynyl 

triazenes, which can be prepared from lithium amides, alkynyl Grignard reagents, and nitrous 

oxide.14,139 These heteroatom-substituted alkynes display a similar reactivity as ynamides.140,141,144–146,150 

For example, ketenes react with 1-alkynyl triazenes to give [2+2] cycloaddition products under mild 

conditions.140 Ynamides can be hydrated in the presence of Brønsted or Lewis acids to give N-acyl 

sulfonamides.44-48 An analogous reaction with 1-alkynyl triazenes would give 1-acyl triazenes, and we 
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therefore examined reaction conditions for the hydration of 1-alkynyl triazenes. The triazene group is 

known to be acid-sensitive.103,180–182 Therefore, the challenge was to find conditions which would allow 

the hydration of the triple bond without cleavage of the triazene function.  

3.2 Synthesis of the alkyl 1-acyl triazenes 3.1–3.9 

Initial attempts to hydrolyze 1-alkynyl triazenes in the presence of Ag(I) salts showed that the 

desired products can be formed. However, high catalyst loadings were needed, and problems with 

purification were encountered. Switching to acetic acid catalysis214 was found to be advantageous. 

Optimizing the reaction conditions showed that decreasing the equivalents of acetic acid from 2.0 to 

0.5 and lowering the temperature from 100 to 50 °C was beneficial for the yield (entry 1 and 2, Table 

3.1). For the triazene with R2 = nBu, a lower yield of 68% was observed under the milder conditions 

(entry 3), but heating at 70 °C did not lead to a higher yield (entry 4). For R2 = Ph, only low yields were 

observed at 50 °C (entry 5 and 6). In this case, heating with 2.0 equivalents of acetic acid at elevated 

temperature resulted in a higher yield (entry 7). At last, for R1 = Cy (entry 8), only a small amount of 

the desired compound was observed, which could be attributed to the low solubility of the starting 

material in acetone/water. 

Table 3.1 Screening of reaction conditions.  

 

Entry Triazene Acetic acid 

(x equiv) 

T (°C) Time (h) Yield (%) a 

1 R1 = iPr, R2 = tBu 2.0 100 2 27 

2 R1 = iPr, R2 = tBu 0.5 50 4.5 82 

3 R1 = iPr, R2 = nBu 0.5 50 5 68 

4 R1 = iPr, R2 = nBu 0.5 70 5 58 

5 R1 = iPr, R2 = Ph 0.5 50 4.5 15 

6 R1 = iPr, R2 = Ph 0.5 50 24 26 

7 R1 = iPr, R2 = Ph 2.0 100 2 36 

8 R1 = Cy, R2 = nBu 0.5 50 24 8b 

a Isolated yields. b Poor yield, presumably because the starting material is poorly soluble in acetone/water. 

 

In order to examine if an acetic acid adduct is formed as an intermediate, a two-step reaction 

was performed (Scheme 3.1). First, the acetic acid adduct was synthesized and isolated according to a 

reported procedure.140 The isolated product was then subjected to the reaction conditions 
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(water/acetone, 50 °C, 24 h). The acetic acid adduct was stable under these conditions, and no 1-acyl 

triazene was formed. 

 

 

Scheme 3.1 Attempted hydrolysis of an acetic acid adduct. 

 

Our brief screening indicated that 0.5 equivalents of acetic acid and a reaction temperature of 

50 °C was suited for hydrolysis reactions of most alkynyl triazenes. Moderate to good yields were 

obtained for alkynyl triazenes containing various alkyl substituents at the triple bond (3.1−3.6,  

Scheme 3.2). As mentioned above, the hydration of a phenylethynyl triazene (R2 = Ph) is more difficult 

and the corresponding acyl triazene 3.7 was isolated in only 36% yield. Most likely, these hydration 

reactions are initiated by protonation of the alkyne at the β-carbon atom, and this position is less 

nucleophilic in the case of the phenylethynyl triazene. Variation of the alkyl substituents at the N3 

position is possible, as evidenced by the successful synthesis of the acyl triazenes 3.8 and 3.9. 

 

 

Scheme 3.2 Acetic acid-catalyzed hydration of alkynyl triazenes. a The reaction was 

performed in a closed vial at 100 °C with 2 equiv CH3CO2H. 
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3.3 Synthesis of the olefinic 1-acyl triazenes 3.10–3.16 

Next, we explored the oxidation of 1-alkynyl triazenes with pyridine N-oxides in the presence 

of Au(I) catalysts.218,219 Screening of different catalysts and reaction conditions (Table 3.2) showed that 

(JohnPhos)AuCl in combination with AgNTf2 (both 5 mol %) and pyridine N-oxide can be used for the 

clean formation of the olefinic acyl triazene 3.10 (entry 2).  

Table 3.2 Screening of reaction conditions. 

 

Entry Catalyst 

(LAuX) 

(mol%) AgY (mol%) T 

(°C) 

Time (min) Yield (%) c E/Z ratio c 

1 (CyJohnPhos)AuCl 5 AgNTf2 5 70 30 86 8.1 

2 (JohnPhos)AuCl 5 AgNTf2 5 70 30 97 8.9 

3 (JohnPhos)AuCl 2.5 AgNTf2 2.5 70 30 55 8.8 

4 (dppe)Au2Cl2 2.5 AgNTf2 2.5 70 30 15 5.5 

5 (Ipr)AuNTf2 2.5 x 2.5 70 30 31 8.0 

6 (PPh3)AuCl 2.5 AgNTf2 2.5 70 30 15 6.0 

7 a (JohnPhos)AuCl 2.5 AgOTf 2.5 70 30 60 8.8 

8 a (JohnPhos)AuCl 5 AgOTf 5 70 30 86 9.4 

9 (JohnPhos)AuCl 2.5 AgSbF6 2.5 70 30 45 9.0 

10 (JohnPhos)AuCl 5 AgNTf2 5 50 30 88 8.6 

11 (JohnPhos)AuCl 5 AgNTf2 5 25 30 45 5.0 

12 x x x x 70 75 0 0 

13 (JohnPhos)AuCl 5 x x 70 30 0 0 

14 b x x AgNTf2 5 70 30 11 4.0 

15 b x x AgOTf 5 70 30 32 5.0 

16 b x x AgOTf 20 70 30 11 3.9 

a AgOTf does not dissolve well in DCE, which could explain the rate differences. b Black particles were observed when the 

silver salt was used as sole catalyst. c Yields and E/Z ratio based on 1H NMR spectra. 

 

The optimized reaction conditions were then used to synthesize the acryloyl triazenes 

3.10−3.16, which were obtained in moderate to good yields (Scheme 3.3). The reactions gave 

predominantly the E-isomer. The oxidation of internal alkynes with pyridine N-oxides is prone to give 

mixtures of regioisomers.220 In our case, oxygen atom transfer was perfectly site-specific, as it was 

observed for ynamides.218 The high selectivity can be attributed to the polarization of the triple bond of 

alkynyl triazenes.140  
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Scheme 3.3 Au-catalyzed oxidation of alkynyl triazenes. a Only the E-isomer observed. 
b The E/Z mixture could not be fully separated. 

 

The likely mechanism of the reaction involves a nucleophilic attack of the pyridine N-oxide at 

the Cα position of the Au-activated triple bond, followed by N−O bond rupture and formation of an 

α-oxo gold carbenoid (Scheme 3.4).221 Product formation then occurs via a [1,2]-H shift or [1,2]-Me 

shift in the case of 3.16. 

 

 

Scheme 3.4 Proposed mechanism of the Au-catalyzed formation of olefinic 1-acyl triazenes.  
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3.4 Synthesis of the 1,2-diketo triazenes 3.17–3.22 

If [1,2] shifts are not possible, the intermediate gold carbenoid is susceptible to another attack 

by pyridine N-oxide, leading to a double oxidation of the alkyne.218 Arylethynyl triazenes are not able 

to undergo [1,2] shifts after a first oxidation, so they appeared to be suited substrates for the synthesis 

of 1,2-diketones. First test reactions with phenylethynyl triazene showed that Au-catalyzed double 

oxidation reactions can indeed be realized when an excess of pyridine N-oxide is employed. 

However, we also examined if the reaction could be catalyzed by iodine, which is proposed to follow a 

similar mechanistic pathway (Scheme 3.5).222  

 

 

Scheme 3.5 Proposed mechanism of the iodine-catalyzed reaction. 

 

In the optimization studies, the screening of catalytic loading of I2 showed that 50 mol% led to 

the highest conversion (Table 3.3, entry 1-3). With pyridine-N-oxide, a lower yield was obtained 

(entry 4) and without N-oxide no conversion was observed (entry 5). The formation of the 1,2-diketo 

triazene was attempted with R = nBu, but a mixture of products was obtained instead (entry 6).   
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Table 3.3 Screening of reaction conditions. 

 

Entry R I2 (x mol%) Pyridine N-oxide (x equiv) Time (min) Yield (%) a 

1 Ph 10 2-Cl-PNO (3 equiv) 50 36 

2 Ph 20 2-Cl-PNO (3 equiv) 50 77 

3 Ph 50 2-Cl-PNO (3 equiv) 50 94 

4 Ph 20 PNO (3 equiv) 50 55 

5 Ph 20 - 30 0 

6 nBu 50 2-Cl-PNO (3 equiv) 50 Mixture of products, trace 

of starting material 
a Yields based on 1H NMR spectra. 

 

Using the optimized I2-catalyzed method, we explored the scope of the reaction (Scheme 3.6). 

Compared to the Au-method, the yield for the metal-free oxidation was superior (for 3.17: 85 vs 61%). 

Triazenes with p-methoxyphenyl or p-fluorophenyl groups could be oxidized with similar yields (3.18 

and 3.19). When using a triazene with a cyclohexenyl instead of an aryl group attached to the triple 

bond, the I2 activation method was not successful. Here, the Au-catalyzed procedure turned out to be 

better, allowing the isolation of the diketone 3.20 in 42% yield. Varying the alkyl substituents on N3 

(Cy or Me instead of iPr) gave the corresponding acyl triazenes 3.21 and 3.22 in good yields using the 

I2-based procedure.  

 

Scheme 3.6 Double oxidation of alkynyl triazenes. Conditions A: 2-chloro pyridine N-oxide (R3 = Cl, 

3 equiv), I2 (0.5 equiv), acetonitrile (0.1 M), rt, 50 min, conditions B: pyridine N-oxide (R3 = H, 2.2 

equiv), (JohnPhos)AuCl (10 mol%), AgNTf2 (10 mol%), 1,2-dichloroethane (0.2 M), 70 °C, 1.5 h.  
a Only conditions B gave the desired product. 
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3.5 Synthesis of the α-halogenated 1-acyl triazenes 3.23–3.28 

To expand the scope even further, we examined oxyhalogenation reactions223–226 with alkynyl 

triazenes. Using N-bromosuccinimide (NBS), we were able to obtain the dibrominated 1-acyl triazenes 

3.23−3.27 in mostly good yields (Scheme 3.7). The reactions can be performed under mild conditions 

(0 °C) without a catalyst, in contrast to most oxyhalogenation reactions with NBS described in the 

literature.223–226 Changing NBS to N-chlorosuccinimide (NCS) led to the formation of α-dichlorinated 

acyl triazene 3.28 in 71% yield. With N-iodosuccinimide (NIS), on the other hand, we were not able to 

prepare the corresponding diiodo compound. For the oxyhalogenation of alkynes with NXS reagents, 

ionic and radical mechanisms have been discussed.223–226 In our case, the involvement of radicals seems 

likely because the reaction was found to be light sensitive. When the synthesis of 3.23 was performed 

in the strict absence of light, we were able to detect a significant amount of a mono-brominated acyl 

triazene in addition to the dibrominated product 3.23. When the reactions were carried out under 

ambient light, the mono-brominated triazene was not detected. We attribute the ease of the 

transformation to the intrinsic reactivity of the alkynyl triazenes.  

 

 

Scheme 3.7 Oxyhalogenation of 1-acyl triazenes. 

 

3.6 X-ray crystallographic data 

After having established methodologies for the synthesis of four types of 1-acyl triazenes, we 

focused on exploring the properties of these new compounds. 

The solid-state structures of 3.2, 3.11-E, 3.16, 3.18, 3.20, and 3.21 were determined by single 

crystal X-ray diffraction (Figure 3.2 a). For all six compounds, the N−C=O group was found to be in 

plane with the triazene group, indicating electronic communication between the two. 
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The electron-withdrawing effect of the carbonyl group has a strong effect on the structure of the 

triazene. Notably, the formal N−N single bond between N3 and N2 is of comparable length as the formal 

N=N double bond between N2 and N1. For 3.16, 3.18, 3.20, and 3.21, the N2−N3 bond is even shorter 

than the N1−N2 bond. The pronounced influence of the acyl group is evident when comparing the 

structures of 1-acyl triazenes with what is found for 3,3-dialkyl-1-aryl triazenes. An analysis of 

67 compounds found in the CCDC database showed that these triazenes all display a “normal” behavior, 

with the formal N−N single bond being longer than the formal N=N double bond (N2−N3 av. = 1.33 Å, 

N1−N2 av. = 1.27 Å; Figure 3.2 b). The remarkably short N2−N3 bonds of 1-acyl triazenes imply that 

the resonance forms B and C contribute significantly to describing the electronic structure  

(Figure 3.2 c).  

 

 

Figure 3.2 Crystal structures of 1-acyl triazenes (a). Hydrogen atoms are omitted for clarity. 

N–N bond lengths of 1-aryl- and 1-acyl triazenes (b). Average bond lengths of 67 (3,3)-dialkyl-1-aryl 

triazenes found in the CCDC data base. Mesomeric structures of 1-acyl triazenes (c). 
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3.7 NMR Coalescence studies 

The strong double bond character of N2−N3 was also observed by NMR spectroscopy. In the 

case of iso-propyl groups at N3, there are two sets of signals observed at 25 °C, which merge into one 

upon raising the temperature (coalescence). To determine the rotation barrier around the N2−N3 bond, 

we measured 1H spectra of 3.1, 3.10-E, and 3.17 at variable temperatures (Figure 3.3, Figure 3.4, 

Figure 3.5). Based on the spectra, the corresponding rotation barriers were calculated (Table 3.4). 

 

 

 

 

Figure 3.3 Coalescence measurements with triazene 3.1. 
 

 

 

Figure 3.4 Coalescence measurements with triazene 3.10-E. 
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Figure 3.5 Coalescence measurements with triazene 3.17. 

 

Table 3.4 Overview of the measured and calculated values. 
  

 

3.1 

 

3.10-E 

 

3.17 

Coalescence temperature, when 

two peaks merge into one 

Tc 145 °C / 418 K 149 °C / 422 K > 140 °C a 

Separation between two signals in 

the absence of exchange 

∆𝑣 40 Hz 40 Hz 144 Hz 

Rate of exchange at Tc 

 

kc 89 s-1 89 s-1 320 s-1 

The free energy of activation ∆𝐺𝑐
‡
 88 kJ mol-1 89 kJ mol-1 N.A. 

a The temperature limit of the NMR spectrometer is 150 °C. 

 

For 3.1 and 3.10-E the measured Tc values are 145 °C and 149 °C. In the case of 3.17, the Tc is 

> 140 °C, above the temperature limit of the NMR spectrometer. The rotation barriers for 3.1 and 3.10-E 

were ~88-89 kJ mol-1. Compared to other triazenes (Table 3.5), it shows that the 1-acyl triazenes have 

high Tc and rotation barriers under the given conditions.  
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Table 3.5 Comparison of Tc and rotation barriers. 
Entry Triazene Tc (°C) ∆𝒗 (Hz) ∆𝑮𝒄

‡
 (kJ/mol) 

 

Method and solvent 

1a 

 

–42 169 44.8 (+/- 0.8) 13C-NMR, 25.2 MHz, 

CDCl3 

2b 

 

–23.5 19 57.3 (+/- 1.3) 1H-NMR, 60 MHz,  

CDCl3 

3b 

 

–13 20.2 58.2 (+/- 0.8) 1H-NMR, 60 MHz,  

CDCl3 

4b 

 

37 20 65.7 (+/- 0.8) 1H-NMR, 60 MHz,  

CDCl3 

5c 

 

95 25.8 78.2 (+/- 1.3) 1H-NMR, 200 MHz, 

C6D5NO2 

6c 

 

106 65.5 79.5 (+/- 0.8) 1H-NMR, 200 MHz, 

C6D5NO2
 

7 

(3.1) 

 

145 40 88 1H-NMR, 400 MHz,  

d6-DMSO 

8 

(3.10-E) 

 

149 40 89 1H-NMR, 400 MHz,  

d6-DMSO 

9 

(3.17) 

 

>140 144 N.A. 1H-NMR, 400 MHz,  

d6-DMSO 

a Sieh, D. H. et al. J. Am. Chem. Soc. 2005 (ref 227) b Marnilo, N. P. et al. J. Am. Chem. Soc. 1968 (ref 228). c Acta, 

H. C. et al. Helv. Chim. Acta 1983 (ref 229). 
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3.8 Temperature stability 

3.8.1 Liquid state (NMR) 

The coalescence studies showed that the 1-acyl triazenes can be heated at high temperatures for 

a short amount of time. To further investigate the temperature stability, we heated the samples over 

longer periods of time (Figure 3.6, Figure 3.7, Figure 3.8). 

The in situ NMR experiments revealed small amounts of iPr2NH2
+ as a side product. It is worth 

noting that the products are thermally very stable. For compound 3.17, for example, we could detect 

only traces of decomposition after heating a solution in d6-DMSO for 5 days at 140 °C. 

 

 

Figure 3.6 Alkyl 1-acyl triazene 3.1 in d6-DMSO. Formation of the free amine, indicated by the green 

circle. 

 

Figure 3.7 Olefinic 1-acyl triazene 3.10-E in d8-toluene. The time points at 70 °C and 100 °C were 

measured in situ in the NMR spectrometer. 
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Figure 3.8 1,2-Diketo triazene 3.17 in in d6-DMSO. Formation of the free amine, indicated by the 

green circle. 

 

3.8.2 Solid state (TGA) 

To determine at what temperature the triazenes decompose in the solid state, we performed 

thermogravimetric analyses (TGA) (Figure 3.9). Above a temperature of 100 °C, the triazenes start to 

decompose. A gradual decrease is observed and no sudden decrease in weight, which is the case of 

explosive materials. The 1,2-diketo triazene 3.17 was more stable at higher temperatures than the other 

measured triazenes. 

 

 

Figure 3.9 TGA results of compounds 3.10-E and 3.17 and 1-alkynyl triazenes. 
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3.9 Hydrolytic stability 

3-Acyl triazenes are known to undergo facile hydrolysis.198 In order to assess the hydrolytic 

stability of 1-acyl triazenes, we have analyzed solutions of 3.3 in D2O/d6-acetone (4:1) by NMR 

spectroscopy (Scheme 3.8). Compound 3.3 was chosen because of its solubility in aqueous solution. 

After heating for 12 days at 50 °C, only partial hydrolysis was observed (28%). Heating for 22 h to 

reflux resulted in 61% hydrolysis. These results show that 1-acyl triazenes have a comparatively low 

susceptibility to hydrolysis. 

 

 

 

Scheme 3.8 Hydrolysis of 3.3 followed by NMR spectroscopy. Signals (a) correspond to the 

carboxylic acid and (b) to the diisopropylamine. 
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3.10 Acid sensitivity 

The acid sensitivity of the aryl triazene PhN3iPr2 and the 1-acyl triazene 3.1 was evaluated using 

NMR spectroscopy (Scheme 3.9). The ammonium salt is formed by acid-induced cleavage of the 

triazene function. In the case of acetic acid, the results indicate that the 1-acyl triazene 3.1 is more stable 

over a couple of days than the aryl triazene under the given conditions. For TFA, the decomposition is 

nearly complete within 1 hour and the 1-acyl triazene 3.1 is slightly more stable than the aryl triazene.  

 

 

 

 

 

 

Scheme 3.9 Acetic acid- (a) or TFA-(b) induced decomposition of the aryl triazene and 3.1 as 

determined by NMR spectroscopy. 

 

  

(a) 

Acetic acid 

(b) 

TFA 
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Next, the acid sensitivity of the 1-acyl triazenes 3.1, 3.10-E and 3.17 was evaluated with triflic 

acid (Scheme 3.10). Compared to TFA, the alkyl (3.1) and olefinic (3.10-E) triazenes decompose more 

rapidly with the stronger acid HOTf. In the case of the 1,2-diketo triazene (3.17), the triazene was 

relatively stable and it required nearly 25 hours to reach 75% decomposition.  

 

 

 

 

 

Scheme 3.10 Triflic acid-induced decomposition of the triazenes 3.1 and 3.10-E (a) and 3.17 (b) as 

determined by NMR spectroscopy. 

  

(a) 

(b) 
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3.11 Reactivity studies 

As shown above, triazenes are acid-sensitive compounds. Acid-induced N2−N3 bond cleavage 

of 1-acyl triazenes was expected to give highly reactive acyldiazonium compounds, which could act as 

acylation agents. In order to examine if such reactivity can indeed be observed, we analyzed reactions 

of the 1-acyl triazenes 3.1, 3.16, and 3.17 with HOTf in the presence of different nucleophiles (water, 

methanol, aniline, and anisole). In most cases, a clean acylation reaction was observed (Scheme 3.11).  

Attempts to perform more challenging acylation reactions with benzene as a nucleophile were 

not successful. We have also examined acylation reactions with the brominated triazene 3.23. 

With water and methanol, the expected products were obtained in 76% and 94% yield, respectively, but 

reactions with anisole and aniline gave a mixture of products, and more detailed analyses were not 

performed. 

 

Scheme 3.11 1-Acyl triazenes as acylating agents. Yields and product ratios were determined by 1H 

NMR spectroscopy. Conditions: HOTf (2 equiv), NuH = D2O: CD3CN/D2O, 9:1, 0.05 M, rt (for 3.23: 

70 °C), 11 – 90 min; NuH = CD3OD: neat, 0.05 M, rt, 44 – 59 min; NuH = aniline (2 equiv): CD3CN 

(0.05 M), 70 °C, 70 min – 18 h; NuH = anisole (2 equiv): CD3CN (0.05 M), 70 °C, 20 – 21 h. 

 

Finally, we have briefly examined reactions under nonacidic conditions (Scheme 3.12). 

Oxidative conditions are compatible with the triazene function, as evidenced by the synthesis of epoxide 

3.29. Strongly basic conditions are also tolerated, and we were able to perform an alkylation reaction 

with prenylbromide via an enolate intermediate generated by LDA (3.30). 

 

 

Scheme 3.12 Reactions of the 1-acyl triazenes 3.16 and 3.1. Conditions: 3.29: DCM (0.2 M), 

mCPBA (1.1 equiv), rt, 2 h, isolated yield; 3.30: LDA (1.42 equiv), prenylbromide (1.5 equiv) in 

THF, –78 °C, isolated yield. 
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3.12 Biological assays 

An investigation of the biological activity of the new acyl triazenes appeared worthwhile. 

The bioactivity of previously reported triazenes is generally related to the fact that they represent 

masked alkylating agents.103,180–182,190–195 1-Acyl triazenes act as masked acylating, rather than 

alkylating, agents. Therefore, these compounds might display a biological activity which is distinct 

from that of other triazenes. It should be noted that triazenes can be mutagenic and/or carcinogenic and 

thus appropriate care and safe handling should be taken into account. 

A selection of 15 compounds was submitted for cytotoxicity assays (Figure 3.10). 

Dose-response curves were recorded for 6 cell lines: Hela (Human cervix adenocarcinoma), A2780 

(human ovarian carcinoma), MDA-MB-231 (human breast adenocarcinoma), MCF7 (human breast 

adenocarcinoma (metastases from pleural effusion)), MCF-10A (human epithelial breast), and 

HEK293T (human embryonic kidney).  

 

 
 

  

3.4 

 

3.8 3.9 3.12 

   
 

3.18 

 

3.19 3.20 3.22 

    

3.25 

 

3.27 3.28 3.29 

 

 

 

 

 

3.31 

(unpublished) 

 

3.32 

(unpublished) 

 

3.33 

(unpublished) 

 

 

Figure 3.10 List of compounds selected for biological assays. 

 

Four out of the 15 triazenes showed cytotoxicity of >10% at a concentration of 10 µM against 

at least one cell-line (Table 3.6). The values represent the percentage of the cell population killed by 
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the product, according to the fluorescence level of resazurin, which is proportional to the number of 

living cells. Compound 3.25 showed the highest toxicity of 70% against A2780. Compounds 3.12, 3.27, 

and 3.33 showed moderate to low cytotoxicity (<50%). The other compounds listed in Figure 3.10 were 

below the cytotoxicity threshold (<10%). 

 

Table 3.6 Cytotoxicity (%) at 10 µM. 

Compound Hela A2780 MDA-MB-231 MCF7 MCF-10A HEK293T 

3.12  33     

3.25 18 70 47    

3.27 11 47 13    

3.33  19     

 

The presence of bromine atoms was found to enhance the cytotoxicity in some cases  

(Figure 3.11). For example, an increased toxicity of 47% was found for 3.27 when compared to that of 

3.9 (<10%). In the case of the diketo triazene 3.19, when the acyl group is replaced by bromine atoms 

in 3.25, the cytotoxicity is increased to 70% (A2780). For the 1,2-diol 3.32, however, no significant 

bioactivity was observed despite of the presence of bromine atoms. In contrast, iminyltriazene 3.33 did 

show some toxicity. 

While a set of 1-acyl triazenes showed some cytotoxicity, their interaction with the cells and 

biological pathway remains unclear.  

 

  
  

3.9 3.27 3.19 3.25 

<10% 47% (A2780) <10% 70% (A2780) 

  

 
 

 

 3.32 

(unpublished) 

3.33 

(unpublished) 

 

 <10% 19% (A2780)  

 

Figure 3.11 Comparison of cytotoxicity. 
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For the most toxic compounds, dose-response curves were measured and the concentrations of 

the compound required to achieve half maximal inhibition (IC50) were calculated (Table 3.7). A flat line 

was observed for the dose-response curve of 3.27, which is non-specific. It is therefore not clear what 

is causing the cytotoxicity. Compound 3.12 showed a promising dose-responsive curve and was active 

against A2780.  

Table 3.7 IC50 in µM. 

Compound Hela A2780 MDA-MB-231 MCF7 MCF-10A HEK293T 

3.12  9   18 47 

3.25 15 3 9 21 71 8 

3.27 a >100 (2 ?) (26 ?)    

3.33  14     

a Flat line in the dose-response curve. 

 

To qualify as an actual “hit” in drug development, the cellular IC50 should be < 5 µM. 

Suitable candidates for chemotherapy or any clinical applications should have IC50 in the range of ca. 

10 nM. In our case, the compounds have IC50 values of > 3 µM and therefore are considered as having 

low activity. Accordingly, structural variations were not further investigated. Under the assumption that 

1-acyl triazenes serve as masked acylating agents, there needs to be an activating metabolism step to 

activate them. Further studies in vivo would be necessary to study the metabolic pathway in more detail. 

3.13 Conclusion 

In conclusion, we have shown that 1-acyl triazenes can be prepared by hydrolysis or oxidation 

of 1-alkynyl triazenes. Using these methods, we were able to synthesize for the first time a variety of 

1-acyl triazenes. The acyl group at the N1 position was found to have a strong influence on the physical 

and chemical properties of the triazenes. Crystallographic analyses revealed extremely short N2−N3 

bond lengths. Accordingly, the energy barrier for rotation around this bond is much higher than what 

has been reported for other triazenes. The new 1-acyl triazenes are thermally robust compounds with a 

low susceptibility to hydrolyze. Under acidic conditions, they act as acylating agents. Basic or oxidative 

conditions, on the other hand, are well tolerated by the triazene function. The investigation of the 

biological activity revealed that some cytotoxicity was observed, the origin of which remains unclear
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4.1 Introduction 

Aryl diazonium salts are versatile reagents in synthetic organic chemistry, as was discussed in 

Chapter 1.230–234 Handling and isolation of these sensitive compounds can be problematic, which is why 

they are usually generated and consumed in situ.235,236 1-Aryl-3,3-dialkyl triazenes represent surrogates 

for aryl diazonium compounds.103,104,109,237 These triazenes are simple to synthesize and handle, and they 

are stable under neutral or basic conditions. The addition of Brønsted or Lewis acids results in the 

cleavage of the triazene group and liberation of an aryl diazonium compound, which can then engage 

in further functionalization (Scheme 4.1 a).103,104,109,237  

The acid-induced cleavage of triazenes has been investigated extensively with kinetic115–124 and 

theoretical studies,125–129 which is of interest for the synthetic utility of triazenes and their potential 

biological activity.130,131 Despite the numerous studies, it is still unclear which of the three nitrogen 

atoms is preferentially protonated upon addition of acid (Scheme 4.1 b). Protonation on N3 is expected 

to weaken the N2–N3 bond, and thus promoting the cleavage of the triazene, forming the diazonium 

compound. Therefore, the intermediate is suggested to be protonated on N3 for 1-aryl-3,3-dialkyl 

triazenes.104,238–242 However, computational analyses reveal that N1 is equally or even more basic than 

N3 in some cases.125–129,243–247 While N1 protonation can be the most energetically favorable, this is 

often discounted, because it does not lead to the experimentally observed reactivity of N2–N3 bond 

cleavage. With N1 protonation, delocalization is expected to strengthen the N2–N3 bond. N2 is 

considered to be the least favorable protonation site. 

 

 

Scheme 4.1 Brønsted or Lewis acid-induced conversion of 1-aryl-3,3-dialkyltriazenes into 

diazonium compounds (a), and the question of the relative proton affinity of the N atoms (b). 

 

Pytela and co-workers showed indirect evidence for an N1-protonated triazene as a ‘non-

reactive associate’.117 Based on kinetic studies, they suggest that two molecules of trichloroacetic acid 

are coordinating to N1 of 3-alkyl-1,3-diaryl triazenes in hexane. A polar associate was favored over an 

ion pair, but the exact structure of this species was not further investigated. 
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In the case of 3-acyl triazenes, the protonation site and decomposition pathways become even 

more complex.107,126,197,198,248 Firstly, there are multiple decomposition pathways depending on the pH. 

Secondly, the carbonyl offers an additional protonation site. Michejda and co-workers demonstrated 

computationally that N3-protonation is a much higher energy process than either O or N1-

protonation.248 Similar to aryl triazenes, N1-protonation is regarded as not important as a productive 

pathway for triazene cleavage. 

The synthesis and properties of 1-acyl triazenes were previously discussed (Chapter 3),249 

which also raises the question of what their preferential protonation site is (N1, N3 or O). Since the N1-

acylated triazenes were remarkably stable compared to other triazenes, we proposed to study in more 

detail the interaction with Brønsted and Lewis acids. As a result, we were able to obtain structural and 

spectroscopic experimental evidence for elusive N1-protonated intermediates.250 

4.2 Brønsted acid adducts of 1-acyl triazenes 4.1–4.3 

First, we studied the protonation of 1-acyl triazenes (3.1, 3.16, and 3.17, Scheme 4.2) with 

Brønsted acids. The presence of an acyl group at N1 position was expected to lower the proton affinity 

of this site. In addition, the oxygen atom of the acyl group represents a new potential protonation site.248 

Initial experiments revealed that protonated 1-acyl triazenes are stable enough to be isolated on a 

preparative scale (Scheme 4.2). The addition of triflic acid to a solution of the triazenes in diethyl ether 

at room temperature led to the immediate formation of precipitates, which were isolated in yields 

between 70 and 91%. All three solids were found to be stable when stored under N2 atmosphere at 

−40 °C. The next challenge was to find experimental evidence for the protonation sites. 

 

 

Scheme 4.2 Synthesis of protonated 1-acyl triazenes. 
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4.2.1 IR spectroscopic data 

Analyses of the powders by IR spectroscopy showed bands at 1765–1743 cm−1 for the carbonyl 

groups. In addition, we observed new absorptions at 1579–1545 cm−1 for all three compounds. 

For example, for 4.1, the C=O stretching (*) shifts to 1765 cm-1 and the N-H bend (×) is visible at 

1545 cm-1 (Figure 4.1). These values corresponds to what is expected for an amide II-type band.251 

The IR spectra were therefore the first indirect evidence that protonation had also occurred at position 

N1.  

 

 

 

Figure 4.1 IR spectra of 3.1 and 4.1. For the other IR spectra, please see the Experimental Section. 

 

4.2.2 X-ray crystallographic data 

The salts 4.2 and 4.3 were crystallized by using layering techniques at low temperature. 

Crystallographic analyses revealed that in both cases, protonation had occurred at N1 position  

(Figure 4.2; the H atoms bound to N1 were found in a difference map and refined freely). Instead of 

balanced N1–N2 and N2–N3 bond distances, as is observed for the 1-acyl triazenes (see Chapter 3), we 

find shorter N2–N3 bonds and longer N1–N2 bonds for 4.2 and 4.3. The bonding situation in these 

* 

* × 
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compounds is therefore best described with a mesomeric form showing a double bond between N2 and 

N3. One can observe hydrogen bonds between the triflate anion and the N–H group of the cation. 

For 4.2, the triflate anion links two adjacent cations via hydrogen bonds (N1⋯O4 = 2.831(2) and 

2.919(2) Å; only one is shown in Figure 4.2), whereas for 4.3, an individual hydrogen bond between 

the triflate anion (O3) and the N–H group is observed (N1⋯O3 = 2.804(3) Å).  

 

 

Compound N1–N2 (Å) N2–N3 (Å) ∠N1N2N3 (°) 

4.2 1.3104(19) 1.2649(19) 120.07(13) 

4.3 1.319(2) 1.256(2) 121.18(17) 

 

Figure 4.2 Molecular structures of 4.2 and 4.3 in the solid state. The thermal ellipsoids are at 50% 

probability. With the exception of NH, hydrogen atoms are not shown for clarity. 

 

4.2.3 NMR spectroscopy 

In order to examine the situation in solution, we have recorded HSQC and HMBC NMR spectra 

of a mixture of 3.1 and HOTf to get 4.1 in CD2Cl2 at −80 °C. The direct coupling between  

N–H is observed in the 1H-15N HSQC spectrum (Figure 4.3). The other 15N chemical shifts were 

revealed in the 1H-15N HMBC spectrum (Figure 4.4). 
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Figure 4.3 1H-15N HSQC NMR spectrum of 4.1 (–80 °C, CD2Cl2).  

 

 

Figure 4.4 1H-15N HMBC NMR spectrum of 4.1 (–80 °C, CD2Cl2). 

  

1H-15N HSQC 
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4.3 Brønsted acid adduct of 1-aryl-3,3-dialkyl triazene 4.4 

The combined data from IR- and NMR-spectroscopy and X-ray crystallography confirm that 

the nitrogen atom in position 1 is protonated. 

Eager to apply our findings to the more standard 1-aryl-3,3-dialkyl triazene, we have performed 

low temperature crystallizations of different aryl triazene/HOTf/solvent mixtures. Suitable single 

crystals were finally obtained from aryl triazene 4.a, using diethyl ether as solvent. A crystallographic 

analysis confirmed that the proton is located at N1 (Scheme 4.3). It is worth noting that the hydrogen 

atom bound to nitrogen was found in a difference map and refined freely. In line with the anticipated 

charge delocalization, the N2–N3 bond of 4.4 (1.284(2) Å) has a similar length as the  

N1–N2 bond (1.294(3) Å). The plane defined by the three nitrogen atoms of 4.4 is nearly coplanar with 

the plane of the phenyl ring. One oxygen atom of the triflate anion is found within hydrogen bonding 

distance to the N–H group (N1⋯O1 = 2.859(3) Å). 

 

 

Compound N1–N2 (Å) N2–N3 (Å) ∠N1N2N3 (°) 

4.4 1.294(3) 1.284(2) 119.29(19) 

 

Scheme 4.3 Protonation of the aryl triazene 4.a and molecular structure of 4.4 in the crystal. 

The thermal ellipsoids are at 50% probability. With the exception of NH, hydrogen atoms are not 

shown for clarity.  

 

4.4 Lewis acid adducts of triazenes 4.5–4.7 

The results summarized in the previous section show that protonation of triazenes preferentially 

occurs at N1 position. The higher basicity of this site should translate to higher affinity to Lewis acids, 

given that steric interactions can be neglected.  

For our investigations, we have used the strong Lewis acid B(C6F5)3. In order to reduce the 

influence of steric interactions between the Lewis acid and the substituent at N1 position, we have first 

examined reactions with the 1-alkynyl triazene 4.b (Scheme 4.4 a).139 
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A solution of 4.b in hexane was added to a solution of B(C6F5)3 in dichloromethane/hexane 

(1:1). The mixture was then stored at −40 °C, resulting in the formation of a yellow precipitate (4.5). 

Compound 4.5 was isolated in 87% yield (Scheme 4.4 a). The N1-coordination was confirmed by X-ray 

crystallography by Chadwick in the published paper.250 

For aryl triazene 4.a, we were also able to obtain a B(C6F5)3 adduct in crystalline form (4.6). 

X-ray crystallography of 4.6 confirms that the Lewis acid is coordinated to the N1 atom (Scheme 4.4 b). 

The dative B–N bond has a length of 1.615(3) Å. This value is comparable to what has been reported 

for adducts of B(C6F5)3 with N-donors (average bond length B–N = 1.626 Å). Interestingly, the bound 

triazene adopts an unusual Z configuration. Most likely, this configuration is favored because it 

minimizes steric interactions with the bulky Lewis acid. It is assumed that N1-coordination of the Lewis 

acid facilitates E to Z isomerization, because electron density is removed from the N1–N2 bond. 

 

 

Compound N1–N2 (Å) N2–N3 (Å) ∠N1N2N3 (°) N1-B (Å) 

4.6 1.293(3) 1.288(3) 124.1(2) 1.615(3) 

 

Scheme 4.4 Synthesis of the B(C6F5)3 adducts 4.5 and 4.6. The thermal ellipsoids are at 50% 

probability. Hydrogen atoms are not shown for clarity. 

 

Since several reactions of triazenes involving Pd catalysis are reported,150,252–258 we have 

additionally explored the coordination of triazenes with PdCl2. Information about the binding site of 

neutral triazenes to transition metals has been limited,133–135,137,138,145,259–261 and thus more information 

on the preferred coordination mode would be valuable for further mechanistic proposals. 

For our study, we have used acyl triazene 3.17. For solubility reasons, PdCl2(PhCN)2 was 

employed. From mixtures of PdCl2(PhCN)2 (1 equiv) and the respective triazene (2 equiv) in 

dichloromethane, we were able to obtain the Pd complex 4.7 in 74% yield (Scheme 4.5). 
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X-ray crystallography reveals that the 1-acyl triazene act as monodentate ligand via N1 

coordination. Similar to the other triazene adducts, a strong double bond character is observed for N2–

N3 as this bond is shorter than N1–N2. A noteworthy feature of complex 4.7 is the presence of close  

C–H⋯Pd contacts262 involving two isopropyl groups. In the 1H NMR spectrum of 4.7, this interaction 

is manifested by a strongly deshielded signal for one of the CHMe2 groups at 10.16 pm (CD2Cl2). 

 

 

Compound N1–N2 (Å) N2–N3 (Å) ∠N1N2N3 (°) N1-Pd (Å) 

4.7 1.304(3) 1.270(3) 123.6(2) 2.018(2) 

 

Scheme 4.5 The synthesis of the Pd complex 4.7. The thermal ellipsoids are at 50% 

probability. Most hydrogen atoms are omitted for clarity. 

 

4.5 Bond length comparison 

Selected bond lengths and angles for the triazene adducts in this chapter are summarized in 

Table 4.1. For comparison, we have analyzed 30 structures of neutral 1-aryl-3,3-dialkyl triazenes found 

in the CCDC database (Figure 4.5). The average bond length observed for N1–N2 is 1.28 Å, and the 

average N2–N3 bond length is 1.33 Å. In the case of 1-acyl triazenes (Chapter 3), N1–N2 and N2–N3 

bond lengths are more balanced. The most pronounced effect of protonation or coordination to N1 is 

thus a shortening of the N2–N3 distance. 

 

Table 4.1 Selected bond lengths (Å) and angles (°) for the triazene adducts in this chapter. 

Compound N1–N2 (Å) N2–N3 (Å) ∠N1N2N3 (°) N1-B/Pd (Å) 

4.2 1.3104(19) 1.2649(19) 120.07(13) / 

4.3 1.319(2) 1.256(2) 121.18(17) / 

4.4 1.294(3) 1.284(2) 119.29(19) / 

4.6 1.293(3) 1.288(3) 124.1(2) 1.615(3) 

4.7 1.304(3) 1.270(3) 123.6(2) 2.018(2) 
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Figure 4.5 Average bond length comparison from 30 crystal structures of neutral 1-aryl-3,3-

dialkyl triazenes found in the CCDC database (    ), 1-acyl triazenes from Chapter 3 (    ), and the 

triazene adducts shown in this chapter (    ). 

 

4.6 Conclusion 

We have investigated the protonation of 1-aryl and 1-acyl triazenes with triflic acid by low 

temperature NMR spectroscopy and single crystal X-ray analysis. The results show that the preferred 

protonation site is N1. Our data indicate that N1-protonation strengthens the N2–N3 bond, and thus 

disfavoring N2–N3 bond scission. Therefore, N1-protonated triazenes should be considered as non-

productive intermediates during the acid-induced cleavage. Reversible addition should eventually lead 

to N3 protonation and the cleavage of the triazene. 

Besides Brønsted acids, triazenes are also cleaved by strong Lewis acids.263–267 Thus, we have 

studied triazene adducts with B(C6F5)3 and PdCl2. The results show likewise that N1 is the preferred 

coordination site, implying that steric or chelate effects play a minor role. Similar to Brønsted acids, we 

assume that N1-coordinated adducts are off-pathway intermediates. These studies are of relevance since 

triazenes have been extensively studied in acid- and transition metal-catalyzed reactions.115,116,125–129,117–

124 The finding of N1-protonation preference should be taken into account for future mechanistic 

proposals.



 

 

 

5 Conclusion and outlook 

N2O has had a remarkable journey throughout history, with applications ranging from medical 

purposes to additive for food or fuel. And N2O has a darker side as greenhouse gas and ozone depleting 

substance due to its persistent character in the atmosphere. Despite of N2O’s inert character, synthetic 

chemists are interested in using N2O as a synthetic reagent. The oxygen atom transfer has been studied 

extensively (Chapter 1), in particular in selective oxidations of alkenes (also applied on industrial scale), 

low valent main group, and transition metal complexes. Recent studies employ milder, catalytic, and 

more general conditions applicable to complex reactions (e.g. in total synthesis). It is expected that more 

reactions will emerge and that selective oxidations with N2O will overcome shortcomings of other 

oxidation procedures.  

In contrast, examples of N2O as diazo transfer reagent remained scarce (Chapter 1). The main 

challenges are: 1) finding reactants that can capture N2O, 2) avoiding side reactions such as the loss of 

N2, and 3) then forming selectively the desired product. Significant advances have been made in 

addressing the first challenge: activation of N2O and characterizing the corresponding product. 

N2O activation has been explored with transition metal complexes, frustrated Lewis pairs, 

N-heterocyclic carbenes and olefins, and organometallic reagents. The knowledge on how to activate 

N2O is increasing, however, the second goal of transferring the nitrogen atoms, remains challenging.  

Synthetically interesting N-containing products from N2O have emerged only recently. 

Examples include, the heterocycles benzotriazinones, azoimidazolium salts as colorful dyes, and 

N-heterocyclic olefin based organic reducing agents. These types of compounds are potentially 

biologically active, have colorful properties, or serve as precursors in organic synthesis. To demonstrate 

the potential of N2O as diazo transfer reagent in synthetic chemistry, more examples of general 

procedures and new methods are required. 

Herein, we demonstrated that we can apply N2O as a diazo transfer reagent for the synthesis of 

triazolo-pyridines and -quinolines in moderate to good yield under mild conditions (Chapter 2). 

Compared to other methods, our procedure employs 2-alkyl or 2-alkenyl pyridines as starting materials. 

With these studies we provide further evidence that N2O is a valuable reagent in synthetic chemistry. 

In the future, it would be interesting to use N2O in other diazo transfer reactions or even isolate the 

diazo compound. To get perfect atom economy, future directives should focus on incorporating the 

oxygen atom as well, for which only few examples have been reported to date. 

That N2O was an essential N-atom donor was shown for 1-alkynyl triazenes, from which we 

have developed general synthetic routes to 1-acyl triazenes (Chapter 3). Previously, general routes to 

N1-acylated triazenes were missing. Investigating their physical and chemical properties revealed that 
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they are more stable than other triazenes and that they act as acylating agents under acidic conditions. 

In addition, they can be modified under oxidative and basic conditions, which makes them attractive to 

use them as new synthetic tools. Some other novel triazenes to be explored are, for example, alkyl 

triazenes and terminal alkynyl triazenes. 

At last, while studying the triazenes in more detail, we found experimental evidence for the 

preferred protonation site. For both Brønsted and Lewis acid adducts of triazenes, N1 is the preferred 

protonation site (Chapter 4). With this experimental finding, it does raise the question how the acid goes 

from N1 to N3, which is proposed as the productive cleavage pathway. As more transition-metal based 

and new kinds of triazenes are emerging, it will be valuable to get insights into the mechanistic pathways 

and determine whether this finding is applicable to more triazenes in general. 

To conclude, we have contributed to the synthetic chemistry of triazenes and N2O, by 

1) providing further examples of using N2O as diazo transfer reagent to construct triazoles, 

2) developing general routes of 1-acyl triazenes and analyzing their properties, and 3) investigating 

acid-triazene adducts.  

In general, important progress has been made into the research of the synthetic utility of N2O. 

For example, selective chemical transformations with N2O can be advantageous for the reaction 

outcomes, such as higher yields, less side-products, simple, and general reactions. In addition, new 

products can be synthesized of which N2O is the essential atom donor. Furthermore, these studies 

contribute to the fundamental knowledge on how to overcome the inertness of N2O. Then perhaps in 

the future, it will become attractive to (continue) capture N2O and upcycle it into more valuable 

products. In the meantime, N2O will continue its bright future as a reagent in synthetic chemistry. 
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ES.1 Materials and methods 

Caution: Although we have not experienced any accidents, diazo compounds and other 

nitrogen containing compounds are potentially explosive and toxic compounds.176 In addition, 

alkyllithium reagents (e.g. t-BuLi) are pyrophoric reagents. Accordingly, their use, handling and 

storage should be carried out with appropriate precautions. 

 

Unless otherwise stated, all reactions were carried out under inert atmosphere of dry N2 using 

Schlenk or glovebox techniques. All reagents were purchased from commercial suppliers (Sigma 

Aldrich, Acros, TCI, VWR, Fluorochem, ABCR) and used without additional purification. Dry solvents 

were obtained from a solvent purification system with aluminum oxide column (Innovative 

Technologies). NMR spectra were recorded at ambient temperature (unless stated otherwise) on Bruker 

spectrometers: AvanceIII 400 MHz Prodigy probe 5 mm ICONNMR ATMA, Avance 400 MHz BBIz 

5mm ATMA, Avance 500 MHz CPTCIxyz 5 mm, or Avance III HD 600 MHz CPTCIz 5 mm. Chemical 

shifts in ppm were aligned with respect to the residual peak of deuterated solvent.268
 Electronspray-

ionisation HRMS data were acquired on a Q-Tof Ultima mass spectrometer (Waters) or a Q-Tof 6530 

Accurate mass spectrometer (Agilent) operated in the positive ionization mode and fitted with a 

standard Z-spray ion source equipped with the Lock-Spray interface.  

ES.1.1 Notes for Chapter 2: 

Starting materials were synthesized accordingly.269–272 Concentration of organolithium 

compounds: n-BuLi (2.5 M in hexanes), s-BuLi (1.4 M in cyclohexane) and t-BuLi (1.6 M in pentanes). 

Column chromatography was performed on a CombiFlash NextGen from Teledyne ISCO, using 

RediSep columns. RP-HPLC, Agilent 1260 Infinity LC, using a Kinetex 5u EVO 18 100 A column. 

For the rest of the NMR spectra, see: I. R. Landman, F. Fadaei-Tirani and K. Severin, Chem. Commun, 

2021, 57, 11537–11540. 

ES.1.2 Notes for Chapter 3: 

Column chromatography of triazenes and 1-acyl triazenes was carried out using pre-prepared 

deactivated silica by triethylamine (3 vol%) in diethyl ether, removal of the solvent under reduced 

pressure, and drying at room temperature under (oil pump) vacuum overnight. For the rest of the NMR 

spectra, see: I. R. Landman, E. Acuña-Bolomey, R. Scopelliti, F. Fadaei-Tirani and K. Severin, Org. 

Lett., 2019, 21, 6408–6412. 
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ES.1.3 Notes for Chapter 4: 

B(C6F5)3 was purified by sublimation under vacuum prior to use. The triazenes were prepared 

according to published procedures.249,273 IR spectra were recorded on a Perkin Elmer (UATR Two) 

spectrometer, using PerkinElmer Spectrum software (V 10.5.4). 

ES.2 Experimental section: triazolopyridines 

ES.2.1 Synthesis of the triazoles 2.1–2.10 

ES.2.1.1 Examining lithiation efficiency 

In a 250 ml oven-dried Schlenk flask: 2-Benzylpyridine (1 mmol) was dissolved in THF or 

diethyl ether (10 ml), which was cooled to –78 °C or 0 °C, respectively. Subsequently, n-BuLi was 

added and a red suspension formed. The mixture was stirred for 30 min at –78 °C or 0 °C, followed by 

allowing to warm up to rt and stirring for additional 1.5 h. The solvent was removed under vacuum, 

yielding a brick-red solid. A small amount of the lithiated salt was dissolved in dry d4-methanol. 

The lithiation efficiency was calculated by comparing the CH2 vs CHD 1H NMR signal. For both, Et2O 

and THF, the lithiation was nearly complete under the given conditions.  

ES.2.1.2 Optimization of N2O conversion 

The reaction conditions were varied and the crude reaction mixtures were analyzed by 1H NMR 

(CD2Cl2) by comparing the α-H signal of the pyridyl group of product A (8.76 ppm), side-product B 

(8.55 ppm), and starting material C (8.50 ppm). In the glovebox, in an oven-dried microwave vial: 

Lithiated benzylpyridine (50 mg) was dissolved in THF (0.048 – 0.1 M). Next, the flask was subjected 

to an N2O atmosphere (3x N2O/vac cycles). The reaction mixture was placed in a pre-heated oil-bath. 

After the given time, the reaction was quenched with water, the product was extracted with ethyl acetate, 

and the solvent was removed under vacuum. For the scale-up reactions, a 250 ml oven-dried Schlenk 

was used, which was sealed with a metal clip. 

ES.2.1.3 Reaction in two steps, one pot 

In a 250 ml oven-dried Schlenk flask: 2-Benzylpyridine (0.161 ml, 1 mmol) was dissolved in 

THF or diethyl ether (10 ml), which was cooled to –78 °C or 0 °C, respectively. Next, n-BuLi was 

added and a red suspension formed. The mixture was stirred for 30 min at –78 °C or 0 °C, followed by 

allowing to warm up to rt and stirring for additional 1.5 h. The solvent was removed under vacuum, 
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yielding a brick-red solid. The solid was redissolved in THF (20 ml), subjected to an N2O atmosphere 

(3x N2O/vac cycles) and heated at 50 °C for 2 h in a pre-heated oil bath. The solvent was removed under 

vacuum and water was added to quench the reaction. The product was extracted with ethyl acetate 

(100 ml). For the reaction screening, an aliquot of the organic phase was evaporated and the ratio of 

product and side-products was determined by 1H NMR (CD2Cl2).  

ES.2.1.4 General procedure 

 

In a 250 ml oven-dried Schlenk flask: 2-Benzylpyridine (1 mmol) was dissolved in diethyl ether 

(10 ml). The reaction mixture was cooled to 0 °C and n-BuLi (1.1 equiv) was added, forming a red 

suspension. It was stirred for 30 min at 0 °C, followed by allowing to warm up to rt and stirring for 

additional 1.5 h. The solvent was removed under vacuum, yielding a brick-red solid. The solid was 

redissolved in THF (20 ml) and the solution was subjected to an N2O atmosphere (3x N2O/vac cycles) 

and heated at 50 °C for 2 h in a pre-heated oil bath. The solvent was removed under vacuum, water 

(50 ml) was added, and the product was extracted with ethyl acetate (100 ml). The organic phase was 

washed with brine and dried over MgSO4, filtered, and the solvent was evaporated. The resulting 

product was washed with diethyl ether/hexane and dried under vacuum.  

ES.2.1.5 Scope 

3-Phenyl-[1,2,3]triazolo[1,5-a]pyridine (2.1) 

Triazolopyridine 2.1 was prepared from 2-benzylpyridine (1 mmol), following the general 

procedure. Yield (yellow solid): 160 mg (82%). 1H NMR (600 MHz, CD2Cl2) δ 8.76 (dt, J = 7.1, 1.1 

Hz, 1H), 8.02 (dt, J = 9.0, 1.2 Hz, 1H), 7.99 – 7.92 (m, 2H), 7.52 (dd, J = 8.5, 7.1 Hz, 2H), 7.43 – 7.37 

(m, 1H), 7.34 (ddd, J = 9.0, 6.6, 1.0 Hz, 1H), 7.03 (td, J = 6.8, 1.2 Hz, 1H). 13C NMR (151 MHz, 

CD2Cl2) δ 137.48, 131.63, 130.42, 128.91, 127.67, 126.39, 125.71, 125.57, 118.25, 115.26, 53.76, 

53.58, 53.40, 53.22, 53.04. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H10N3
+ 196.0869; Found 

196.0872. The spectra are in agreement with what has been reported in the literature.274 

  



 

Experimental section 

 

71 

 

3-(4-Chlorophenyl)-[1,2,3]triazolo[1,5-a]pyridine (2.2) 

Triazolopyridine 2.2 was prepared from 2-(4-chlorobenzyl)pyridine (1 mmol), following the 

general procedure. Yield (orange solid): 206 mg (90%). 1H NMR (400 MHz, CD2Cl2) δ 8.77 (dt, J = 

7.0, 1.1 Hz, 1H), 7.99 (dt, J = 9.0, 1.2 Hz, 1H), 7.96 – 7.90 (m, 2H), 7.53 – 7.49 (m, 2H), 7.37 (ddd, J 

= 9.0, 6.6, 1.0 Hz, 1H), 7.05 (td, J = 6.9, 1.2 Hz, 1H). 13C NMR (151 MHz, CD2Cl2) δ 136.38, 133.29, 

130.41, 130.24, 129.07, 127.61, 126.09, 125.69, 118.01, 115.41, 53.76, 53.58, 53.40, 53.22, 53.04. 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H9ClN3
+ 230.0480; Found 230.0481. The spectra are 

in agreement with what has been reported in the literature.274 

3-(3,5-Dimethylphenyl)-[1,2,3]triazolo[1,5-a]pyridine (2.3) 

Triazolopyridine 2.3 was prepared from 2-(3,5-dimethylbenzyl)pyridine (0.41 mmol), 

following the general procedure. Yield (yellow solid): 62 mg (67%). 1H NMR (400 MHz, CDCl3) δ 

8.75 (dt, J = 7.0, 1.1 Hz, 1H), 8.02 (dt, J = 9.0, 1.2 Hz, 1H), 7.59 (dt, J = 1.5, 0.7 Hz, 2H), 7.30 (ddd, J 

= 9.0, 6.6, 1.0 Hz, 1H), 7.07 – 7.03 (m, 1H), 7.00 (td, J = 6.8, 1.2 Hz, 1H), 2.42 (d, J = 0.8 Hz, 6H). 13C 

NMR (151 MHz, CD2Cl2) δ 138.58, 137.76, 131.32, 130.38, 129.39, 125.52, 125.44, 124.19, 118.46, 

115.21, 53.76, 53.58, 53.40, 53.22, 53.04, 21.10. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C14H14N3
+ 224.1182; Found 224.1187. The spectra are in agreement with what has been reported in the 

literature.274 

3-(4-Methoxyphenyl)-[1,2,3]triazolo[1,5-a]pyridine (2.4) 

Triazolopyridine 2.4 was prepared from 2-(4-methoxybenzyl)pyridine (0.62 mmol), following 

the general procedure. Additional purification was performed by flash column chromatography, 

hexane/ethyl acetate (2:1 to 3:2). Yield (off-white solid): 78 mg (55%). 1H NMR (400 MHz, CD2Cl2) 

δ 8.73 (dt, J = 7.1, 1.1 Hz, 1H), 7.97 (dt, J = 9.0, 1.2 Hz, 1H), 7.93 – 7.81 (m, 2H), 7.30 (ddd, J = 9.0, 

6.6, 1.0 Hz, 1H), 7.11 – 7.03 (m, 2H), 7.00 (td, J = 6.9, 1.3 Hz, 1H), 3.87 (s, 3H). 13C NMR (101 MHz, 

CD2Cl2) δ 159.57, 137.65, 130.15, 127.85, 125.60, 125.32, 124.34, 118.42, 115.26, 114.49, 55.41, 

54.04, 53.77, 53.50, 53.23, 52.96. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C13H12N3O+ 226.0975; 

Found 226.0978. The spectra are in agreement with what has been reported in the literature.274  
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4-([1,2,3]Triazolo[1,5-a]pyridin-3-yl)-N,N-dimethylaniline (2.5) 

Triazolopyridine 2.5 was prepared from N,N-dimethyl-4-(pyridin-2-ylmethyl)aniline 

(0.53 mmol), following the general procedure. Additional purification was performed by flash column 

chromatography, hexane/ethyl acetate (2:1 to 3:2). Yield (yellow solid): 126 mg (49%). 1H NMR (400 

MHz, CD2Cl2) δ 8.78 – 8.62 (m, 1H), 7.97 (dd, J = 9.1, 1.3 Hz, 1H), 7.88 – 7.73 (m, 2H), 7.32 – 7.18 

(m, 1H), 6.97 (t, J = 7.0 Hz, 1H), 6.90 – 6.80 (m, 2H), 3.02 (s, 6H). 13C NMR (151 MHz, CD2Cl2) δ 

150.23, 138.23, 129.66, 127.27, 125.33, 124.58, 119.42, 118.57, 115.02, 112.48, 53.76, 53.58, 53.40, 

53.22, 53.04, 40.18. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H15N4
+ 239.1291; Found 

239.1292. New compound. 

4-Methyl-3-(p-tolyl)-[1,2,3]triazolo[1,5-a]pyridine (2.6) 

Triazolopyridine 2.6 was prepared from 3-methyl-2-(4-methylbenzyl)pyridine (1.15 mmol), 

following the general procedure. Yield (red/brown solid): 212 mg (91%). 1H NMR (600 MHz, CD2Cl2) 

δ 8.60 (d, J = 7.0 Hz, 1H), 7.54 – 7.39 (m, 2H), 7.30 (d, J = 7.7 Hz, 2H), 6.98 (dt, J = 6.8, 1.2 Hz, 1H), 

6.90 (t, J = 6.8 Hz, 1H), 2.44 (s, 3H), 2.33 (s, 3H). 13C NMR (151 MHz, CD2Cl2) δ 139.30, 138.04, 

131.22, 130.25, 129.49, 129.32, 128.65, 124.68, 123.04, 115.18, 53.76, 53.58, 53.40, 53.22, 53.04, 

20.96, 19.29. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H14N3
+ 224.1182; Found 224.1187. New 

compound. 

3-(p-Tolyl)-[1,2,3]triazolo[1,5-a]quinoline (2.7) 

Triazoloquinoline 2.7 was prepared from 2-(4-methylbenzyl)quinoline (0.79 mmol), following 

the general procedure. Yield (yellow solid): 178 mg (86%). 1H NMR (600 MHz, CD2Cl2) δ 8.79 (dd, J 

= 8.3, 1.1 Hz, 1H), 7.95 – 7.85 (m, 3H), 7.84 – 7.76 (m, 2H), 7.68 – 7.57 (m, 2H), 7.40 – 7.32 (m, 2H), 

2.44 (s, 3H). 13C NMR (151 MHz, CD2Cl2) δ 139.52, 137.78, 131.85, 129.87, 129.41, 128.36, 128.27, 

127.94, 126.88, 126.51, 126.39, 123.79, 115.80, 115.10, 53.56, 53.38, 53.20, 53.02, 52.84, 20.78. 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C17H14N3
+ 260.1182; Found 260.1184. New compound. 

3-(3-(Trifluoromethyl)phenyl)-[1,2,3]triazolo[1,5-a]quinoline (2.8) 

Triazoloquinoline 2.8 was prepared from 2-(3-(trifluoromethyl)benzyl)quinoline (0.76 mmol), 

following the general procedure. Yield (yellow solid): 219 mg (93%). 1H NMR (400 MHz, CD2Cl2) δ 
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8.82 (d, J = 8.3 Hz, 1H), 8.29 (s, 1H), 8.21 (ddd, J = 5.9, 3.7, 1.8 Hz, 1H), 7.93 (dd, J = 8.0, 1.4 Hz, 

1H), 7.89 – 7.79 (m, 2H), 7.75 – 7.64 (m, 4H). 13C NMR (101 MHz, CD2Cl2) δ 137.99, 132.31, 131.85, 

131.15, 130.26, 129.71, 129.40, 128.48, 128.42, 127.62, 127.19, 125.39, 124.23, 124.19, 123.78, 

123.15, 123.11, 115.94, 114.47, 53.74, 53.47, 53.20, 52.93, 52.66. HRMS (ESI/QTOF) m/z: [M + H]+ 

Calcd for C17H11F3N3
+ 314.0900; Found 314.0887. New compound. 

3-(Pyridin-2-yl)-[1,2,3]triazolo[1,5-a]pyridine (2.9) 

Triazoloquinoline 2.9 was prepared from di(pyridin-2-yl)methane (0.53 mmol), following the 

general procedure. Heated under N2O atmosphere for 19 hours. It was purified by flash column 

chromatography, petroleum ether/ ethyl acetate (10:1 to 1:1). Yield (white solid): 39 mg (37%). 1H 

NMR (400 MHz, CDCl3) δ 8.84 – 8.72 (m, 2H), 8.69 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H), 8.38 (dt, J = 8.0, 

1.1 Hz, 1H), 7.83 (td, J = 7.8, 1.8 Hz, 1H), 7.49 – 7.34 (m, 1H), 7.31 – 7.18 (m, 1H), 7.06 (td, J = 6.7, 

1.3 Hz, 1H). 13C NMR (151 MHz, CDCl3) δ 151.83, 149.11, 137.17, 132.18, 126.70, 125.41, 122.23, 

121.40, 120.81, 116.12. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C11H9N4
+ 

197.0822; Found 197.0818. The spectra are in agreement with what has been reported in the 

literature.274  

3-(1-Methyl-1H-indol-5-yl)-[1,2,3]triazolo[1,5-a]pyridine (2.10) 

Triazolopyridine 2.10 was prepared from 1-methyl-5-(pyridin-2-ylmethyl)-1H-indole 

(0.51 mmol), following the general procedure. The reaction mixture was stirred for 4 h at 50 °C under 

N2O atmosphere. Yield (yellow solid): 54 mg (44%). 1H NMR (600 MHz, CD2Cl2) δ 8.74 (dt, J = 7.1, 

1.1 Hz, 1H), 8.13 (dd, J = 1.7, 0.7 Hz, 1H), 8.08 (dt, J = 9.0, 1.2 Hz, 1H), 7.84 (dd, J = 8.5, 1.7 Hz, 1H), 

7.49 (d, J = 8.5 Hz, 1H), 7.30 (ddd, J = 9.0, 6.6, 1.0 Hz, 1H), 7.19 – 7.11 (m, 1H), 7.01 (td, J = 6.8, 1.2 

Hz, 1H), 6.57 (dd, J = 3.1, 0.9 Hz, 1H), 3.85 (s, 3H). 13C NMR (151 MHz, CD2Cl2) δ 138.87, 136.23, 

129.91, 129.55, 128.61, 125.18, 124.68, 122.58, 120.45, 118.58, 118.42, 114.89, 109.59, 100.90, 53.56, 

53.38, 53.20, 53.02, 52.84, 32.63. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C15H13N4
+ 249.1135; 

Found 249.1140. New compound. 

3-Methyl-2-(4-methylbenzyl)pyridine 

3-Methyl-2-(4-methylbenzyl)pyridine was synthesized according to literature procedure.269 

With TMP, yield (yellow oil): 206 mg (65%). 1H NMR (600 MHz, CD2Cl2) δ 8.36 (dd, J = 4.9, 1.7 Hz, 

1H), 7.42 (ddd, J = 7.6, 1.9, 0.9 Hz, 1H), 7.07 (s, 5H), 4.11 (s, 2H), 2.29 (s, 3H), 2.25 (s, 3H). 13C NMR 

(101 MHz, CD2Cl2) δ 158.93, 146.42, 137.49, 136.03, 135.34, 131.32, 128.71, 128.35, 121.26, 53.74, 
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53.67, 53.47, 53.20, 52.93, 52.66, 41.25, 20.43, 18.45. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C14H16N+ 198.1277; Found 198.1279. New compound. 

2-(3-(Trifluoromethyl)benzyl)quinoline 

2-(3-(Trifluoromethyl)benzyl)quinoline was synthesized according to literature procedure.269 

With TMP, yield (yellow oil): 217 mg (47%). 1H NMR (400 MHz, CD2Cl2) δ 8.10 (dd, J = 8.4, 0.8 Hz, 

1H), 8.03 (dt, J = 8.4, 1.0 Hz, 1H), 7.81 (dd, J = 8.1, 1.5 Hz, 1H), 7.71 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 

7.62 (t, J = 1.7 Hz, 1H), 7.52 (tdd, J = 7.8, 5.2, 3.9 Hz, 3H), 7.44 (t, J = 7.7 Hz, 1H), 7.28 (d, J = 8.5 

Hz, 1H), 4.38 (s, 2H). 13C NMR (101 MHz, CD2Cl2) δ 160.08, 147.97, 140.51, 136.60, 132.72, 130.65, 

130.33, 129.47, 129.00, 128.93, 127.53, 126.80, 126.06, 125.81, 125.77, 125.73, 125.69, 125.61, 

123.27, 123.23, 123.19, 123.15, 122.91, 121.37, 53.94, 53.87, 53.67, 53.40, 53.13, 52.86, 45.00. HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C17H13F3N+ 288.0995; Found 288.0998. New compound. 

 1-Methyl-5-(pyridin-2-ylmethyl)-1H-indole 

1-Methyl-5-(pyridin-2-ylmethyl)-1H-indole was synthesized by N-methylation of 

5-bromoindole,270 and then cross-coupling according to literature procedure.271 Yield (pale orange 

solid): 113 mg (31%). 1H NMR (400 MHz, CDCl3) δ 8.57 (dt, J = 5.1, 1.5 Hz, 1H), 7.70 (td, J = 7.7, 

1.7 Hz, 1H), 7.58 – 7.51 (m, 1H), 7.30 – 7.19 (m, 3H), 7.16 (dd, J = 8.3, 1.7 Hz, 1H), 7.04 (d, J = 3.1 

Hz, 1H), 6.43 (dd, J = 3.1, 0.9 Hz, 1H), 4.39 (s, 2H), 3.77 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 

161.22, 146.66, 138.96, 135.86, 129.43, 128.98, 128.95, 124.33, 123.10, 121.88, 121.38, 109.70, 

100.87, 77.37, 77.16, 76.95, 43.35, 33.02. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C15H15N2
+ 

223.1230; Found 223.1234. New compound. 

ES.2.2 Synthesis of the triazoles 2.11–2.15 

ES.2.2.1 Examining lithiation efficiency 

The substrate (0.05 mmol) was dissolved in THF (0.5 ml) and the respective additive (TMEDA 

or HMPA) was added (for entry 3 and 4). The mixture was cooled to –78 °C and n-BuLi (1.5 equiv) 

was added. The red mixture was stirred for 1 h at –78 °C, after which it was taken out of the cold bath, 

and allowed to warm up to room temperature over 1 h. Then, the solvent was evaporated and protonation 

was achieved with a few drops of water. The internal standard, trimethoxybenzene, was added and the 

yields were calculated by integration of selected 1H NMR signals. 
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ES.2.2.2 Reaction in two steps, one pot 

The reaction was optimized over 2 steps in one pot on a 0.3 mmol scale. After performing the 

lithiation, the solvent was evaporated in situ and fresh THF (0.05 M) was added. Subsequently, the 

reaction was subjected to N2O. The solvent was evaporated, yielding a yellow oil. It was redissolved in 

ethyl acetate (10 ml). An aliquot of 0.5 ml was taken and the solvent was evaporated to which the 

internal standard trimethoxybenzene was added. The yield was calculated by integration of selected 

1H NMR signals. 

ES.2.2.3 General procedure 

 

In a 250 ml oven-dried Schlenk flask: The olefinic pyridine or quinoline (0.3 mmol) was 

dissolved in THF (0.1 M). The reaction mixture was cooled to –78 °C and RLi (1.2 equiv) was added. 

The reaction was allowed to warm up over 1 h. While the mixture was still cold, the solvent was 

removed under vacuum. The residue was redissolved in THF (0.05 M), subjected to an N2O atmosphere 

(3x N2O/vac cycles) and heated at 50 °C for 24 h in a pre-heated oil bath. The solvent was removed 

under vacuum. In the case of olefinic dipyridines, the crude product was purified by reversed phase C18 

column chromatography (gradient of 3–30% ACN/H2O with 0.1v% formic acid). For the 2-styryl 

quinolines, the crude product was purified by column chromatography with 10% ethyl acetate/hexane.  

ES.2.2.4 Scope 

 3-(1-(Pyridin-2-yl)pentyl)-[1,2,3]triazolo[1,5-a]pyridine (2.11) 

Triazolopyridine 2.11 was prepared from (E)-1,2-di(pyridin-2-yl)ethene (0.3 mmol) and 

n-BuLi, following the general procedure. Yield (yellow oil): 43 mg (54%). 1H NMR (400 MHz, 

CD2Cl2) δ 8.61 (dt, J = 7.1, 1.1 Hz, 1H), 8.50 (ddd, J = 4.9, 1.9, 1.0 Hz, 1H), 7.76 (dt, J = 9.0, 1.2 Hz, 

1H), 7.58 (td, J = 7.7, 1.9 Hz, 1H), 7.35 (dt, J = 7.8, 1.1 Hz, 1H), 7.16 – 7.03 (m, 2H), 6.88 (td, J = 6.8, 

1.3 Hz, 1H), 4.56 (t, J = 7.9 Hz, 1H), 2.46 – 2.24 (m, 2H), 1.44 – 1.16 (m, 4H), 0.84 (t, J = 7.2 Hz, 3H). 

13C NMR (151 MHz, CD2Cl2) δ 162.55, 148.75, 139.74, 136.19, 131.27, 124.77, 123.62, 122.29, 

121.23, 118.37, 114.78, 53.56, 53.38, 53.20, 53.02, 52.84, 45.75, 33.78, 29.77, 22.32, 13.51. HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C16H19N4
+ 267.1604; Found 267.1605. New compound. 
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 1,2-di(Pyridin-2-yl)hexan-1-ol 

Side-product from the reaction of triazolopyridine 2.11, isolated by RP-HPLC. Based on the 1H 

NMR spectra, diastereomers were found in a ratio of 1.8:1 (A:B).  Yield (yellow oil): 5 mg. 1H NMR 

(400 MHz, CDCl3) δ 8.59 (ddt, J = 4.9, 1.7, 0.9 Hz, 2H, A), 8.53 – 8.42 (m, 2H, B), 7.70 (dtd, J = 11.0, 

7.7, 1.8 Hz, 2H, A), 7.56 (d, J = 7.9 Hz, 1H, A), 7.48 (dtd, J = 9.8, 7.7, 1.8 Hz, 2H, B), 7.32 – 7.16 (m, 

4H, 3H, A, 1H, B), 7.09 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H, B), 7.03 (ddd, J = 7.5, 4.8, 1.3 Hz, 1H, B), 6.89 

(d, J = 7.8 Hz, 1H, B), 5.16 (d, J = 3.0 Hz, 1H, A), 5.12 (d, J = 3.4 Hz, 1H, B), 3.48 – 3.41 (m, 1H, B), 

3.36 (d, J = 10.9 Hz, 1H, B), 2.03 (ddt, J = 8.9, 6.0, 3.4 Hz, 1H, A), 1.85 (dddd, J = 13.5, 11.0, 9.9, 5.2 

Hz, 1H, A), 1.49 – 1.26 (m, 2H, A, 2H, B), 1.26 – 1.05 (m, 2H, A), 1.03 – 0.91 (m, 2H, B), 0.88 (t, J = 

7.2 Hz, 3H, B), 0.72 (t, J = 7.3 Hz, 3H, A). 13C NMR (101 MHz, CDCl3) δ 163.79, 163.60, 162.58, 

161.66, 148.52, 148.42, 148.33, 148.10, 137.07, 136.73, 136.65, 136.34, 124.77, 124.45, 122.11, 

122.01, 121.72, 121.65, 121.44, 120.59, 77.48, 77.36, 77.32, 77.16, 76.84, 76.32, 51.47, 51.27, 33.29, 

29.97, 29.72, 27.73, 22.88, 22.72, 14.13, 13.95. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C16H21N2O+ 257.1648; Found 257.1649. New compound. 

 3-(2-Methyl-1-(pyridin-2-yl)butyl)-[1,2,3]triazolo[1,5-a]pyridine (2.12) 

Triazolopyridine 2.12 was prepared from (E)-1,2-di(pyridin-2-yl)ethene (0.3 mmol) and 

s-BuLi, following the general procedure. Yield (yellow oil): 19 mg (29%). 1H NMR (400 MHz, CDCl3) 

δ 8.62 (dq, J = 7.1, 1.1 Hz, 1H), 8.51 (dq, J = 4.7, 1.6 Hz, 1H), 8.04 (ddt, J = 8.9, 3.8, 1.2 Hz, 1H), 7.61 

(dq, J = 6.3, 2.2 Hz, 2H), 7.13 (dddt, J = 10.9, 8.3, 5.0, 1.3 Hz, 2H), 6.89 (td, J = 6.8, 1.2 Hz, 1H), 4.42 

(t, J = 10.3 Hz, 1H), 2.75 (dddd, J = 10.3, 8.7, 6.8, 3.8 Hz, 1H), 1.47 – 1.26 (m, 1H), 1.23 – 1.03 (m, 

1H), 0.96 – 0.73 (m, 6H). 13C NMR (151 MHz, CD2Cl2) δ 161.56, 161.49, 147.27, 138.71, 137.28, 

131.70, 131.66, 124.70, 123.82, 123.80, 123.71, 121.55, 121.52, 118.75, 114.91, 53.56, 53.38, 53.20, 

53.02, 52.84, 50.97, 38.19, 38.07, 27.07, 26.77, 16.75, 16.48, 10.47, 10.31. HRMS (ESI/QTOF) m/z: 

[M + H]+ Calcd for C16H19N4
+ 267.1604; Found 267.1608. New compound. 

3-(2,2-Dimethyl-1-(pyridin-2-yl)propyl)-[1,2,3]triazolo[1,5-a]pyridine (2.13) 

Triazolopyridine 2.13 was prepared from (E)-1,2-di(pyridin-2-yl)ethene (0.25 mmol) and 

t-BuLi, following the general procedure. Yield (pale yellow solid): 25 mg (38%). 1H NMR (400 MHz, 
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CDCl3) δ 8.70 – 8.59 (m, 1H), 8.56 – 8.49 (m, 1H), 8.01 (dt, J = 9.0, 1.2 Hz, 1H), 7.97 – 7.90 (m, 1H), 

7.62 (td, J = 7.7, 1.9 Hz, 1H), 7.21 – 7.08 (m, 2H), 6.90 (td, J = 6.8, 1.3 Hz, 1H), 4.53 (s, 1H), 1.07 (s, 

9H). 13C NMR (101 MHz, CDCl3) δ 160.63, 148.03, 138.52, 136.17, 132.95, 125.46, 125.07, 124.15, 

121.74, 119.34, 115.13, 56.11, 36.41, 28.67. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ 

Calcd for C16H19N4
+ 267.1604; Found 267.1605. New compound. 

3-(1-Phenylpentyl)-[1,2,3]triazolo[1,5-a]quinoline (2.14) 

Triazoloquinoline 2.14 was prepared from (E)-2-styrylquinoline (0.3 mmol) and n-BuLi, 

following the general procedure. The resulting yellow solid was washed with pentane and dried by 

vacuum. Yield (yellow solid): 43.6 mg (46%). 1H NMR (600 MHz, CDCl3) δ 8.77 (d, J = 8.4 Hz, 1H), 

7.77 (dd, J = 7.9, 1.4 Hz, 1H), 7.72 (ddd, J = 8.5, 7.2, 1.4 Hz, 1H), 7.55 (ddd, J = 8.1, 7.2, 1.2 Hz, 1H), 

7.44 – 7.37 (m, 2H), 7.34 (d, J = 9.3 Hz, 1H), 7.30 (t, J = 7.7 Hz, 2H), 7.22 – 7.15 (m, 2H), 4.34 (t, J = 

7.8 Hz, 1H), 2.52 (dddd, J = 13.3, 9.5, 7.8, 5.7 Hz, 1H), 2.24 (dddd, J = 13.5, 9.0, 7.7, 6.0 Hz, 1H), 1.48 

– 1.18 (m, 4H), 0.87 (t, J = 7.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 143.90, 143.22, 132.16, 129.95, 

129.18, 128.68, 128.49, 128.10, 127.06, 126.63, 125.52, 124.11, 116.40, 114.88, 43.24, 35.39, 30.29, 

22.78, 14.18. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C21H22N3
+ 316.1808; Found 316.1811. New 

compound. 

3-(1-(4-Chlorophenyl)pentyl)-[1,2,3]triazolo[1,5-a]quinoline (2.15) 

Triazoloquinoline 2.15 was prepared from (E)-2-(4-chlorostyryl)quinoline (0.3 mmol) and 

n-BuLi, following the general procedure. The resulting yellow solid was washed with pentane and dried 

by vacuum. Yield (pale yellow solid): 40.0 mg (38%). 1H NMR (400 MHz, CDCl3) δ 8.68 (dd, J = 8.3, 

1.1 Hz, 1H), 7.75 – 7.59 (m, 2H), 7.48 (ddd, J = 8.2, 7.2, 1.1 Hz, 1H), 7.31 – 7.27 (m, 3H), 7.19 (dt, J 

= 6.4, 2.2 Hz, 2H), 7.12 (d, J = 9.4 Hz, 1H), 4.24 (t, J = 7.8 Hz, 1H), 2.51 – 2.29 (m, 1H), 2.23 – 2.03 

(m, 1H), 1.40 – 1.08 (m, 4H), 0.79 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 142.64, 142.42, 

132.36, 132.16, 130.08, 129.46, 129.14, 128.80, 128.55, 127.16, 125.81, 124.10, 116.42, 114.57, 77.48, 

77.36, 77.16, 76.84, 42.60, 35.48, 30.22, 22.73, 14.14. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C21H21ClN3
+ 350.1419; Found 350.1417. New compound. 
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ES.2.3 Synthesis of the triazole 2.17 

Potassium [1,2,3]triazolo[1,5-a]pyridine-3-carboxylate (2.16) 

In a 100 ml oven-dried Schlenk flask: Methyl 2-(pyridin-2-yl)acetate (0.5 mmol) was dissolved 

in DMSO (5 ml) and KOtBu (1.05 equiv) and 18-crown-6 (1.0 equiv) were added. The reaction mixture 

was subjected to N2O (3x N2O/vac cycles) and heated at 50 °C for 4 h in a pre-heated oil bath. After 

cooling down, the reaction mixture was poured slowly into a round bottom flask with toluene (50 ml). 

The resulting precipitate was isolated by filtration and washed with several portions of toluene and 

pentane. The brown residue was triturated with pentane and then dried under vacuum. Traces of 

18-crown-6 and DMSO remained despite repeated washings. Yield (red/brown solid): 92 mg (91%). 

1H NMR (400 MHz, CD3OD) δ 8.88 (dt, J = 7.1, 1.1 Hz, 1H), 8.33 (dt, J = 8.9, 1.3 Hz, 1H), 7.49 (ddd, 

J = 9.0, 6.7, 1.0 Hz, 1H), 7.17 (td, J = 6.8, 1.3 Hz, 1H). 13C NMR (101 MHz, CD3OD) δ 168.86, 137.11, 

135.36, 128.35, 126.56, 121.21, 117.26, 71.33 (18-crown-6), 49.64, 49.43, 49.21, 49.00, 48.79, 48.57, 

48.36.  

[1,2,3]Triazolo[1,5-a]pyridine-3-carboxylic acid (2.17) 

Further work-up was performed by dissolving 2.16 in a minimal amount of water while heating. 

The pH of the solution was lowered to pH 2 with HCl. The reaction mixture was concentrated and the 

liquid was removed. The remaining solid was washed with water, pentane, and freeze-dried in pentane. 

Yield (light brown solid): 73 mg (89%). 1H NMR (400 MHz, CD3OD) δ 9.05 (dt, J = 7.0, 1.1 Hz, 1H), 

8.27 (dt, J = 8.9, 1.2 Hz, 1H), 7.69 (ddd, J = 8.9, 6.7, 1.0 Hz, 1H), 7.32 (td, J = 6.9, 1.3 Hz, 1H). 13C 

NMR (151 MHz, CD3OD) δ 164.08, 136.32, 131.03, 130.67, 127.52, 120.11, 118.20, 49.42, 49.28, 

49.27, 49.14, 49.13, 49.00, 48.99, 48.86, 48.85, 48.72, 48.70, 48.57, 48.56. HRMS (APPI/LTQ-

Orbitrap) m/z: [M]+ Calcd for C7H5N3O2
+ 163.0376; Found 163.0384. 
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ES.2.4 X-ray crystallographic data 

Table ES 2.1 Crystallographic data of 2.16. 

Compound 2.16 

Formula C42H26K2N18Na4O13 

Dcalc./ g cm-3 1.661 

/mm-1 2.948 

Formula Weight 1160.97 

Colour colourless 

Shape prism-shaped 

Size/mm3 0.09×0.06×0.02 

T/K 140.00(10) 

Crystal System monoclinic 

Space Group P2/n 

a/Å 14.2718(7) 

b/Å 6.5810(3) 

c/Å 24.714(3) 

/° 90 

/° 90.107(7) 

/° 90 

V/Å3 2321.2(3) 

Z 2 

Z' 0.5 

Wavelength/Å 1.54184 

Radiation type CuK 

min/° 3.573 

max/° 77.339 

Measured Refl's. 22718 

Indep't Refl's 4567 

Refl's I≥2(I) 3099 

Rint 0.0655 

Parameters 360 

Restraints 655 

Largest Peak/e Å-3 0.715 

Deepest Hole/e Å-3 -0.579 

GooF 1.042 

wR2 (all data) 0.1704 

wR2 0.1545 

R1 (all data) 0.1061 

R1 0.0634 

CCDC number 2094800 
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Colorless prism-shaped crystals of 2.16 were grown within 2 weeks by layering a solution of 

2.16 in DMSO with ethyl acetate. A suitable crystal with dimensions 0.09 × 0.06 × 0.02 mm3 was 

selected and mounted on a XtaLAB Synergy R, DW system, HyPix-Arc 150 diffractometer. The crystal 

was kept at a steady T = 140.00(10) K during data collection. The structure was solved with the ShelXT 

2018/2275 solution program using dual methods and by using Olex2 1.3276 as the graphical interface. 

The model was refined with ShelXL 2018/3277 using full matrix least squares minimization on |F|2. 

 

Structure Quality Indicators 

Reflections: 
 

Refinement: 
 

Data were measured using  scans using CuK radiation. The diffraction pattern was indexed 

and the total number of runs and images was based on the strategy calculation from the program 

CrysAlisPro 1.171.41.110a.278 The maximum resolution achieved was  = 77.339° (0.79 Å). The unit 

cell was refined using CrysAlisPro 1.171.41.110a on 6064 reflections, 27% of the observed reflections. 

Data reduction, scaling and absorption corrections were performed using CrysAlisPro 

1.171.41.110a.278 The final completeness is 99.80 % out to 77.339° in . A Gaussian absorption 

correction was performed using CrysAlisPro 1.171.41.110a. Numerical absorption correction based on 

Gaussian integration over a multifaceted crystal model. Empirical absorption correction using spherical 

harmonics as implemented in SCALE3 ABSPACK scaling algorithm. The absorption coefficient  of 

this material is 2.948 mm-1 at this wavelength ( = 1.54184Å) and the minimum and maximum 

transmissions are 0.802 and 1.000. 

The structure was solved and the space group P2/n (# 13) determined by the ShelXT 2018/2275 

structure solution program using dual methods and refined by full matrix least squares minimization on 

|F|2 using version 2018/3 of ShelXL277. All non-hydrogen atoms were refined anisotropically. Hydrogen 

atom positions were calculated geometrically and refined using the riding model. Most hydrogen atom 

positions were calculated geometrically and refined using the riding model, but the hydrogen atom 

bound to O7 was found in a difference map and refined freely. 

The value of Z' is 0.5. This means that only half of the formula unit is present in the asymmetric 

unit, with the other half consisting of symmetry equivalent atoms. 

Crystallographic and refinement data are summarized in Table ES 2.1. Crystallographic data 

have been deposited with the Cambridge Crystallographic Data Centre and correspond to the CCDC 

number of 2094800. These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or by contacting 

The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 

1223 336033. 
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ES.2.5 Biological assays 

A selection of 4 compounds was submitted for a cytotoxicity assay (Figure ES 2.1). 

The screening was performed by the Biomolecular Screening Facility at the EPFL. The cytotoxicity 

values were determined with the Alamar Blue (resazurin) fluorescent dye measurement (for details, see 

Experimental section).279 Dose-response curves were recorded for 6 cell lines: Hela (Human cervix 

adenocarcinoma), A2780 (human ovarian carcinoma), MDA-MB-231 (human breast adenocarcinoma), 

MCF7 (human breast adenocarcinoma (metastases from pleural effusion)), MCF-10A (human epithelial 

breast), HEK293T (human embryonic kidney). 

    

Figure ES 2.1 List of compounds selected for biological assays. 

 

For 2.10 it was poorly active against Hela (13% cytotoxicity at 10 μM) with high IC50 values 

(> 100 μM). The other compounds did not show significant cytotoxicity (>10%) at 10 μM. 

 

 

Figure ES 2.2 Dose-response curves for 6 cell lines for 2.10. Score vs. Log Concentration. 
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ES.2.6 Selected NMR Spectra 

 2.1 

 

Figure ES 2.3 1H NMR spectrum of 2.1 (400 MHz, CD2Cl2). 

 

 
Figure ES 2.4 13C NMR spectrum of 2.1 (151 MHz, CD2Cl2). 
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 2.7 

 

Figure ES 2.5 1H NMR spectrum of 2.7 (600 MHz, CD2Cl2). 

 

 

Figure ES 2.6 13C NMR spectrum of 2.7 (151 MHz, CD2Cl2). 
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2.10 

 
Figure ES 2.7 1H NMR spectrum of 2.10 (600 MHz, CD2Cl2). 

 

 

Figure ES 2.8 13C NMR spectrum of 2.10 (101 MHz, CD2Cl2). 
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 2.11 

 

Figure ES 2.9 1H NMR spectrum of 2.11 (600 MHz, CD2Cl2). 

 

 

Figure ES 2.10 13C NMR spectrum of 2.11 (101 MHz, CD2Cl2). 
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 2.14 

 

Figure ES 2.11 1H NMR spectrum of 2.14 (600 MHz, CDCl3). 

 

 

Figure ES 2.12 13C NMR spectrum of 2.14 (101 MHz, CDCl3). 
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 2.17 

 

Figure ES 2.13 1H NMR spectrum of 2.17 (400 MHz, CD3OD). 

 

 

Figure ES 2.14 13C NMR spectrum of 2.17 (151 MHz, CD3OD). 
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ES.3 Experimental section: 1-acyl triazenes 

ES.3.1 Synthesis of the triazenes 3.a–3.b 

The triazenes were synthesized using an adapted method from Kiefer et al.139 A typical 

procedure is as follows: under an inert atmosphere, the secondary amine (10 mmol) in THF (10 ml) was 

cooled down to –78 °C in a dry ice bath and n-BuLi (4 ml, 2.5 M in hexanes) was added slowly. 

After stirring the reaction mixture for 5 min, the ice bath was removed. Once the reaction mixture was 

at room temperature, the in situ formed lithium amide was subjected to an N2O atmosphere (99.999%) 

overnight. Meanwhile the Grignard reagent was also prepared overnight by taking the desired terminal 

alkyne (12 mmol) in THF (10 ml) and adding EtMgBr (12 ml, 1.0 M in THF). Subsequently, the in situ 

formed N2O-adduct (a white precipitate) was subjected to N2 atmosphere and the Grignard reagent was 

added slowly and carefully by not scratching the sides of the flask. The resulting clear mixture was 

heated for 5 h at 50 °C. After quenching the reaction mixture with saturated MgSO4 (aq), the product 

was extracted with diethyl ether, followed by drying of the organic phase over MgSO4 and evaporation 

of the solvent. The crude product was purified by column chromatography using deactivated silica and 

a gradient of pentane to pentane-diethyl ether (5%). The product was freeze-dried in pentane. 

(E)-1-(Cyclohex-1-en-1-ylethynyl)-3,3-diisopropyltriaz-1-ene (3.a) 

10 mmol scale synthesis 

Triazene 3.a was prepared following the general procedure. Yield (yellow solid): 0.92 g 

(40%).1H NMR (400 MHz, CDCl3) δ 6.04 (tt, J = 3.9, 1.8 Hz, 1H, CH), 5.05 (p, J = 6.8 Hz, 1H, 

CH(CH3)2), 3.99 (p, J = 6.7 Hz, 1H, CH(CH3)2), 2.26 – 2.16 (m, 2H, CH2), 2.16 – 2.06 (m, 2H, CH2), 

1.72 – 1.49 (m, 4H, CH2, CH2), 1.33 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.20 (d, J = 6.8 Hz, 6H, CH(CH3)2). 

13C NMR (101 MHz, CDCl3) δ 132.38, 121.50, 91.59, 82.12, 77.48, 77.36, 77.16, 76.84, 50.18, 47.16, 

29.98, 25.97, 23.51, 22.74, 21.87, 19.25. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H24N3
+ 

234.1965; Found 234.1967. 
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(E)-1-(3,3-Dimethylbut-1-yn-1-yl)-3,3-diethyltriaz-1-ene (3.b) 

20 mmol scale synthesis 

Triazene 3.b was prepared following the general procedure. Yield (pale yellow solid/yellow 

oil): 0.76 g (21%). 1H NMR (400 MHz, CDCl3) δ 4.02 – 3.30 (m, 4H, CH2CH3), 1.29 (m, 15H, CH3, 

CH2CH3). 13C NMR (101 MHz, CDCl3) δ 88.33, 83.81, 77.48, 77.16, 76.84, 49.51, 41.46, 31.61, 28.15, 

14.38, 11.07, 1.14. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C10H20N3
+ 182.1652; Found 182.1655. 

ES.3.2 Synthesis of the alkyl 1-acyl triazenes 3.1–3.9 

ES.3.2.1 Lewis acid catalysis 

Different Lewis acids were explored, because they are known to catalyse the hydration of alkynes.280 

The reactions were followed by 1H NMR spectroscopy. First, a solution of the triazene (0.1 mmol), H2O 

(4 equiv), and the internal standard 1,2,3,4-tetramethylbenzene (0.5 equiv) in dioxane (0.2 M) was 

prepared. The reaction was initiated by adding the respective catalyst. After the given time, a 100 μl 

sample was removed from the reaction mixture and the solvent was evaporated. The yield was 

determined by NMR spectroscopy in CDCl3. The results are summarized in Table ES 3.1. The reactions 

described in entries 8–12 were carried out using a laboratory microwave (MW).   
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Table ES 3.1 Screening of reaction conditions.

 
Entry Catalyst Catalyst loading 

(x mol%) 

T (°C) Time (h) Yield (%) b 

1 AgNTf2 40 80 1 64 

2    2 75 

3    4.25 >95 

4 AgOTf 40 80 4.25 58 

5 AgSbF4 40 80 4.25 46 

6 AgBF4 40 80 4.25 62 

7 [I(pyridine)2]BF4 40 80 4.25 Mixture of compounds 

8 AgNTf2 40 150 (MW) 0.25 >95 

9 AgNTf2 20 120 (MW) 0.5 73 

10 AgNTf2 10 150 (MW) 0.5 >95 

11 AgNTf2 10 100 (MW) 2 65 

12 a x x 150 (MW) 0.5 0 

a No significant decomposition of the 1-alkynyl triazene was observed. b Yields were determined by 1H NMR spectroscopy. 

 

The conditions described under entry 8 gave the product in high yield, but the work-up of 

reactions on a preparative scale was found to be problematic. Therefore, a different approach was 

developed using acetic acid as catalyst. 

ES.3.2.2 Acetic acid catalysis 

All reactions were performed under air on a 0.2 mmol scale, and the products were isolated. 

For the work-up, the reaction mixture was diluted in 4 ml DCM, followed by washing with saturated 

NaHCO3 (aq) three times (4 ml). After drying over MgSO4, the solvent was evaporated and the yield 

was determined. 

ES.3.2.3 General procedure 

Our brief screening indicated that 0.5 equivalents of acetic acid and a reaction temperature of 

50 °C was suited for hydrolysis reactions of alkynyl triazenes (with the exception of the phenylethynyl 

triazene, for which 100 °C was better). Reactions with additional substrates were monitored by TLC. 

The work-up was performed by diluting the reaction mixture with ~15 ml DCM, followed by washing 

the organic layer with saturated NaHCO3 (3 x ~10 ml). The organic phase was dried over MgSO4, 

filtered, and the solvent was evaporated. The resulting crude product was purified by filtration over a 

short plug of silica (~5 cm) using a solvent gradient of pentane to diethyl ether.  
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ES.3.2.4 Scope 

(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)hexan-1-one (3.1) 

Triazene 3.1 was prepared following the general procedure using (E)-1-(hex-1-yn-1-yl)-3,3-

diisopropyltriaz-1-ene (0.5 mmol) and acetic acid (0.5 equiv) in acetone/water (1:1, 2.5 ml). The 

reaction mixture was heated at 50 °C for 5 h. Yield (yellow oil): 77.5 mg (68%). 1H NMR (400 MHz, 

CDCl3) δ 5.45 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 4.12 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 2.65 (t, 2H, 

CH2), 1.64 (p, J = 7.4 Hz, 2H, CH2), 1.36 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.33 – 1.26 (m, 4H, CH2, 

CH2), 1.21 (d, J = 6.8 Hz, 6H, CH(CH3)2), 0.87 (t, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 188.15, 

77.48, 77.16, 76.84, 50.66, 48.26, 34.50, 31.91, 25.14, 23.65, 22.58, 19.08, 14.08. HRMS (ESI/QTOF) 

m/z: [M + H]+ Calcd for C12H26N3O+ 228.2070; Found 228.2069.  

(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)-3,3-dimethylbutan-1-one (3.2) 

Triazene 3.2 was prepared following the general procedure using (E)-1-(3,3-dimethylbut-1-yn-

1-yl)-3,3-diisopropyltriaz-1-ene (0.2 mmol) and acetic acid (0.5 equiv) in acetone/water (1:1, 1 ml). 

The reaction mixture was heated at 50 °C for 4.5 h. Yield (yellow oil, white crystals): 37.9 mg (82%). 

1H NMR (400 MHz, CDCl3) δ 5.46 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 4.14 (hept, J = 6.6 Hz, 1H, 

CH(CH3)2), 2.64 (s, 2H, CH2), 1.39 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.23 (d, J = 6.9 Hz, 6H, CH(CH3)2), 

1.01 (s, 9H, CH3). 13C NMR (101 MHz, CDCl3) δ 186.78, 77.48, 77.36, 77.16, 76.84, 50.79, 48.41, 

46.84, 31.47, 30.41, 23.67, 19.15. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C12H25N3NaO+ 

250.1890; Found 250.1892. Crystals were grown by keeping the yellow oil under vacuum at rt. White 

crystals. The R factor is 2.71% (< 3%).  

(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)-3-methoxypropan-1-one (3.3) 

 Triazene 3.3 was prepared following the general procedure using (E)-3,3-diisopropyl-1-(3-

methoxyprop-1-yn-1-yl)triaz-1-ene (0.2 mmol) and acetic acid (0.5 equiv) in acetone/water (1:1, 1 ml). 

The reaction mixture was heated at 50 °C for 4.5 h. Yield (yellow/orange oil): 32.1 mg (75%). 1H NMR 

(400 MHz, CDCl3) δ 5.47 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 4.13 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 

3.75 (t, J = 7.0 Hz, 2H, CH2), 3.36 (s, 3H, CH3), 2.99 (t, J = 7.0 Hz, 2H, CH2), 1.37 (d, J = 6.5 Hz, 6H, 
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CH(CH3)2), 1.22 (d, J = 6.9 Hz, 6H, CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 185.42, 77.48, 77.16, 

76.84, 68.83, 58.89, 50.91, 48.64, 34.71, 23.64, 19.07. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C10H22N3O2
+ 216.1707; Found 216.1709. 

(E)-2-Cyclopentyl-1-(3,3-diisopropyltriaz-1-en-1-yl)ethan-1-one (3.4) 

Triazene 3.4 was prepared following the general procedure using (E)-1-(cyclopentylethynyl)-

3,3-diisopropyltriaz-1-ene (0.2 mmol) and acetic acid (0.5 equiv) in acetone/water (1:1, 1 ml). The 

reaction mixture was heated at 50 °C for 19 h. Yield (yellow oil): 28.7 mg (60%). 1H NMR (400 MHz, 

CDCl3) δ 5.47 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 4.14 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 2.70 (d, J = 

7.3 Hz, 2H, CH2), 2.42 – 2.16 (m, 1H, CH), 1.93 – 1.73 (m, 2H, CH2), 1.70 – 1.46 (m, 4H, CH2, CH2), 

1.39 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.24 (d, J = 6.8 Hz, 6H, CH(CH3)2), 1.21 – 1.04 (m, 2H, CH2). 13C 

NMR (101 MHz, CDCl3) δ 187.75, 77.48, 77.36, 77.16, 76.84, 50.74, 48.33, 40.54, 37.05, 32.97, 25.15, 

23.71, 19.16. Trace of pentane. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C13H25N3NaO+ 262.1890; 

Found 262.1893. 

(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)-4-phenylbutan-1-one (3.5) 

Triazene 3.5 was prepared following the general procedure using (E)-3,3-diisopropyl-1-(5-

phenylpent-1-yn-1-yl)triaz-1-ene (1.5 mmol) and acetic acid (0.5 equiv) in acetone/water (1:1, 7.5 ml). 

The reaction mixture was heated at 50 °C until no significant further conversion was observed. Yield 

(yellow/orange oil): 237 mg (57%). 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.08 (m, 5H, Ph), 5.47 (hept, 

J = 6.8 Hz, 1H, CH(CH3)2), 4.12 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 2.70 (dt, J = 11.9, 7.6 Hz, 4H, 

CH2CH2), 2.01 (p, J = 7.6 Hz, 2H, CH2), 1.34 (d, J = 6.5 Hz, 6H, CH(CH3)2), 1.23 (d, J = 6.8 Hz, 6H, 

CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 187.69, 142.24, 128.69, 128.39, 125.88, 77.48, 77.36, 

77.16, 76.84, 50.76, 48.40, 35.75, 33.93, 27.04, 23.67, 19.14. HRMS (ESI/QTOF) m/z: [M + Na]+ 

Calcd for C16H25N3NaO+ 298.1890; Found 298.1895. 

(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)-3-phenylpropan-1-one (3.6) 

Triazene 3.6 was prepared following the general procedure using (E)-3,3-diisopropyl-1-(3-

phenylprop-1-yn-1-yl)triaz-1-ene (0.2 mmol) and acetic acid (0.5 equiv) in acetone/water (1:1, 1 ml). 
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The reaction mixture was heated at 50 °C for 4.5 h. Yield (yellow oil, white crystals forming): 29.0 mg 

(56%). 1H NMR (400 MHz, CDCl3) δ 7.33 – 7.14 (m, 5H, Ph), 5.47 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 

4.13 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 3.01 (s, 4H, CH2, CH2), 1.36 (d, J = 6.6 Hz, 6H, CH(CH3)2), 

1.23 (d, J = 6.8 Hz, 6H, CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 186.98, 142.00, 128.60, 128.54, 

126.05, 77.48, 77.36, 77.16, 76.84, 50.88, 48.54, 36.38, 31.56, 23.71, 19.13. HRMS (ESI/QTOF) m/z: 

[M + H]+ Calcd for C15H24N3O+ 262.1914; Found 262.1919. 

(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)-2-phenylethan-1-one (3.7) 

Triazene 3.7 was prepared following the general procedure using (E)-3,3-diisopropyl-1-

(phenylethynyl)triaz-1-ene (0.2 mmol) and acetic acid (2 equiv) in acetone/water (1:1, 1 ml). The 

reaction mixture was heated in a closed vial at 100 °C for 2 h. Yield (white solid): 18.3 mg (36%). 1H 

NMR (400 MHz, CDCl3) δ 7.39 – 7.12 (m, 6H, Ph), 5.48 (hept, J = 13.5, 6.8 Hz, 1H, CH(CH3)2), 4.14 

(hept, J = 6.5 Hz, 1H, CH(CH3)2), 4.04 (s, 2H, CH2), 1.36 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.23 (d, J = 

6.8 Hz, 6H, CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 185.11, 136.15, 129.33, 128.35, 126.32, 77.34, 

77.02, 76.70, 50.88, 48.68, 41.59, 23.49, 18.98. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C14H22N3O+ 248.1757; Found 248.1759. 

(E)-1-(3,3-Dimethyltriaz-1-en-1-yl)hexan-1-one (3.8) 

Triazene 3.8 was prepared following the general procedure using (E)-1-(hex-1-yn-1-yl)-3,3-

dimethyltriaz-1-ene (0.5 mmol) and acetic acid (0.5 equiv) in acetone/water (1:1, 2.5 ml). The reaction 

mixture was heated at 50 °C for 5 h. Yield (yellow oil, pale white solid): 31 mg (36%). 1H NMR (400 

MHz, CDCl3) δ 3.63 (s, 3H, NCH3), 3.28 (s, 3H, NCH3), 2.67 (t, J = 7.6 Hz, 2H, CH2), 1.68 (p, J = 7.3 

Hz, 2H, CH2), 1.43 – 1.20 (m, 4H, CH2, CH2), 1.01 – 0.77 (m, 3H, CH3). 13C NMR (101 MHz, CDCl3) 

δ 187.22, 77.48, 77.36, 77.16, 76.84, 44.65, 37.37, 35.13, 31.78, 24.90, 22.61, 14.12. HRMS (nanochip-

ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C8H17N3NaO+ 194.1264; Found 194.1264. 

(E)-1-(3,3-Diethyltriaz-1-en-1-yl)-3,3-dimethylbutan-1-one (3.9) 

Triazene 3.9 was prepared following the general procedure using (E)-1-(3,3-dimethylbut-1-yn-

1-yl)-3,3-diethyltriaz-1-ene (1.2 mmol) and acetic acid (0.5 equiv) in acetone/water (1:1, 6 ml). The 

reaction mixture was heated at 50 °C for 5 h. Yield (yellow oil, pale white solid): 158 mg (66%). 1H 
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NMR (400 MHz, CDCl3) δ 3.84 (dq, J = 11.8, 7.2 Hz, 4H, CH2CH3), 2.61 (s, 2H, CH2), 1.37 (t, J = 7.2 

Hz, 3H, CH3), 1.20 (t, J = 7.2 Hz, 3H, CH3), 1.01 (m, 9H, CH3, CH2CH3). 13C NMR (101 MHz, CDCl3) 

δ 186.18, 77.48, 77.16, 76.84, 50.67, 48.03, 42.98, 31.48, 30.32, 14.06, 10.90. HRMS (ESI/QTOF) m/z: 

[M + Na]+ Calcd for C10H21N3NaO+ 222.1577; Found 222.1581. 

ES.3.3 Synthesis of the olefinic 1-acyl triazenes 3.10–3.16 

ES.3.3.1 Reaction optimization 

Stock solutions were prepared in a glove box using 1,2-dichloroethane as solvent. 

The concentrations of the stock solutions were chosen in a way that 100 μl of the 1-alkynyl triazene 

(0.1 mmol), 100 μl of the internal standard 1,3,5-trimethoxybenzene (1/3 equiv), 200 μl of pyridine 

N-oxide (1.1 equiv), and 100 μl of the pre-mixed catalyst solution of LAuX (5 mol%) and AgY 

(5 mol%) were employed. The aliquots of the stock solutions were added to a J-Young NMR tube 

containing a closed capillary with D2O. A blank 1H spectrum was recorded using a 500 MHz NMR 

spectrometer with a pre-set temperature and with suppression of the 1,2-dichloroethane solvent peak. 

Subsequently, the catalyst was added to the reaction mixture (t0) and the shimming, gain and atma were 

optimized again. The reaction was then followed by NMR. After 15 min, the first 1H NMR spectrum 

was recorded, followed by further spectra every 5 min. Yields were calculated based on the ratio of 

H(α) and the CH2 of the starting material and the peaks of the internal standard at ~6 ppm. The E/Z ratio 

was determined by comparing the H(α) signal J-values: E ~10 Hz, Z ~15 Hz. 

ES.3.3.2 General procedure 

A solution of the respective triazene (0.5 mmol), pyridine N-oxide, (JohnPhos)AuCl (5 mol%), 

and AgNTF2 (5 mol%) in dichloroethane (2.5 ml) was stirred at 70 °C in a glove box. After the indicated 

time, the reaction mixture was removed from the glove box, exposed to air, and the solvent was 

evaporated. The crude product was purified and the E/Z-isomers were separated by flash column 

chromatography over deactivated silica with a gradient of pentane to pentane/diethyl ether 25-30%. 

The product was freeze-dried in pentane.  
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ES.3.3.3 Scope 

(Z)-1-((E)-3,3-Diisopropyltriaz-1-en-1-yl)hex-2-en-1-one (3.10-Z) 

Triazene 3.10-Z was prepared following the general procedure using (E)-1-(hex-1-yn-1-yl)-

3,3-diisopropyltriaz-1-ene (0.5 mmol), JohnPhos AuCl (5 mol%), AgNTf2 (5 mol%) and pyridine 

N-oxide (1.1 eq) in DCE (0.2 M). The reaction mixture was heated at 70 °C for 45 min. Yield (yellow 

oil): 4.3 mg (4%). 1H NMR (400 MHz, CDCl3) δ 6.50 (d, J = 11.6, 1.7 Hz, 1H, CH), 6.20 (dt, J = 13.0, 

6.0 Hz, 1H, CH), 5.46 (hept, 1H, CH(CH3)2), 4.13 (hept, 1H, CH(CH3)2), 2.77 – 2.61 (m, 2H, CH2), 

1.55 – 1.43 (m, 2H, CH2), 1.39 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.25 (d, J = 6.8 Hz, 6H, CH(CH3)2), 0.95 

(t, J = 7.3 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 178.88, 148.41, 122.34, 50.94, 48.34, 31.67, 

23.62, 22.70, 19.17, 13.99. HRMS (ESI/QTOF) m/z [M + H]+ Calcd for C12H24N3O+ 226.1914; Found 

226.1916. 

(E)-1-((E)-3,3-Diisopropyltriaz-1-en-1-yl)hex-2-en-1-one (3.10-E) 

Triazene 3.10-E was prepared following the general procedure using (E)-1-(hex-1-yn-1-yl)-

3,3-diisopropyltriaz-1-ene (0.5 mmol), JohnPhos AuCl (5 mol%), AgNTf2 (5 mol%) and pyridine 

N-oxide (1.1 eq) in DCE (0.2 M). The reaction mixture was heated at 70 °C for 45 min. Yield (yellow 

oil): 84.6 mg (75%). 1H NMR (400 MHz, CDCl3) δ 7.07 (dt, J = 14.6, 7.0 Hz, 1H, CH), 6.58 (d, J = 

15.5, 1.6 Hz, 1H, CH), 5.42 (hept, 1H, CH(CH3)2), 4.14 (hept, 1H, CH(CH3)2), 2.21 (q, J = 7.2 Hz, 2H, 

CH2), 1.49 (q, J = 7.4 Hz, 2H, CH2), 1.38 (d, 6H, CH(CH3)2), 1.23 (d, J = 6.8, 1.1 Hz, 6H, CH(CH3)2), 

0.92 (t, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 177.92, 148.32, 123.03, 77.39, 77.07, 76.76, 51.08, 

48.42, 34.82, 23.41, 21.51, 18.98, 13.73. HRMS (ESI/QTOF) m/z [M + H]+ Calcd for C12H24N3O+ 

226.1914; Found 226.1916. 

(Z)-1-((E)-3,3-Dicyclohexyltriaz-1-en-1-yl)hex-2-en-1-one (3.11-Z) 

Triazene 3.11-Z was prepared following the general procedure using (E)-3,3-dicyclohexyl-1-

(hex-1-yn-1-yl)triaz-1-ene (0.5 mmol), JohnPhos AuCl (5 mol%), AgNTf2 (5 mol%) and pyridine 
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N-oxide (1.1 eq) in DCE (0.2 M). The reaction mixture was heated at 70 °C for 45 min. Yield (off-white 

solid): 9.5 mg (6%). 1H NMR (400 MHz, CDCl3) δ 6.50 (d, J = 11.7 Hz, 1H, CH), 6.18 (dt, J = 11.7, 

7.3 Hz, 1H, CH), 5.39 – 5.08 (m, 1H, Cy-CH), 3.87 – 3.54 (m, 1H, Cy-CH), 2.67 (q, J = 7.4 Hz, 2H, 

CH2), 1.97 – 1.04 (m, 22H, Cy-CH2, CH2), 0.94 (t, J = 7.3 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) 

δ 179.15, 148.06, 122.46, 77.48, 77.16, 76.84, 59.44, 56.21, 34.16, 31.67, 29.47, 25.96, 25.39, 22.71, 

13.99. HRMS (ESI/QTOF) m/z [M + H]+ Calcd for C18H32N3O+ 306.2540; Found 306.2544. 

(E)-1-((E)-3,3-Dicyclohexyltriaz-1-en-1-yl)hex-2-en-1-one (3.11-E) 

Triazene 3.11-E was prepared following the general procedure using (E)-3,3-dicyclohexyl-1-

(hex-1-yn-1-yl)triaz-1-ene (0.5 mmol), JohnPhos AuCl (5 mol%), AgNTf2 (5 mol%) and pyridine 

N-oxide (1.1 eq) in DCE (0.2 M). The reaction mixture was heated at 70 °C for 45 min. Yield (off-white 

solid): 106 mg (70%). 1H NMR (400 MHz, CDCl3) δ 7.08 (dt, J = 14.2, 7.0 Hz, 1H, CH), 6.61 (d, J = 

15.6 Hz, 1H, CH), 5.50 – 4.97 (m, 1H, Cy-CH), 3.91 – 3.52 (m, 1H, Cy-CH), 2.24 (q, J = 7.3 Hz, 2H, 

CH2), 2.02 – 1.07 (m, 22H, Cy-CH2, CH2), 0.95 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) 

δ 178.41, 148.30, 123.13, 77.48, 77.16, 76.84, 59.63, 56.38, 35.01, 34.15, 29.45, 29.45, 25.97, 25.97, 

25.39, 25.39, 21.71, 13.92. HRMS (ESI/QTOF) m/z [M + H]+ Calcd for C18H32N3O+ 306.2540; Found 

306.2544. Crystals were grown by dissolving in small amount of pentane and leaving in the fridge 

overnight.  

(E)-1-((E)-3,3-Diisopropyltriaz-1-en-1-yl)-3-methoxyprop-2-en-1-one (3.12) 

Triazene 3.12 was prepared following the general procedure using (E)-3,3-diisopropyl-1-(3-

methoxyprop-1-yn-1-yl)triaz-1-ene (0.5 mmol), JohnPhos AuCl (5 mol%), AgNTf2 (5 mol%) and 

pyridine N-oxide (1.1 eq) in DCE (0.2 M). The reaction mixture was heated at 70 °C for 60 min. 

Purification, gradient up to 80% diethyl ether. Yield (white solid): 63.0 mg (58%). 1H NMR (400 MHz, 

CDCl3) δ 7.79 (d, J = 12.5 Hz, 1H, CH), 5.98 (d, J = 12.4 Hz, 1H, CH), 5.39 (hept, 1H, CH(CH3)2), 

4.15 (hept, 1H, CH(CH3)2), 3.73 (s, 3H, CH3), 1.39 (d, J = 6.5 Hz, 6H, CH(CH3)2), 1.25 (d, J = 6.8 Hz, 

6H, CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 178.81, 163.62, 98.39, 77.48, 77.16, 76.84, 57.64, 

51.14, 48.48, 23.56, 19.14. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z [M + H]+ Calcd for C10H20N3O2
+ 

214.1550; Found 214.1550. 
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(E)-2-Cyclopentylidene-1-(3,3-diisopropyltriaz-1-en-1-yl)ethan-1-one (3.13) 

Triazene 3.13 was prepared following the general procedure using (E)-1-(cyclopentylethynyl)-

3,3-diisopropyltriaz-1-ene (0.5 mmol), JohnPhos AuCl (5 mol%), AgNTf2 (5 mol%) and pyridine 

N-oxide (1.1 eq) in DCE (0.2 M). The reaction mixture was heated at 70 °C for 90 min. Yield (yellow 

oil): 67.1 mg (56%). 1H NMR (400 MHz, CDCl3) δ 6.55 (s, 1H, CH), 5.41 (hept, J = 6.8 Hz, 1H, 

CH(CH3)2), 4.12 (hept, J = 13.2, 6.6 Hz, 1H, CH(CH3)2), 2.98 – 2.81 (m, 2H, CH2), 2.57 – 2.41 (m, 2H, 

CH2), 1.73 (p, J = 6.9 Hz, 2H, CH2), 1.64 (p, J = 6.8 Hz, 2H, CH2), 1.38 (d, 6H, CH(CH3)2), 1.21 (d, J 

= 6.8 Hz, 6H, CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 178.31, 168.82, 113.62, 77.48, 77.16, 76.84, 

50.67, 47.96, 36.63, 33.35, 26.70, 25.60, 23.56, 19.10. Trace of starting material. HRMS (nanochip-

ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C13H24N3O+ 238.1914; Found 238.1910. 

(E)/(Z)-1-((E)-3,3-Diisopropyltriaz-1-en-1-yl)-3-phenylprop-2-en-1-one  

(3.14-E/Z ~ 10:1) 

Triazene 3.14 was prepared following the general procedure using (E)-3,3-diisopropyl-1-(3-

phenylprop-1-yn-1-yl)triaz-1-ene (0.5 mmol), JohnPhos AuCl (5 mol%), AgNTf2 (5 mol%) and 

pyridine N-oxide (1.1 eq) in DCE (0.2 M). The reaction mixture was heated at 70 °C for 60 min. 

Mixed fraction 3.14-E/Z (yellow oil): 8.5 mg (4%), E/Z = 1:1. Yield 3.14-E (yellow solid): 82.7 mg 

(46%). 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 16.0 Hz, 1H, CH), 7.55 (dd, J = 7.6, 2.0 Hz, 2H, Ph), 

7.39 – 7.29 (m, 3H, Ph), 7.22 (d, J = 2.8 Hz, 1H, CH), 5.46 (hept, 1H, CH(CH3)2), 4.18 (hept, 1H, 

CH(CH3)2), 1.42 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.27 (d, J = 6.8 Hz, 6H, CH(CH3)2). 13C NMR (101 

MHz, CDCl3) δ 178.00, 143.80, 135.81, 129.93, 128.93, 128.24, 120.38, 77.48, 77.36, 77.16, 76.84, 

51.50, 48.91, 23.62, 19.18. HRMS (ESI/QTOF) m/z [M + H]+ Calcd for C15H22N3O+ 260.1757; Found 

260.1759. 

(E)/(Z)-1-((E)-3,3-Diisopropyltriaz-1-en-1-yl)-4-phenylbut-2-en-1-one  

(3.15-E/Z ~ 2:1) 

Triazene 3.15 was prepared following the general procedure using (E)-3,3-diisopropyl-1-(3-

phenylprop-1-yn-1-yl)triaz-1-ene (0.5 mmol), JohnPhos AuCl (5 mol%), AgNTf2 (5 mol%) and 
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pyridine N-oxide (1.1 eq) in DCE (0.2 M). The reaction mixture was heated at 70 °C for 90 min. For the 

purification, a gradient up to 50% diethyl ether was used. Yield (orange oil): 77.6 mg (59%). Mixture of 

E/Z ~ 2:1. 1H NMR (400 MHz, CDCl3) δ 7.34 – 7.10 (m, 5H, E/Z-Ph), 6.59 – 6.32 (m, 1H, E/Z-CH), 

5.52 – 5.31 (m, 1H, E/Z-CH(CH3)2), 4.19 – 4.01 (m, 1H, E/Z-CH(CH3)2), 3.59 (d, J = 5.8 Hz, 1H, E-

CH), 3.52 (d, J = 6.7, 1.6 Hz, 1H, Z-CH), 1.37 (d, J = 6.5 Hz, 6H, E-CH(CH3)2), 1.30 (d, J = 6.6 Hz, 

6H, Z-CH(CH3)2), 1.20 (d, J = 6.9, 5.2 Hz, 6H, E/Z-CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 185.23, 

177.70, 146.13, 138.42, 137.38, 132.49, 128.91, 128.54, 128.45, 127.15, 126.42, 126.19, 124.30, 

124.13, 77.36, 77.24, 77.04, 76.72, 51.13, 50.89, 48.68, 48.54, 39.00, 38.89, 23.63, 23.45, 23.37, 19.00. 

HRMS (ESI/QTOF) m/z [M + H]+ Calcd for C16H24N3O+ 274.1914; Found 274.1918. 

(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)-2,3-dimethylbut-2-en-1-one (3.16) 

Triazene 3.16 was prepared following the general procedure using (E)-1-(3,3-dimethylbut-1-

yn-1-yl)-3,3-diisopropyltriaz-1-ene (0.5 mmol), JohnPhos AuCl (5 mol%), AgNTf2 (5 mol%) and 

pyridine N-oxide (1.1 eq) in DCE (0.2 M). The reaction mixture was heated at 70 °C for 45 min. 

Yield (off-white solid): 101.5 mg (90%). 1H NMR (400 MHz, CDCl3) δ 5.43 (hept, J = 6.9 Hz, 1H, 

CH(CH3)2), 4.13 (hept, J = 6.7 Hz, 1H, CH(CH3)2), 1.84 (s, 3H, CH3), 1.74 (s, 3H, CH3), 1.68 (s, 3H, 

CH3), 1.34 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.25 (d, J = 6.8 Hz, 6H, CH(CH3)2). 13C NMR (101 MHz, 

CDCl3) δ 186.50, 132.36, 128.68, 77.48, 77.36, 77.16, 76.84, 51.06, 48.66, 23.49, 22.77, 20.16, 19.19, 

16.84. HRMS (LTQ-Orbitrap) m/z [M + H]+ Calcd for C12H24N3O+ 226.1914; Found 226.1914. 

Crystals were grown by dissolving the compound in a minimal amount of pentane and keeping it the 

fridge (5 °C) overnight. 

ES.3.4 Synthesis of the 1,2-diketo triazenes 3.17–3.22 

ES.3.4.1 Reaction optimization 

The reaction mixtures were prepared under N2 in a J-Young NMR tube using 

1,2,4,5-tetramethylbenzene as internal standard. The reactions were followed by recording 1H spectra 

using a 400 MHz NMR spectrometer.  

ES.3.4.2 General procedure 

Conditions A: A solution of the respective 1-alkynyl triazene (1 equiv), 2-chloropyridine 

N-oxide281 (3 equiv), and I2 (50 mol%) in acetonitrile (0.1 M) under N2 was stirred for 50 min. 

Subsequently, the mixture was exposed to air and the solvent was evaporated. The crude product was 
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purified by flash column chromatography over deactivated silica with a gradient of pentane to 

pentane/diethyl ether 50%. The resulting product was freeze-dried in pentane. 

Conditions B: The general procedure was adapted by using the following conditions: 

(JohnPhos)AuCl (10 mol%), AgNTf2 (10 mol%), pyridine N-oxide (2.2 equiv). 

ES.3.4.3 Scope 

(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)-2-phenylethane-1,2-dione (3.17) 

Triazene 3.17 was synthesized following procedure A or B, using (E)-3,3-diisopropyl-1-

(phenylethynyl)triaz-1-ene (1 or 0.5 mmol, respectively). A: For purification, gradient up to 70% 

diethyl ether. B: 1.5 h reaction time. Yield A (pale yellow solid): 223 mg (85%). Yield B (white 

crystalline solid): 80.3 mg (61%). 1H NMR (400 MHz, CDCl3) δ 7.94 – 7.77 (m, 2H, Ph), 7.64 – 7.52 

(m, 1H, Ph), 7.52 – 7.40 (m, 2H, Ph), 5.52 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 4.08 (hept, J = 6.6 Hz, 

1H, CH(CH3)2), 1.28 (d, J = 6.8 Hz, 6H, CH(CH3)2), 1.04 (d, J = 6.6 Hz, 6H, CH(CH3)2). 13C NMR 

(101 MHz, CDCl3) δ 196.51, 181.63, 134.07, 133.96, 129.21, 128.88, 77.48, 77.36, 77.16, 76.84, 52.31, 

50.21, 23.08, 18.99. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C14H20N3O2
+ 

262.1550; Found 262.1547.  

(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)-2-(4-methoxyphenyl)ethane-1,2-dione 

(3.18) 

Triazene 3.18 was synthesized following procedure A using (E)-3,3-diisopropyl-1-((4-

methoxyphenyl)ethynyl)triaz-1-ene (0.75 mmol). Purification with a gradient of 5% to 75% diethyl 

ether. Product was freeze-dried in diethyl ether/pentane and some dichloromethane. Yield A (yellow 

solid): 188.2 mg (86%). 1H NMR (400 MHz, CDCl3) δ 7.91 – 7.72 (m, 2H, Ph), 7.01 – 6.84 (m, 2H, 

Ph), 5.51 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 4.09 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 3.86 (s, 3H, CH3), 

1.28 (d, J = 6.9 Hz, 6H, CH(CH3)2), 1.07 (d, J = 6.5 Hz, 6H, CH(CH3)2). 13C NMR (101 MHz, CDCl3) 

δ 194.94, 181.92, 164.20, 131.61, 127.25, 114.15, 77.48, 77.16, 76.84, 55.66, 52.26, 50.08, 23.15, 

18.99. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C15H22N3O3
+ 292.1656; Found 292.1661. Crystals 

were grown by dissolving in warm diethyl ether (40 °C), letting cool to room temperature, followed by 

slow evaporation of solvent. 
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(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)-2-(4-fluorophenyl)ethane-1,2-dione 

(3.19) 

Triazene 3.19 was synthesized following procedure A using (E)-1-((4-fluorophenyl)ethynyl)-

3,3-diisopropyltriaz-1-ene (0.75 mmol). Yield (yellow solid): 171.9 mg (82%). 1H NMR (400 MHz, 

CDCl3) δ 7.88 (dd, J = 8.8, 5.4 Hz, 2H, Ph), 7.15 (dd, J = 8.6 Hz, 2H, Ph), 5.51 (hept, J = 6.8 Hz, 1H, 

CH(CH3)2), 4.11 (hept, J = 6.5 Hz, 1H, CH(CH3)2), 1.29 (d, J = 6.8 Hz, 6H, CH(CH3)2), 1.07 (d, J = 6.5 

Hz, 6H, CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 194.74, 181.27, 167.52, 164.97, 131.93, 131.84, 

130.59, 130.56, 116.33, 116.11, 77.48, 77.16, 76.84, 23.14, 18.99. HRMS (nanochip-ESI/LTQ-

Orbitrap) m/z: [M + H]+ Calcd for C14H19FN3O2
+ 280.1456; Found 280.1458. 

(E)-1-(Cyclohex-1-en-1-yl)-2-(3,3-diisopropyltriaz-1-en-1-yl)ethane-1,2-dione 

(3.20) 

Triazene 3.20 was synthesized following procedure B using (E)-1-(cyclohex-1-en-1-

ylethynyl)-3,3-diisopropyltriaz-1-ene (0.5 mmol). Reaction time of 1.5 h. Only conditions B gave the 

desired product. Yield (pastel pink crystalline solid): 56.1 mg (42%). 1H NMR (400 MHz, CDCl3) δ 

6.68 (tt, J = 3.7, 1.6 Hz, 1H, CH), 5.48 (hept, J = 6.9 Hz, 1H, CH(CH3)2), 4.16 (hept, J = 6.5 Hz, 1H, 

CH(CH3)2), 2.37 – 2.16 (m, 4H, CH2, CH2), 1.76 – 1.58 (m, 4H, CH2, CH2), 1.27 (d, J = 7.8, 6.7 Hz, 

12H, CH(CH3)2, CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 197.79, 182.39, 147.13, 137.23, 77.48, 

77.36, 77.16, 76.84, 52.06, 49.91, 26.50, 23.37, 22.02, 21.84, 21.77, 19.02. HRMS (ESI/QTOF) m/z: 

[M + H]+ Calcd for C14H24N3O2
+ 266.1863; Found 266.1864. Crystals were grown by dissolving in 

warm diethyl ether (40 °C) and left at rt >48 h. 

(E)-1-(3,3-Dicyclohexyltriaz-1-en-1-yl)-2-(4-methoxyphenyl)ethane-1,2-

dione (3.21) 

Triazene 3.21 was synthesized following procedure A using (E)-3,3-dicyclohexyl-1-((4-

methoxyphenyl)ethynyl)triaz-1-ene (0.5 mmol). Reaction time of 140 min. Yield (pale yellow solid): 
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150 mg (81%). 1H NMR (400 MHz, CDCl3) δ 7.96 – 7.65 (m, 2H, CH2), 7.08 – 6.77 (m, 2H, CH2), 

5.41 – 5.13 (m, 1H, Cy-CH), 3.87 (s, 3H, CH3), 3.62 (dd, J = 10.9, 3.4 Hz, 1H, Cy-CH), 1.95 – 0.77 

(m, 20H, Cy-CH2). 13C NMR (101 MHz, CDCl3) δ 195.10, 182.15, 164.16, 131.61, 127.38, 114.14, 

77.48, 77.36, 77.16, 76.84, 60.58, 57.82, 55.69, 33.59, 29.28, 25.59, 25.36, 25.22, 24.96. HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C21H30N3O3
+ 372.2282; Found 372.2277. Crystals were grown by 

dissolving in warm diethyl ether (40 °C), letting cool to room temperature, followed by slow 

evaporation of solvent. 

(E)-1-(3-Isopropyl-3-methyltriaz-1-en-1-yl)-2-(thiophen-2-yl)ethane-1,2-dione (3.22) 

Triazene 3.22 was synthesized following procedure A using (E)-3-isopropyl-3-methyl-1-

(thiophen-2-ylethynyl)triaz-1-ene (0.32 mmol). Reaction time of 60 min. Yield (brown solid): 64 mg 

(82%). 1H NMR (400 MHz, CDCl3) δ 8.09 (dd, J = 2.9, 1.1 Hz, 1H, thiophene), 7.55 (dd, J = 5.1, 1.2 

Hz, 1H, thiophene), 7.34 (dd, J = 5.1, 2.9 Hz, 1H, thiophene), 4.29 – 4.01 (m, 1H, CH(CH3)2), 3.34 (s, 

3H, CH3), 1.28 (d, J = 6.7 Hz, 6H, CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 188.36, 180.04, 139.30, 

135.48, 126.92, 126.90, 77.48, 77.36, 77.16, 76.84, 60.43, 34.72, 20.60. HRMS (ESI/QTOF) m/z: [M 

+ Na]+ Calcd for C10H13N3NaO2S+ 262.0621; Found 262.0623. 

ES.3.5 Synthesis of the α-halogenated 1-acyl triazenes 3.23–3.28 

ES.3.5.1 General procedure 

A solution of the respective triazene (1 equiv) in a mixture of acetonitrile/water (20:1, 0.35 M) 

was cooled to 0 °C in an ice bath. NXS (X = Br or Cl; 2 equiv) was added, and the mixture was left 

stirring for the indicated time and temperature. Subsequently, it was diluted with DCM and purified by 

flash column chromatography on deactivated silica. The final product was freeze-dried in pentane or 

DCM.  

ES.3.5.2 Scope 

(E)-2,2-Dibromo-1-(3,3-diisopropyltriaz-1-en-1-yl)hexan-1-one (3.23) 

Triazene 3.23 was synthesized using (E)-1-(hex-1-yn-1-yl)-3,3-diisopropyltriaz-1-ene 

(0.72 mmol) following the general procedure. Reaction time 10 min, pentane/diethyl ether (3:1) as 
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eluent. Yield (yellow oil): 222 mg (80%). 1H NMR (400 MHz, CDCl3).  δ 4.97 (hept, J = 6.9 Hz, 1H, 

CH(CH3)2), 4.29 (hept, J = 6.7 Hz, 1H, CH(CH3)2), 2.74 – 2.59 (m, 2H, CH2), 1.75 – 1.59 (m, 2H, CH2), 

1.52 – 1.34 (m, 14H, CH2, CH(CH3)2), 0.94 (t, J = 7.3 Hz, 3H, CH3).13C NMR (101 MHz, CDCl3) δ 

176.11, 68.51, 54.93, 51.67, 46.91, 30.05, 22.74, 22.34, 19.02, 14.08. HRMS (ESI/QTOF) m/z: [M + 

H]+ Calcd for C12H24Br2N3O+ 384.0281; Found 384.0281. 

(E)-2,2-Dibromo-1-(3,3-diisopropyltriaz-1-en-1-yl)-2-phenylethan-1-one (3.24) 

Triazene 3.24 was synthesized using (E)-3,3-diisopropyl-1-(phenylethynyl)triaz-1-ene 

(0.157 mmol) following the general procedure. Reaction time 20 min, gradient of pentane/diethyl ether 

(9:1 to 3:1). Yield (yellow oil): 46 mg (72%). 1H NMR (400 MHz, CDCl3) δ 7.83 – 7.62 (m, 2H, CH), 

7.33 (td, J = 7.1, 6.2, 1.3 Hz, 2H, CH), 7.29 – 7.22 (m, 1H, CH), 4.77 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 

4.20 (hept, J = 6.7 Hz, 1H, CH(CH3)2), 1.29 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.17 (d, J = 6.8 Hz, 6H, 

CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 175.47, 142.13, 128.75, 128.14, 127.61, 77.48, 77.36, 

77.16, 76.84, 67.37, 54.90, 51.49, 22.55, 18.76. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 

C14H19Br2N3NaO+ 425.9787; Found 425.9785. 

(E)-2,2-Dibromo-1-(3,3-diisopropyltriaz-1-en-1-yl)-2-(4-fluorophenyl)ethan-1-

one (3.25) 

Triazene 3.25 was synthesized using (E)-1-((4-fluorophenyl)ethynyl)-3,3-diisopropyltriaz-1-

ene (0.21 mmol) following the general procedure. Reaction time of 20 min at 0 °C and then 20 min at 

rt, gradient of pentane/diethyl ether (7:3 to 6:4). Yield (yellow solid): 65 mg (75%). 1H NMR (400 

MHz, CDCl3) δ 7.86 – 7.64 (m, 2H, CH), 7.12 – 6.91 (m, 2H, CH), 4.77 (hept, J = 6.8 Hz, 1H, 

CH(CH3)2), 4.23 (hept, J = 6.7 Hz, 1H, CH(CH3)2), 1.34 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.21 (d, J = 6.8 

Hz, 6H, CH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 175.34, 163.84, 161.36, 138.11, 138.08, 129.92, 

129.83, 115.04, 114.82, 77.48, 77.36, 77.16, 76.84, 66.04, 55.11, 51.74, 22.60, 18.79, 1.17. HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C14H19Br2FN3O+ 421.9873; Found 421.9869. 
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(E)-2,2-Dibromo-1-(3,3-dicyclohexyltriaz-1-en-1-yl)hexan-1-one (3.26) 

Triazene 3.26 was synthesized using (E)-3,3-dicyclohexyl-1-(hex-1-yn-1-yl)triaz-1-ene 

(0.198 mmol) following the general procedure. Reaction time of 15 min. Purification with a gradient of 

pentane/diethyl ether (1:0 to 19:1). There remained an impurity which was the triethylammonium salt. 

The product was further purified by dissolving in DCM and washing with water and brine, after which 

it was concentrated and freeze-dried for 5h in pentane over CaCl2. Yield (yellow solid): 48.6 mg (53%). 

1H NMR (400 MHz, CDCl3) δ 4.76 (m, 1H, Cy-CH), 3.83 (m, 1H, Cy-CH), 2.80 – 2.58 (m, 2H, CH2), 

2.15 – 1.03 (m, 24H, Cy-CH2, CH2), 0.95 (t, J = 7.3 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 

176.03, 77.48, 77.16, 76.84, 68.82, 62.64, 60.33, 47.15, 33.31, 30.08, 29.00, 25.75, 25.55, 25.07, 22.37, 

14.09. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H32Br2N3O+ 464.0907; Found 464.0907. 

(E)-2,2-Dibromo-1-(3,3-diethyltriaz-1-en-1-yl)-3,3-dimethylbutan-1-one 

(3.27) 

Triazene 3.27 was synthesized using (E)-1-(3,3-dimethylbut-1-yn-1-yl)-3,3-diethyltriaz-1-ene 

(0.33 mmol) following the general procedure. Reaction time 10 min at 0 °C and then 10 min at rt, 

gradient of pentane/diethyl ether (9:1 to 3:1). Yield (pale yellow solid): 41 mg (35%). 1H NMR (400 

MHz, CDCl3) δ 3.98 (q, J = 7.3 Hz, 2H, CH2CH3), 3.87 (q, J = 7.2 Hz, 2H, CH2CH3), 1.42 – 1.38 (m, 

12H, CH2CH3, CH3), 1.30 (t, J = 7.2 Hz, 3H, CH2CH3). 13C NMR (101 MHz, CDCl3) δ 176.38, 83.43, 

77.48, 77.16, 76.84, 51.71, 44.62, 43.84, 27.87, 13.98, 11.23. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd 

for C10H20Br2N3O+ 355.9968; Found 355.9964. 

(E)-2,2-Dichloro-1-(3,3-diisopropyltriaz-1-en-1-yl)hexan-1-one (3.28) 

Triazene 3.28 was synthesized using (E)-1-(hex-1-yn-1-yl)-3,3-diisopropyltriaz-1-ene 

(0.29 mmol) following the general procedure. Reaction time of 1 min, then 2 h at rt, gradient of 

pentane/diethyl ether (9:1 to 3:1). Yield (yellow oil): 61 mg (71%). 1H NMR (400 MHz, CDCl3) δ 5.02 

(hept, J = 6.6 Hz, 1H, CH(CH3)2), 4.29 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 2.58 – 2.47 (m, 2H, CH2), 

1.66 – 1.57 (m, 2H, CH2), 1.44 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.38 (d, J = 6.9 Hz, 6H, CH(CH3)2), 0.93 
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(t, J = 7.3 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ δ 175.63, 89.29, 77.48, 77.37, 77.16, 76.84, 

54.72, 51.52, 45.12, 27.55, 22.78, 22.45, 18.85, 14.03. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C12H24Cl2N3O+ 296.1291; Found 296.1294. 

ES.3.6 Synthesis of the unpublished triazenes 3.31–3.33 

(E)-1-(3,3-diisopropyltriaz-1-en-1-yl)-2-fluorohexan-1-one (3.31) 

Triazene 3.31 was synthesized using (E)-1-(hex-1-yn-1-yl)-3,3-diisopropyltriaz-1-ene (0.382 

mmol). In a vial, the starting material was dissolved in acetonitrile (0.26 ml) and water was added (0.034 

ml, 5 equiv). The reaction mixture was cooled at 0°C in an ice bath and 1-chloromethyl-4-fluoro-1,4-

diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) (207 mg, 0.764 mmol, 2 equiv) in acetonitrile (2.32 

ml) and water (0.013 ml) was added dropwise to the reaction mixture. After 35 min, it was allowed to 

warm up to rt and the reaction mixture was stirred at rt for additional 4 h. It was quenched with saturated 

aq. NH4Cl, and extracted with diethyl ether. Then the combined organic phases were washed with water, 

brine, and then dried over MgSO4, filtered, and concentrated. The product was purified by flash column 

chromatography on deactivated silica starting with a gradient of pentane / diethyl ether (4:1 to 1:1). The 

product was freeze-dried in pentane. Yield (white solid): 22.42 mg (24%). 1H NMR (400 MHz, CDCl3) 

δ 5.59 – 5.32 (m (hept + ddd), 2H), 4.21 (hept, J = 6.6 Hz, 1H), 1.97 – 1.74 (m, 2H), 1.54 – 1.44 (m, 

2H), 1.40 (d, J = 3.0 Hz, 3H), 1.39 (d, J = 3.0 Hz, 3H), 1.38 – 1.30 (m, 1H), 1.28 (d, J = 6.8 Hz, 6H), 

0.91 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 182.51 (d, 2JC-F = 18.5 Hz), 90.63 (d, 1J C-F= 

179.5 Hz), 51.86, 49.29, 32.81 (d, 2JC-F = 21.6 Hz), 27.22 (d, 3JC-F = 2.8 Hz), 23.57, 23.43, 22.50, 

19.02, 19.00, 14.03. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C12H24FN3NaO+ 268.1796; Found 

268.1795. 

(E)-1-(2,2-dibromo-1,1-dimethoxyhexyl)-3,3-diisopropyltriaz-1-ene 

(3.32) 

Triazene 3.32 was synthesized using (E)-1-(hex-1-yn-1-yl)-3,3-diisopropyltriaz-1-ene (0.48 

mmol). In a vial, the starting material was dissolved in acetonitrile (1.28 ml) and methanol (0.097 ml, 

2.39 mmol, 5 equiv) was added. The reaction mixture was cooled at 0°C in an ice bath and freshly 

recrystallized N-bromosuccinimide (170 mg, 0.96 mmol, 2 equiv) was added and the mixture was left 

stirring for 20 min. The product was purified by flash column chromatography on deactivated silica 

with a gradient of pentane to pentane diethyl ether (98:2) as eluent. The product was freeze-dried in 
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pentane. Yield (yellow liquid): 144.5 mg (70%). 1H NMR (400 MHz, CDCl3) δ 4.90 (hept, J = 5.7 Hz, 

1H), 3.98 (hept, J = 13.3, 6.7 Hz, 1H), 3.52 (s, 6H), 2.37 – 2.22 (m, 2H), 1.78 (ddd, J = 11.4, 9.9, 6.4 

Hz, 2H), 1.42 – 1.34 (m, 2H), 1.34 (d, J = 6.4 Hz, 6H), 1.23 (d, J = 6.8 Hz, 6H), 0.94 (t, J = 7.4 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 108.63, 83.41, 53.63, 49.80, 46.98, 43.59, 30.03, 23.79, 22.53, 

19.31, 14.21. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C14H29Br2N3NaO2
+ 452.0519; Found 

452.0526. 

(E)-2,2-dibromo-1-((E)-3,3-diisopropyltriaz-1-en-1-yl)-N-

phenylhexan-1-imine (3.33) 

Triazene 3.33 was synthesized using (E)-1-(hex-1-yn-1-yl)-3,3-diisopropyltriaz-1-ene (0.38 

mmol). In a vial, the starting material was dissolved in acetonitrile (1 ml) and aniline (0.57 mmol, 1.5 

equiv) was added. The reaction mixture was cooled at 0 °C in an ice bath and N-bromosuccinimide (136 

mg, 0.76 mmol, 2 equiv) was added. After the addition, the reaction mixture was heated at 40 °C for 

2.5 h. The reaction mixture was diluted in DCM and loaded on silica. It was purified by column 

chromatography on deactivated silica with pentane/diethyl ether (98:2) as eluent. It was freeze-dried in 

diethyl ether. Yield: 100 mg (57%). From NMR spectra, two isomers are present in a 12.7:1 ratio. Full 

characterization major isomer (presumably E isomer): 1H NMR (400 MHz, CDCl3) δ 7.23 – 7.14 (m, 

2H), 6.89 (tt, J = 7.3, 1.2 Hz, 1H), 6.80 – 6.69 (m, 2H), 4.79 (hept, J = 6.8 Hz, 1H), 3.80 (hept, J = 6.6 

Hz, 1H), 2.85 – 2.78 (m, 2H), 1.87 – 1.75 (m, 2H), 1.51 – 1.41 (m, 2H), 1.31 – 1.24 (m, 2H), 1.15 (d, J 

= 6.8 Hz, 6H), 1.02 – 0.93 (m, 9H). 13C NMR (101 MHz, CDCl3) δ 161.91, 149.77, 128.40, 122.35, 

120.83, 69.83, 50.94, 48.25, 48.07, 30.17, 22.95, 22.39, 19.00, 14.22. HRMS (ESI/QTOF) m/z: [M + 

H]+ Calcd for C18H29Br2N4
+ 459.0753; Found 459.0751. 

ES.3.7 NMR Coalescence studies 

A solution of the respective triazene in DMSO-d6 (0.5 ml) was added to a J-Young NMR tube. 

NMR spectra were recorded on a 400 MHz NMR spectrometer and the sample was heated in situ. After 

increasing the temperature, the sample was allowed to stabilize for 2–3 min.  

Calculations282: Equation (1) is valid if i) the dynamic process is kinetically 1st order, ii) the two 

singlets have equal intensity, iii) the exchanging nuclei are not coupled to each other. 

(1)     𝑘𝑐 =
𝜋∆𝑣

√2
= 2.22 ∆𝑣        (2)    ∆𝐺𝑐

‡ = 4.58 𝑇𝑐 (10.32 + log (
𝑇𝑐

𝑘𝑐
)) 𝑐𝑎𝑙 𝑚𝑜𝑙−1 = 19.14 𝑇𝑐 (10.32 + log (

𝑇𝑐

𝑘𝑐
)) 𝐽 𝑚𝑜𝑙−1 



 

Experimental section 

 

106 

 

ES.3.8 Temperature stability 

ES.3.8.1 Liquid state (NMR) 

The triazenes were dissolved in a deuterated solvent in a J-Young NMR tube and the samples 

were heated in an oil bath unless stated otherwise. At a given time, a 1H NMR spectrum was recorded 

on a 400 MHz spectrometer. 

ES.3.8.2 Thermogravimetric analysis (TGA) 

The TGA measurements were performed on a TGA 4000 from Perkin Elmer. The weight of the 

given triazenes (2–15 mg) was followed while increasing the temperature (10 °C/min). Starting T = 

30 °C. 

ES.3.9 Hydrolytic stability 

The hydrolytic stability of compound 3.3 was evaluated by NMR using a 400 MHz NMR 

spectrometer. In a J-Young NMR tube, compound 3.3 (0.04 mmol) was dissolved in a mixture of 

d6-acetone (0.1 ml) and D2O (0.4 ml) and a drop of THF was added as internal standard. First, the 

reaction mixture was heated at 50 °C in a sand bath for 12 days and a conversion of 28% was observed. 

Subsequently, the reaction mixture was heated at 100 °C for 22 hours and a conversion of 61% was 

observed. 

ES.3.10 Acid sensitivity 

ES.3.10.1 Acetic acid 

The triazene (0.025 mmol) was dissolved in d6-acetone/D2O (0.05 M) in a J-Young NMR tube 

(under air), and a small amount of DCM was added as internal standard. First, a blank spectrum was 

recorded. Subsequently, various equivalents of acetic acid were added, and the NMR tube was heated 

in a sand bath at 50 °C. Spectra were recorded periodically.  

ES.3.10.2 Trifluoroacetic acid (TFA) 

The triazene (0.025 mmol) was dissolved in d6-acetone/D2O (0.05 M) in a J-Young NMR tube 

(under air), and a small amount of DCM was added as internal standard. First, a blank spectrum was 

recorded. Subsequently, various equivalents of TFA were added, and the NMR tube was heated at 

50 °C.  
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ES.3.10.3 Triflic acid (HOTf) 

In a glove box, a stock solution of triflic acid was prepared by dissolving 87.8 μl of HOTf in 

200 μl of d3-acetonitrile. The triazene (0.025 mmol) was dissolved in d3-acetonitrile/D2O (0.05 M) in 

an NMR tube (under air), and a small amount of DCM was added as internal standard. First, a blank 

spectrum was recorded. Subsequently, 2 equiv of HOTf were added, and the time course of the reaction 

was followed by NMR spectroscopy. 

ES.3.11 Reactivity studies 

ES.3.11.1 Acid cleavage 

The reaction mixture was prepared in a glovebox by dissolving the corresponding triazene 

(0.025 mmol), hexamethylbenzene as internal standard (0.2 equiv), and the nucleophilic reagent 

(anisole or aniline, 2 equiv) in the corresponding deuterated solvent (0.5 ml). After recording a blank 

spectrum, HOTf (2 equiv) was added and the reaction mixture was kept at room temperature or heated 

at 70 °C and the conversion was followed by 1H NMR spectroscopy. In the case of the experiments 

with D2O, the reaction mixture was set-up outside the glovebox under air atmosphere. 
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Table ES 3.2 Triflic acid-induced cleavage of the triazene in the presence of nucleophiles. 

 

Entry Triazene Reagent Solvent T (°C) Time Yield (%)a Product 

1 

 

3.1 

- d3-acetonitrile/D2O rt 11 min >95 b 

 

3.1.1 

2 

 

3.1 

- d4-methanol rt 44 min >95 

 

3.1.2 

3 

 

3.1 

Aniline  

(2 equiv) 

d3-acetonitrile 70 70 min >95 

 

3.1.3 

4 

 

3.1 

Anisole  

(2 equiv) 

d3-acetonitrile 70 21 hours >95 

 

3.1.4 

para/ortho = 8:1 

5 

 

3.16 

- d3-acetonitrile/D2O rt 21 min >95 b 

 

3.16.1 

6 

 

3.16 

- d4-methanol rt 48 min 85 

 

3.16.2 

7 

 

3.16 

Aniline  

(2 equiv) 

d3-acetonitrile 70 70 min 91 

 

3.16.3 

8 

 

3.16 

Anisole  

(2 equiv) 

d3-acetonitrile 70 21 hours 78 

 

3.16.4 

para/ortho = 3:1 
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9 

 

3.17 

- d3-acetonitrile/D2O 70 60 min >95 b 

 

3.17.1 

 

10 

 

3.17 

- d4-methanol rt 59 min 63 

 

3.17.2 

11 

 

3.17 

Aniline  

(2 equiv) 

d3-acetonitrile 70 18 hours 85 

 

3.17.3 

12 

 

3.17 

Anisole  

(2 equiv) 

d3-acetonitrile 70 20 hours 58 

 

3.17.4 

para/ortho = 17:1 

13 

 

3.23 

- d3-acetonitrile/D2O 70 90 min 76 b 

 

3.23.1 

14 

 

3.23 

- d4-methanol rt 52 min 94 

 

3.23.2 

15 

 

3.23 

Aniline  

(2 equiv) 

d3-acetonitrile 70 3 days ~ 64 

 

3.23.3 

Mixture of signals 

and no complete 

cleavage of the 

triazene 

16 

 

3.23 

Anisole  

(2 equiv) 

d3-acetonitrile 70 19 hours ~ 22 

 

3.23.4 

Complete cleavage of 

the triazene, but a 

mixture of signals 

a Yields and product ratios are based on the 1H NMR spectra using hexamethylbenzene as internal standard. b 

DCM was used as internal standard. 
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ES.3.11.2 Epoxidation (3.29) 

 

(E)-(3,3-Diisopropyltriaz-1-en-1-yl)(2,3,3-trimethyloxiran-2-yl)methanone (3.29) 

(E)-1-(3,3-Diisopropyltriaz-1-en-1-yl)-2,3-dimethylbut-2-en-1-one 3.16 (0.670 mmol) was 

dissolved in DCM (3.4 ml) and 3-chloroperoxybenzoic acid (77%, 1.1 equiv) was added. The reaction 

mixture was stirred at rt for 2 h. It was quenched with saturated NaHCO3 (aq), extracted with diethyl 

ether, and the combined organic phases were filtered through a Pasteur pipet packed with MgSO4. After 

evaporation of the solvent, the product was freeze-dried with pentane, yielding 3.29. Yield (grey solid): 

102 mg (64%). 1H NMR (400 MHz, CDCl3) δ 5.50 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 4.21 (hept, J = 

6.6 Hz, 1H, CH(CH3)2), 1.52 (s, 3H, CH3), 1.43 (d, J = 6.5 Hz, 3H, CH(CH3)2), 1.40 (d, J = 6.6 Hz, 3H, 

CH(CH3)2), 1.38 (s, 3H, CH3), 1.27 (d, J = 5.5 Hz, 3H, CH(CH3)2), 1.26 (d, J = 5.5 Hz, 3H, CH(CH3)2), 

1.19 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 184.33, 67.27, 62.04, 51.23, 49.09, 23.80, 23.55, 

22.39, 19.92, 19.08, 19.06, 17.96. HRMS (APCI/QTOF) m/z: [M + Na]+ Calcd for 

C12H23N3NaO2
+ 264.1682; Found 264.1683. 

ES.3.11.3 Alkylation (3.30) 

 

(E)-2-Butyl-1-(3,3-diisopropyltriaz-1-en-1-yl)-5-methylhex-4-en-1-one (3.30) 

Water was removed from (E)-1-(3,3-diisopropyltriaz-1-en-1-yl)hexan-1-one 3.1 by filtering 

with pentane through a pipet containing MgSO4, followed by freeze-drying in pentane. LDA was 

prepared at –78 °C by dissolving diisopropylamine (1.42 equiv) in dry THF (3.0 ml) and adding 

n-butyllithium (2.5 M in hexanes, 1.47 equiv) dropwise. After 5 min the reaction mixture was allowed 

to warm up to rt for 15 min, after which it was cooled down again to –78 °C. Subsequently, (E)-1-(3,3-

diisopropyltriaz-1-en-1-yl)hexan-1-one 3.1 (0.34 mmol) in dry THF (1.0 ml) was added dropwise and 

it was stirred for 20 min, followed by allowing to warm up to rt for 90 min. After cooling the reaction 

mixture down again to –78 °C, 1-bromo-3-methyl-2-butene (1.5 equiv) in dry THF (0.5 ml) was added 

dropwise and the reaction mixture was left stirring overnight while slowly warming to rt. It was 

quenched with 3 ml of aqueous AcOH (20%), extracted with diethyl ether (3x), and the combined 

organic phases were washed with sat. NaHCO3 (aq), brine, and dried over MgSO4. The product was 
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purified by flash column chromatography on deactivated silica with pentane ether (13:7) as eluent. 

It was freeze-dried with pentane, yielding 3.30. Yield (yellow oil): 62.3 mg (60%). 1H NMR (400 MHz, 

CDCl3) δ 5.46 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 5.05 (t, J = 7.3 Hz, 1H, CH=C), 4.14 (hept, J = 6.6 

Hz, 1H, CH(CH3)2), 3.35 – 3.18 (m, 1H, CH), 2.38 – 2.27 + 2.24 – 2.12 (m, 2H, CH2), 1.77 – 1.66 (m, 

1H, CH2), 1.63 (s, 3H, CHCH3), 1.58 (s, 3H, CHCH3), 1.53 – 1.44 (m, 1H, CH2), 1.39 (d, J = 6.6 Hz, 

6H, CH(CH3)2), 1.30 – 1.13 (m, 10H, CH(CH3)2, CH2, CH2), 0.84 (t, J = 6.9 Hz, 3H, CH2CH3). 13C 

NMR (101 MHz, CDCl3) δ 190.52, 132.69, 122.55, 77.48, 77.16, 76.84, 50.86, 48.37, 43.90, 32.26, 

31.88, 30.04, 25.93, 23.57, 23.55, 22.93, 19.13, 17.90, 14.14. HRMS (ESI/QTOF) m/z: [M + Na]+ 

Calcd for C17H33N3NaO+ 318.2516; Found 318.2517. 

ES.3.12 X-ray crystallographic data 

Crystallographic and refinement data of 3.2, 3.11-E, 3.16, 3.18, 3.20 and 3.21 are summarized 

in Table ES 3.3. Bragg-intensities of 3.2, 3.11-E, 3.16, 3.18, 3.20 and 3.21 were collected at 

140.00(10) K using CuKα radiation. A Rigaku SuperNova dual system diffractometer with an Atlas S2 

CCD detector was used for compounds 3.2, 3.11-E, 16, 3.20 and 3.21, and one equipped with an Atlas 

CCD detector for compound 3.18. The datasets were reduced and corrected for absorption, with the 

help of a set of faces enclosing the crystals as snugly as possible, with CrysAlisPro.283 

The solutions and refinements of the structures were performed by the latest available version 

of ShelXT275 and ShelXL.277 All non-hydrogen atoms were refined anisotropically using full-matrix 

least-squares based on |F|2. The hydrogen atoms were placed at calculated positions by means of the 

“riding” model where each H-atom was assigned a fixed isotropic displacement parameter with a value 

equal to 1.2 Ueq of its parent C-atom (1.5 Ueq for the methyl groups), but in the structures of 3.11-E and 

3.21, hydrogen atom positions were found in a difference map and refined freely. Crystallographic and 

refinement data are summarized in Table ES 3.3. Crystallographic data have been deposited to the 

CCDC and correspond to the following codes: 3.2 (1921567), 3.11-E (1921565), 3.16 (1921563), 3.18 

(1921564), 3.20 (1921566) and 3.21 (1921568). Copies of the data can be obtained free of charge from 

the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, U.K. (fax, 

(internat.) +44-1223-336033; E-mail, deposit@ccdc.cam.ac.uk). 

In the structure 3.16, the acryloyl group is disordered over two positions found in a difference 

map and which were refined anisotropically imposing distance and similarity restraints (SADI and 

SIMU) for the least-squares refinement, yielding site occupancies of 0.631(4)/0.369(4). The structure 

3.20, is partially disordered over two positions; atoms of both orientations were located in difference 

Fourier map. The major and minor parts were refined anisotropically, but distance and similarity 

restraints (SADI and DFIX) were used for a convergent least-squares refinement, yielding site 

mailto:deposit@ccdc.cam.ac.uk
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occupancies of 0.728(4)/0.272(4). 

Table ES 3.3 Crystallographic data of 3.2, 3.11-E, 3.16, 3.18, 3.20 and 3.21. 
Compound 3.2 3.11-E 3.16 3.18 3.20 3.21 

Formula C12H25N3O C18H31N3O C12H23N3O C15H21N3O3 C14H23N3O2 C21H29N3O3 

Dcalc./ g cm-3 1.038 1.101 1.049 1.202 1.174 1.230 

μ/mm-1 0.528 0.534 0.537 0.694 0.640 0.666 

Formula Weight 227.35 305.46 225.33 291.35 265.35 371.47 

Colour colourless colourless colourless colourless colourless colourless 

Shape  prism prism prism prism  

Size/mm3 0.69 x 0.43 x 

0.29 

0.51 × 0.44 × 

0.35 

0.39 × 0.20 × 

0.13 

0.42 × 0.14 × 

0.06 

0.88 × 0.55 × 

0.32 

0.49 x 0.39 x 

0.30 

T/K 140.00(10) 139.99(10) 140.00(10) 140.00(10) 140.00(10) 140.00(10) 

Crystal System orthorhombic monoclinic triclinic monoclinic monoclinic monoclinic 

Space Group P21212 P21/n P1  Cc P21/n P21/c 

a/Å 15.30245(10) 9.37856(9) 6.5155(3) 11.0428(2) 8.56795(8) 11.05262(8) 

b/Å 13.74527(9) 15.21346(13) 8.3737(3) 18.4477(3) 16.30488(14) 15.28143(10) 

c/Å 6.91413(5) 13.21869(12) 13.7303(6) 8.36510(17) 11.35076(12) 11.88997(9) 

/° 90 90 88.278(3) 90 90 90 

/° 90 102.3750(9) 85.778(4) 109.114(2) 108.7740(11) 93.1298(7) 

/° 90 90 72.753(4) 90 90 90 

V/Å3 1454.293(17) 1842.23(3) 713.46(5) 1610.14(6) 1501.33(3) 2005.22(2) 

Z 4 4 2 4 4 4 

Z’  1 1 1 1  

Wavelength/Å 1.54184 Å 1.54184 1.54184 1.54184 1.54184 1.54184 

Radiation type CuK CuK CuK CuK CuK CuK 

min/° 4.324 4.492 3.228 4.794 4.929 4.006 

max/° 76.017 76.038 75.920 76.652 76.103 75.968 

Measured Refl. 13777 17450 4747 15104 13290 18963 

Independent 

Refl. 

3034 3834 2882 3332 3122 4163 

Reflections with  

I > 2(I) 

3011 3666 2548 3258 3019 4163 

Rint 0.0150 0.0197 0.0083 0.0247 0.0262 0.0226 

Parameters 154 324 219 196 196 361 

Restraints 0 0 197 2 11 0 

Largest Peak/e 

Å-3 

0.179 0.242 0.211 0.151 0.345 0.328 

Deepest Hole/e 

Å-3 

-0.105 -0.158 -0.157 -0.121 -0.200 -0.184 

GooF 1.084 1.049 1.054 1.033 1.073 1.076 

wR2 (all data) 0.0748 0.1000 0.1215 0.0718 0.0999 0.1084 

wR2 0.0747 0.0987 0.1173 0.0711 0.0988 0.1078 

R1 (all data) 0.0272 0.0377 0.0470 0.0271 0.0392 0.0429 

R1 0.0271 0.0362 0.0424 0.0265 0.0381 0.0420 

CCDC code 1921567 1921565 1921563 1921564 1921566 1921568 
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ES.3.12.1 CCDC database analysis 

To compare the bond lengths of the 1-acyl triazenes (Table ES 3.4) with aryl triazenes, a CCDC 

database search was performed. For the search, the program ConQuest (v2.0.1, CCDC 2019) was used 

with a CCDC database (CSD version 5.40 (November 2018) + 1 update). 

The query that was searched:  

With the following additional requirements: R = any atom except H, R’ = one or multiple 

substituents (n), Filter = only organics and must not contain:  

The resulting 122 hits were analysed and taken out of the data set if: 

(1) The triazene is cyclic. 

(2) It contains any other atom than H, C, N, O, F, Cl, Br, S. 

(3) The amount of connected N atoms > 3. 

(4) R is another atom than C, or if R is C–O. 

(5) No coordinates are available in the database. 

 

The resulting 67 hits were analysed with Mercury (v3.10, CCDC 2001-2017) and the bond lengths were 

measured. 

 

Table ES 3.4 Selected bond lengths of 3.2, 3.11-E, 3.16, 3.18, 3.20 and 3.21. 

 

Compound N3–N2 (Å) N2–N1 (Å) N1–C1 (Å) C1–O1 (Å) 

3.2 1.2955(14) 

 

1.2927(13) 1.4049(14) 1.2228(15) 

3.11-E 1.2963(11) 

 

1.2896(11) 

 

1.4178(12) 

 

1.2172(12) 

 

3.16 

 

1.2911(13) 

 

1.2987(13) 

 

1.386(7) 

 

1.220(5) 

 

3.18 1.2859(18) 

 

1.3058(18) 

 

1.390(2) 

 

1.2187(19) 

 

3.20 1.2892(11) 

 

1.3040(11) 

 

1.3918(12) 

 

1.2154(12) 

 

3.21 1.2901(13) 1.3075(13) 1.3812(14) 1.2151(15) 

 

Aryl triazene 1.328 b 1.274 b - - 

 
b Average bond lengths calculated from 67 structures from the CCDC database. 
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ES.3.13 Biological assays 

A selection of 15 compounds was submitted for a cytotoxicity assay. The screening was 

performed by the Biomolecular Screening Facility at the EPFL. The cytotoxicity values were 

determined with the Alamar Blue (resazurin) fluorescent dye measurement (for details, see 

Experimental section).279 Dose-response curves were recorded for 6 cell lines: Hela (Human cervix 

adenocarcinoma), A2780 (human ovarian carcinoma), MDA-MB-231 (human breast adenocarcinoma), 

MCF7 (human breast adenocarcinoma (metastases from pleural effusion)), MCF-10A (human epithelial 

breast), HEK293T (human embryonic kidney). 

 

 

 

Figure ES 3.1 Dose-response curves for 6 cell lines for 3.12. Score vs. Log Concentration. 

 

 

  



 

Experimental section 

 

115 

 

 

 

Figure ES 3.2 Dose-response curves for 6 cell lines for 3.25. Score vs. Log Concentration. 

 

 

Figure ES 3.3 Dose-response curves for 6 cell lines for 3.27. Score vs. Log Concentration. 
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Figure ES 3.4 Dose-response curves for 6 cell lines for 3.33. Score vs. Log Concentration.  
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ES.3.14 Selected NMR Spectra 

3.1 

 

Figure ES 3.5 1H NMR spectrum of 3.1 (400 MHz, CDCl3). 

 
Figure ES 3.6 13C NMR spectrum of 3.1 (101 MHz, CDCl3). 
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3.11-E 

 

Figure ES 3.7 1H NMR spectrum of 3.11-E (400 MHz, CDCl3). 

 

 

Figure ES 3.8 13C NMR spectrum of 3.11-E (101 MHz, CDCl3). 
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3.16 

 

Figure ES 3.9 1H NMR spectrum of 3.16 (400 MHz, CDCl3). 

 

 

Figure ES 3.10 13C NMR spectrum of 3.16 (101 MHz, CDCl3). 
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3.17 

 

Figure ES 3.11 1H NMR spectrum of 3.17 (400 MHz, CDCl3). 

 

 

Figure ES 3.12 13C NMR spectrum of 3.17 (101 MHz, CDCl3). 
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3.27 

 

Figure ES 3.13 1H NMR spectrum of 3.27 (400 MHz, CDCl3). 

 

 

Figure ES 3.14 13C NMR spectrum of 3.27 (101 MHz, CDCl3). 
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ES.4 Experimental section: triazene adducts 

ES.4.1 Synthesis of the protonated 1-acyl triazenes 4.1–4.3 

 

 

4.1 

In the glovebox, triazene 3.1 (68.4 mg, 0.30 mmol) was dissolved in diethyl ether (0.6 ml) and 

it was cooled to –40 °C. HOTf (26.7 µl, 1 equiv) was added and the reaction mixture was cooled to  

–40 °C. The precipitate was isolated by vacuum filtration, rinsed with a small amount of diethyl ether, 

and dried under vacuum. Yield (white solid): 79.0 mg (70%). The product was stored in the glovebox 

at –40 °C. 1H NMR (600 MHz, CD3CN) δ 11.82 (s, 1H, NH), 4.76 (hept, J = 6.5 Hz, 1H, CH(CH3)2), 

4.64 (hept, J = 6.5 Hz, 1H, CH(CH3)2), 2.80 (t, J = 7.4 Hz, 2H, CH2), 1.77–1.63 (m, 2H, CH2), 1.46 (dd, 

J = 7.4, 6.5 Hz, 12H, CH(CH3)2), 1.37 (ddd, J = 7.3, 4.4, 3.1 Hz, 4H, CH2), 0.99–0.84 (m, 3H, CH3). 

13C NMR (151 MHz, CD3CN) δ 173.96, 59.93, 59.70, 34.42, 31.69, 24.03, 23.25, 23.03, 18.44, 14.17. 

IR (νmax, cm-1): 1765 (m, C=O stretch), 1545 (m, N-H bend). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd 

for C12H26N3O+ 228.2070; Found 228.2066. [M + K]+ Calcd for C12H25KN3O+ 266.1629; Found 

266.1624. 

4.2 

In the glovebox, triazene 3.16 (36.7 mg, 0.16 mmol) was dissolved in diethyl ether (1.6 ml). 

HOTf (14.0 µl, 1 equiv) was added and a white precipitate formed immediately. The precipitate was 

isolated by vacuum filtration, rinsed with a small amount of diethyl ether, and dried under vacuum. 

Yield (white solid): 49.5 mg (81%). The product was stored in the glovebox at –40 °C. 1H NMR (600 

MHz, CD3CN) δ 11.68 (s, 1H, NH), 4.75 (hept, J = 6.5 Hz, 1H, CH(CH3)2), 4.68 (hept, J = 6.6 Hz, 1H, 

CH(CH3)2), 1.88 (s, 3H, CH3), 1.85–1.81 (s, 3H, CH3), 1.78 (s, 3H, CH3), 1.48 (d, J = 6.5 Hz, 6H, 

CH(CH3)2), 1.40 (d, J = 6.5 Hz, 6H, CH(CH3)2). 13C NMR (151 MHz, CD3CN) δ 171.13, 142.27, 

122.89, 59.92, 59.82, 23.18, 22.64, 19.05, 18.47, 15.93. IR (νmax, cm-1): 1743 (m, C=O stretch), 1553 
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(m, N-H bend). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H24N3O+ 226.1914; Found 226.1911. 

[M + K]+ Calcd for C12H23KN3O+ 264.1473; Found 264.1470. Single crystals were obtained by layering 

a solution of 3.16 in THF with THF and then a solution of HOTf in THF (~1 equiv). The mixture was 

kept at – 40 °C in the glovebox. 

4.3 

In the glovebox, triazene 3.17 (19.1 mg, 0.073 mmol) was dispersed in diethyl ether (1.5 ml), 

it did not dissolve completely. HOTf (6.4 µl, 1 equiv) was added and a white precipitate formed 

immediately. The precipitate was isolated by vacuum filtration, rinsed with small amount of diethyl 

ether and dried under vacuum. Yield (white solid): 27.3 mg (91%). The product was stored in the 

glovebox at –40 °C. 1H NMR (600 MHz, CD3CN) δ 8.17–7.88 (m, 2H, Ph), 7.88–7.72 (m, 1H, Ph), 

7.63 (t, J = 7.9 Hz, 2H, Ph), 6.98 (s, 1H, NH), 4.86 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 4.65 (hept, J = 

6.5 Hz, 1H, CH(CH3)2), 1.46 (d, J = 6.6 Hz, 6H, CH(CH3)2), 1.13 (d, J = 6.5 Hz, 6H, CH(CH3)2). 13C 

NMR (151 MHz, CD3CN) δ 136.81, 132.98, 130.58, 130.44, 59.66, 23.03, 18.56 (C=O signals were 

not detected). IR (νmax, cm-1) 1763 (m, C=O stretch), 1679 (m, C=O stretch), 1579 (m, N-H bend). 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C14H20N3O2
+ 262.1550; Found 262.1546. [M + K]+ Calcd 

for C14H19KN3O2
+ 300.1109; Found 300.1104. Single crystals were obtained by layering a solution of 

3.17 in diethyl ether with diethyl ether and then a solution of HOTf in diethyl ether (~1 equiv). The 

mixture was kept at –40 °C in the glovebox. 

 

ES.4.2 Synthesis of the B(C6F5)3 adducts 4.5 and 4.6 

 

In the glovebox, triazene 4.b (98.4 mg, 0.47 mmol) was dissolved in hexane (5 ml) and B(C6F5)3 

(241.0 mg, 0.47 mmol) was dissolved in DCM (1 ml) and hexane (1 ml). The solutions were combined 

and the mixture was immediately placed in a freezer (–40 °C). After 12 h, the resulting precipitate was 

collected by decanting the liquid, washed with hexane (3 x 3 ml), and dried under vacuum. Yield (pale 

yellow solid): 295.0 mg (87 %). The product was stored in the glovebox at –40 °C. 1H NMR (400 MHz, 

CD2Cl2) δ 6.62 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 4.16 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 1.42 (d, J = 

6.6 Hz, 6H, CH(CH3)2), 1.16 (d, J = 6.5 Hz, 6H, CH(CH3)2), 1.05 (s, 9H, CH3). 13C NMR (151 MHz, 
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CD2Cl2) δ 148.55 (dm, o-CF, 1J(13C-19F) = 242 Hz), 139.96 (dm, p-CF, 1J(13C-19F) = 248 Hz), 137.28 

(dm, m-CF, 1J(13C-19F) = 257 Hz), 118.99 (ipso, C), 95.47 (alkyne), 74.95 (alkyne), 56.04 (CH(CH3)2), 

54.86 (CH(CH3)2), 29.78 (tBu), 28.33 (tBu), 23.23 (CH(CH3)2), 21.12 (CH(CH3)2). 11B NMR (128 

MHz, CD2Cl2) δ –3.46. 19F NMR (376 MHz, CD2Cl2) δ –132.61, –159.46, –165.85. HRMS 

(APPI/QTOF) m/z: [M]- Calcd for C30H23BF15N3
- 721.1751; Found 721.1725.  

 

 

In the glovebox, triazene 4.a (30.8 mg, 0.15 mmol) was dissolved in pentane (0.5 ml) and 

B(C6F5)3 (72.0 mg, 0.14 mmol) was dissolved in DCM (0.5 ml) and pentane (1 ml). The solutions were 

combined and the mixture was immediately placed in a freezer (–40 °C). After 12 h, the resulting 

precipitate was collected by filtration and washed with pentane. The filtrate was kept at –40 °C for 

another 12 h, resulting in the formation of more precipitate, which was isolated by filtration and 

combined with the first fraction. Yield (pale pink solid): 47.0 mg (47 %). The product was stored in the 

glovebox at –40 °C. 1H NMR (400 MHz, CD2Cl2) δ 7.26 (dd, J = 5.4, 2.0 Hz, 3H, Ph), 7.15–7.02 (m, 

2H, Ph), 4.36 (p, J = 6.6 Hz, 1H, CH(CH3)2), 4.09 (p, J = 6.5 Hz, 1H, CH(CH3)2), 1.23 (d, J = 6.5 Hz, 

6H, CH(CH3)2), 1.03 (d, J = 6.6 Hz, 6H, CH(CH3)2). 13C NMR (151 MHz, CD2Cl2) δ 148.35 (dm, o-

CF, 1J(13C-19F) = 244 Hz), 145.73 (Ph), 139.87 (dm, p-CF, 1J(13C-19F) = 245 Hz), 137.13 (dm, m-CF, 

1J(13C-19F) = 250 Hz), 129.92 (Ph), 129.57 (Ph), 123.70 (Ph), 120.53 (ipso, C), 57.44 (CH(CH3)2), 54.55 

(CH(CH3)2), 23.13 (CH(CH3)2), 19.10 (CH(CH3)2). 11B NMR (128 MHz, CD2Cl2) δ –3.95. 19F NMR 

(376 MHz, CD2Cl2) δ –131.85, –159.39, –165.78. HRMS (APPI/QTOF) m/z: [M]- Calcd for 

C30H19BF15N3
- 717.1438; Found 717.1415. Single crystals were obtained by mixing triazene 4.7 and 

B(C6F5)3 in pentane and a small amount of DCM to dissolve. The mixture was kept at –40 °C in the 

glovebox. 
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ES.4.3 Synthesis of the Pd complex 4.7 

 

PdCl2(PhCN)2 (76.3 mg, 0.2 mmol) was dissolved in DCM, to which a solution of triazene 3.17 

(104.0 mg, 0.4 mmol) in DCM was added (5 ml total volume). It was stirred overnight, forming a yellow 

precipitate, which was filtered and washed with a small amount of dichloromethane and pentane. The 

yellow solid was dried under vacuum, after which it was taken out of the glovebox for analysis. Yield 

(yellow solid): 103 mg (74%). 1H NMR (600 MHz, CD2Cl2) δ 10.16 (hept, J = 6.6 Hz, 1H, CH(CH3)2), 

8.00 – 7.91 (m, 2H, Ph), 7.63 (ddt, J = 8.7, 7.2, 1.3 Hz, 1H, Ph), 7.55 – 7.47 (m, 2H, Ph), 4.35 (hept, J 

= 6.4 Hz, 1H, CH(CH3)2), 1.73 (d, J = 6.6 Hz, 6H, CH(CH3)2), 0.88 (d, J = 6.5 Hz, 6H, CH(CH3)2). 13C 

NMR (151 MHz, CD2Cl2) δ 192.46, 177.70, 135.15, 133.17, 129.71, 129.52, 55.98, 55.76, 54.20, 54.02, 

53.84, 53.66, 53.48, 22.86, 19.97. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C28H38Cl2N6NaO4Pd+ 

721.1259; Found 721.1257. Anal. Calcd for Pd•Cl•Cl•C14H19N3O2 • C14H19N3O2: C, 48.05; H, 5.47; N, 

12.01. Found: C, 48.18; H, 5.33; N, 11.48. 
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ES.4.4 IR Spectroscopic data 

The IR spectra for compounds 3.16, 4.2, 3.17, 4.3 and 4.7 were recorded. The C=O stretching 

(*) shifts from below 1700 to above 1700 cm-1. In addition, for the protonated triazenes the N—H bend 

(×) is visible around 1540 – 1580 cm-1. 

 

 

Figure ES 4.1 IR spectra of 3.16 and 4.2. 
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Figure ES 4.2 IR spectra of 3.17, 4.3, and 4.7. 
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ES.4.5 X-ray crystallographic data 

Crystallographic and refinement data are summarized in Table ES 4.1. 

Bragg-intensities of 4.2, 4.3, 4.4, 4.6 and 4.7 were collected at low temperature using CuKα 

radiation. A Rigaku SuperNova dual system diffractometer with an Atlas CCD detector was used for 

compounds 4.3, 4.4, 4.6 and 4.7, and one equipped with an Atlas S2 CCD detector for compound 4.2. 

The datasets were reduced and corrected for absorption, with the help of a set of faces enclosing the 

crystals as snugly as possible, with CrysAlisPro.284 

The solutions and refinements of the structures were performed by the latest available version 

of ShelXT275 and ShelXL.277 All non-hydrogen atoms were refined anisotropically using full-matrix 

leastsquares based on |F|2. The hydrogen atoms were placed at calculated positions by means of the 

“riding” model where each H-atom was assigned a fixed isotropic displacement parameter with a value 

equal to 1.2 Ueq of its parent C-atom (1.5 Ueq for the methyl groups), but in the structures 4.2, 4.3 and 

4.4 the hydrogen atom bound to nitrogen (N1) was found in a difference map and refined freely. 

Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre 

and correspond to the following codes: 4.2 (1966936), 4.3 (1966937), 4.4 (1966935), 4.6 (1966938), 

and 4.7 (1966939). These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, 

or by emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033. 

In the structure 4.6, one of the isopropyl groups is disordered over two orientations each, found 

in a difference map. These were anisotropically refined imposing distance and similarity restraints 

(SADI and SIMU) for the least-squares refinement which yielded site occupancies of 

0.706(17)/0.294(17). 
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Table ES 4.1 Crystallographic and refinement data. 
Compound 4.2 4.3 4.4 4.6 4.7 

Formula C13H24F3N3O4S C15H20F3N3O5S C13H20F3N3O3S C30H19BF15N3 C28H38Cl2N6O4Pd 

Dcalc./ g cm-3 1.338 1.408 1.362 1.595 1.459 

/mm-1 2.013 2.033 2.095 1.439 6.588 

Formula Weight 375.41 411.40 355.38 717.29 699.94 

Colour clear colourless clear colourless clear colourless clear 

colourless 

clear intense 

orange 

Shape prism needle prism irregular prism 

Size/mm3 0.66×0.44×0.37 0.27×0.08×0.04 0.21×0.11×0.07 0.31×0.14×0.1

3 

0.55×0.12×0.08 

T/K 139.98(11) 140.00(10) 150.01(10) 140.00(10) 150.01(10) 

Crystal System monoclinic triclinic monoclinic orthorhombic triclinic 

Space Group P21/n P1  P21/n Pbca P1  

a/Å 11.05100(19) 8.8991(5) 8.0352(3) 18.9040(6) 8.1628(4) 

b/Å 10.81512(18) 10.8721(10) 25.0842(6) 16.3612(6) 8.4628(4) 

c/Å 15.9625(3) 11.4526(9) 8.6190(3) 19.3108(5) 12.1951(6) 

/° 90 117.321(9) 90 90 98.576(4) 

/° 102.2766(16) 91.458(6) 94.100(3) 90 106.738(4) 

/° 90 97.837(6) 90 90 90.520(4) 

V/Å3 1864.18(5) 970.37(15) 1732.76(10) 5972.7(3) 796.52(7) 

Z 4 2 4 8 1 

Z’ 1 1 1 1 0.5 

Wavelength/Å 1.54184 1.54184 1.54184 1.54184 1.54184 

Radiation type CuK CuK CuK CuK CuK 

min/° 4.457 4.367 5.439 4.244 3.833 

max/° 76.004 73.411 76.837 72.428 76.558 

Measured Refl. 16719 6582 16441 15890 6988 

Independent 

Refl. 

3844 3768 3623 5770 3299 

Reflections with  

I > 2(I) 

3730 2904 2746 4910 3206 

Rint 0.0312 0.0340 0.0526 0.0355 0.0285 

Parameters 231 252 216 468 191 

Restraints 0 0 0 43 0 

Largest Peak/e 

Å-3 

0.416 0.351 0.331 0.646 1.208 

Deepest Hole/e 

Å-3 

-0.358 -0.405 -0.397 -0.291 -0.518 

GooF 1.068 1.033 1.046 1.056 1.061 

wR2 (all data) 0.1265 0.1230 0.1240 0.1510 0.0937 

wR2 0.1256 0.1093 0.1104 0.1445 0.0926 

R1 (all data) 0.0490 0.0627 0.0637 0.0643 0.0365 

R1 0.0478 0.0449 0.0440 0.0554 0.0354 

CCDC code 1966936 1966937 1966935 1966938 1966939 
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ES.4.5.1 CCDC database analysis 

To compare the bond lengths of the protonated triazenes with aryl triazenes, a CCDC database 

search was performed. For the search, the program ConQuest (v2.0.1, CCDC 2019) was used with a 

CCDC database (CSD version 5.40 (November 2018) + 2 updates). 

The query that was searched:  

With the following additional requirements: R = any atom except H, R’ = one or multiple substituents 

(n), Filter = only organics and must not contain:  

 

The resulting 122 hits were analysed and taken out of the data set if: 

 

(1) The triazene is cyclic. 

(2) It contains any other atom than H, C, N, O, F, Cl, Br, S. 

(3) The amount of connected N atoms > 3. 

(4) R is another atom than C, or if R is C–O. 

(5) No coordinates are available in the database. 

(6) R > 9 atoms (excl. H). 

(7) (R’)n > 21 atoms (excl. H). 

 

The resulting 30 hits were analysed with Mercury (v3.10, CCDC 2001-2017) and the bond lengths were 

measured.  

 

30 Structures from the CCDC database: 

BOCYUO, BOCZAV, BOCZEZ, BOCZID, CMPDZB, DEHFUT, EMUDEX, FUZLUI, HAHQOZ, 

HOBXAY, IPUDEE, IPUDII, JANXAA, JANXEE, JANXII, JOLNED, JOWTOE, KUJXOC, 

LOXWOM, MIJDEP, MTZPCX, OFUBUO, OPAVUX, PIGRUT, PIGSAA, RUJQIX, UDINEC, 

VUYGEB, YUMWIO, ZIKQOZ. 

 

Average bond lengths: N1-N2 = 1.276 Å; N2-N3 = 1.325 Å 

 

To compare the bond lengths of the B–N dative bonds with B(C6F5)3, a CCDC database search 

was performed. For the search, the program ConQuest (v2.0.1, CCDC 2019) was used with a CCDC 

database (CSD version 5.40 (November 2018) + 2 updates). 
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The query that was searched:  

The resulting 184 hits were analysed and taken out of the data set if: 

(1) R, R’ contains any other atom than C, H, N, (O). 

(2) The B–N adduct is charged. 

(3) No coordinates available. 

 

The resulting 46 hits were analysed with Mercury (v3.10, CCDC 2001-2017) and the bond lengths were 

measured. 

 

46 Structures from the CCDC database: 

AGASAF, BAZRIE, BUNXEO, DERGOZ, DERGUF, EKUBOB, EKUBUH, FEYHIB, GABQUW, 

GABRAD, HAFFAX, IFUFIA, IJOHAQ, IJOHEU, IJOHIY, IPAPIA, IPAPOG, JEGKUC, KECRUG, 

MIVLOS, MIVLUY, MIVMAF, MIVMEJ, MIVMIN, MOJVOX, NOWJEQ, OGACUX, PIKDAQ, 

PIKFAS, QEYSAO, RASQEI, RASQIM, RASQOS, RASQUY, RASRAF, SELTIO, TURPOM, 

UKITUF, WAWCEE, WAWCII, XERWIC, XERWOI, XUCCIH, YALTAJ, YALTOX, ZILXEA. 

 

Average bond length: B–N = 1.626 Å 
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ES.4.6 NMR Spectra 

4.1 

 

Figure ES 4.3 1H NMR spectrum of 4.1 (600 MHz, CD3CN). 

 

Figure ES 4.4 13C NMR spectrum of 4.1 (101 MHz, CD3CN). 



 

Experimental section 

 

133 

 

4.2 

 

Figure ES 4.5 1H NMR spectrum of 4.2 (600 MHz, CD3CN). 

 

 

 

Figure ES 4.6 13C NMR spectrum of 4.2 (101 MHz, CD3CN). 
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4.3

 

Figure ES 4.7 1H NMR spectrum of 4.3 (600 MHz, CD3CN). 

 

 

Figure ES 4.8 13C NMR spectrum of 4.3 (101 MHz, CD3CN). C=O signals were not detected. 
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  4.5 

 

Figure ES 4.9 1H NMR spectrum of 4.5 (400 MHz, CD2Cl2). 

 

 

Figure ES 4.10 13C NMR spectrum of 4.5 (101 MHz, CD2Cl2). 
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  4.6 

 

Figure ES 4.11 1H NMR spectrum of 4.6 (400 MHz, CD2Cl2). 

 

 

Figure ES 4.12 13C NMR spectrum of 4.6 (101 MHz, CD2Cl2). 
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4.7 

 

Figure ES 4.13 1H NMR spectrum of 4.7, small amount of free ligand (600 MHz, CD2Cl2). 

 

 
Figure ES 4.14 13C NMR spectrum of 4.7 (101 MHz, CD2Cl2). 

a 
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Figure ES 4.15 1H-1H COSY NMR spectrum of 4.7 (CD2Cl2). 

 

 

Figure ES 4.16 1H-13C HSQC NMR spectrum of 4.7 (CD2Cl2). 
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