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Abstract 

 
SYNTHESIS AND REACTIVITY OF π-CONJUGATED TRIAZENES 

 

Horacio Enrique Barragan Peyrani, PhD 

 

The University of Texas at Arlington, 2019 

 

Supervising Professor: Alejandro Bugarin  

The triazene functional group has found numerous applications in organic and medicinal 

chemistry, with several important chemotherapeutic drugs containing this functionality.  In 

spite of this, the reactivity of π-conjugated triazenes has been scarcely explored. The work 

described in this dissertation investigates the synthesis and new reactions of π-conjugated 

triazenes developed in our group, demonstrating the versatility of these molecules that 

allow access to several functionalities which can serve as building blocks for more complex 

structures. 

Chapter 1 surveys the prior literature of π-conjugated triazenes, describing their known 

synthesis and reactivity . 

In Chapter 2, new oxidation and substitution reactions of organic azides through the 

intermediacy of π-conjugated triazenes are discussed. Oxidation reactions are performed 

utilizing organic azides, imidazolium salts, and potassium tert-butoxide in DMSO to form a 

triazene intermediate, which readily undergoes oxidation under mild, acid-catalyzed 

conditions. Additionally, by replacing DMSO for other nucleophiles such as;  alcohols or 

thiols, substitution reactions occur instead which generate ethers and thioethers 

respectively.  
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Chapter 3 presents a transition-metal-free aryl-aryl cross-coupling reaction between π-

conjugated triazenes and arenes or heteroarenes under UV irradiation (350 nm) in acidic 

conditions. The biaryls or heterobiaryls are obtained in a straightforward fashion at room 

temperature and in short reaction times. The reaction can also be performed using sunlight 

as radiation source. Computational studies suggest that the reaction proceeds through 

photoisomerization of the triazene to the Z-isomer which readily decomposes to produce a 

reactive aryl cation, which undergoes coupling with its corresponding (hetero)arene. 

Finally, in Chapter 4, the formation of amides by reacting aryl π-conjugated triazenes with 

nitriles under UV irradiation (350 nm) is described. Studies with 15N labeled molecules 

suggest that the reaction involves nucleophilic attack by the nitrile nitrogen to an aryl cation 

derived from the arene. Due to the similarity in the reaction conditions with the aryl-aryl 

cross-coupling reaction introduced in the previous chapter, these two methods can be 

performed in one-pot, introducing both an amide as well as a biaryl group in the same step. 

This was demonstrated by synthesizing an immunosuppressant using this combined 

reaction, highlighting the potential synthetic utility of these transformations. 
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Chapter 1  

Introduction and previous works 

1.1 Introduction to triazenes 

Nitrogen-containing organic molecules represent one of the most important 

classes of organic substances in existence.1 Nitrogen-containing organic compounds are 

essential for life since they are indispensable components in biological systems: amino 

acids form the basis of all proteins, nitrogen is also abundantly present in the structure of 

nucleic acids, it is also a fundamental part of the structures of natural products, such as 

alkaloids and other biologically-active compounds that have been used as medicinal drugs, 

etc.1 In fact, nitrogen-containing molecules are so abundant in nature that they comprise 

the second most abundant source of nitrogen on Earth, second only to the nitrogen in the 

atmosphere.1 Due to the great abundance and importance of nitrogen-containing 

compounds, the discovery, synthesis and reactivity of new nitrogen-containing compounds 

is currently one of the most active research areas in organic chemistry.2 

Among the vast diversity of nitrogen-containing organic molecules, a particularly 

interesting class are compounds containing the triazene group. Triazenes are nitrogen-

containing molecules that possess an arrangement of three nitrogen atoms in sequence 

with a double bond between the first and second nitrogen atoms. The first synthesis of a 

triazene was reported more than 150 years ago by Martius and Griess who synthesized 

1,3-diphenyltriazene in 1866.3 Among organic triazenes there exist three main categories. 

Linear, cyclic and π-conjugated triazenes (Figure 1-1). Linear triazenes are usually 

prepared through the reaction of an amine with an aniline or alkyl azide.4 A number of 

compounds in this family have demonstrated biological activity functioning as DNA-

methylating agents,5 with some compounds even becoming prominent anticancer drugs 

based on this mechanism of action such as dacarbazine,6 a drug commonly prescribed for 
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the treatment of melanoma.7 Linear triazenes have also been used as cleavable linkers for 

DNA-directed reactions,8 as aromatic amine protecting groups,9 polymer synthesis an 

formation of heterocycles.10 Cyclic triazenes are prepared in a similar manner to linear 

triazenes albeit the reaction is carried out in an intramolecular fashion.4 This class of 

triazenes have found extensive use as chemotherapeutic drugs such as temozolamide, 

used for treating aggressive brain tumors such as glioblastoma.11 

π-Conjugated triazenes, in contrast to their linear and cyclic varieties, have been 

scarcely explored since their first reported synthesis more than fifty years ago by Winberg 

and Coffman.12 Nevertheless, applications of this triazene class have arisen, especially as 

multifunctional linkers in polymer synthesis,13 as intermediates in the synthesis of azo dyes 

through generating diazonium intermediates.14 In addition, π-conjugated triazenes have 

recently been used as photochemically-activated basic catalysts.15 

 

Figure 1-1 Classes and examples and of triazenes 
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1.2 Synthesis of π-conjugated triazenes 

The first reported synthesis of a π-conjugated triazene dates back to 1965 by 

Winberg and Coffman12 who prepared three different triazenes in one step from 

bis(imidazolidine) 1 by reacting it in cold benzene with p-toluenesulfonyl azide, p-

nitrophenyl azide and diphenyl phosphonyl azide (2-4) respectively, yielding π-conjugated 

compounds (5-7) in modest yields around 35%. Although the yields obtained were not 

ideal, this experiment provided the basis to perform all subsequent research on π-

conjugated triazenes (Figure 1-2).  

 

Figure 1-2 First synthesis of π-conjugated triazenes 

The next development in the synthesis of π-conjugated triazenes was reported 

forty years later by Bielawski and co-workers.16 The strategy they employed consisted in 

the use of imidazolium-derived N-heterocyclic carbene (NHC) precursors 8. Then, through 

deprotonation with sodium hydride or potassium tert-butoxide, the free carbene is formed 

in situ and then reacted with an azide 9 to afford the corresponding π-conjugated triazene 

10. The scope of this reaction was subsequently explored and the reaction conditions were 

tested using methyl, mesityl and isopropyl N-substituted imidazolium salts and seven 

different azides in THF. All triazene products were obtained in good to excellent yields 

(from 54 to 94%).(Figure 1-3a).16 

In addition, upon X-ray diffraction analysis of a crystallized sample of 1-benzyl-3-

(1,3-dimesitylimidazol-2-ylidene)triazene 11, the Z-isomer of the triazene was observed. 
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(Figure 1-3b) Interestingly, this has been the only record so far of the Z-isomer of a triazene 

derived from an aliphatic azide. Further trials by the same group to try to repeat this 

observation resulted in the formation of crystals of the E-isomer exclusively.16 

 

Figure 1-3 Triazene synthesis using imidazolium salts and azides 

Bielawski’s group also compared the formation of a π-conjugated triazene using a 

free carbene versus resorting to the deprotonation of the NHC precursor salt.16 In this work 

they reacted the free carbene 1,3-di-tert-butylimidazol-2-ylidene 12 with benzyl azide in 

THF at room temperature, obtaining the corresponding triazene 13 in quantitative yield. 

Subsequently, they deprotonated 1,3-di-tert-butylimidazolium chloride with both sodium 

hydride and potassium tert-butoxide to generate the carbene in situ and reacted it with 

benzyl azide to also afford triazene 13, showing no significant difference in yield compared 

to the free carbene reaction (Figure 1-4).16 

 

Figure 1-4 Synthesis of triazene from a free carbene 
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In order to expand the scope of the synthesis of π-conjugated triazenes and to try 

to improve the stability of the synthesized molecules, Bielawski’s group prepared nine new 

π-conjugated triazenes by using benzimidazole derived carbenes and 14 aryl azides 15 in 

THF at room temperature. All triazenes 16 were obtained in nearly quantitative yields 

(Figure 1-5a). Furthermore, UV/Vis spectroscopic analysis and X-ray crystallography of the 

synthesized triazenes revealed bond alteration patterns characteristic of donor-acceptor 

molecules, as well as electron delocalization in all molecules due to stereoelectronic effects 

from the functional groups present on the azide moiety or the NHC, with triazenes 

possessing λmax values ranging from 364 to 467 nm. From this data it follows that the λmax 

of these π-conjugated triazenes can be tuned by selecting the appropriate combination of 

NHC and organic azide. In general, triazenes derived from electron-rich NHC’s and 

electron-poor azides exhibit the largest λmax values (Figure 1-5b).17 
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Figure 1-5 Synthesis and UV/Vis analysis of benzimidazole-derived triazenes 

In contrast to the excellent results obtained in the synthesis of π-conjugated 

triazenes by using benzimidazole derived carbenes with bulky N substituents like tert-butyl, 

the use of N-methyl substituted benzimidazolium salts 17 resulted in triazenes 19a-d that 

presented the same electron-delocalization patterns but that were obtained in considerably 

lower yields (between 36 and 74%) even under the same conditions used to generate the 

bulkier benzimidazole-2-ylidenes (Figure 1-5b).17 This decrease in the obtained yields was 

attributed by the researchers to the rapid dimerization of the N-methyl substituted carbenes 

to form tetraaminoethylenes, followed by oxidation under aerobic conditions.18 

More recently, our group reported several air- and moisture-stable π-conjugated 

triazene dyes.19 These triazenes were prepared using Bielawski’s method using a small 

carbene derived from N-methylimidazolium iodide 21 and a variety of organic azides 22 
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(alkyl, vinyl, aryl and heteroaryl). The π-conjugated triazenes 23-25 were obtained in 

moderate to excellent yields (Figures 1-6 and 1-7). The carbene was generated in situ by 

deprotonation of the imidazolium salt with sodium hydride in THF and reacted with the 

corresponding azide at room temperature. The synthesized triazenes were analyzed with 

UV/Vis spectroscopy to study the electron delocalization between the coupled NHC and 

azide moieties. All triazene dyes are brightly colored and were found to have a UV/Vis 

absorption bands between 294 and 450 nm with the exception of the aliphatic triazene 27d 

where no absorption band was observed over that wavelength range.19 An expected result 

since there is no π-system over which the electrons can be delocalized in the azide moiety. 

 

Figure 1-6 Synthesis of aromatic triazenes 

Using this approach with the small carbene precursor 21, our group was able to 

obtain π-conjugated triazenes 27a-e derived from vinyl, phosphoryl, aliphatic and 

heteroaromatic azides as well as a triazene derivative of Celecoxib 27f, a non-steroidal 

anti-inflammatory drug often prescribed to treat the pain of several kinds of arthritis, which 

was obtained in 48% yield.19 
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Figure 1-7 Azide scope for triazene synthesis 

X-ray analysis of the obtained triazenes 23c and 23e demonstrated the near-

planar structure of the molecules which facilitates orbital overlap and electron 

delocalization. Similar to most of Bielawski’s trials,17 both molecules were only observed 

as the E-isomer exclusively (X-ray crystal structures not shown, but they are available in 

our publications).19-20 
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1.3 Previous studies of π-conjugated triazene reactivity 

1.3.1 Thermally-induced N2 extrusion  

Aside from previous developments in the synthesis and determination of structural 

properties of π-conjugated triazenes, although not thoroughly explored, there have been a 

few studies that explore the reactivity of this class of compounds which will be discussed 

in this section. 

While studying the thermal stability of π–conjugated triazenes in 2005, Bielawski 

identified a guanidine decomposition product 29, which arises from the loss of molecular 

nitrogen from the triazene molecule upon heating in DMSO-d6 (Figure 1-8a).16 In order to 

further study this transformation, Bielawski and co-workers analyzed a series of π-

conjugated triazenes 30a-g using thermogravimetric analysis under a N2 atmosphere.17 

The results of this study demonstrated that increasing the bulk of the N-substituents in the 

NHC moiety increases the thermal stability of the triazene. The thermal stability of the 

triazenes is also significantly influenced by the electronic properties of the azide moiety. 

This is showcased in Bielawski’s study, where it was observed that triazene 30e containing 

an electron donating group (OMe) suffered decomposition at 35 °C less than triazene 30f 

containing an electron-withdrawing group (NO2) (Figure 1-8b). These observations suggest 

that in order to design a triazene with high thermal stability, it is required to use a carbene 

precursor with bulky substituents in combination with an electron-deficient azide. Our own 

observations support this conclusion since our electron-rich triazenes have readily 

decomposed in solution upon heating or even by just staying in solution for a few hours at 

room temperature. Meanwhile, the electron-deficient triazenes we have prepared can 

resist temperatures of even 120 °C for 24 hours without any appreciable decomposition to 

the guanidine product.19 
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Figure 1-8 Thermally-induced nitrogen extrusion in triazenes 

In order to elucidate the mechanism of this thermally-induced nitrogen extrusion, 

Bielawski’s group prepared 15N-labeled triazene 31 and heated it to 170 °C in solution., 

yielding the 15N-containing guanidine 33 as the major product.17 In light of this observation, 

Bielawski proposed a mechanism in which the 15N atom attacks the NHC carbon to form a 

four-membered ring intermediate 32, which then undergoes loss of N2 to afford guanidine 

33 (Figure 1-9).21 This proposed mechanism is analogous to that of the Staudinger 

reaction, in which an organic azide and a phosphine react to give an phosphazene 

intermediate, with the difference between the two mechanisms being that the electrophile 

in the Staudinger reaction is a phosphorus atom, while in the triazene nitrogen extrusion, 

the electrophile is a carbon atom.21 

 

Figure 1-9 Proposed mechanism for the thermal N2 extrusion in triazenes 
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1.3.2 Conversion of π-conjugated triazenes to guanidines 

In 2001, Clyburne and co-workers reported their work in the synthesis of 2,3-

diazabutadienes by reaction of NHC’s with different diazoalkanes. In this work they 

reported a single example of the synthesis of guanidine 35  in 24% yield from the reaction 

of the free carbene 34 and azidotrimethysilane (Figure 1-10).22 The reaction is presumed 

to occur through a triazene intermediate. However, the researchers were not able to isolate 

said intermediate and did not propose a mechanism in this report, leaving the matter open 

to the reader’s interpretation. 

 

Figure 1-10 Guanidine synthesis from carbene 

Later in 2009, Lyapkalo and co-workers managed to isolate the triazene 

intermediates 37a-c in their reaction of free carbenes 36a-c with tert-butyl azide. The 

isolated triazenes readily furnished guanidinium salts 38a-c upon mild acidic treatment with 

ammonium tetrafluoroborate, extruding molecular nitrogen as well as 2-methylpropene 

(Figure 1-11).23 

 

Figure 1-11Guanidine synthesis from a free carbene 

A similar reaction was performed by Tamm and co-workers who prepared 

guanidinium salt 41 and guanidine 40 using a triazene intermediate 39. The guanidine salts 
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41 was obtained under similar conditions to those used by Lyapkalo, followed by treatment 

with sodium hydroxide solution to yield the free guanidine 40. Guanidine 40 can also be 

synthesized by simply stirring triazene 39 in methanol overnight.24 

 

Figure 1-12 Guanidine and guanidinium salt synthesis from triazene 

1.3.3 Diazo and azide transfer reactions 

Another example of π-conjugated triazene reactivity is the use of triazenes as 

diazo and azide transfer reagents.25 The Kitamura group developed triazene derived 

reagents that can transfer a diazo26 or azide moiety.27 2-Azido-1,3-dimethylimidazolium 

chloride 42 was found to effect diazo-transfer to 1,3-dicarbonyl compounds efficiently, as 

well as to convert primary anilines into aromatic azides After the transfer, the imidazolium 

moiety is converted into a urea 45 or a guanidine 48 respectively (Figure 1-13). 

 

Figure 1-13 Diazo and azide transfer reactions using triazenes 
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1.3.4 Alkylation of π-conjugated triazenes 

Katritzky and co-workers synthesized different donor-acceptor triazenes from 

triazolium salts using potassium tert-butoxide to generate the carbenes in situ in the 

presence of 4-nitroazidobenzene.28 These triazolium-derived π-conjugated triazenes are 

obtained as ionic salts that undergo N-alkylation when reacted with methyl iodide or benzyl 

bromide, indicating the nucleophilicity of the electron-rich nitrogen on the side chain of the 

NHC moiety. Additionally, alkylation reactions on neutral triazenes were also performed by 

Bielawski29 and Katritzky28 on benzimidazole and imidazole-derived triazenes respectively. 

For both kinds of triazenes, the reaction with methyl iodide generated the N-methylated 

product 52 in quantitative yield. (Figure 1-14). All of these triazenes showed methylation 

exclusively on the nitrogen directly connected to the aryl group, evidencing the increased 

nucleophilicity of this particular nitrogen among the others within these molecules. The 

nucleophilicity of this nitrogen is believed to originate due to the push-pull electronic 

character of these molecules resulting in an increase of the electron density on this atom. 

 

Figure 1-14 Alkylation of π-conjugated triazenes 
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1.3.5 π-conjugated triazenes as diazonium sources and as photochemically activated 

bases 

Recently, diazonium ion generation from π-conjugated triazenes was reported by 

Jewett and co-workers who synthesized a series of water-soluble triazenes to test their 

reactivity under physiologically relevant conditions.14 Jewett’s approach consisted on using 

zwitterionic NHC precursors in order to generate anionic triazenes that would be soluble in 

water. For the synthesis of these triazenes, N-methylimidazole and N-mesitylimidazole 53 

were treated with 1,3-propanesultone 54 to produce zwitterionic NHC precursor 55. 

Deprotonation of the NHC precursor with potassium tert-butoxide and treatment with 

several aromatic azides 56 furnished triazenes 57 in modest to excellent yields (Figure 1-

15).14 The bulky mesityl triazenes were found to be considerably more stable in aqueous 

solution than the small methyl triazenes. Stability experiments performed under a constant 

pH of 6 supported the trend observed by previous researchers that triazenes derived from 

electron-deficient azides are more stable than triazenes derived from electron-rich azides. 

During stability trials in water for these triazenes, a change of pH was observed over time. 

A closer examination of this observation revealed that the triazenes were decomposing 

into diazonium ions over time. These diazonium ions were captured by addition of phenol 

derivatives to afford diazo compounds 59a and 59b.14 Additionally, the organic dye Sudan 

orange G  59c was obtained in 68% yield by trapping the diazonium intermediate derived 

from triazene 57a using resorcinol (Figure 1-16).14 The capability of these π-conjugated 

triazenes to not only be water soluble but also to afford diazonium ions under 

physiologically relevant conditions highlights the potential applicability of this class of 

compounds for biochemical and drug development applications in the future. 
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Figure 1-15 Synthesis of water-soluble triazenes 

 
Figure 1-16 Synthesis of azo dyes from triazenes 

Jewett and co-workers also investigated the effect that UV irradiation has on 

triazenes and its relationship with pH. To test this, a buffered aqueous  solution of triazene 

60-E with a constant pH of 9 was irradiated using a handheld UV lamp with a wavelength 

around 350 nm. After a few hours, complete decomposition of the triazene was observed. 

In contrast, a non-irradiated solution of the same triazene was stable for days. These 

observations suggested that a photochemical reaction was taking place, most likely an E 

to Z photoisomerization, with the resulting triazene isomer being significantly less stable. 

By changing the solvent from water to DMSO, the reaction was able to be monitored by 

NMR. By analyzing the reaction using NOESY experiments, the Z-isomer of the triazene 

60-Z was identified in the reaction mixture. Since both E and Z isomers were observed by 

NMR, a solution of the triazene in DMSO was irradiated until an E/Z ratio of 7:3 was 
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observed and then the sample was treated with AcOH. As expected, the Z-isomer NMR 

signal disappeared within two minutes, supporting the lower stability of this isomer. 

Moreover, it was also observed that during irradiation, the pH of the solution increased with 

time. Initially the solution pH was 9 and upon UV irradiation it increased to 9.8 in minutes 

as the triazene converted to its Z-isomer. The authors explained that upon isomerization, 

the planarity of the molecule is lost to reduce strain, breaking the conjugation with the 

phenyl group due to poor orbital alignment, thus localizing electron density on nitrogen 1 

making it more basic. This change in basicity of the triazene molecule suggested a possible 

application of these molecules as photochemically activated bases. In order to test this, 

Jewett and co-workers performed a Henry reaction between 4-nitrobenzaldehyde and 

nitroethane using π-conjugated triazene 60-E as the basic catalyst under UV irradiation at 

350 nm. The nitroalcohol product was obtained in 90% yield using 25 mol% of the catalyst, 

suggesting that indeed, π-conjugated triazenes can be utilized as photobasic catalysts.15 

 

Figure 1-17 Photoisomerization and basicity change of triazenes 

In summary, π-conjugated triazenes are a class of organic molecules that although 

being first synthesized over fifty years ago,3 have so far only been investigated by a handful 

of research groups (Figure 1-18) and their reactivity has only been superficially explored. 

The aim of this work is to contribute to the developing knowledge of π-conjugated triazene 

reactivity and in the following chapters novel reactions will be discussed which allow the 

conversion of these triazene molecules to different functional groups such as: aldehydes, 
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ketones, ethers, thioethers, biaryls, and amides. Accessing all these functionalities from 

azides through π-conjugated triazenes demonstrates the versatility of these molecules and 

proves convenient to the preparation of building blocks which can be used in the synthesis 

of more complex molecular structures. 

 

Figure 1-18 π-conjugated triazenes over the years 
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Chapter 2  

Oxidation and Substitution Reactions 

2.1 Introduction and initial observations. 

 Versatile molecules, or molecules that can undergo different classes of reactions 

to allow access to different functional groups have been remarkable staples of synthetic 

organic chemistry. Well-known  examples of such molecules are: allenylsilanes,30 

arylsulfonium salts,31 hypervalent iodine,32 dimethyl sulfoxide,33 dimethylformamide,34 and 

organic azides.35 All of these molecules can be derivatized to different products through 

various pathways. In addition, the fact that these molecules can also function as reagents, 

intermediates, or catalysts for many transformations renders them as useful synthetic tools 

for the organist chemist. Among these versatile molecules, organic azides are among the 

most widely used compounds, as exemplified in click chemistry,36 natural product total 

synthesis,37 heterocycles,38 Staudinger reaction,39 and nitrene precursors.40 

 Recently, we observed that π-conjugated triazenes, synthesized from azides and 

N-heterocyclic carbenes (NHCs),19 provide potentially valuable new intermediates for use 

in organic syntheses.3 Initially, we investigated the thermal stability of these π-conjugated 

triazenes, which were stable at 60 °C for 2 h. However, when Dr. Patil heated these same 

triazenes at 120 °C in DMSO-d6, consumption of triazene 66 was observed.19 Identification 

of the byproducts from the reaction revealed them to be iminoimidazole 67 and 

benzaldehyde 68 in a 4:1 ratio (Figure 2-1). These initial observations, have led us to 

document an unprecedented, simple, two step protocol that commences from readily 

available organic azides to provide syntheses of aldehydes, ketones, ethers, and sulfides 

via π-conjugated triazene intermediates. Furthermore, the method is compatible with a 

wide-range of nucleophiles, including oxygen, and sulfur nucleophiles, and achieved under 

mild reaction conditions. These results reveal the exceptional reactivity of these scarcely 
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studied molecules, which should may now merit consideration as new members of the 

versatile molecule club. 

 

Figure 2-1 Initial observation 

2.2 Optimization of the reaction conditions 

To help optimize reaction conditions, triazene 69 was synthesized (Table 2-1). This 

selection was based on the consideration that triazene 69 produces benzophenone 70 

instead of the more volatile benzaldehyde 69, thus easing isolation by minimizing product 

losses due to evaporation. Heating of triazene 69 at 120 °C for 2 h in DMSO, without any 

additive, afforded benzophenone 70 in 20% yield (entry 1). Increasing the reaction time did 

not improve the reaction yield (entry 2), indicating that the triazene is the reacting substrate 

and not the iminoimidazole byproduct 71, which remains intact after 12 h of heating. Based 

on this observation, to further activate triazene 69, we screened several Lewis and 

Brønsted acids (entries 3−8), and it was clearly established that the stronger the Lewis acid 

the higher the yield. In fact, SnCl4 furnished the product in 72% yield even at room 

temperature (entry 6). Nonetheless, among all screened Lewis and Brønsted acids, TsOH 

afforded the product with the highest yield (89%) at room temperature, in only 30 min (entry 

7), in addition to being significantly easier to handle than SnCl4. Based on this result, we 

decided to use TsOH for further experiments. 
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Table 2-1 Optimization of reaction conditions 

 

entry acid temp (°C) time (h) NMR ratio 70/71 NMR yield of 71 (%) 

1 none 120 2 4:1 20 

2 none 120 12 4:1 21 

3 PdCl2 120 2 1:1 43 

4 ZnCl2 120 2 1:3 58 

5 CuSO4 120 2 1:3 62 

6 SnCl4 rt 5 1:4 72 

7 TsOH rt 0.5 1:9 89 

8 TFA rt 0.5 1:2 39 

 Having optimized conditions for the conversion of a π-conjugated triazene to a 

carbonyl compound, we next investigated the scope of converting benzhydryl azide 72 to 

benzophenone 71 in a two-step, one-pot protocol (Table 2-2) in order to demonstrate a net 

conversion of organic azides into carbonyl compounds via a triazene intermediate. 

Examining this protocol presented two challenges. First, the formation of the triazene 

intermediate is dependent on the NHC precursor used (e.g., 73c, 73d, and 73e did not 

provide a significant yield of their respective triazene intermediate). Second, the 

TsOH−DMSO-catalyzed oxidation, in the second step, is affected by steric effects of the 

triazene intermediate (e.g., 73b is more steric hindered than 73a). This size difference 

makes 73b more stable and, therefore, less responsive to Brønsted acid activation. In 
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contrast, 73a produces a less sterically hindered or more reactive triazene intermediate, 

which afforded benzophenone 71 in 72% yield after two-step, one-pot reaction versus a 

60% yield using 73b. Thus, these results establish 1,3-dimethylimidazolium iodide 73a as 

the best NHC precursor, among those tested, to accomplish this transformation. 

Furthermore, azide 74, alcohol 75, and alkyl bromide 76 counterparts were reacted under 

the same reaction conditions, with or without the Brønsted acid, and no reaction was 

observed for any of the substrates at room temperature. This indicates that the observed 

reaction is due to formation of the triazene and not a direct oxidation reaction of the azide 

(Table 2-2).41 

Table 2-2 Optimization of NHC precursor 

 

2.3 Substrate scope 

With the optimal conditions for the two-step, one-pot procedure in hand, we 

subsequently explored the scope of this new transformation (Table 2-3) by surveying the 

reactivity of freshly prepared organic azides (77a−j and 71) and 1,3-dimethylimidazolium 
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iodide 73a using KOt-Bu and THF at room temperature. All reactions were terminated after 

12 h (the standard time for triazene formation) for comparison purposes. THF was then 

removed under reduced pressure, and a catalytic amount of TsOH (50 mol%) in DMSO 

was added to the reaction mixture. The reaction mixture was quenched after only 30 min, 

and the product was isolated using silica gel flash chromatography. From this study, it was 

observed that secondary azides afford their products in higher yields (e.g., 71 and 78h 

were obtained in 72% and 60% yield, respectively). The system is also efficient for the 

allylic azide 78i, affording trans-cinnamaldehyde 78i in moderate yield (43%). Two classes 

of primary azides were investigated: benzylic azides and aliphatic azides. Unfortunately, 

aliphatic azides proved to be unreactive toward our reaction conditions and did not create 

the expected aldehyde products (e.g., 78g and 78j). Nonetheless, the other class of 

primary azides (benzylic) exhibited high sensitivity to electronic effects. The electron-rich 

4-methoxybenzaldehyde 78b was obtained in a good yield (60%), whereas benzaldehyde 

78c was obtained in a moderate yield (44%), and the electron-poor 4-nitrobenzaldehyde 

78c was obtained in relatively small yield (23%). Finally, several heterocycles containing a 

benzylic azide were investigated, including 2-(azidomethyl)thiophene 77f, but 

unfortunately, only traces of thiophene-2-carbaldehyde 78f were observed. This 

presumably indicates Brønsted acid protonation of the heterocycle itself instead of 

activation of a nitrogen atom on the triazene moiety, leading to unknown decomposition 

pathways. Overall, although the yields are modest, it is worth noting that this is a two-step, 

one-pot procedure and represents the net conversion of an azide to a carbonyl compound 

under mild reaction conditions, in other words, an unprecedented transformation. 
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Table 2-3 Scope of the oxidation reaction 

 

2.4 Proposed mechanism for the oxidation reaction 

In order to understand the mechanistic details of this novel transformation, we 

turned our attention to the data obtained during the azide survey (Table 2-3), the reagents 

employed (TsOH and DMSO), and the detection of dimethyl sulfide 79f as a byproduct. 

From Table 2-3, it is clear that secondary azides are the best substrates, followed by allylic 

azides, benzylic azides, and finally primary aliphatic azides, which do not work. Based on 

this information, we proposed a SN1-like mechanism where triazene 79 is first protonated 

by TsOH followed by fast triazene disintegration into three fragments. These fragments are 

nitrogen gas (bubbles observed), iminoimidazole 79b, and carbocation 79c. After 

carbocation 79c is released, DMSO quickly traps it, forming the alkoxysulfonium 
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intermediate 79e. Finally, 79e undergoes a Kornblum-type mechanism,42 which releases 

dimethyl sulfide 79f (observed) and the expected benzophenone 71. An alternative, less 

likely, mechanism is the direct attack of DMSO to protonated triazene 79a (SN2). However, 

the data from Table 2-3 suggest that substrates that produce more stable carbocations 

(secondary azides, as well as substrates containing electron-donating groups) generated 

higher yields, supporting the proposed SN1 mechanism (Figure 2-2). 

 

Figure 2-2 Proposed mechanism for the oxidation reaction 

2.5 Nucleophilic substitution reactions of π-conjugated triazenes 

Considering the proposed Figure 2-2 mechanism, it was hypothesized that 

nucleophiles, other than DMSO, could attack the protonated triazene intermediate 79a. If 

this is correct, this would allow access to a variety of organic compounds from common 

triazene intermediates. To test this hypothesis, we synthesized triazenes 66, 80, and 79 

and subjected them to reaction conditions described in Table 2-4 in the presence of oxygen 

and sulfur nucleophiles. Since the reactions cannot be run in DMSO due to competition 

with oxidation, a brief solvent screening was performed using catalytic TsOH and 50 equiv 

of methanol as nucleophile. Unfortunately, low yields were observed with other solvents 
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(e.g., DMF, acetone, THF, EtOAc, and CH2Cl2). However, when thiophenol was 

investigated as both solvent and nucleophile, we observed an excellent yield (96%) of 

sulfide 81f without an external Brønsted acid (Table 2-4). This result indicates that 

thiophenol can serve as both nucleophile and Brønsted acid, thus catalyzing its own 

reaction. In addition, two more sulfides derived from thiophenol were also synthesized and 

afforded the desired products 81d and 81e in 54% and 40% yield, respectively (Table 2-

4). To our gratification, using 4-bromothiophenol as nucleophile in THF also afforded the 

sulfide adducts 81g (from 79), 81h (from 80), and 81i (from 66) in 29%, 33%, and 53% 

yield, respectively. 

Table 2-4 Scope of substitution reaction 
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Encouraged by these results, and because ethers and their corresponding 

derivatives are valuable synthetic intermediates,43 we next explored the compatibility of the 

thiophenol-mediated nucleophilic substitution using oxygen-containing nucleophiles. We 

were pleased to discover that our approach is viable for use with nucleophiles other than 

thiols. For example, good results were obtained with methanol and ethanol, using only 5 

mol % of thiophenol as Brønsted acid. Triazene 79 afforded ethers 81a and 81b in 51% 

and 48% yield, respectively, while triazene 66 gave benzylmethyl ether 81c in 20% yield. 

The low yield of 81c is apparently due to the higher activation energy required to liberate 

the primary benzyl carbocation intermediate from triazene 66 compared to the secondary 

benzylic carbocation derivative of triazene 79 (Table 2-4). It is also possible that for the 

stronger sulfur nucleophiles reacting in thiophenol, an SN2 mechanism is operating instead 

considering the opposite trend observed in the yields compared to the weaker O 

nucleophiles which follow the expected SN1 trend. 

To further demonstrate the synthetic utility and practicality of this transformation, 

we applied our methodology to the synthesis of the antihistaminic drug diphenhydramine 

(81j, Benadryl®),44 depicted on the bottom of Table 2-4. The synthesis of 81j was 

accomplished using triazene 79 and 2-(dimethylamino)ethanol, as nucleophile, at 60 °C for 

36 h, with a modest 35% yield. The lower yield obtained in this case is the result of 

incomplete reaction due to the nature of the starting material (very polar oxygen 

nucleophile); extended reaction times or recycling may provide increased yields. 

Overall, the data in Tables 2-3 and 2-4 establish that this method can be used to 

prepare selectively substituted ketones and aldehydes, structural motifs present in a 

plethora of important compounds as illustrated with the above-noted synthesis of the ether-

containing drug Benadryl®. The notable feature of our new carbonyl synthesis is the use 

of acidic conditions to accomplish the oxidation (Figure 2-2) instead of the well-known basic 
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conditions used for other reported DMSO oxidations (e.g., Kornblum42 and Swern45). This 

method thus enables the synthesis of ketones and aldehydes from azides without the need 

for oxalyl chloride addition and under acidic media, a current limitation of the Kornblum and 

Swern oxidations. Reactions which also require different substrates such as alkyl halides 

and alcohols respectively.46 

During the synthesis of triazene 79 with a small excess of base (1.5 equiv of KO-

t-Bu), trace amounts of benzophenone 71 were observed, indicating that an oxidation of 

benzhydryl azide 74 was occurring. In order to understand the origin of this transformation 

and to elucidate the mechanism of this reaction, a comprehensive set of experiments was 

performed as follows (Table 2-5): Triazene 79 was subjected to an excess of different 

bases (20.0 equiv) and stirred at room temperature for 3 h. From this study, it was found 

that organic bases such as DBU did not promote this oxidation (entry 2). On the other hand, 

CsCO3, KOt-Bu, and NaH provided the adduct 71 in 55%, 56%, and 58% yield, respectively 

(entries 3−5). Since these reactions were performed under an air atmosphere and oxygen 

is known to promote alcohol oxidations under basic conditions,47 we carried out an oxygen-

free reaction by purging THF with argon and stirring the reaction mixture under an argon 

atmosphere (entry 6). Surprisingly, the yield was comparable under both argon (57%) and 

air (58%), and the absence of base did not produce benzophenone 71 (entry 1). 

Subsequently, we performed a two-step, one-pot procedure, without the isolation 

of triazene 79 from NHC precursor 73a and benzhydryl azide 74, under basic conditions 

(entry 7). This also provided benzophenone 71 in similar yield (50%), supporting the 

convenience of using a one-pot procedure. Finally, according to a previous report, the 

oxidation of benzylic azides to carbonyl compounds has been observed in DMSO under 

basic conditions.48 Therefore, to determine if this known reaction was responsible for the 

formation of the product during the in situ formation of triazene 79, benzhydryl azide 74 
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was also subjected to 20 equiv. of sodium hydride, in both air and argon atmosphere, 

resulting in no reaction (Table 5, entries 8 and 9). These results are in accordance to the 

previous report which establishes that the direct oxidation of azides to carbonyl compounds 

only occurs readily in highly polar solvents like DMF and DMSO and not in less polar 

solvents like MeCN.48 Since we are using THF which is even less polar, this indicates that 

azide 74 does not react under said conditions and thus triazene 79 is the reactive species 

in this transformation.  

Table 2-5 Oxidation under basic conditions 

 

entry substrate base atmosphere time (h) yield of 71 (%) 

1 79 none argon 3 0 

2 79 DBU O2/air 3 0 

3 79 CsCO3 O2/air 3 55 

4 79 KOt-Bu O2/air 3 56 

5 79 NaH O2/air 3 58 

6 79 NaH argon 3 57 

7 73a + 74 NaH O2/air 3 50 

8 74 NaH argon 3 0 

9 74 NaH O2/air 3 0 
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In an effort to extend the scope of this transformation using basic conditions, all 

azide precursors of aldehydes and ketones from Table 2-3 were screened. Unfortunately, 

only benzophenone 71 was observed in 50% yield (Table 2-5, entry 7) and 4-

cyanobenzaldehyde 77e in less than 10% yield. We propose that product formation, under 

basic conditions, proceeds via a polar mechanism (Figure 2-3). First, a benzylic 

deprotonation takes place to form triazene anion 79a′, followed by a selective protonation 

to form intermediate 79b′. Thereafter, 79b′ decomposes to NHC 79c′ and imine 79d′ 

(observed), with nitrogen extrusion providing the driving force. Finally, hydrolysis of the 

imine produces benzophenone 71. However, it should be noted that a radical mechanism 

is also plausible. Additional studies are required to either refute or support this hypothesis. 

 

Figure 2-3 Proposed mechanism for the oxidation under basic conditions 

In summary, in this chapter we have documented three new reactions of π-

conjugated triazenes, specifically, oxidation and substitution reactions both carried under 

mild reaction conditions. The transformations described above establish the use of organic 

azides as useful synthetic scaffolds for the synthesis of aldehydes, ketones, ethers, and 

sulfides compounds via π-conjugated triazene intermediates which can be considered as 

versatile molecules. The products were observed in moderate to excellent yields, with 
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sulfur nucleophiles generally giving better results than weaker oxygen nucleophiles. 

Overall, this methodology not only broadens the known reactivity of traditional organic 

azides but also provides straightforward access to multiple functional groups starting from 

highly abundant amines for rapidly building organic frameworks, an important 

consideration in many synthetic studies.  
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Chapter 3  

Photochemically-Activated Aryl-Aryl Cross-Coupling Reactions 

3.1 Introduction 

Photochemistry is the study of chemical processes that occur due to absorption of 

electromagnetic radiation (light). Since its formal discovery and initial development near 

the turn of the twentieth century, this science has developed attractive and milder 

alternatives to traditional thermal reactions.49 As early as 1912, one of the main 

photochemistry pioneers, Giacomo Ciamician, envisioned a future where photochemical, 

and especially sunlight-driven chemical processes, would be prevalent and thus a world 

where human civilization was powered primarily by sunlight.50 Noticing that the coal-

dependent industries of his time would not be perpetually sustainable as the non-

renewable resource would be depleted over time, he indicated the need to eventually 

replace fossil fuels with renewable alternatives like sunlight. In particular, with respect to 

chemical processes, he recognized that photochemical reactions typically involve milder 

reaction conditions compared to thermal methods, therefore providing a sustainable 

alternative.50 In general, photons in the ultraviolet and visible regions of the electromagnetic 

spectrum hold sufficient energy to promote molecules to excited electronic states, which in 

turn can lead to complementary mechanistic pathways that are inaccessible to molecules 

in the ground state.51 For example, chemists around the globe have achieved a multitude 

of challenging transformations, under mild photochemical conditions, that are often 

impossible without the use of high temperatures or aggressive reagents, such as 

oxidations,52 isomerizations,53 cycloadditions,54 deprotections,55 and cross-couplings.56 

Among the former, aryl–aryl cross-coupling is one of the most challenging organic 

transformations in synthetic chemistry.57 This class of reaction is of paramount value in 

organic chemistry because they provide access to a variety of valuable chemical scaffolds 
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required to complete syntheses of numerous compounds, including many key biologically-

active molecules.57 Traditionally, aryl–aryl cross-coupling reactions are mostly achieved 

using Pd-catalyzed methods such as: Suzuki,58 Negishi,59 Stille,60 or Hiyama61 couplings 

(Figure 3-1, eq (1)). Although these methods typically provide the desired adducts in high 

yields, they often involve the use of stoichiometric toxic heavy metals, such as organic Zn 

or Sn species, which require specialized procedures for their synthesis, purification, 

recovery, and disposal.62 In addition, significant major limitations encountered in these 

transition-metal catalyzed cross-coupling reactions are high temperatures, that limit 

functional group tolerance, and long reaction times, which rise operation costs.63 

Alternately, milder synthetic methods, that employ unactivated arenes for the preparation 

of biaryls, have been reported, albeit still using high temperatures (Figure 3-1, eq (2)).64 

Among these methods, the most reliable procedures take advantage of highly reactive 

species such as aryl-iodonium salts,65 aryl-diazotates,66 and aryl-diazonium salts66 in the 

presence of catalytic amounts of transition metals at high temperatures. Aryl–aryl cross-

couplings that take advantage of aryl-diazonium salts are perhaps the mildest approach 

thus far reported since they release molecular nitrogen, as the clean by-product.67 In 

addition, aryl-diazonium salts are versatile intermediates since they can generate aryl 

cations64-65 or aryl radicals depending on the reaction conditions.68 A major disadvantage 

of aryldiazonium salts is their instability, making them less desirable at large scales since 

they are known to be explosive.69 Therefore, it is clear that a milder and straightforward 

approach to aryl–aryl cross-couplings is still highly desired. 

In this chapter we continue exploring the reactivity of π-conjugated triazenes19-20, 

70 with a particular emphasis on their capability of providing in situ generation of aryl-

diazonium salts, thus avoiding potential explosions, while maintaining mild reaction 

conditions. We will discuss π-conjugated triazenes as aryldiazonium reservoirs71 that can 
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be delivered under photoirradiation at room temperature to produce biaryl adducts (Figure 

3-1, eq (3)), in short reaction times. To achieve better results, we take advantage of our 

previous observation that Brønsted acids can increase the reactivity of π-conjugated 

triazenes70 and Jewett’s report on photo-isomerization of triazenes.14-15 

 

Figure 3-1 Representative syntheses of biaryl compounds 

3.2 Reaction design and optimization 

Initially, we investigated the conversion of two π-conjugated triazenes derived from 

methyl and tert-butyl imidazolium salts into 1,1′-biphenyl (Table 3-1). In order to find the 

best reaction conditions, the photochemical transformation was studied using different 

Brønsted acids and the impact that time and Brønsted acid’s stoichiometry have on the 

product yield. From these experiments, trifluoroacetic acid (TFA) was identified as a 

superior catalyst over other acids such as: HCl, TsOH, H2SO4, and AcOH that only 
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generated small amounts of the desired biaryl product. With TFA as the optimal Brønsted 

acid on hand, the reaction time was studied, using 1.0 equivalents of TFA (Table 3-1, 

entries 1–4). From these results, it was noticed that the reaction virtually halts after 2 h 

(entry 2), with relatively small increments up to reaction times of 24 h (entries 3 and 4). 

Therefore, 2 h was selected as a satisfactory reaction time for this transformation. 

Optimization of TFA’s stoichiometry in the reaction media was then investigated using 0.1 

to 10 equivalents of TFA (entries 5 to 8). A catalytic amount (0.1 equiv.) of TFA, resulted 

in only trace amount of product formation (entry 5), while the maximum yield (33%) was 

observed using 10 equiv. (entry 8). However, since using lower TFA loading (5 equiv.) led 

to an essentially similar yield (31%), this latter amount was employed as a preferred loading 

(entry 7). Subsequently, using a different triazene derived from ditert-butylimidazolium 

tetrafluoroborate (82c), we observed a substantial increase in yield (59%) (entry 9). The 

reaction was also performed under thermal conditions (65 °C) without UV irradiation, 

affording the expected product in only 3% yield, thus highlighting the power of 

photochemical induction (entry 10). Also, as a control experiment, we ran the reaction at 

room temperature, without applying heat or UV irradiation, under which conditions no 

product was obtained (entry 11), thereby providing additional support for the need of 

photoactivation to produce the desired adduct. 

With the best reaction conditions on hand, and aware of the potential effect of the 

triazene structure on reaction yields, we synthesized more triazenes using different N-

heterocyclic carbene (NHC) precursors and azidobenzene to evaluate their effectiveness 

for the cross-coupling reaction. As depicted in Table 3-2, reaction yields are highly 

dependent on the stability of the triazene.3, 19, 70 
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Table 3-1 Optimization of reaction conditions 

 

entry R TFA (equiv.) time (h) yield (%) 

1 Me 1 1 7 

2 Me 1 2 18 

3 Me 1 4 20 

4 Me 1 24 22 

5 Me 0.1 2 Traces 

6 Me 2 2 20 

7 Me 5 2 31 

8 Me 10 2 33 

9 t-Bu 5 2 59 

10 t-Bu 5 2 3 

11 t-Bu 5 2 0 

 

For example, the highly stable triazene 82f doesn’t react well under these reaction 

conditions (16%). On the other hand, highly unstable triazenes 82d and 82e decomposed 

too quickly into many by-products, affording the expected product in low yield, 13% and 

<5%, respectively. Importantly, we also synthesized triazenes that possess moderate 

stability (82a-c), which release the phenyldiazonium ion slow enough to be captured by the 

unactivated arene. The yields of triazenes 82a-c are proportional to the size of the nitrogen 
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substituents on the imidazolium moiety, going from 31% for methyl (82a), 37% for mesityl 

(82b), to a significantly higher yield of 59% for tert-butyl (82c). This trend is perhaps due 

to increased steric interactions between the nitrogen substituents and the phenyl moiety 

that develop during the triazene E/Z isomerization upon photo-irradiation, making the 

triazene derived from 82c the best choice for this aryl–aryl coupling.67b 

Table 3-2 NHC precursor optimization 

 

3.3 Triazene synthesis and substrate scope 

Having identified tert-butylimidazolium tetrafluoroborate 82c as the most effective 

NHC partner, we proceeded to synthesize several π-conjugated triazenes by reacting the 

NHC precursor 82c with miscellaneous aromatic azides 83a-q, following our previously 

established protocol,19, 70 to afford seventeen new triazenes 84a-q with good to excellent 

yields (Table 3-3). This relatively large set of triazenes includes, electron-donating and 
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electron-withdrawing substituents. In addition, steric hindrance was also considered. For 

this purpose, we prepared para, ortho, and meta substituted triazenes with yields up to 

99% (Table 3-3). Interestingly, synthesis of triazene 84e required the use of sodium hydride 

instead of the commonly used potassium tert-butoxide. This observation suggests that the 

extra benzylic protons in the mesityl moiety might further react with t-BuOK via radicals,72 

whereas NaH doesn’t appear to. 

To study the scope and limitations of the aryl–aryl cross-coupling reaction, the 

freshly prepared triazenes 84a-q were subjected to UV-irradiation (350 nm) for 2 h periods 

(Table 3-4). Data obtained from these experiments suggest that the electronic character of 

the substituents on the phenyl ring of the triazene profoundly influence the reaction yield. 

The neutral triazene 84d gave the highest yield (59%), whereas triazenes bearing weak 

electron-withdrawing or weak electron-donating groups such as: alkyl (84b & 84c) or 

halides (84a & 84p) afforded moderate yields. In addition, triazenes possessing strong 

electron-withdrawing groups through resonance afforded lower yields. For example, 4-

cyanobiphenyl triazene 84h, gave only 10% yield and 4-nitrobiphenyl triazene 84j did not 

react at all, and nearly stoichiometric amount of unreacted starting material, triazene 84j, 

was recovered (Table 3-4). This observation is in agreement with our previous 

observations19, 70 as well as Bielawski’s,17 who reported that electron-poor triazenes are 

particularly stable. This stability renders such triazenes unreactive under our reaction 

conditions. On the other hand, electron-rich triazenes are highly reactive and readily 

undergo decomposition to side products, which accounts for the low yield (18%) of 2-

methoxybiaryl 85n. 
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Table 3-3 Synthesis of aryl π-conjugated triazenes 

 

However, changing the substituent of the triazene from 2-methoxy 84n to 2-

phenoxy 84m increases its stability due to its weaker electron-donating character, thus 

helping afford bisaryl adduct 85m in a higher yield (57%). Finally, the highly steric hindered 

triazene 84e, afforded the product 85e, albeit only in 20% yield. 
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Table 3-4 Synthesis of biphenyls 

 

We speculate that the low yield of 85e is due to the higher energy required for 

nucleophilic attack by benzene, on the sterically-encumbered carbocation intermediate. 

Although, most of the yields are moderate, it is worth noting that the reaction tolerates 

different functional groups including; halides (Cl & Br), electron-poor (CF3, NO2, CO2Me, & 

CN), electron-rich (OMe & OPh), and hindered substrates such as mesityl triazene and 
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ortho substituted triazenes (Me, OMe & OPh), and most important, none of the substrates 

produced additional regioisomers (Table 3-4). 

To further evaluate the general applicability of this transformation, two different 

sets of arenes were selected; (1) substituted arenes to investigate their regioselectivity, 

and (2) heteroarenes, to check their suitability for the preparation of heteroaromatic biaryls, 

an often-challenging task (Table 3-5).66 Arenes such as chlorobenzene and toluene 

showed product formation but no regioselectivity (1:1, ortho/para), whereas anisole 

exhibited some preference for the most nucleophilic position, the ortho regioisomer 4g 

(1.5:1, ortho/para). In terms of the following heteroarenes: pyridine, quinoline, furan, and 

thiophene the outcome was encouraging since all the products were isolated as single 

regioisomers, albeit in moderate yields (Table 3-5). The observed regioselectivity towards 

ortho and para positions, with no meta product formed suggests that there is a phenyl 

cation, derived from the triazene, formed during the reaction steps, and it is in agreement 

with the known selectivity of electrophilic aromatic substitutions.73 However, the adducts 

isolated from heteroarenes suggest that a phenyl radical is also plausible, since 2-

phenylquinoline 85s was observed (Table 3-5). Because of the two potential mechanistic 

pathways, we investigated both possibilities further and the details are presented below. 

Of significant relevance, we note that our transformation can also be performed under even 

milder conditions using sunlight in lieu of UV-radiation albeit for a longer period of time(9 h 

in sunlight vs 2 h with UV). For example, the biphenyl adduct 85d was obtained in 43% 

yield (as highlighted in Table 3-5). 
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Table 3-5 Synthesis of biphenyls and heterobiaryls 

 

To demonstrate the practical utility of our method to synthesize bioactive 

molecules, the known immunosuppressant compound 86 was synthesized in two-steps 

from stable triazene 84p. Using our mild reaction conditions, the new brominated biaryl 

85v was generated from triazene 84p and p-xylene in 36%. A 12 h reaction time was 

required, for the maximum yield, since p-xylene is more sterically hindered than benzene. 

Subsequently, freshly prepared intermediate 85v was coupled with commercially available 

2,3-difluorobenzamide, following the reaction conditions previously reported by Greaney,65 

to produce the final compound 86 in 90% yield (Figure 3-2). 
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Figure 3-2 Synthesis of immunosuppressant 86 

3.3 Mechanistic and computational studies 

After analyzing all the previous results, and to attempt to gain a better 

understanding of the reaction mechanism, we proceeded to search for any byproducts 

present in these reactions (Figure 3-3). Our objective was to find an explanation for the 

modest yields obtained for some of the substrates. 

For this purpose, we selected three triazenes (84c, 84m, and 84p) and subjected 

them to our standard reaction conditions, with the exception that benzene and benzene-d6 

were employed without drying (Figure 3-3). To our surprise, phenols 85c′, 85m′, and 85p′ 

were isolated in approximately 1:1 ratio with respect to the usual biaryl products. The 

benzene-d6 experiment helped us to more closely monitor the reaction and revealed that 

only the expected biaryl product and the phenolic by-product were present in approximating 

a 1:1 ratio, with a total yield of 95% (Figure 3-3, eq (2)). These results suggest that water 

is competing by capturing the proposed aryl cation that is formed in situ. This strongly 
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suggests an ionic mechanism. However, a radical mechanism cannot be ruled out since 

aryl radicals have been observed during aryldiazonium decomposition.67b After closer 

analysis of our compiled results, most of the previous reactions presented phenol by-

products when wet solvents or reagents were used. However, adding extra water did not 

affect yields and ratios and our best efforts to perform our reaction under anhydrous 

conditions did not improve the aryl–aryl cross-coupling yields, since minimum amount of 

water has a profound effect on the phenyl cation intermediate as will be discussed in the 

following sections (Figure 3-6). 

 

Figure 3-3 Byproduct identification 

With all experimental information on hand, we proceeded to consider plausible 

mechanistic pathways that encompass all the observed results (Figure 3-4). Additionally, 
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to explore further possible mechanistic pathways, density functional theory (DFT) was 

employed by Dr. Haobin Wang and Dr. Chou-Hsun Yang at the University of Colorado 

Denver to examine model compounds discussed in this paper. All of the detailed data 

obtained from the computational studies can be found in Chapter 6 in Tables 6-1 to 6-9. All 

calculations were performed using the quantum chemistry program package Q-Chem 5.074 

with the hybrid functional B3LYP. Geometry optimizations were carried out using the basis 

set 6-31G* to find the ground state minima. Then, single point electronic energies were 

obtained using basis set 6-31+G* (i.e., including diffuse functions), whereas test 

calculations employing a larger basis set 6-31+G* or 6-311++G** produced relatively 

smaller differences. Linear response time-dependent DFT (TD-DFT)/TDA calculations 

were used to calculate the vertical excitation energies and to optimize the excited state 

structures. Solvent (benzene) effects were approximated using the conductor-like 

polarizable continuum model (cPCM) model.75 To gauge the accuracy of the DFT 

calculations, we also used the auxiliary basis set (resolution- of-identity) second order 

Møller–Plesset perturbation theory (RI-MP2)76 method to calculate ground state energies 

for all the triazene compounds (Table 6-1). The benchmark RI-MP2 values are consistent 

with those from the DFT calculations, suggesting that DFT is adequate for investigating the 

compounds in this paper. 

The first reaction step in Figure 3-4 concerns the protonation of 84d-E, which 

involves two main possible sites: N1 and N3, calculations show that the ground state 

energy of N1-H+ is lower than N3-H+ for all molecules, as shown in Table 6-2. As reported 

Table 6-2 our calculations, under our experimental conditions, indicate that the neutral 

molecules have electronic energies lower than the protonated triazenes (N1-H+ by 10–20 

kcal mol−1, and N3-H+ by 20–30 kcal mol−1). These results were obtained using cPCM 

model in (dilute) benzene solution, which has a small dielectric constant (ε = 2.27). On the 
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other hand, the energy differences between the neutral and protonated triazenes are 

significantly reduced when the solvent dielectric constant is increased. Under the actual 

experimental condition, where trifluoroacetic acid (ε = 8.55) is present, protonated species 

are favored to undergo subsequent photoexcitation processes (Table 6-3). The minimum 

energy geometries for the protonated N3-H+ and unprotonated triazene complexes in their 

first bright excited states correspond to 84d-Z configurations. On the other hand, the 

protonated N1-H+ complexes are still in 84d-E configurations, which suggest that 

photoisomerization occurs readily for triazenes protonated on N3, but not for those 

protonated on N1 (Figure 3-4). 

The subsequent reaction step for the photoexcited molecules is the ultrafast 

internal conversion down to their ground states. In principle, the internal conversion 

competes with the fluorescent decay. To distinguish between the radiative (fluorescent) 

and non-radiative decay, we estimated the electronic coupling elements (for non-radiative 

decay) between the ground and excited state using the generalized Mulliken–Hush method 

(Table 6-4).77 Our calculations indicate that internal conversion is the dominant transition. 

After the non-radiative internal conversion, the electronic energy is transferred into the 

vibrational energy of the molecule. The specific partition of the converted energy is 

determined by the vibronic coupling. Under the linear response approximation, this is 

represented by the ground state gradient at the geometry of vertical de-excitation. While 

the magnitude of the force reflects the strength of the vibronic coupling, the direction of it 

can be used to indicate the reaction coordinate (Figure 3-5). Our results show that the 

vibronic couplings involve primarily the displacement of three nitrogen atoms for the N3-H+ 

complexes, but involve more atoms for N1-H+. This suggests that photoexcitation and 

subsequent internal conversion facilitate the dissociation reaction for N3-H+ with a Z 

configuration, but not for N1-H+ with an E configuration. 
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Figure 3-4 Plausible mechanistic pathways for the aryl-aryl cross-coupling reaction 
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Figure 3-5 Projection of the force for N1-H+ and N3-H+ 

At this point in the mechanistic discussion, though the formation of the 

aryldiazonium intermediate seems plausible, the possibility of direct aromatic ipso 

substitution by the aromatic molecule on the protonated triazene cannot be discarded 

(Figure 3-4, Path D). Therefore, to obtain experimental data that would allow us to clarify if 

ipso substitution is part of the mechanism, we attempted the capture of the aryldiazonium 

intermediate, by means of a Sandmeyer reaction, under our conditions.78 We subjected 

triazene 84p in dichloromethane to reaction with 2.0 equiv. of tetrabutylammonium 

bromide, 1 mol% of CuBr, and 5.0 equiv. of TFA under UV irradiation at 350 nm. After 2 h, 

we observed formation of p-dibromobenzene in 23% yield, which supports the presence of 

the phenyldiazonium intermediate upon photo-activation of the triazene 84p under acidic 

conditions, suggesting that ipso substitution is not occurring (Figure 3-4, Path D). 
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To discuss thermodynamics of forming the expected product in the final reaction 

step, there are three possible pathways; two for the aryl cation in Paths A and B, and one 

for the aryl radical as seen in Path C (Figure 3-4 and Fig. 3-6). For A and B pathways, we 

performed calculations on two complexes, the aryl cation with water and benzene, and 

compared their binding energies (Table 6-6). For most species, the electronic energy of 

the aryl cation with water is higher than that with benzene, within a few kcal per mol. This 

implies that forming the aryl cation with the benzene complex is slightly more favorable 

than with the water complex (Figure 3-6). 

We also compared the binding energies between Path B and Path C, (Table 6-7). 

The calculations show that the energy of Path B is much lower than Path C, by around 40–

60 kcal mol−1. This indicates that forming the aryl radical complex requires more energy. 

Therefore, Path C is not favorable in the final reaction step. Finally, the energy of the final 

products following Path A are slightly higher than Path B, within 5 kcal mol−1, which 

indicates that both reactions can occur (Figures 3-4 and 3-6). 

Finally, we calculated the relative free energies of starting materials, intermediates 

and products for the aryl–aryl cross-coupling reaction of triazene 84d (Table 6-9) and 

constructed the reaction energy diagram shown in Figure 3-4. The total free energy 

includes the electronic energy, the gas phase entropic contribution and the solvent free 

energy in the standard state. As can be seen from this diagram, the energies of the ground 

state protonated triazenes on N1 and N3 are only 15 kcal mol−1 apart in dilute benzene 

(and 5 kcal mol−1 in THF, ε = 7.8). Under experimental conditions and considering 

subsequent reactions, the two species are likely in equilibrium with one another. Both the 

unprotonated triazene 84d-E and the N1 protonated triazene can be photochemically 

promoted to their respective excited states, but both relax through non- radiative processes 

back to the ground state (Figure 3-6). On the other hand, once the N3 protonated triazene 
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Figure 3-6 B3LYP/6-31G* Reaction energy diagram for the cross-coupling of triazene 84d to form biphenyl 85d and phenol 85d’
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is promoted to the excited state it will preferentially isomerize to its respective Z isomer 

84d-Z, which can then decompose exergonically to the diazonium ion 87 (Figure 3-6). From 

that point, the next reaction intermediate is most likely the aryl cation 88, since in the 

presence of solvating water its energy is 17 kcal mol−1 lower than 87 and 20 kcal mol−1 

lower in benzene Figure 3-6). The possibility of an ipso substitution by benzene at this step, 

instead of the aryl cation formation, cannot be discounted; however, our calculations didn’t 

find it likely. According to existing literature, the true mechanism might lie somewhere in 

between aryl cation and aryl radical processes.58c, 76b Finally, the formation of biphenyl 85d 

and phenol 85d′ are both likely due to the closeness of their energies, which correlates to 

the good yields and ratios obtained (Figure 3-3). 

In summary, the energy of the ground state for N1-H+ is more stable than N3-H+; 

the excitation energies of first bright state of deprotonated and protonated triazene 

complexes are in the ultraviolet region (Table 6-3). The ultrafast internal conversion for N3-

H+ in 1-Z configuration promotes the subsequent dissociation reaction; whereas for N1-H+ 

there is no such mechanism. The free energies of the aryl cations with water are lower than 

those with benzene; the free energies of the aryl radical are higher than the aryl cation and 

the free energies of the final products show biphenyl as slightly more stable than phenol. 

Therefore, based on the experimental data and the computational analysis, we believe that 

the most plausible reaction mechanism for the metal-free photochemically-activated cross 

coupling follows a cationic pathway (Path B), starting with the protonation of the triazene, 

followed by E/Z photoisomerization under UV light irradiation, which activates the triazene 

for decomposition into an aryldiazonium salt. This aryldiazonium ion loses nitrogen to 

generate an aryl cation which, in turn, can either react with an aromatic molecule to form 

the biaryl product or be captured by a molecule of water to produce the corresponding 

phenol. These two competitive processes which tend to slightly favor the phenolic product 
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during the final step are likely the cause for the modest yields in our reactions and previous 

unexplained low yields reported in many different aryl–aryl cross couplings articles.58c, 64, 

66, 79 Therefore, we have found new reactivity for π-conjugated triazenes and our studies 

are expected to positively impact aryl-aryl transformations thus significantly helping to 

contribute to enhanced milder and more sustainable approaches in many chemical 

reactions and synthetic processes. 
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Chapter 4  

Amide Synthesis 

4.1 Introduction 

It is well known that the amide functional group is of utmost importance in both 

chemistry and biochemistry.80 For example,  amide bonds are fundamental moieties in the 

structure and function of proteins and enzymes that regulate all metabolic processes of 

living organisms.81 Amides are also present in a plethora of natural and synthetic bioactive 

molecules; for instance, Ghose and Viswandhan reported that amides, along with alcohols 

and tertiary aliphatic amines are the top functional groups present in the compounds listed 

in the Comprehensive Medicinal Chemistry drug database.82 In view of the prevalence of 

amide bonds in therapeutic drugs, the ACS Green Chem. Institute Pharmaceutical 

Roundtable, with representatives of several of the most prominent global pharmaceutical 

corporations, identified the search for greener amide formation methodologies as their 

number one priority area of research in 2007.83 Notably, over a decade later, the search 

for general, greener alternatives still continues.84 

Amides have been synthesized using a plethora of diverse approaches (Figure 4-

1). For example, because a direct acyl substitution reaction between an amine and a 

carboxylic acid is thermodynamically unfavorable,85 most of the traditional methods to 

prepare amides involve the activation of the carboxylic acid first. This generates reactive 

species such as: acyl halides,86 anhydrides,87 acyl azides,88 esters,89 acylimidazoles,90 

etc.91 This resulting activated intermediates can then undergo an acyl substitution with its 

corresponding amine to form the desired amide bond.91 Some limitations of these 

traditional methods include the propensity for some activated species, such as acyl 

chlorides, to undergo hydrolysis, cleavage of existing protecting groups, and other side 

reactions.92 Other activated intermediates like acyl azides can also produce unwanted 
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isocyanate by-products via Curtius rearrangement.93 Finally, the use of some activated 

species such as anhydrides results in the waste of half of the equivalents of carboxylic acid 

used (Figure 4-1, eq. 1).91 As a response to the limitations of traditional amide syntheses, 

new methodologies have emerged that attempt to circumvent these issues. For example, 

using boronic acids as catalysts to achieve the direct condensation of carboxylic acids and 

amines to amides (Figure 4-1, eq. 2);94 oxidative coupling of alcohols and amines by using 

ruthenium catalysts (Figure 4-1, eq. 3);95 the reaction of thioacids with amine surrogates 

such as isonitriles,96 isocyanates,97 azides,98 and sulphonamides (Figure 4-1, eq. 4);99 and 

the Buchwald cross-coupling amidation.100 These methods, though  promising alternatives 

to conventional amide syntheses, still require harsh conditions and, in most cases, the use 

of heavy metal catalysts, high temperatures, and long reaction times,101 which makes them 

less desirable from a Green Chem. perspective (Figure 4-1). 

In our continued effort to develop greener alternatives for carbon-carbon and 

carbon-heteroatom bond forming transformation, we have achieved and reported mild 

methods that produce aldehydes, ketones, thiols, alcohols, allenols, miscellaneous allylic 

compounds, and biaryls.70, 102 In the previous chapter, we described a mild photoinduced 

cross-coupling reactions of π-conjugated triazenes with unactivated arenes.102b This aryl-

aryl cross coupling served as the foundation to the design of a greener alternative for the 

efficient synthesis of amides, achieved under metal-free and simple photoactivation of π-

conjugated triazenes in the presence of aliphatic and aromatic nitriles under mild conditions 

(Fig. 1, eq. 5). This also represents a further development of the reactivity of π-conjugated 

triazenes, adding the amide group to the list of functional groups that can be accessed 

through these versatile molecules. 
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Figure 4-1 Representative methods for amide synthesis 

4.2 Initial observation and reaction optimization 

In the previous chapter we demonstrated that π-conjugated triazenes can be 

photoactivated easily in the presence of a Brønsted acid.102b During those studies and while 

trying aryl-aryl cross-coupling reaction in different solvents we discovered an unknown 

product formed when triazene 84c was reacted under UV light in acidic acetonitrile. We 

isolated this product and identified as amide 94d which was initially obtained in 48% yield 

(Figure 4-2). 
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Figure 4-2 Initial observation of amide formation 

 Intrigued by this transformation, we decided to explore this mode of reactivity 

further. At time, we had already determined that tert-butylimidazolium tetrafluoroborate 82c 

as the best N-heterocyclic carbene precursor to enhance the reactivity of triazenes. 

Therefore, we investigated the direct conversion of π-conjugated triazene 84a into amide 

94a (Table 4-1). Initially, and to optimize the reaction conditions, different Brønsted acids 

were screened; including trifluoroacetic acid (TFA), TsOH, HCl, and H2SO4 (entries 1 to 5). 

H2SO4 proved to be too harsh and unidentified byproducts were observed (entry 1), 

whereas TFA afforded a 61% yield (entry 5). Encouraged by this result, TFA’s 

stoichiometry was investigated using 1.0 to 10 equivalents of TFA, using photo-irradiation 

at 350 nm during 4 h (entries 5 to 7). It was found that 5.0 equivalents of TFA were optimal 

to efficiently promote this transformation (entry 5). The impact of reaction time was also 

studied (entries 5, 8 to 10). It was noted that the reaction practically halts after 4 h (entry 

5), with a very small differences even at 12 h (entry 10). Therefore, 4 h was chosen as the 

best reaction time for this transformation. Important to note that all reactions were 

performed open to the atmosphere, and the expected product was still obtained in 43% 

yield using dry acetonitrile (entry 11), presumably due to moisture in the air and traces 

amount of water present in TFA. For comparative purposes, two reactions were 

simultaneously performed, one using ACS grade acetonitrile (entry 5) and the second using 

dry acetonitrile with 10 equivalents of water (entry 12). Both reaction afforded the product 
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in similar yields (61% vs 60%, respectively). Finally, the reaction was done at room 

temperature without applying UV irradiation, under which conditions no reaction was 

observed, even after 12 h (entry 13), thereby supporting our hypothesis that 

photoactivation is required to produce the desired amides.  

Table 4-1 Optimization of amide synthesis 

 

entry acid acid equiv. time (h) yield (%) 

1 none 0 4 No Rxn 

2 H2SO4 5 4 8 

3 HCl 5 4 40 

4 TsOH 5 4 44 

5 TFA 5 4 61 

6 TFA 1 4 17 

7 TFA 10 4 60 

8 TFA 5 2 33 

9 TFA 5 8 62 

10 TFA 5 12 62 

11 TFA 5 4 43 

12 TFA 5 4 57 

13 TFA 5 12 No Rxn 
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4.3 Reaction scope 

With the optimal conditions established, we proceeded to explore the overall 

potential and scope of our new synthetic transformation. For this purpose, we utilized the 

same set of π-conjugated triazenes 84a-q that we tested in the previous chapter. With this 

diverse set of triazenes, the direct conversion of these freshly prepared triazenes into 

acetamides was investigated employing UV irradiation and TFA (Table 4-2). The results 

indicated that our transformation has a strong dependence on steric and electronic effects 

of the aromatic azide moiety (Table 4-2). For instance, the standard triazene 84d, which is 

derived from benzene, afforded the expected product 94d in 61% yield, whereas triazenes 

with aromatic rings having weak electron-donating alkyl groups (i.e., toluene 84b, 1,2-

xylene 84f, and 4-tert-butylbenzene 84c), afforded 61%, 81%, and 82% yields, 

respectively. However, when triazene bearing a mesityl group 84e was subjected to the 

same reaction condition, only <5% of product 94d was observed, presumably due to the 

steric repulsion caused by the two ortho methyl groups. The prior statement is also 

supported by the fact that biphenyl amide 94l adduct, that has an ortho phenyl group, was 

obtained in only 47% yield. On the other hand, electron-rich triazenes bearing strong 

electron-donating substituents in the ortho position, such as phenoxy 84m and methoxy 

84n groups, led to excellent yields, with the phenoxy derivative 84m delivering the 

expected product in 99% yield. In addition, when comparing the anisole derivatives (para 

84g, meta 84o, and ortho 84n) a slight preference for the para position over the ortho and 

meta isomers was observed, indicating that both steric and electronic effects play an 

important role in the reaction mechanism. Furthermore, the reaction tolerated halides, the 

chloro 84a and bromo 84p adducts were obtained in 46% and 61% yields, respectively. 

Moreover, electron-withdrawing groups such as; nitro (both meta 84m, and para 84j), 

cyano 94h and methyl ester 94k substituents led to poor yields or even no formation of 
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products. Nonetheless, it is important to note that strong electron-poor triazenes don’t 

decompose easily.3, 19 Therefore, unreacted triazene can be recovered from the reaction 

mixtures. Fortunately, the moderate electron-poor triazene 84i produced the expected 

benzamide adduct 94i in 43% yield (Table 4-2). All this evidence suggests that a positively 

charged intermediate, most likely an aryl cation is involved in the formation of the amides, 

which can be stabilized by electron-donating groups. However, steric hindrance and 

electron-withdrawing substituents decrease the reaction yield. 

Table 4-2 Reaction scope for amide formation 

 

With the triazene scope established, we proceeded to evaluate other alkyl and aryl 

nitriles as suitable reagents for the amidation reaction (Table 4-3). We reacted various alkyl 
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and aryl nitriles with three triazenes (84c, 84d, and 94i), under our optimal reaction 

conditions. The results of these experiments are summarized in Table 4-3. While 

comparing acetonitrile reactivity with those three triazenes (Table 4-2), it was found that 

triazene 84i gave the lowest yield (43% of amide 94i), whereas triazenes 84c deliver 

adduct 94c with the highest yield (82%). The alkyl nitriles butyronitrile and 

trimethylacetonitrile followed the same pattern, with yields up to 95%, see adduct 94s 

(Table 4-3). Unfortunately, bromoacetonitile was not suitable for this transformation and 

only triazene decomposition was observed 94v-w, perhaps due to the easily cleavable 

bromine group. On the other hand, aromatic nitriles resulted in modest yields (i.e., 94x 

41%, 94y 44%, and 94aa 31%) to only traces (e.g., 94ae). These results can be 

rationalized by the lower nucleophilicity of aryl vs alkyl nitriles due to electron delocalization 

over the aromatic system. Nonetheless, it is also worth mentioning that in contrast to the 

experiments performed in benzonitrile as the solvent (94x and 94y), the solids p-

nitrobenzonitrile, p-(trifluoromethyl)benzonitrile, and anisonitrile were dissolved in 2 mL of 

dichloromethane (DCM) and subjected to the reaction conditions (Table 4-3). Importantly, 

once again, it was observed that the electron-rich anisonitrile was a suitable reagent to 

produce the expected adduct 94aa in 31%, due to its high nucleophilicity. In contrast, 

electron-poor benzonitriles produced only traces of the expected compounds, further 

accentuating the importance of the nucleophilicity of the nitrile species on the overall 

reaction. 

In all experiments, the largest triazene 84c proved to be the best substrate, 

indicating a correlation between the stability of the triazene and the product yield (Tables 

4-2 & 4-3). The results have shown that highly stable triazenes do not react (e.g., 84j), 

whereas unstable or sterically hindered triazenes decomposed to unknown byproducts 

(e.g., 94e). 
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Table 4-3 Reaction scope with different nitriles 

 

In order to further explore the power of photochemistry and to test our 

transformation as a potential greener alternative for amide synthesis, we performed a 

couple of reactions under natural sunlight (Table 4-3). We were delighted to see the 

expected product formed in good to excellent yields. The sunlight results followed a similar 

trend as the standard procedure, wherein electron-deficient benzamide 94i was produced 

in 47%, neutral benzamide 94c in 85%, and the weak, electron-rich 4-tert-butylbenzamide 

94d in 93% yield (Table 4-3 inside the box). It is worth noting that these yields are from 4 

to 24% higher than those obtained from the standard conditions, albeit achieved in 9 h 

instead of 4 h. Furthermore, two unproductive nitriles from the standard conditions 

[bromoacetonitile and p-(trifluoromethyl)benzonitrile] were subjected to sunlight irradiation, 

unfortunately, the outcome was the same, no adduct was observed. Although, some nitriles 

are not suitable for this transformation, we have demonstrated that natural sunlight is very 
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efficient for the direct conversion of triazenes into amides. We believe that the remaining 

substrates, from Tables 4-2 and 4-3, can be certainly produced employing sunlight 

irradiation. However, sunlight intensity is not the same around the year or around the globe. 

Therefore, presumably yields will be different for reactions performed here in Texas 

compared to those observed in other climates. 

4.4 Proposed mechanism 

Considering our parallel work,102b the data obtained, and the trends observed, we 

propose a reaction mechanism, illustrated in Figure 4-3. During the initial step, triazene 

84d is protonated by TFA, this protonated triazene subsequently undergoes 

photoisomerization from the (E)-isomer to the (Z)-isomer. Then, the (Z)-protonated triazene 

easily decomposes into guanidine 93 and aryl diazonium salt 87, which quickly loses 

nitrogen gas to produce aryl cation 88. Subsequent nucleophilic attack to the carbocation 

88 by the nitrile results in the formation of a nitrilium ion intermediate 95, which is captured 

by water, to form the expected benzamide product 94d. Overall, our proposed mechanism 

can be considered an analogue to the Ritter reaction103 with an aryl cation intermediate 

instead of the known alkyl carbocation that serves as the electrophile.103 In this reaction, 

the triazene would act as a photochemically-activated source for the diazonium ion,104 such 

diazonium ions are known precursors of aryl cations.105 

Alternatively to the depicted proposed mechanism (Figure 4-3), it is important to 

consider that π-conjugated triazenes can also act as nucleophiles, as previously reported 

by Bielawski, during SN2 studies.29 This alternative mechanism could involve a direct attack 

from the aniline nitrogen of the triazene to a protonated nitrile. To examine this potential 

alternative pathway, we conducted additional experiments using isotopically-labelled 

molecules. First, we reacted triazene 84c with acetonitrile-d3 and, as expected, the new 

deuterated amide 94c’ was obtained in 65%, using the standard procedure (Figure 4-4, eq. 
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1). Then, and in order to determine whether the nitrogen atom of the amide product 

originated from the triazene or from the nitrile, we prepared 15N-labeled triazene 84c’. 

When reacting this isotopically-labelled triazene 84c’ with acetonitrile, the product 94c was 

isolated in 71% (Figure 4-4, eq 2). However, its 15N NMR spectrum didn’t present any 

peaks, thus indicating that the nitrogen did not originate from the triazene molecule. In 

contrast, when the non-labelled triazene 84c was reacted with 15N-labelled benzonitrile, 

the resulting amide 94y’ showed a clear 15N NMR peak at 121.5 ppm (Figure 4-4, eq 3). 

This signal is distinct from that of the 15N-labelled benzonitrile starting material, which 

appears at 250.1 ppm. Therefore, these results clearly indicate that the nitrogen on the 

amide indeed originates from the nitrile, which would be in accord with the mechanism we 

propose in Figure 4-3. 

 

Figure 4-3 Proposed mechanism for amide synthesis 
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Figure 4-4 Experiments with isotopically-labelled molecules 

Finally, to further test the synthetic utility of this new green, and more 

straightforward amide bond-forming reaction, we synthesized two important, biologically 

active molecules (Figure 4-5). We used this new approach to synthesize biaryl-containing 

amide compound 86, (shown on the previous chapter) which has been shown to inhibit  

interleukin-2 cytokine, suppressing the immunological processes of cells.65 To achieve the 

synthesis of this bioactive molecule 86, we took advantage of our parallel report  described 

on Chapter 3 that utilized a green strategy to photochemically promote aryl-aryl cross-

coupling reactions of π-conjugated triazenes with arenes,102b in a tandem process with this 

amide bond formation reaction (Figure 4-5). First, triazene 84r was synthesized in 63% 

yield by the coupling of di-tert-butylimidazolium tetrafluoroborate 82c with 1,4-
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diazidobenzene 83r, using potassium tert-butoxide as a base (Figure 4-5, top). Then, a 2:1 

mixture of p-xylene and 2,3-difluorobenzonitrile (DFBN) were added to the freshly prepared 

triazene 84r and photoirradiated at 350 nm for 4 h. We were thrilled to obtain the desired 

compound 11 in 45% yield. We believe this is an impressive accomplishment, since two of 

the most critical transformations were performed simultaneously in one pot, under mild 

reaction conditions. The second biologically active compound, acetaminophen (Tylenol®), 

was readily prepared in two synthetic steps from triazene 84g. Step one involved our 

standard amidation reaction conditions to produce benzamide 94g in 87%. The second 

step involved demethylation using BBr3.106 Acetaminophen was isolated in 53% yield 

(Figure 4-5, bottom). 

In summary, we have presented yet another example of previously unknown π-

conjugated triazene reactivity that allows access to amides under mild photochemical 

conditions. This transformation along with the aryl-aryl cross-coupling described in Chapter 

3, opens up the possibility of introducing two of the most important functional groups (biaryl 

and amide) in a simple, single-step reaction as demonstrated in the synthesis of 

immunosuppressant molecule 86. This highlights the potential that π-conjugated triazenes 

have as versatile molecules and the perspective of future discoveries when continuing to 

explore their still relatively unknown reactivity. 
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Figure 4-5 Synthesis of biologically-active compounds 
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Chapter 5  

Experimental procedures for Chapter 2 

General Information 

 All reactions were carried out in oven-dried glassware with magnetic stirring. All NHC 

precursors were commercially obtained and used as received. Solvents were dried and degassed 

from a JC Meyer company solvent purification system. Heating was accomplished by oil bath. 

Purification of reaction products was carried out by flash column chromatography using silica gel 

60 (230-400 mesh). TLC visualization was accompanied with UV light and KMnO4 and iodine 

stains. The removal of volatile solvent was accomplished using a rotary evaporator attached to a 

dry diaphragm pump (10-15 mm Hg) followed by pumping to a constant weight with an oil pump 

(<300 mTorr).1H NMR spectra were recorded at 500 MHz and 300 MHz, and are reported relative 

to CDCl3 (δ 7.25), DMSO (δ 2.50) or CD3OD (δ 3.31). 1H NMR coupling constants (J) are reported 

in Hertz (Hz) and multiplicities are indicated as follows: s (singlet), d (doublet), t (triplet), m 

(multiplet). Proton-decoupled 13C NMR spectra were recorded at 125 MHz and 75 MHz and 

reported relative to CDCl3 (δ 77.0), DMSO (δ 39.5) or CD3OD (δ 49.0) IR experiments were 

recorded with neat samples on a Bruker Alpha instruments fitted with diamond ATR sample plate. 

High-resolution (HR) mass spectra were recorded at the Shimadzu Center Laboratory for 

Advance Analytical Chemistry at UTA. 

General Procedure for the Synthesis of Azides (73) 

 

Method A. The corresponding halide (1 equiv.) was dissolved in DMF (0.5 M). Sodium 

azide (1.2 equiv.) was then added and the resulting mixture was stirred at 80 °C for 4 h. Then, 

the mixture was allowed to cool to room temperature and water was added. Two extractions were 

then performed with Et2O, the organic layer was washed with brine dried over Na2SO4 and 

evaporated under reduced pressure to yield products 73a, 73b, 73d, 73e, 73g, 73h and 73j. 
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Method B. p-nitro benzyl chloride (1 mmol), sodium azide (1.2 mmol) and 30 mL of 

DMSO were added to a light-shielded reaction flask. The mixture was then stirred at room 

temperature for 1 h. 30 mL of water were then added. The mixture was extracted with ethyl 

acetate (3 x 15 mL), the organic layer was washed with brine (2 x 15 mL), dried over Na2SO4 and 

evaporated under reduced pressure to yield 73c. 

Method C. To a vigorously stirred solution of NaI (4 mmol) and furfuryl alcohol (2 mmol) 

in 2 mL of acetonitrile under argon was added methanesulfonic acid (4 mmol) at room 

temperature. The reaction mixture was stirred for 15 minutes. Then, anhydrous aluminum chloride 

(0.2 mmol) and sodium azide (6 mmol) were added and the reaction mixture was heated to reflux 

and stirred for 5 h. Then, the mixture was allowed to cool to room temperature and quenched with 

water. Three extractions were then performed with Et2O, the organic layer was washed with 10% 

sodium sulfate solution, dried over Na2SO4 and evaporated under reduced pressure to yield crude 

products. The crude products were purified by column chromatography on silica gel, using 

hexanes as mobile phase yielding product 73f.

(Azidomethylene)dibenzene (71)107 Colorless liquid (146 mg, 70% 

yield) 1H NMR (500 MHz, CDCl3) δ 7.46-7.36- (m, 10H), 5.79 (s, 1H); 13C 

NMR (125 MHz, CDCl3) δ 139.8, 128.9, 128.3, 127.6, 68.7 

(Azidomethyl)benzene (73a)107 Colorless liquid (109 mg, 82% 

yield) 1H NMR (500 MHz, CDCl3) δ 7.49-7.39 (m, 5H), 4.37 (s, 2H); 13C 

NMR (125 MHz, CDCl3) δ 135.6, 129.0, 128.5, 128.4, 54.9 

1-(azidomethyl)-4-methoxybenzene (73b)107 Colorless liquid (98 

mg, 60% yield) 1H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 8.6 Hz, 2H), 

6.93 (d, J = 8.6 Hz, 2H), 4.26 (s, 2H), 3.80 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 159.8, 129.9, 127.6, 114.3, 55.3, 54.5 
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1-(azidomethyl)-4-nitrobenzene (73c)108 Colorless liquid (98 mg, 

55% yield) 1H NMR (500 MHz, CDCl3) δ 8.21 (dd, Jd = 9.16 Hz, Jd = 2.29 

Hz, 2H), 7.48 (d, J = 8.59 Hz , 2H), 4.49 (s, 2H); 13C NMR (125 MHz, 

CDCl3) δ 147.8, 142.9, 128.7, 124.1, 53.8. 

1-(azidomethyl)-4-chlorobenzene (73d)109 Colorless liquid (144 

mg, 86% yield) 1H NMR (300 MHz, CDCl3) δ 7.36 (d, J = 8.6 Hz, 2H), 

7.25 (d, J = 8.6 Hz, 2H), 4.31 (s, 2H);13C NMR (75 MHz, CDCl3) δ 134.3, 

134.1, 129.7, 129.1, 54.1. 

4-(azidomethyl)benzonitrile (73e)107 Colorless liquid (123 mg, 78% 

yield) 1H NMR (500 MHz, CDCl3) δ 7.65 (d, J = 8.59 Hz, 2H), 7.42 (d, J 

= 8.59 Hz, 2H), 4.43 (s, 2H);13C NMR (125 MHz, CDCl3) δ 140.9, 132.7, 

128.6, 118.6, 112.2, 54.1. 

2-(azidomethyl)thiophene (73f)110 Colorless liquid (60 mg, 43% 

yield) 1H NMR (500 MHz, CDCl3) δ 7.33 (dd, Jd = 5.15 Hz, Jd = 1.15 Hz, 

1H), 7.06 (d, J = 3.44 Hz 1H), 7.03-7.01 (m, 1H), 4.49 (s, 2H); 13C NMR 

(125 MHz, CDCl3) δ 137.4, 127.5, 127.3, 126.6, 49.2 

 (Azidomethyl)cyclohexane (73g)111 Colorless liquid (84 mg, 60% 

yield) 1H NMR (500 MHz, CDCl3) δ 3.08 (d J = 6.30 Hz, 2H), 1.76-1.70 

(m, 4H), 1.57-1.48 (s, 1H), 1.28-1.09 (m 3H), 0.98-0.90 (m, 2H); 13C NMR 

(125 MHz, CDCl3) δ 58.1, 38.1, 30.7, 26.3, 25.8 

2-azidoethylbenzene (73h)107 Colorless liquid (130 mg, 88% yield) 

1H NMR (500 MHz, CDCl3) δ 7.45-7.36 (m, 5H), 4.66 (q, J = 6.9 Hz, 1H), 

1.58 (d, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 141.1, 128.9, 

128.3, 126.6, 61.3, 21.7 
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Trans-cinnamyl azide (73i)112 To a solution of allylbenzene in 20 

mL of CHCl3, Br2 was added at 0 °C. The mixture was stirred at 0 °C for 

10 min, then the solvent was evaporated at reduced pressure to afford 

the crude dibromide intermediate. This intermediate was dissolved in 20 

mL of DMSO and NaN3 (12 mmol) and DBU (20 mmol) were added. The 

resulting mixture was stirred at room temperature for 1 h. Then water 

was added and the mixture was extracted with ethyl acetate (3 x 10 mL), 

the organic layer was dried over Na2SO4 and the solvent was evaporated 

at reduced pressure to afford the crude product. This crude product was 

purified by column chromatography to afford compound 73i as a 

colorless liquid (107 mg, 67% yield) 1H NMR (500 MHz, CDCl3) δ 7.48-

7.26 (m, 5H), 6.65 (d, J = 15.8 Hz, 1H), 6.24 (dt, Jd = 15.8 Hz, Jt = 6.8 

Hz, 1H), 3.94 (d, J = 6.3 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 136.1, 

134.7, 128.8, 128.3, 126.8, 122.5, 53.1 

 (3-azidopropyl)benzene (73j)111 Colorless liquid (137 mg, 85% 

yield) 1H NMR (500 MHz, CDCl3) δ 7.40-7.26 (m, 5H), 3.34 (t, J = 6.9 Hz, 

2H), 2.78 (t, J = 7.8 Hz, 2H), 1.98 (tt, Jt = 7.5 Hz, Jt = 6.9 Hz, 2H) 13C 

NMR (125 MHz, CDCl3) δ 141.1, 128.7, 128.64 126.32 50.8, 32.9, 30.6

  



 

70 

General Procedure for the Synthesis of Triazenes (66,69,79,&80). 

 

Following our previously reported procedure, to a suspension of the corresponding NHC 

precursor (1.5 mmol) in THF (20 mL) was added the respective azide (1 mmol) and left stirring 

for 5 min. KOt-Bu (1.5 mmol) was added to the mixture and left stirring a room temperature for 

12 h. To the resulting mixture 5 mL of hexanes were added and the solids were filtered through 

Celite. The volatiles were evaporated at reduced pressure to afford an oily product. This crude 

product was washed with hexanes (3 x 20 mL) and dried in vacuo to afford the solid products 66, 

66, 69, 79 and 80. Note: The melting points of the triazenes could not be determined due to 

decomposition of the compounds when heated to around 125 °C.

 (E)-1-benzyl-3-(1,3-dimethylimidazol-2-ylidene)triazene (66)19. 

Red solid. (211 mg, 92% yield). 1H NMR (500 MHz, CDCl3):  7.34 (d, J 

=7.4 Hz, 2H), 7.28 (t, J = 7.6 Hz, 2H) 7.20 (t, J =7.4 Hz, 1H), 6.30 (s, 2H), 

4.83 (s, 2H), 3.52 (s, 6H) 13C NMR (125 MHz, CDCl3):  152.7, 139.1, 

129.0, 128.2, 126.6, 115.7, 65.3, 35.5  

 (E)-1-benzhydryl-3-(1,3-dimesitylimidazol-2-ylidene)triazene 

(69). Pale orange solid. (370 mg, 72% yield). IR (neat)  3173, 1541, 

1489, 1409, 1232, 698 cm-1. 1H NMR (300 MHz, CDCl3):  7.20-7.05 (m, 

10 H), 6.87 (s, 4 H), 6.44 (s, 2 H), 4.64 (s, 1 H), 2.31 (s, 6 H), 2.11 (s, 12 

H). 13C NMR (75 MHz, CDCl3):  152.5, 143.3, 138.3, 135.6, 134.5, 

128.9, 128.3, 127.9, 126.3, 116.2, 21.2, 18.2. HRMS (ESI) calcd. for 

C34H36N5 [M+H]+: 514.2965, found: 514.2963 
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 (E)-1-benzhydryl-3-(1,3-dimethylimidazol-2-ylidene)triazene 

(79). Orange solid. (168 mg, 55% yield). IR (neat)  3119, 2099, 1555, 

1492, 1403, 1260, 694 cm-1. 1H NMR (300 MHz, CDCl3): 7.39 (d, J = 7.2 

Hz, 4H), 7.30-7.20 (m, 4H), 7.19-7.11 (m, 2H), 6.24 (s, 2H), 5.76 (s, 1H), 

3.45 (s, 6H) 13C NMR (75 MHz, CDCl3): .152.78, 143.62, 128.48, 

128.26, 126.62, 115.94, 35.61 HRMS (ESI) calcd. for C18H20N5 

[M+H]+:306.1713, found: 306.1708 

 (E)-1-(1-phenylethyl)-3-(1,3-dimethylimidazol-2-

ylidene)triazene (80). Brown oil. (124 mg, 51% yield). IR (neat)  3114, 

1660, 1559, 1502, 1418, 1243, 701 cm-1. 1H NMR (300 MHz, CD3OD): 

7.33-7.24 (m, 4H), 7.19-7.16 (m, 1H), 6.62 (s, 2H) 4.69 (q, J = 6.9 Hz, 

1H), 1H) 3.46 (s, 6H) 1.53 (d, J = 6.9 Hz, 3H) 13C NMR (75 MHz, CD3OD): 

 152.24, 144.39, 128.04, 127.01, 126.46, 116.40, 68.07, 34.40, 20.74; 

HRMS (ESI) calcd. for C13H18N5 [M+H]+: 244.1550, found: 244.1555

General Procedure for Oxidation Reactions. 

 

Dimethylimidazolium iodide (0.75 mmol,) and KO-t-Bu (0.75 mmol) were suspended in 

THF (1.0 mL) and stirred under argon at room temperature for 15 min. To this suspension was 

added the corresponding azide (0.5 mmol), and the suspension was stirred at room temperature 

for 12 h. The volatiles were then removed under reduced pressure. This was followed by addition 

of DMSO (1.0 mL) and TsOH (0.25 mmol) and stirred at room temperature for 30 min. The crude 

mixture was then purified using column chromatography with silica gel and hexanes/ethyl acetate 

(9:1) as mobile phase to afford products 72 and 81a−i.
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Benzophenone (72)113 Colorless liquid. (66 mg, 72% yield) 1H NMR 

(300 MHz, CDCl3) δ 7.81-7.78 (m, 4H), 7.59-7.54 (m, 2H), 7.49-7.43 (m, 

4H); 13C NMR (75 MHz, CDCl3) δ 196.8, 137.7, 132.6, 130.2, 128.4; 1 g 

scale (547 mg, 67% yield). 

Benzaldehyde (81a)114 Colorless liquid. (23 mg, 44% yield) 1H NMR 

(300 MHz, CDCl3) δ 9.82 (s, 1H), 7.71-7.67 (m, 2H), 7.45-7.25 (m, 3H); 

13C NMR (75 MHz, CDCl3) δ 192.5, 136.4, 134.5, 129.7, 129.0. 

4-methoxybenzaldehyde (81b)115 Colorless liquid. (41 mg, 60% 

yield) 1H NMR (300 MHz, CDCl3) δ 9.78 (s, 1H), 7.74 (d, J = 8.9 Hz, 2H), 

6.91 (d, J = 8.9 Hz, 2H), 3.79 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 190.9, 

164.7, 132.0, 130.0, 114.4, 55.6. 

4-nitrobenzaldehyde (81c)115 Pale yellow solid. (17 mg, 23% yield) 

1H NMR (300 MHz, CDCl3) δ 10.13 (s, 1H), 8.34 (d, J = 8. 6 Hz, 2H), 

8.05 (d, J = 8.6 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ 190.6, 151.2, 140.1, 

130.6, 124.4. 

4-chlorobenzaldehyde (81d)115 White solid (8 mg, 12% yield) 1H 

NMR (300 MHz, CDCl3) δ 9.80 (s, 1H), 7.63 (d, J = 8.6 Hz, 2H), 7.29 (d, 

J = 8.3 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ 190.8, 140.6, 134.7, 130.8, 

129.3. 

4-formylbenzonitrile (81e)116 White solid (19 mg, 29% yield) 1H 

NMR (300 MHz, CDCl3) δ 10.05 (s, 1H), 7.96 (d, J = 8.3 Hz, 2H), 7.81 

(d, J = 8.3 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ 190.9, 138.8, 133.0, 

130.0, 117.9, 117.6. 
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Acetophenone (81h)114 Colorless liquid. (36 mg, 60% yield) 1H 

NMR (300 MHz, CDCl3) δ 7.86 (d, J = 7.2 Hz, 2H), 7.47-7.45 (m, 1H), 

7.37-7.32 (m, 2H), 2.48 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 198.0, 

137.1, 133.1, 128.6, 128.3, 26.6. 

Trans-cinnamaldehyde (81i)117 Yellow oil. (28 mg, 43% yield) 1H 

NMR (500 MHz, CDCl3) δ 9.60 (d, J = 7.9 Hz, 1H), 7.47-7.44 (m, 2H), 

7.38-7.30 (m, 4H), 6.64-6.57 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 

193.8, 152.9, 134.1, 131.4, 129.2, 128.6, 128.5.

General Procedure for the Synthesis of Ethers (81a-c) 

 

The corresponding triazene (0.3 mmol) was dissolved in 0.5 mL of the respective alcohol 

(methanol for 81a and 81c or ethanol for 81b), PhSH (0.015 mmol) was added, and the mixture 

was stirred at 55 °C for 4 h. The volatiles were then removed under reduced pressure, and the 

crude mixture was purified using column chromatography with silica gel and hexanes/ethyl 

acetate (9:1) as mobile phase to afford products 81a−c.

(Methoxymethylene)dibenzene (81a)118 Colorless oil (30 mg, 51% 

yield) 1H NMR (300 MHz, CDCl3) δ 7.43-7.29 (m, 10H), 5.30 (s, 1H), 3.44 

(s, 3H);  13C NMR (75 MHz, CDCl3) δ 142.2, 128.6, 127.6, 127.1, 85.6, 

57.2. 

(Ethoxymethylene)dibenzene (81b)119 Colorless oil (31 mg, 48% 

yield) 1H NMR (300 MHz, CDCl3) δ 7.43-7.28 (m, 10H), 5.41 (s, 1H), 3.57 

(q, J = 6.9 Hz, 2H) 1.32 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 

142.7, 128.5, 127.5, 127.1, 83.6, 64.7, 15.5. 
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(Methoxymethylene)benzene (81c)120 Colorless oil (7 mg, 20% 

yield) 1H NMR (300 MHz, CDCl3) δ 7.40-7.32 (m, 5H), 4.50 (s, 2H), 3.43 

(s, 3H); 13C NMR (75 MHz, CDCl3) 138.4, 128.6, 127.9, 127.8, 74.8, 58.2.

General Procedure for the Synthesis of Thiophenol Derivatives (81d-f) 

 

The respective triazene (0.3 mmol) was dissolved in thiophenol (0.3 mL) and stirred at 

room temperature for 1 h. Then ethyl acetate (15 mL) was added to the mixture, which was then 

washed with 10% NaOH solution (3 × 10 mL). The organic layer was dried over Na2SO4, and the 

volatiles were removed under reduced pressure. The crude mixture was then purified using 

column chromatography with silica gel and hexanes/dichloromethane (1:1) as mobile phase to 

afford products 15d−f.

Benzhydryl(phenyl)sulfane (81d)121 White solid (45 mg, 54% yield) 

1H NMR (300 MHz, CDCl3) δ 7.44-7.23 (m, 15H), 5.58 (s, 1H); 13C NMR 

(75 MHz, CDCl3) δ 141.1, 136.2, 130.6, 128.8, 128.7, 128.5, 127.4, 

126.7, 57.5. 

Phenyl(1-phenylethyl)sulfane (81e)122 Pale yellow oil. (26 mg, 

40% yield) 1H NMR (300 MHz, CDCl3) δ 7.45-7.30 (m, 10H), 4.48 (q, J = 

6.9 Hz, 1H), 1.76 (d, J = 6.9 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 143.4, 

135.4, 132.7, 129.0, 128.7, 127.5, 127.4, 127.3, 48.2, 22.6. 

Benzyl(phenyl)sulfane (81f)123 White solid. (58 mg, 96% yield)1H 

NMR (300 MHz, CDCl3) δ 7.37-7.21 (m, 10H), 4.16 (s, 2H); 13C NMR (75 

MHz, CDCl3) δ 137.6, 136.5, 129.9, 129.0, 128.6, 127.3, 126.5, 39.1; 1 

g scale (629 mg, 71% yield). 
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General Procedure for the Synthesis of 4-Bromothiophenol Derivatives (81g-i) 

 

The respective triazene (0.3 mmol) and 4-bromothiophenol (0.6 mmol) were dissolved in 

THF (0.5 mL), and the mixture was stirred at room temperature for 1 h. The volatiles were then 

removed under reduced pressure, and ethyl acetate (15 mL) was added. The solution was 

washed with 10% NaOH solution (3 × 10 mL). The organic layer was dried over Na2SO4, and the 

volatiles were removed under reduced pressure. The crude mixture was then purified using 

column chromatography with silica gel and hexanes/dichloromethane (1:1) as mobile phase to 

afford products 81g−i.

Benzhydryl(4-bromophenyl)sulfane (81g). White solid (31 mg, 

29% yield) IR (neat)  3076, 1561, 1489, 694 cm-1. 1H NMR (300 MHz, 

CDCl3) δ 7.45-7.40 (m, 4H), 7.34-7.21 (m, 8H), 7.11-7.07 (m, 2H), 5.52 

(s, 1H); 13C NMR (75 MHz, CDCl3) δ 140.6, 135.3, 132.1, 131.9, 128.8, 

128.5, 127.6, 120.8, 57.6; HRMS (ESI) calcd. for C19H16BrS [M+H]+: 

355.0151, found: 355.0158 

 (4-bromophenyl)(1-phenylethyl)sulfane (81h). Colorless oil (29 

mg, 33% yield) IR (neat) , 3085, 1570, 1470, 697 cm-1.1H NMR (300 

MHz, CDCl3) δ 7.52 (d, J = 2.1 Hz, 4H), 7.43-7.31 (m, 5H), 5.09 (q, J = 

6.9 Hz, 1H), 1.85 (d, J = 6.5 Hz, 3H) 13C NMR (75 MHz, CDCl3) δ 142.9, 

134.3, 134.1, 131.9, 128.6, 127.4, 127.3, 121.4, 48.2, 22.3; HRMS (ESI) 

calcd. for C14H12BrS [M-H]+: 290.9838, found: 290.9840 
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Benzyl(4-bromophenyl)sulfane (81i)124 White solid (44 mg, 53% 

yield) 1H NMR (300 MHz, CDCl3) δ 7.37 (d, J = 8.6 Hz, 2H), 7.30-7.26 

(m, 5H), 7.15 (d, J = 8.6 Hz, 2H), 4.09 (s, 2H); 13C NMR (75 MHz, CDCl3) 

δ 137.1, 135.5, 132.0, 131.6, 128.9, 128.7, 127.4, 120.4, 39.2. 

Diphenhydramine (81j). Triazene 14 (0.3 mmol) and TsOH (0.15 

mmol) were dissolved in (dimethylamino)ethanol (0.5 mL) and stirred at 

60 °C for 36 h. The crude mixture was then purified using column 

chromatography with silica gel and ethyl acetate/methanol (9:1) as 

mobile phase to afford product 81j as a colorless oil (27 mg, 35% yield) 

IR (neat)  3061, 2941, 1492, 1452, 1102, 696 cm-1. 1H NMR (300 MHz, 

CDCl3) δ 7.46-7.28 (m, 10H), 5.46 (s, 1H), 3.67 (t, J = 5.8 Hz, 2H), 2.71 

(t, J = 5.8 Hz, 2H), 2.37 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 142.4, 

128.6, 127.6, 127.2, 84.2, 67.6, 59.1, 46.2; HRMS (ESI) calcd. for 

C17H22NO [M+H]+: 256.1696, found: 256.170
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Chapter 6  

Experimental procedures for Chapters 3 and 4 

General Information 

 
All photochemical reactions were carried out in quartz tubes using a Rayonet photochemical 

reactor with 350 nm UV lamps. All commercially obtained reagents were used as received. 

Solvents were dried, degassed and obtained from a JC Meyer company solvent purification 

system. Heating was accomplished by either a heating mantle or silicone oil bath. Purification of 

reaction products was carried out by flash column chromatography using silica gel 60 (230-400 

mesh). TLC visualization was accompanied with UV light. Concentration in vacuo refers to the 

removal of volatile solvent using a rotary evaporator attached to a dry diaphragm pump (10-15 

mm Hg) followed by pumping to a constant weight with an oil pump (<300 mTorr). 

1H NMR spectra were recorded at 500 MHz and are reported relative to CDCl3 (δ 7.26), 

DMSO (δ 2.50) or CD3OD (δ 3.31) 1H NMR coupling constants (J) are reported in Hertz (Hz) and 

multiplicities are indicated as follows: s (singlet), d (doublet), t (triplet), m (multiplet). Proton-

decoupled 13C NMR spectra were recorded at 125 MHz and reported relative to CDCl3 (δ 77.0), 

DMSO (δ 39.5) or CD3OD (δ 49.0). IR experiments were recorded with neat samples on a Bruker 

Alpha instruments fitted with diamond ATR sample plate. High-resolution (HR) mass spectra were 

recorded at the Shimadzu Center for Advanced Analytical Chemistry at UTA. 
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General Methods for the Preparation of Triazenes (84) 

 

 

 

Method A. To a flask containing 1,3-ditert-butylimidazolium tetrafluoroborate (1.1 mmol), 

potassium tert-butoxide (1.3 mmol) and dry THF was added (10 mL) under Ar. The resulting 

suspension was stirred for 15 minutes, followed by dropwise addition of aromatic azide (1.1 

mmol). The resulting mixture was left stirring at room temperature for 12 h. After this time, 

hexanes (10 mL) were added and the resulting solid precipitate filtered. The filtered solid was 

dissolved in DCM (20 mL) and the precipitated salts filtered. The resulting solution was then 

concentrated in vacuo and dried under high vacuum, affording the pure triazene.  

Method B. Same procedure for method A but using NaH instead of potassium tert-

butoxide. This method was used to prepare triazenes 84e and 84g. Note: The melting points of 

the triazenes could not be determined due to decomposition of the compounds when heated to 

around 125 °C. 

(E)-2-((4-chlorophenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-2,3-

dihydro-1H-imidazole (84a): Prepared from 4-chloroazidobenzene (169 

mg, 1.1 mmol) according to the general procedure A, obtained as a yellow 

solid (242 mg, 66%). IR (neat) ν 3095, 1473, 1449, 1257, 699 cm-1; 1H 

NMR (CDCl3, 500 MHz):  7.48 (d, J = 8.6 Hz, 2H), 7.25 (d, J = 8.6 Hz, 

2H), 6.92 (s, 2H), 1.63 (s, 18H); 13C NMR (CDCl3, 125 MHz):  153.95, 

151.51, 128.97, 128.52, 121.71, 112.65, 59.35, 30.19; HRMS (ESI) m/z 

334.1798, calcd for C17H25N5Cl [M + H]+ 334.1793. 
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(E)-2-((4-methylphenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-

2,3-dihydro-1H-imidazole (84b): Prepared from 4-methylazidobenzene 

(149 mg, 1.1 mmol) according to the general procedure A, obtained as 

an orange solid (228 mg, 48%). IR (neat) ν 3088, 1491, 1448, 1266, 694 

cm-1; 1H NMR (CDCl3, 500 MHz):  7.44 (d, J = 8.6 Hz, 2H), 7.10 (d, J = 

8.0 Hz, 2H), 6.85 (s, 2H), 2.31 (s, 3H), 1.63 (s, 18H); 13C NMR (CDCl3, 

125 MHz):  153.97, 150.51, 133.57, 129.07, 120.58, 112.24, 58.99, 

30.10, 20.93; HRMS (ESI) m/z 314.2335, calcd for C18H28N5 [M + H]+ 

314.2339. 

(E)-2-((4-tert-butylphenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-

2,3-dihydro-1H-imidazole (84c): Prepared from 4-tert-

butylazidobenzene (193 mg, 1.1 mmol) according to the general 

procedure A, obtained as a yellow solid (348 mg, 89%). IR (neat) ν 3032, 

1493, 1447, 1260, 687 cm-1; 1H NMR (CDCl3, 500 MHz):  7.49 (d, J = 

8.6 Hz, 2H), 7.32 (d, J = 8.6 Hz, 2H), 6.86 (s, 2H), 1.64 (s, 18H), 1.31 (s, 

9H); 13C NMR (CDCl3, 125 MHz):  153.98, 150.26, 146.84, 125.35, 

120.22, 112.29, 59.05, 34.31, 31.46, 30.15; HRMS (ESI) m/z 356.2812, 

calcd for C21H34N5 [M + H]+ 356.2809. 
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(E)-2-((phenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-2,3-

dihydro-1H-imidazole (84d): Prepared from azidobenzene (131 mg, 

1.1 mmol) according to the general procedure A, obtained as a yellow 

solid (287 mg, 87%). IR (neat) ν 3179, 1475, 1449, 1263, 693 cm -1; 1H 

NMR (CDCl3, 500 MHz):  7.53 (dd, J = 8.6 Hz, J = 1.2 Hz, 2H), 7.31-

7.28 (m, 2H), 7.09-7.06 (m, 1H), 6.85 (s, 2H), 1.64 (s, 18H); 13C NMR 

(CDCl3, 125 MHz):  154.05, 152.78, 128.44, 124.05, 120.70, 112.44, 

59.17, 30.16; HRMS (ESI) m/z 300.2178, calcd for C17H26N5 [M + H]+ 

300.2183. 

(E)-2-((2,4,6-trimethylphenyl)triaz-2-en-1-ylidene)-1,3-di-tert-

butyl-2,3-dihydro-1H-imidazole (84e): Prepared from 2,4,6-

trimethylazidobenzene (177 mg, 1.1 mmol) according to the general 

procedure B, obtained as a yellow solid (327 mg, 87%). IR (neat) ν 3132, 

1477, 1427, 1265, 674 cm-1; 1H NMR (DMSO-d6, 500 MHz):  7.12 (s, 

2H), 6.75 (s, 2H), 2.18 (s, 3H), 1.60 (s, 6H), 1.50 (s, 18H); 13C NMR 

(DMSO-d6, 125 MHz):  154.01, 148.68, 131.45, 128.62, 120.47, 113.14, 

58.23, 29.35, 20.43, 18.62; HRMS (ESI) m/z 342.2655, calcd for 

C20H32N5 [M + H]+ 342.2658. 
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(E)-2-((3,4-dimethylphenyl)triaz-2-en-1-ylidene)-1,3-di-tert-

butyl-2,3-dihydro-1H-imidazole (84f): Prepared from 3,4-

dimethylazidobenzene (162 mg, 1.1 mmol) according to the general 

procedure A, obtained as a yellow solid (223 mg, 62%). IR (neat) ν 3077, 

1478, 1433, 1261, 650 cm-1; 1H NMR (CDCl3, 500 MHz):  7.34 (s, 1H), 

7.28-7.27 (m, 1H), 7.05 (d, J = 8.0 Hz, 1H), 6.80 (s, 2H), 2.24 (s, 6H), 

1.63 (s, 18H); 13C NMR (CDCl3, 125 MHz):  153.85, 150.59, 136.40, 

132.35, 129.65, 122.19, 117.91, 112.25, 59.01, 30.10, 19.97, 19.27; 

HRMS (ESI) m/z 328.2499, calcd for C19H30N5 [M + H]+ 328.2501. 

(E)-2-((4-methoxyphenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-

2,3-dihydro-1H-imidazole (84g): Prepared from 4-

methoxyazidobenzene (164 mg, 1.1 mmol) according to the general 

procedure B, obtained as a yellow solid (254 mg, 70%). IR (neat) ν 3091, 

1491, 1434, 1267, 698 cm-1; 1H NMR (CDCl3, 500 MHz):  7.47 (d, J = 

9.2 Hz, 2H), 6.85 (d, J = 9.2 Hz, 2H), 6.78 (s, 2H), 3.79 (s, 3H), 1.63 (s, 

18H); 13C NMR (CDCl3, 125 MHz):  156.87, 153.71, 146.29, 121.55, 

113.80, 112.28, 59.04, 55.38, 30.28; HRMS (ESI) m/z 330.2285, calcd 

for C18H26N5O [M + H]+ 330.2288. 

(E)-2-((4-cyanophenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-2,3-

dihydro-1H-imidazole (84h): Prepared from 4-cyanoazidobenzene 

(159 mg, 1.1 mmol) according to the general procedure A, obtained as 

an orange solid (264 mg, 74%). IR (neat) ν 3099, 1481, 1444, 1254, 670 

cm-1; 1H NMR (CDCl3, 500 MHz):  7.51 (s, 4H), 6.94 (s, 2H), 1.61 (s, 

18H); 13C NMR (CDCl3, 125 MHz):  156.73, 153.62, 132.75, 120.50, 

120.27, 113.34, 105.47, 59.80, 30.19; HRMS (ESI) m/z 325.2132, calcd 

for C18H25N6 [M + H]+ 325.2135. 
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(E)-2-((4-trifluorophenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-

2,3-dihydro-1H-imidazole (84i): Prepared from 4-

(trifluoromethyl)azidobenzene (206 mg, 1.1 mmol) according to the 

general procedure A, obtained as a yellow solid (430 mg, 94%). IR (neat) 

ν 3094, 1488, 1450, 1249, 678 cm-1; 1H NMR (CDCl3, 500 MHz):  7.56-

7.50 (m, 4H), 6.88 (s, 2H), 1.63 (s, 18H); 13C NMR (CDCl3, 125 MHz):  

155.84, 153.95, 124.84 (m), 125.66 (q, JCF = 3.6 Hz), 125.05 (m), 120.26, 

112.97, 59.56, 30.20; HRMS (ESI) m/z 368.2052, calcd for C18H25N6F3 

[M + H]+ 368.2057. 

(E)-2-((4-nitrophenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-2,3-

dihydro-1H-imidazole (84j): Prepared from 4-nitroazidobenzene (181 

mg, 1.1 mmol) according to the general procedure A, obtained as a red 

solid (341 mg, 90%). IR (neat) ν 3099, 1492, 1454, 1238, 697 cm -1; 1H 

NMR (CDCl3, 500 MHz):  8.15 (d, J = 9.2 Hz, 2H), 7.62 (d, J = 9.2 Hz, 

2H), 7.09 (s, 2H), 1.63 (s, 18H); 13C NMR (CDCl3, 125 MHz):  158.94, 

153.24, 143.23, 124.87, 119.80, 113.60, 60.02, 30.21; HRMS (ESI) m/z 

345.2030, calcd for C17H25N6O2 [M + H]+ 345.2034. 

(E)-2-((4-)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-2,3-dihydro-1H-

imidazole (84k): Prepared from methyl 4-azidobenzoate (195 mg, 1.1 

mmol) according to the general procedure A, obtained as a red solid (271 

mg, 69%). IR (neat) ν 3164, 1711, 1480, 1451, 1271, 697 cm-1;  1H NMR 

(CDCl3, 500 MHz):  7.94 (d, J = 8.6 Hz, 2H), 7.51 (d, J = 8.6 Hz, 2H), 

6.90 (s, 2H), 3.85 (s, 3H), 1.61 (s, 18H) ; 13C NMR (CDCl3, 125 MHz):  

167.40, 157.05, 153.81, 130.33, 124.68, 119.98, 113.02, 59.56, 51.65, 

30.15; HRMS (ESI) m/z 358.2240, calcd for C19H28N5O2 [M + H]+ 

358.2238. 
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(E)-2-((2-phenylphenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-

2,3-dihydro-1H-imidazole (84l): Prepared from 2-phenylazidobenzene 

(215 mg, 1.1 mmol) according to the general procedure A, obtained as a 

yellow solid (409 mg, 99%). IR (neat) ν 3088, 1497, 1470, 1236 692 cm-

1; 1H NMR (CDCl3, 500 MHz):  7.51 (d, J = 7.5 Hz, 2H), 7.38-7.35 (m, 

2H), 7.32-7.29 (m, 2H), 7.27-7.20 (m, 2H), 7.16 (t, J = 7.5 Hz, 1H), 6.82 

(s, 2H), 1.62 (s, 18H); 13C NMR (CDCl3, 125 MHz):  152.34, 149.53, 

140.42, 136.57, 130.93, 130.42, 127.67, 127.53, 126.28, 125.42, 

118.55, 116.29, 35.63, 30.01; HRMS (ESI) m/z 376.2491, calcd for 

C23H30N5 [M + H]+ 376.2496. 

(E)-2-((2-phenyloxyphenyl)triaz-2-en-1-ylidene)-1,3-di-tert-

butyl-2,3-dihydro-1H-imidazole (84m): Prepared from 2-

phenyloxyazidobenzene (232 mg, 1.1 mmol) according to the general 

procedure A, obtained as a brown solid (332 mg, 77%). IR (neat) ν 3066, 

1488, 1448, 1235, 688 cm-1; 1H NMR (CDCl3, 500 MHz):  7.42-7.40 (m, 

1H), 7.21-7.18 (m, 2H), 7.06-7.01 (m, 2H), 6.98-6.91 (m, 4H), 6.81 (s, 

2H), 1.56 (s, 18H); 13C NMR (CDCl3, 125 MHz):  159.04, 154.29, 

149.28, 145.49, 129.01, 124.54, 123.99, 121.46, 120.96, 119.47, 

117.86, 112.57, 59.22, 30.09; HRMS (ESI) m/z 392.2447, calcd for 

C23H30N5O [M + H]+ 392.2445. 

  



 

84 

(E)-2-((2-methoxyphenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-

2,3-dihydro-1H-imidazole (84n): Prepared from 2-

methoxyazidobenzene (164 mg, 1.1 mmol) according to the general   

procedure A, obtained as a yellow solid (185 mg, 51%). IR (neat) ν 3097, 

1480, 1433, 1256, 676 cm-1; 1H NMR (DMSO-d6, 500 MHz):  7.20-7.18 

(m, 3H), 6.99-6.95 (m, 2H), 6.81-6.78 (m, 1H), 3.78 (s, 3H), 1.55 (s, 18H); 

13C NMR (DMSO-d6, 125 MHz):  153.14, 152.74, 142.21, 124.46, 

120.47, 116.75, 113.61, 112.39, 58.64, 55.49, 29.51; HRMS (ESI) m/z 

330.2293, calcd for C18H28N5O [M + H]+ 330.2294. 

(E)-2-((3-methoxyphenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-

2,3-dihydro-1H-imidazole (84o): Prepared from 3-

methoxyazidobenzene (164 mg, 1.1 mmol) according to the general 

procedure A, obtained as a yellow solid (359 mg, 99%). IR (neat) ν 3090, 

1494, 1433, 1270, 675 cm-1; 1H NMR (DMSO-d6, 500 MHz):  7.23 (s, 

2H), 7.15 (t, J = 8.0 Hz, 1H), 6.89-6.88 (m, 2H), 6.59-6.57 (m, 1H), 3.71 

(s, 3H), 1.56 (s, 18H); 13C NMR (DMSO-d6, 125 MHz):  154.18, 153.35, 

142.25, 124.76, 120.25, 117.61, 112.28, 111.57, 59.14, 55.69, 30.21; 

HRMS (ESI) m/z 330.2296, calcd for C18H28N5O [M + H]+ 330.2294. 

(E)-2-((2-bromophenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-

2,3-dihydro-1H-imidazole (84p): Prepared from 4-bromoazidobenzene 

(218 mg, 1.1 mmol) according to the general procedure A, obtained as a 

yellow solid (370 mg, 89%). IR (neat) ν 3092, 1496, 1435, 1260, 641 cm-

1; 1H NMR (CDCl3, 500 MHz):  7.45 (d, J = 8.9 Hz, 2H), 7.39 (d, J = 8.9 

Hz, 2H), 6.97 (s, 2H), 1.62 (s, 18H); 13C NMR (CDCl3, 125 MHz):  

153.91, 151.99, 131.40, 122.10, 116.76, 112.66, 59.31, 30.15; HRMS 

(ESI) m/z 378.1291, calcd for C17H25BrN5 [M + H]+ 378.1293. 
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(E)-2-((3-nitrophenyl)triaz-2-en-1-ylidene)-1,3-di-tert-butyl-2,3-

dihydro-1H-imidazole (84q): Prepared from 3-nitroazidobenzene (181 

mg, 1.1 mmol) according to the general procedure A, obtained as a 

yellow solid (367 mg, 97%). IR (neat) ν 3096, 1496, 1435, 1256, 678 cm-

1; 1H NMR (CDCl3, 500 MHz):  8.30 (t, J = 2.0 Hz, 1H), 7.86-7.82 (m, 

2H), 7.41 (t, J = 8.0 Hz, 1H), 6.94 (s, 2H), 1.64 (s, 18H); 13C NMR (CDCl3, 

125 MHz):  154.44, 153.70, 148.91, 129.02, 127.76, 117.75, 113.21, 

113.16, 59.69, 30.16; HRMS (ESI) m/z 345.2036, calcd for C17H25N6O2 

[M + H]+ 345.2039. 

1,4-bis((E)-(1,3-di-tert-butyl-1H-imidazol-2(3H)-ylidene)triaz-1-

en-1-yl)benzene (84r): Prepared from 1,6-diazidobenzene (320 mg, 2.0 

mmol) according to the general procedure A with double the amount of 

ditert-butylimidazolium tetrafluoroborate, obtained as a dark orange solid 

(66 mg, 63%). IR (neat) ν 3070, 1502, 1363, 1147, 707 cm-1; 1H NMR 

(DMSO-d6, 500 MHz):  7.23 (s, 2H), 7.17 (s, 2H), 3.34 (s, 4H), 1.56 (s, 

18H); 13C NMR (DMSO-d6, 125 MHz):  153.27, 149.96, 120.74, 113.92, 

58.99, 29.95  
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General Method for the Preparation of Biaryl Compounds (4) 

 

To a quartz tube containing triazene (0.2 mmol) was added aromatic solvent (2 mL). 

Then, the tube was capped and TFA (1.0 mmol) was added with a syringe. Next, the mixture was 

left to stir inside a photoreactor under UV irradiation (350 nm) for 2 h. After 2 h the resulting 

mixture was concentrated in vacuo. Purification by flash chromatography (SiO2, EtOAc/hexanes 

mixtures) provided the pure biaryl compound. 

Sunlight Reactions Variation: Conditions are identical as for the general method but 

using natural sunlight as radiation source instead of photoreactor. Reactions were exposed to 

natural sunlight for 9 h. 

 

4-chlorobiphenyl (85a):125 Prepared from triazene 84a (67 mg, 

0.2 mmol) according to the general procedure, obtained as a colorless 

solid (17 mg, 38%). 1H NMR (CDCl3, 500 MHz):  7.57-7.52 (m, 4H), 

7.47-7.41 (m, 4H), 7.38-7.37 (m, 1H); 13C NMR (CDCl3, 125 MHz):  

139.97, 139.64, 133.35, 128.89, 128.86, 128.37, 127.57, 126.97.  

4-methylbiphenyl (85b):126 Prepared from triazene 84b (73 mg, 

0.2 mmol) according to the general procedure, obtained as a colorless 

solid (16 mg, 40%). 1H NMR (CDCl3, 500 MHz):  7.60 (d, J = 7.5 Hz, 

2H), 7.51 (d, J = 8.6 Hz, 2H), 7.44 (t, J = 7.5 Hz, 2H), 7.34 (t, J = 7.5 Hz, 

1H), 7.27 (d, J = 8.0 Hz, 2H), 2.41 (s, 3H); 13C NMR (CDCl3, 125 MHz): 

 141.13, 138.32, 136.99, 129.45, 128.69, 126.97, 126.95 (2C), 21.08. 
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4-tert-butylbiphenyl (85c):127 Prepared from triazene 84c (71 

mg, 0.2 mmol) according to the general procedure, obtained as a 

colorless solid (25 mg, 48%). 1H NMR (CDCl3, 500 MHz):  7.61 (d, J = 

7.5 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 7.44 (m, 

2H), 7.34 (t, J = 7.5 Hz, 1H), 1.39 (s, 9H); 13C NMR (CDCl3, 125 MHz):  

150.22, 141.03, 138.29, 128.67, 127.00, 126.95, 126.76, 125.68, 34.51, 

31.35. 

Biphenyl (85d):126 Prepared from triazene 84d (69 mg, 0.2 

mmol) according to the general procedure, obtained as a colorless solid 

(21 mg, 59%). 1H NMR (CDCl3, 500 MHz):  7.70 (d, J = 8.0 Hz, 4H), 

7.54 (t, J = 8.0 Hz, 4H), 7.45 (t, J = 7.5 Hz, 2H); 13C NMR (CDCl3, 125 

MHz):  141.18, 128.72, 127.21, 127.12. Sunlight: (15 mg, 43%). 

2,4,6-trimethylbiphenyl (85e):128 Prepared from triazene 84e 

(68 mg, 0.2 mmol) according to the general procedure, obtained as a 

colorless solid (9 mg, 20%). 1H NMR (CDCl3, 500 MHz):  7.42 (t, J = 7.5 

Hz, 2H), 7.32 (t, J = 7.5 Hz, 1H), 7.15-7.13 (m, 2H), 6.95 (s, 2H), 2.34 (s, 

3H), 2.00 (s, 6H); 13C NMR (CDCl3, 125 MHz):  141.05, 139.03, 136.53, 

135.95, 129.27, 128.33, 128.01, 126.47, 21.00, 20.71. 

3,4-dimethylbiphenyl (85f):129 Prepared from triazene 84f (65 

mg, 0.2 mmol) according to the general procedure, obtained as a 

colorless solid (13 mg, 31%). 1H NMR (CDCl3, 500 MHz):  7.59 (d, J = 

6.9 Hz, 2H), 7.45-7.42 (m, 2H), 7.39 (s, 1H), 7.36-7.32 (m, 2H), 7.22 (d, 

J = 7.5 Hz, 1H), 2.35 (s, 3H), 2.32 (s, 3H); 13C NMR (CDCl3, 125 MHz): 

 141.26, 138.84, 136.88, 135.69, 130.03, 128.64, 128.42, 126.98, 

126.87, 124.49, 19.93, 19.43. 
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4-methoxybiphenyl (85g):130 Prepared from triazene 84g (66 

mg, 0.2 mmol) according to the general procedure, obtained as a 

colorless solid (13 mg, 30%). 1H NMR (CDCl3, 500 MHz):7.58-7.53 (m, 

4H), 7.43 (m, 2H), 7.32 (t, J = 7.5 Hz, 1H), 6.99 (d, J = 8.6 Hz, 2H), 3.86 

(s, 3H); ; 13C NMR (CDCl3, 125 MHz):  159.11, 140.80, 133.74, 128.70, 

128.14, 126.71, 126.64, 114.17, 55.32. 

4-cyanobiphenyl (85h):130 Prepared from triazene 84h (65 mg, 

0.2 mmol) according to the general procedure, obtained as a colorless 

solid (4 mg, 10%). 1H NMR (CDCl3, 500 MHz):  7.73 (d, J = 8.6 Hz, 2H), 

7.69 (d, J = 8.6 Hz, 2H), 7.59 (d, J = 6.9 Hz, 2H), 7.49 (t, J = 7.5 Hz, 2H), 

7.43 (t, J = 7.5 Hz, 1H); 13C NMR (CDCl3, 125 MHz):  145.67, 139.17, 

132.59, 129.10, 128.65, 127.73, 127.22, 118.95, 110.89. 

4-(trifluoromethyl)biphenyl (85i):126 Prepared from triazene 

84i (73 mg, 0.2 mmol) according to the general procedure, obtained as 

a colorless solid (15 mg, 28%). 1H NMR (CDCl3, 500 MHz):  7.70 (s, 

4H), 7.62-7.60 (m, 2H), 7.50-7.47 (m, 2H), 7.43-7.39 (m, 1H); 13C NMR 

(CDCl3, 125 MHz):  144.71, 139.75, 129.31 (m), 128.97, 128.16, 

127.41, 127.27, 125.69 (q, JCF = 3.6 Hz), 124.29 (m) 

Methyl 4-phenylbenzoate (85k):130 Prepared from triazene 84k 

(71 mg, 0.2 mmol) according to the general procedure, obtained as a 

colorless solid (13 mg, 26%). 1H NMR (CDCl3, 500 MHz):  8.11 (d, J = 

8.6 Hz, 2H), 7.67-7.62 (m, 4H), 7.47 (t, J = 7.5 Hz, 2H), 7.41-7.39 (m, 

1H), 3.95 (s, 3H); 13C NMR (CDCl3, 125 MHz):  166.99, 145.61, 139.98, 

130.08, 128.90, 128.86, 128.12, 127.26, 127.03, 52.12. 
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1,2-diphenylbenzene (85l):58d Prepared from triazene 84l (87 

mg, 0.2 mmol) according to the general procedure, obtained as a 

colorless solid (18 mg, 34%). 1H NMR (CDCl3, 500 MHz):  7.46-7.44 (m, 

4H), 7.25-7.21 (m, 6H), 7.17-7.16 (m, 4H); 13C NMR (CDCl3, 125 MHz): 

 141.48, 140.54, 130.58, 129.87, 127.83, 127.45, 126.42. 

2-phenoxybiphenyl (85m):131 Prepared from triazene 84m (78 

mg, 0.2 mmol) according to the general procedure, obtained as a 

colorless solid (33 mg, 57%). 1H NMR (CDCl3, 500 MHz):  7.55 (d, J = 

6.8 Hz, 2H), 7.47 (dd J = 7.5 Hz, J = 1.72 Hz, 1H), 7.38-7.35 (m, 3H), 

7.31-7.25 (m, 3H), 7.23-7.20 (m, 1H), 7.02-7.00 (m, 2H), 6.94 (dd, J = 

8.6 Hz, J = 1.2 Hz, 2H); 13C NMR (CDCl3, 125 MHz):  157.77, 153.56, 

137.70, 133.66, 131.26, 129.57, 129.18, 128.65, 128.09, 127.17, 

124.01, 122.60, 120.09, 118.15. 

2’-phenoxy-1-1’-biphenyl-2,3,4,5,6-d5 (85m’): Prepared from 

triazene 84m (78 mg, 0.2 mmol) according to the general procedure, 

obtained as a colorless solid (25 mg, 50%). 1H NMR (CDCl3, 500 MHz): 

 7.48 (dd J = 8.0 Hz, J = 1.7 Hz, 1H), 7.33-7.20 (m, 4 H), 7.05-7.02 (m, 

2H), 6.96-6.94 (m, 2H); 13C NMR (CDCl3, 125 MHz):  157.78, 153.57, 

137.51, 133.63, 131.25, 129.57, 128.76 (t, JCD = 24.0 Hz), 128.64, 

127.57 (t, JCD = 24.0 Hz), 126.66 (t, JCD = 24.0 Hz), 124.02, 122.59, 

120.11, 118.14. 
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2-methoxybiphenyl (85n):132 Prepared from triazene 84n (76 

mg, 0.2 mmol) according to the general procedure, obtained as a yellow 

oil (8 mg, 18%). 1H NMR (CDCl3, 500 MHz):  7.55-7.53 (m, 2H), 7.42 (t, 

J = 7.5 Hz, 2H), 7.35-7.32 (m, 3H), 7.06-6.99 (m, 2H), 3.82 (s, 3H); 13C 

NMR CDCl3, 125 MHz):  156.43, 138.50, 130.87, 130.68, 129.52, 

128.58, 127.95, 126.90, 120.79, 111.18, 55.52. 

3-methoxybiphenyl (85o):133 Prepared from triazene 84o (76 

mg, 0.2 mmol) according to the general procedure, obtained as a yellow 

oil (18 mg, 41%). 1H NMR (CDCl3, 500 MHz):  7.61 (d, J = 7.5 Hz, 2H), 

7.45 (t, J = 7.5 Hz, 2H), 7.39-7.36 (m, 2H), 7.21-7.19 (m, 1H), 7.15-7.14 

(m, 1H), 6.93-6.91 (m, 1H), 3.88 (s, 3H); 13C NMR (CDCl3, 125 MHz):  

159.91, 142.75, 141.08, 129.73, 128.71, 127.39, 127.18, 119.67, 

112.87, 112.65, 55.28. 

4-bromobiphenyl (85p):130 Prepared from triazene 84p (76 mg, 

0.2 mmol) according to the general procedure, obtained as a colorless 

solid (24 mg, 44%). 1H NMR (CDCl3, 500 MHz):  7.58-7.55 (m, 4H), 

7.48-7.44 (m, 4H), 7.39-7.36 (m, 1H); 13C NMR (CDCl3, 125 MHz):  

140.11, 139.97, 131.84, 128.88, 128.73, 127.62, 126.92, 121.52. 

3-nitrobiphenyl (85q):125 Prepared from triazene 84q (80 mg, 

0.2 mmol) according to the general procedure, obtained as a colorless 

solid (6 mg, 13%). 1H NMR (CDCl3, 500 MHz):  8.47-8.46 (m, 1H), 8.22-

8.20 (m, 1H), 7.92 (d, J = 7.5 Hz, 1H), 7.64-7.60 (m, 3H), 7.52-7.44 (m, 

3H); 13C NMR (CDCl3, 125 MHz):  148.72, 142.87, 138.67, 133.04, 

129.70, 129.16, 128.53, 127.15, 122.03, 121.96 
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2-phenylpyridine (85r):134 Prepared from triazene 84d (69 mg, 

0.2 mmol) according to the general procedure, obtained as a colorless 

solid (13 mg, 35%). 1H NMR (CDCl3, 500 MHz):  8.72 (d, J = 4.6 Hz, 

1H), 8.00 (d, J = 6.9 Hz, 2H), 7.81-7.74 (m, 2H), 7.51-7.42 (m, 3H), 7.28-

7.26 (m, 1H); 13C NMR (CDCl3, 125 MHz):  157.22, 149.16, 137.29, 

129.50, 129.18, 128.81, 127.01, 122.23, 120.89. 

2-phenylquinoline (85s):135 Prepared from triazene 84d (69 

mg, 0.2 mmol) according to the general procedure, obtained as a 

colorless solid (7 mg, 15%). 1H NMR (CDCl3, 500 MHz):  8.24 (d, J = 

8.6 Hz, 1H), 8.18 (d, J = 6.9 Hz, 3H), 7.89 (d, J = 8.6 Hz, 1H), 7.84 (d, J 

= 8.0 Hz, 1H), 7.74 (t, J = 8.6 Hz, 1H), 7.54 (t, J = 7.5 Hz, 3H), 7.48 (t, J 

= 7.5 Hz, 1H); 13C NMR (CDCl3, 125 MHz):  157.28, 148.86, 139.64, 

136.97, 129.87, 129.47, 129.12, 128.87, 127.68, 127.47, 127.15, 

126.43, 119.10. 

2-phenylfuran (85t):136 Prepared from triazene 84d (69 mg, 0.2 

mmol) according to the general procedure, obtained as a colorless solid 

(9 mg, 28%). 1H NMR (CDCl3, 500 MHz):  7.68 (d, J = 8.3 Hz, 2H), 7.47 

(d, J = 1.2 Hz, 1H), 7.38 (t, J = 8.0 Hz, 2H), 7.27-7.22 (m, 1H), 6.66 (d, J 

= 3.4 Hz, 1H), 6.48-6.47 (m, 1H); 13C NMR (CDCl3, 125 MHz):  154.12, 

142.03, 130.86, 128.64, 127.30, 123.76, 111.61, 104.92. 

2-phenylthiophene (85u):137 Prepared from triazene 84d (69 

mg, 0.2 mmol) according to the general procedure, obtained as a 

colorless solid (16 mg, 42%). 1H NMR (CDCl3, 500 MHz):  7.64-7.60 (m, 

2H), 7.40-7.37 (m, 2H), 7.33-7.27 (m, 3H),  7.10-7.08 (m, 1H); 13C NMR 

(CDCl3, 125 MHz):  144.37, 134.20, 128.86, 128.74, 127.98, 127.44, 

125.94, 123.06. 
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N-(2’,5’-dimethyl-[1,1’-biphenyl]-4-yl)-2,3-difluorobenzamide 

(86):65 Prepared from triazene 84p (180 mg, 0.5 mmol), obtained as a 

pale-yellow solid (54 mg, 32%). 1H NMR (CDCl3, 500 MHz):  8.33 (d, J 

= 13.2 Hz, 1H), 7.94-7.91 (m, 1H), 7.70 (d, J = 8.6 Hz, 2H), 7.39-7.34 

(m, 4H), 7.17 (d, J = 7.5 Hz, 1H), 7.09-7.06 (m, 2H), 2.36 (s, 3H), 2.25 

(s, 3H); 13C NMR (CDCl3, 125 MHz):  160.28 (m), 150.64 (m), 148.81 

(m), 140.95, 138.96, 136.01, 135.27, 132.21, 130.49, 130.32, 129.91, 

128.03, 126.66 (d, JCF = 3.6 Hz), 124.87 (m), 123.62 (d, JCF = 9.6 Hz), 

120.62 (m), 120.24, 20.92, 19.98.  
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Computational Data Tables 
 

 

Table 6-1 PCM ground state energy difference between N1-H+ and N3-H+, calculated using 

DFT-B3LYP and RI-MP2 (Basis set: 6-31+G* and cc-pVTZ basis set, respectively) 

 

Compound B3LYP (kcal/mol) 
RI-MP2 

(kcal/mol) 
 

Ar 

84a -4.5 -3.2 4-ClPh 

84b -5.0 -3.7 4-MePh 

84c -14.9 -10.7 4-t-BuPh 

84d -14.9 -10.3 Ph 

84e -14.2 -8.4 Mes 

84f -5.2 -3.9 2,3-MePh 

84g -14.6 -11.5 4-OMePh 

84h -4.9 -3.4 4-CNPh 

84i -5.0 -3.6 4-CF3Ph 

84j -5.0 -3.2 4-NO2Ph 

84k -5.5 -3.7 4-CO2MePh 

84l -16.2 -11.4 2-PhPh 

84m -7.9 -4.9 2-OPhPh 

84n -16.4 -9.9 2-OMePh 

84o -5.6 -4.0 3-OMePh 

84p -4.4 -3.2 4-BrPh 

84q -4.3 -3.8 3-NO2Ph 
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Table 6-2 Electronic energy difference between the protonated and unprotonated triazenes at 

the PCM ground electronic state 

 

Compound N1-H+ (kcal/mol) N3-H+ (kcal/mol) 

84a 17.8 22.2 

84b 14.5 19.4 

84c 14.2 29.2 

84d 15.3 30.1 

84e 13.3 27.5 

84f 13.8 19.0 

84g 14.3 28.9 

84h 21.2 26.0 

84i 19.6 24.7 

84j 22.9 27.9 

84k 18.1 23.7 

84l 14.0 30.3 

84m 13.5 21.3 

84n 11.2 27.7 

84o 14.3 19.9 

84p 17.9 22.3 

84q 21.1 25.5 

In summary: The title reaction has a positive reaction energy. However, it is acid dependent. 

Here was calculated for TFA. 
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Table 6-3 Calculated absorption wavelength for the first bright state 

 
 

Compound N1-H+(nm) N3-H+ (nm) Unprotonated (nm) 

84a 357 319 400 

84b 358 316 395 

84c 356 332 396 

84d 349 318 396 

84e 358 348 391 

84f 357 321 395 

84g 376 352 395 

84h 354 324 420 

84i 347 319 407 

84j 376 339 477 

84k 356 325 420 

84l 370 336 401 

84m 393 399 403 

84n 379 340 402 

84o 375 359 393 

84p 354 323 400 

84q 356 329 529 
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Table 6-4 Electronic coupling between the ground and first bright excited state, calculated at the 

Frank-Condon geometry (absorption) for the 1-Z configuration of N3-H+ 

 
 

Compound Coupling (cm-1) 

84a 14 

84b 37 

84c 146 

84d 514 

84e 53 

84f 2713 

84g 5 

84h 35 

84i 9 

84j 24 

84k 5 

84l 9 

84m 520 

84n 6 

84o 2000 

84p 7 

84q 9 
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Table 6-5 Energy of dissociation reaction between 1-E and 1-Z of N3-H+ 

 
 

Compound 1-E (kcal/mol) 1-Z (kcal/mol) 
 

Ar 

84a 31.6 -20.5 4-ClPh 

84b 26.8 -26.0 4-MePh 

84c 16.2 -26.7 4-t-BuPh 

84d 19.8 -32.5 Ph 

84e 8.7 -38.4 Mes 

84f 25.3 -26.9 2,3-MePh 

84g 13.2 -32.7 4-OMePh 

84h 37.3 -17.7 4-CNPh 

84i 35.8 -17.4 4-CF3Ph 

84j 39.6 -25.0 4-NO2Ph 

84k 32.8 -26.3 4-CO2MePh 

84l 15.4 -28.3 2-PhPh 

84m 23.5 -34.6 2-OPhPh 

84n 14.5 -40.4 2-OMePh 

84o 28.9 -39.8 3-OMePh 

84p 31.5 -31.6 4-BrPh 

84q 38.7 -28.5 3-NO2Ph 
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Table 6-6 Difference of binding energy (BE) between path A and B. The difference is 

BE(pathA)- BE(pathB) 

 
 

Aryldiazonium Salt BE Difference(kcal/mol) 

84a 4.4 

84b 8.3 

84c -2.5 

84d 2.7 

84e -2.0 

84f 1.6 

84g 2.2 

84h 5.9 

84i 5.2 

84j 7.4 

84k 4.2 

84l 0.2 

84m 3.0 

84n 2.4 

84o 2.4 

84p 4.3 

84q 6.8 
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Table 6-7 Binding energy (BE) between path B and C. The difference is BE(pathB)-BE(pathC) 

 
 

Compound Energy 

Difference(kcal/mol) 

84a -61.0 

84b -60.2 

84c -48.5 

84d -55.2 

84e -42.5 

84f -51.3 

84g -56.8 

84h -63.6 

84i -62.3 

84j -66.3 

84k -58.6 

84l -50.0 

84m -44.7 

84n -62.3 

84o -52.9 

84p -60.7 

84q -66.6 
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Table 6-8 Energy difference between final products of path A and B. The difference is E(pathA)-

E(pathB) 

 

Compound Energy Difference (kcal/mol) 

84a 6.0 

84b 6.1 

84c 5.9 

84d 5.6 

84e 2.0 

84f 6.0 

84g 7.2 

84h 4.7 

84i 4.9 

84j 4.3 

84k 4.6 

84l 2.4 

84m 3.2 

84n 6.2 

84o 5.4 

84p 5.9 

84q 5.7 

 
  



 

101 

Table 6-9 Relative free energies and enthalpies for species involved in the Ar-Ar-Cross-coupling 

of triazene 84d 

 
 

Compound ΔG (kcal/mol) ΔH (kcal/mol) 

84d-E S0(min) 0.0 0.0 

84d-E (N1-H+) S0(min) 16.8 0.0 

84d-E (N3-H+) S0(min) 31.7 -0.3 

84d-E S1 71.9 0.0 

84d-E (N1-H+) S1 98.0 -0.1 

84d-E (N3-H+) S1 121.3 -0.3 

84d-Z (N3-H+) S1(min) 76.1 -3.3 

84d-E (N1-H+) S1(min) 65.5 -0.1 

84d-E S1(min) 43.6 0.0 

84d-Z (N3-H+) S0 73.8 -3.3 

84d-E (N1-H+) S0 58.6 -0.1 

84d-E S0 38.3 0.0 

87 36.3 -2.8 

88 (H2O) 18.9 -2.3 

88 (C6H6) 15.9 -3.3 

93 34.3 -5.5 

85d -64.2 -1.2 

85d’ -59.5 -0.9 

  min = minima 
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General Method for the Preparation of Aromatic Amides (94) 

 

 

 

To a quartz tube containing triazene (0.2 mmol) was added the corresponding nitrile (2 mL). Then, 

the tube was capped and TFA (1.0 mmol) was added with a syringe. Next, the mixture was left to 

stir inside a photoreactor under UV irradiation (350 nm) for 4 h. After this time, the resulting 

mixture was concentrated in vacuo. Purification by flash chromatography (SiO2, EtOAc/hexanes 

mixtures) provided the pure aromatic amide. 

 

N-(4-(chloro)phenyl)acetamide (94a):138 Prepared from triazene 

84a (77 mg, 0.2 mmol) according to the general procedure, obtained as 

a pale yellow solid (18 mg, 46%). 1H NMR (CDCl3, 500 MHz):  7.45 (d, 

J = 8.9 Hz, 2H), 7.28 (d, J = 8.9 Hz, 2H), 2.18 (s, 3H); 13C NMR (CDCl3, 

125 MHz):  168.42, 136.33, 129.34, 129.00, 121.11, 24.58 

N-(4-(methyl)phenyl)acetamide (94b):139 Prepared from 

triazene 84b (73 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (21 mg, 61%). 1H NMR (CDCl3, 500 MHz): 

 7.50 (s, 1H), 7.43 (d, J = 8.3 Hz, 2H), 7.10 (d, J = 8.3 Hz, 2H), 2.30 (s, 

3H), 2.15 (s, 3H); 13C NMR (CDCl3, 125 MHz):  168.57, 135.18, 134.03, 

129.43, 120.13, 24.37, 20.83 
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N-(4-(tert-butyl)phenyl)acetamide (94c):140 Prepared from 

triazene 84c (82 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (36 mg, 82%). 1H NMR (CDCl3, 500 MHz): 

 7.96 (s, 1H), 7.42 (d, J = 8.6 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 2.16 (s, 

3H), 1.29 (s, 9H); 13C NMR (CDCl3, 125 MHz):  169.09, 147.45, 135.03, 

125.69, 120.08, 34.31, 31.28, 24.15 

N-phenylacetamide (94d):140 Prepared from triazene 84d (69 

mg, 0.2 mmol) according to the general procedure, obtained as a pale 

yellow solid (19 mg, 61%). 1H NMR (CDCl3, 500 MHz):  7.74 (s, 1H), 

7.48 (d, J = 7.5 Hz, 2H), 7.31 (t, J = 8.0 Hz, 2H), 7.13 (t, J = 7.4 Hz, 1H), 

2.20 (s, 3H); 13C NMR (CDCl3, 125 MHz):  169.82, 137.26, 129.00, 

124.87, 120.42, 24.15 

N-(2,2-(dimethyl)phenyl)acetamide (94f):141 Prepared from 

triazene 84f (76 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (31 mg, 81%). 1H NMR (CDCl3, 500 MHz): 

 8.02 (s, 1H), 7.27 (s, 1H), 7.21 (d, J = 7.7 Hz, 1H), 7.04 (d, J = 7.7 Hz, 

1H), 2.21 (s, 3H), 2.20 (s, 3H), 2.19 (s, 3H); 13C NMR (CDCl3, 125 MHz): 

 169.24, 137.16, 135.13, 133.09, 129.86, 121.76, 117.95, 24.08, 19.82, 

19.15 

N-(4-(methoxy)phenyl)acetamide (94g):140 Prepared from 

triazene 84g (76 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (33 mg, 87%). 1H NMR (CDCl3, 500 MHz): 

 7.86 (s, 1H), 7.38 (d, 8.9 Hz, 2H), 6.82 (d, J = 8.9 Hz, 2H), 3.76 (s, 3H), 

2.13 (s, 3H); 13C NMR (CDCl3, 125 MHz):  168.75, 156.40, 130.90, 

122.07, 113.99, 55.40, 24.06 
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N-(4-(cyano)phenyl)acetamide (94h):142 Prepared from 

triazene 84h (75 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (4 mg, 10%). 1H NMR (CDCl3, 500 MHz): 

 7.65 (d, J = 8.9 Hz, 2H), 7.61 (d, J = 8.9 Hz, 2H), 7.43 (s, 1H), 2.22 (s, 

3H); 13C NMR (CDCl3, 125 MHz):  168.52, 141.85, 133.31, 119.40, 

118.79, 107.14, 24.80 

N-(4-(trifluoromethyl)phenyl)acetamide (94i):143 Prepared 

from triazene 84i (85 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (20 mg, 43%). 1H NMR (CDCl3, 500 MHz): 

 7.63 (d, J = 8.6 Hz, 2H), 7.56 (d, J = 8.6 Hz, 2H), 2.21 (s, 3H); 13C NMR 

(CDCl3, 125 MHz):  168.64, 140.84, 126.24 (d, J = 3.6 Hz), 125.09, 

122.93, 119.30, 24.66 

Methyl 4-acetamidobenzoate (94k):144 Prepared from triazene 

84k (83 mg, 0.2 mmol) according to the general procedure, obtained as 

a pale yellow solid (7 mg, 16%). 1H NMR (CDCl3, 500 MHz):  7.96 (d, J 

= 8.9 Hz, 2H), 6.87 (d, J = 8.9 Hz, 2H), 3.89 (s, 3H); 13C NMR (CDCl3, 

125 MHz):  166.98, 159.79, 131.91, 122.68, 117.46, 115.17, 51.97, 

29.69 

N-(2-(phenyl)phenyl)acetamide (94l):145 Prepared from 

triazene 84l (87 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (23 mg, 47%). 1H NMR (CDCl3, 500 MHz): 

 8.24 (d, J = 8.3 Hz, 1H), 7.49-7.32 (m, 7H), 7.26-7.18 (m, 1H), 2.03 (s, 

3H); 13C NMR (CDCl3, 125 MHz):  168.50, 138.05, 134.48, 130.04, 

129.17, 129.05, 128.38, 127.94, 124.47, 121.76, 24.48 
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N-(2-(phenoxy)phenyl)acetamide (94m):146 Prepared from 

triazene 84m (91 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (52 mg, 99%). 1H NMR (CDCl3, 500 MHz): 

 8.41 (d, J = 8.0 Hz, 1H), 7.81 (s, 1H), 7.37 (t, J = 7.5 Hz, 2H), 7.18-

7.10 (m, 2H), 7.03-7.00 (m, 3H), 6.84 (d, J = 8.6 Hz, 1H), 2.20 (s, 3H); 

13C NMR (CDCl3, 125 MHz):  168.95, 156.25, 145.64, 129.98, 124.20, 

123.99, 123.95, 121.01, 118.70, 117.54, 24.74 

N-(2-(methoxy)phenyl)acetamide (94n):139 Prepared from 

triazene 84n (76 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (29 mg, 76%). 1H NMR (CDCl3, 500 MHz): 

 8.32 (dd, J = 8.0 Hz, J = 1.1 Hz, 1H), 7.83 (s, 1H), 7.05 (td, Jt= 8.0 Hz, 

Jd = 1.2 Hz, 1H), 6.96 (td, Jt = 7.2, Jd = 1.2 Hz, 1H), 6.88 (d, J = 8.0 Hz, 

1H), 3.88 (s, 3H), 2.23 (s, 3H); 13C NMR (CDCl3, 125 MHz):  168.81, 

147.72, 127.32, 123.91, 121.06, 119.86, 55.62, 24.74 

N-(3-(methoxy)phenyl)acetamide (94o):147 Prepared from 

triazene 84o (76 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (30 mg, 78%). 1H NMR (CDCl3, 500 MHz): 

 7.89 (s, 1H), 7.26-7.17 (m, 2H), 6.99-6.97 (m, 1H), 6.67- 6.65 (m, 1H), 

3.77 (s, 3H), 2.17 (s, 3H); 13C NMR (CDCl3, 125 MHz):  169.34, 160.02, 

138.78, 129.61, 112.30, 110.20, 106.03, 55.22, 24.31 

N-(4-(bromo)phenyl)acetamide (94p):148 Prepared from 

triazene 84p (88 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (30 mg, 61%). 1H NMR (CDCl3, 500 MHz): 

 7.57 (s, 1H), 7.40 (s, 4H), 2.17 (s, 3H); 13C NMR (CDCl3, 125 MHz):  

168.61, 136.82, 131.92, 121.49, 116.96, 24.56 

 



 

106 

N-(4-tert-butylphenyl)butyramide (94r): Prepared from 

triazene 84d (69 mg, 0.2 mmol) according to the general procedure, 

obtained as a colorless solid (29 mg, 77%). 1H NMR (CDCl3, 500 MHz): 

 7.52 (d, J = 8.0 Hz, 3H), 7.30 (t, J = 8.0 Hz, 2H), 7.09 (t, J = 7.5 Hz, 

1H), 2.33 (t, J = 7.5 Hz, 2H), 1.75 (q, J = 7.5 Hz, 2H), 0.99 (t, J = 7.5 Hz, 

3H); 13C NMR (CDCl3, 125 MHz):  171.47, 137.95, 128.90, 124.13, 

119.86, 39.59, 19.06, 13.70 

N-(4-tert-butylphenyl)butyramide (94s): Prepared from 

triazene 84c (82 mg, 0.2 mmol) according to the general procedure, 

obtained as a colorless solid (48 mg, 95%). 1H NMR (CDCl3, 500 MHz): 

 7.56 (s, 1H), 7.44 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 8.6 Hz, 2H), 2.33 (t, 

J = 7.5 Hz, 2H), 1.75 (sext, J = 7.5 Hz, 2H), 1.29 (s, 9H), 0.99 (t, J = 7.5 

Hz, 3H); 13C NMR (CDCl3, 125 MHz):  172.88, 147.93, 134.54, 125.79, 

120.34, 39.29, 34.35, 31.26, 19.32, 13.60 

N-(phenyl)trimethylacetamide (94t):138 Prepared from 

triazene 84d (82 mg, 0.2 mmol) according to the general procedure, 

obtained as a colorless solid (20 mg, 48%). 1H NMR (CDCl3, 500 MHz): 

 7.53 (d, J = 8.0 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 7.10 (t, J = 7.5 Hz, 

1H), 1.32 (s, 9H); 13C NMR (CDCl3, 125 MHz):  176.60, 137.95, 128.93, 

124.21, 119.97, 39.57, 27.60 

N-(4-tert-butylphenyl)trimethylacetamide (94u): Prepared 

from triazene 84c (82 mg, 0.2 mmol) according to the general procedure, 

obtained as a colorless solid (44 mg, 81%). 1H NMR (DMSO-d6, 500 

MHz):  9.11 (s, 1H), 7.53 (d, J = 8.9 Hz, 2H), 7.29 (d, J = 8.9 Hz, 2H), 

1.25 (s, 9H), 1.21 (s, 9H); 13C NMR (DMSO-d6, 125 MHz):  176.24, 

145.41, 136.80, 124.96, 119.99, 33.97, 31.23, 27.25 



 

107 

N-(phenyl)phenylformamide (94x):149 Prepared from triazene 

84d (69 mg, 0.2 mmol) according to the general procedure, obtained as 

a colorless solid (19 mg, 41%). 1H NMR (CDCl3, 500 MHz):  7.89-7.86 

(m, 2H), 7.81 (s, 1H), 7.66-7.63 (m, 2H), 7.59-7.48 (m, 3H), 7.41-7.36 

(m, 2H), 7.19-7.14 (m, 1H); 13C NMR (CDCl3, 125 MHz):  166.38, 

137.74, 134.83, 132.12, 129.25, 128.96, 127.17, 124.95, 120.57 

N-(4-tert-butylphenyl)phenylformamide (94y):150 Prepared 

from triazene 84c (82 mg, 0.2 mmol) according to the general procedure, 

obtained as a colorless solid (26 mg, 44%). 1H NMR (CDCl3, 500 MHz): 

 7.87-7.85 (m, 3H), 7.57-7.53 (m, 3H), 7.48 (t, J = 7.5 Hz, 2H), 7.39 (d, 

J = 8.6 Hz, 2H), 1.33 (s, 9H); 13C NMR (CDCl3, 125 MHz):  165.69, 

147.57, 135.23, 135.04, 132.75, 131.73, 128.74, 126.98, 125.89, 

120.00, 34.39, 31.34 

N-(4-tert-butylphenyl)-4-methoxyformamide (94aa): Prepared 

from triazene 84c (82 mg, 0.2 mmol) according to the general procedure, 

obtained as a colorless solid (20 mg, 31%). 1H NMR (CDCl3, 500 MHz): 

 7.83 (d, J = 8.6 Hz, 2H), 7.75 (s, 1H), 7.53 (d, J = 8.6 Hz, 2H), 7.39 (d, 

J = 8.6 Hz, 2H), 6.98 (d, J = 9.2 Hz, 2H), 3.88 (s, 3H), 1.32 (s, 9H); 13C 

NMR (CDCl3, 125 MHz):  162.54, 147.66, 135.13, 128.92, 125.93, 

120.19, 114.01, 55.47, 34.41, 31.34 

N-(4-(tert-butyl)phenyl)acetamide-d3 (94c’): Prepared from 

triazene 84c (82 mg, 0.2 mmol) according to the general procedure, 

obtained as a pale yellow solid (29 mg, 65%). 1H NMR (CDCl3, 500 

MHz):  8.30 (s, 1H), 7.42 (d, J = 8.6 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 

1.29 (s, 9H); 13C NMR (CDCl3, 125 MHz):  169.51, 147.81, 134.72, 

125.75, 120.28, 34.35, 31.28 
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N-(4-(hydroxy)phenyl)acetamide:151 Prepared from triazene 

84g (382 mg,  1.2 mmol), obtained as a pale yellow solid (92 mg, 53%). 

1H NMR (CDCl3, 500 MHz):  9.65 (s, 1H), 7.33 (d, J = 9.2 Hz, 2H), 6.67 

(d, J = 9.2 Hz, 2H), 1.97 (s, 3H); 13C NMR (CDCl3, 125 MHz):  167.58, 

153.16, 131.06, 120.86, 115.02, 23.75

 
Preparation of 15N Labelled Azide 

 

 

 

A flask containing 4-tert-butylaniline (2.0 mmol) in 17% HCl (12.5 mL) was cooled to 0 °C and 

then sodium nitrite (3.0 mmol) was added slowly. The mixture was stirred at 0 °C for 20 min and 

then, 15N labelled sodium azide (3.0 mmol) was added slowly. The reaction mixture was then 

stirred at room temperature for 3 h. The reaction mixture was then extracted with ethyl acetate, 

the organic layer was washed with sodium bicarbonate solution and brine and dried with 

anhydrous sodium sulfate. The organic layer was then concentrated in vacuo. Purification by flash 

chromatography (SiO2, EtOAc/hexanes mixtures) provided the pure azide. 
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Preparation of 15N Labelled Triazene 

 

To a flask containing 1,3-ditert-butylimidazolium tetrafluoroborate (0.5 mmol), potassium 

tert-butoxide (0.6 mmol) and dry THF was added (2.5 mL) under Ar. The resulting suspension 

was stirred for 15 minutes, followed by dropwise addition of 15N labelled azide (0.5 mmol). The 

resulting mixture was left stirring at room temperature for 12 h. After this time, hexanes (1 mL) 

were added and the resulting solid precipitate filtered. The filtered solid was dissolved in DCM (5 

mL) and the precipitated salts filtered. The resulting solution was then concentrated in vacuo and 

dried under high vacuum, affording the pure triazene. 

 

Preparation of 15N Labelled Benzonitrile 

 

 

To a flask containing benzoyl chloride (3.0 mmol) in water/Et2O 3:2 (1.1 mL) was added 

15NHCl4 (3.6 mmol) and cooled to 0 °C. Ice cold 10 M NaOH (0.5 mL) was added to the mixture 

and stirred for 20 min. Then the resulting white solid was filtered using a sintered glass funnel 

and washed with a water/Et2O 1:1 mixture, then dried in vacuo affording the pure amide. Then, 

benzamide (1.6 mmol) was dissolved in of 1:1 MeCN/H2O (12 mL) and PdCl2 (0.16 mmol) was 

added and the mixture was stirred at room temperature for 40 h. Then the mixture was extracted 

with chloroform, the organic layer was washed with brine and concentrated in vacuo. Purification 

by flash chromatography (SiO2, EtOAc/hexanes mixtures) provided the pure aromatic nitrile. 
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Procedure for the synthesis of 15N labelled 4-tert-butylazidobenzene 

 

 

 

To a flask containing 4-tert-butyl aniline (2.0 mmol), 17% HCl (12.5 mL) was added. Then 

the flask was cooled to 0 °C in an ice/water bath and NaNO2 (3.0 mmol) was slowly added and 

the reaction was left stirring for 20 min. After this time Na15N3 (3.0 mmol) was slowly added and 

the reaction was left stirring at room temperature for 2 h. After this time, the reaction mixture was 

extracted with EtOAc (5 mL) three times and the organic layer was neutralized with NaHCO3 (5 

mL) three times and washed with brine (5 mL). The organic layer was then concentrated in vacuo 

and dried under high vacuum, affording the pure azide. 
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ORTEP representation of the X–ray crystal structure of a dimer of triazene 84e showing atom 

labeling. 50% Probability amplitude displacement ellipsoids are shown. For clarity, all hydrogen 

atoms are omitted.
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List of abbreviations 
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δ: chemical shift (ppm) 

[M+]: molecular ion 

Ac: acyl  

Ar: aryl  

ATR: Attenuated Total Reflection 

Bn: benzyl  

Bu: butyl 

C: Celsius 

calcd: calculated 

cat.: catalytic amount 

DCM: dichloromethane 

DMF: dimethylformamide 

DMSO: dimethyl sulfoxide 

eq.: equation 

equiv.: equivalent 

Et: ethyl 

ESI: Electrospray ionization 

g: gram 

GCMS: gas chromatography mass spectrometry 

h: hours 

HRMS: high resolution mass spectrometry 

h: Electromagnetic radiation  

Hz: hertz 

IR: infrared  

J: coupling constant 

M: molar 
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Me: methyl 

Mes: mesityl 

MeCN: acetonitrile 

MeOH: methanol 

EtOH: ethanol 

mg: milligram 

MHz: megahertz 

min.: minutes 

mL: milliliter 

mmol: millimole 

mp: melting point 

MW: molecular weight 

NHC: N-heterocyclic carbene  

NMR: Nuclear Magnetic Resonance  

RDL: Radiationless Decay 

rt: room temperature 

S1: First excited state  

S0: Ground state 

t-Bu: tert-butyl 

TFA: Trifluoroacetic acid 

TLC: thin layer chromatography 

TOF: time of flight 

TS: transition state 

TsOH: p-toluensulfonic acid 

UV-Vis Ultraviolet-visible  

XPhos: 2-Dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl 
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Appendix B 

1H and 13C NMR Spectra 

 



 

116 

1H NMR (CDCl3, 500 MHz)  

 

 

13C NMR (CDCl3, 125 MHz)  
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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 1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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1H NMR (CD3OD, 300 MHz) 

 
13C NMR (CD3OD, 125 MHz) 
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1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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11i 1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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11j 1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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7 1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 500 MHz) 

 
13C NMR (CDCl3, 125 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 

 



 

147 

1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (CDCl3, 300 MHz) 

 
13C NMR (CDCl3, 75 MHz) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 

 



 

150 

 

1H NMR (500 Hz, CDCl3)
 

 

13C NMR (125 Hz, CDCl3) 

 



 

151 

1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 

 



 

153 

1H NMR (500 Hz, DMSO-d6)
 

 

13CNMR (125 Hz, DMSO-d6) 
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1H NMR (500 Hz, CDCl3)
 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3)
 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, DMSO-d6)
 

 

13C NMR (125 Hz, DMSO-d6) 
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1H NMR (500 Hz, DMSO-d6)
 

 

13C NMR (125 Hz, DMSO-d6) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, DMSO-d6)
 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 

 



 

176 

1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3)
 

 

13C NMR (125 Hz, CDCl3)
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 

 



 

195 

1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3)
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3)
 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3)
 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, DMSO-d6) 

 

13C NMR (125 Hz, DMSO-d6) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3)
 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 

13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 
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1H NMR (500 Hz, CDCl3) 

 
13C NMR (125 Hz, CDCl3) 

 
 



 

212 

1H NMR (500 Hz, DMSO-d6) 

 
13C NMR (125 Hz, DMSO-d6) 

 



 

213 

15N NMR Spectra 

 
15N NMR (50 Hz, CDCl3) 

 
 

15N NMR (50 Hz, CDCl3) 

 
 



 

214 

NMR Instrument Parameters 
 

   
                                   1H NMR                                                         13C NMR 
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