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ABSTRACT 
 

 

 This dissertation describes the development of alternative products from the copper-

catalyzed azide-alkyne cycloaddition (CuAAC).  The first chapter provides an introduction to the 

CuAAC through the historic timeline of the development of reaction conditions. Finally the 

current mechanistic understanding and three applications of the commonly used reaction are 

described.  

 

 The second chapter describes a method for the preparation of 5-iodo-1,2,3-triazoles directly 

from organic azides and terminal alkynes. The reaction is mediated by in-situ generated 

copper(I) catalyst and iodinating agents.  The method described is a follow-up of the protocol 

developed by Dr. Brotherton in 2012.  The methodological enhancements of the procedure 

described in Chapter 2 provides high conversion as well as high iodo/protio selectivity through 

the reduction in equivalents of alkyne, and employment of [Tri(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA).  Through these improvements the method became more synthetically 

practical and increased the reaction substrate scope to include unreactive azides and alkynes. 

 

 Chapter three describes the synthesis of 5,5’-bis(1,2,3-triazole)s (bistriazoles).  These 

compounds have been proposed to be employed as chiral ligands in enantioselective synthesis.  

Previously reported methods for the synthesis of bistriazoles mainly require decreased reaction 

temperatures (0-35 oC) and long reaction times (20-48 hours) while applying a limited substrate 

scope.  The method described in Chapter 3 is a simple and rapid process for the synthesis of 

bistriazoles from organic azides and terminal alkynes under oxidative conditions ( oxygen 



x 

atmosphere) with a broad substrate scope.  The reactions are mediated by copper(II) acetate, and 

completed within 3 hours, with ≥ 50% isolated yields.  TBTA has been employed in the CuAAC 

to accelerate the formation of 1,2,3-triazoles, in addition TBTA accelerates the formation of 

bistriazoles.  Employing K2CO3 as a basic additive in MeOH or EtOH as the solvent promotes 

the oxidative reaction that produces the bistriazole at the expense of the 1,2,3-triazole. 

   

 In Chapter 4 the initial development of 5-alkynyl-1,2,3-triazoles is reported.  The 

previously reported methods require extended reaction times with varying temperature (rt-60 oC) 

with a limited substrate scope.  The method described in Chapter 4 is a simple and rapid process 

for the synthesis of 5-alkyny-1,2,3-triazoels from organic azides and terminal alkynes under 

oxidative conditions (oxygen atmosphere) with a developing substrate scope.  The reactions are 

mediated by copper(II) acetate, completed within 3-5 hours, and produce ≥ 50% isolated yields.  

Employing 1,5-diazolbicyclo[4.3.0]non-5-ene (DBN) as the basic additive in MeOH or EtOH as 

the solvent promotes the oxidative reaction that produces the 5-alkynyl-1,2,3-triazoles at the 

expense of the 1,2,3-triazole and 5,5’-bis-(1,2,3-triazole)s. 

 

 Chapter 5 summarizes the work conducted on modifying the conditions applied to the 

copper catalyzed azide alkyne cycloaddition (CuAAC).  Modifications to enhance the synthesis 

of the 5-iodo-1,2,3-triazoles via CuAAC are the first addressed  Which was followed by the 

unsuccessful application of the Ullmann reaction for the synthesis of 5,5’-bis(1,2,3-triazole)s.  

The subsequent employment of potassium carbonate in the CuAAC, afforded the desired 

bistriazoles with moderate to high selectivity over 1,4-disubstituted-1,2,3-triazoles.  In addition, 



xi 

changing the base from potassium carbonate to DBN allowed for the 5-alkynyl-1,2,3-triazole to 

be produced as the major product while diminishing the bistriazole and protiotriazole. 

 

 The supporting information file contains images of the 1H and 13C NMR spectrum for each 

molecule produced in the projects reported in this dissertation.  The spectrum for each molecule 

are listed based on the order they are shown in the chapter they correspond to and  the tables in 

which they are shown.  The analysis of each NMR is detailed in the experimental information 

section of each chapter.   

 

… 
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CHAPTER 1 
 

INTRODUCTION 
 
 

1.1 1, 2, 3-Triazoles 
 

 The importance of 1,2,3-triazoles spans across numerous disciplines of chemistry 

including medicinal1,2, synthetic3, and molecular conjugation chemistry.4 As a result, various 

synthetic methods have been developed for the production of the heterocycle originating from 

diverse starting materials and coupling reagents (Figure 1). One such instance is an efficient 

cycloaddition (Figure 1A) facilitated by I2/ 1-(1′-(2-Methylbenzyl)-1,4′-bipiperidin-4-yl)-1H-

benzo[d]imidazol-2(3H)-one (TBPB) with elevated temperature (100 oC)  combining N-

tosylhydrazone and aniline for the formation of 1,4-disubstituted- 1,2,3-triazoles that was 

developed by Cai et. al..5  Another synthetic method for the synthesis of 1,2,3-triazoles was 

developed with 0.1 equivalents of Tetrabutylammonium fluoride (TBAF) catalyzing the 

cycloaddition of trimethylsilyl azide with electron-poor olefins providing the desired 1,2,3-

triazole in good to excellent (70-85%) isolated yields without the use of traditional transition 

metal catalyst (Figure 1B).6  Utilizing strong bases, tetramethylammonium hydroxide and 

potassium tertbutoxide, Kwok et. al. developed a base catalyzed procedure for the synthesis of 

1,5-disubstituted 1,2,3-triazoles incorporating aromatic azides and terminal aromatic alkynes 

(Figure 1C).7  Transition metal catalysis is an alternative to the organic base-catalyzed reactions. 

An example of a transition metal catalyzed cycloaddition is the ruthenium catalyzed azide-alkyne 

cycloaddition (RuAAC) which has been employed for the selective synthesis of the 1,5 

regioisomer from terminal alkynes and organic azides (Figure 1D).8  Furthermore, the substrate 

scope of this union can consist of internal alkynes for the production of 1,4,5-trisubstituted-1,2,3-
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triazoles.8 The most prominent variant for the synthesis of 1,2,3-triazoles is the copper(I) 

catalyzed  azide-alkyne cycloaddition (CuAAC) (Figure 1F).9,10  The CuAAC and RuAAC 

synthesis of the 1,2,3-triazoles are both regio-specific variants of the Huisgen [3+2] thermal 

cycloaddition which couples an organic azide with a terminal organic alkyne (Figure 1E).11  

 

 

Figure 1: Methods used to synthesize 1, 2, 3-triazoles. A) The synthesis of 1, 4-disubstituted 
1, 2, 3-triazole facilitated by I2 and TBPB for the union of N-tosylhydrazone and aniline. B) 

The formation of 1,2,3-triazoles by coupling electron poor alkenes with azides. C) Base-
catalyzed union of organic azides and terminal alkynes for the formation of 1,5-

disubstituted-1,2,3-triazoles. D) The ruthenium catalyzed azide-alkyne cycloaddition for 
the formation of 1,5-disubstituted 1,2,3-triazole. E) The thermal azide-alkyne cycloaddition 

developed by Huisgen for the generation of both the 1,4 and 1,5 regioisomer. F) The 
copper(I) catalyzed azide-alkyne cycloaddition for the selective formation of the 1,4-

disbstituted 1,2,3-triazole. 
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1.2: Thermal [3+2] Cycloaddition to Afford 1, 2, 3-Triazoles 
 

 The initial 1,2,3-triazole forming cycloaddition developed by Huisgen required raised 

temperature as the result of an elevated energy of activation (Figure 1E).  During the Huisgen 

[3+2] thermal azide-alkyne cycloaddition, the triazole products are consistently produced as 1,4 

and 1,5 regio-isomers. Moreover, each isomer is isolated in an inherently low to moderate yield  

(Figure 2).11  In his review, Dr. Huisgen noted that the nature of the substituent of the acetylene 

has minimal effect on the regiochemistry of the products.11 

 

 
 

Figure 2: The Husigen [3+2] thermal cycloadditions with phenyl azide and 
phenylacetylene. The reaction produces the 1,5 and 1,4 regioisomers.11 

 

 
1.3: Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) 

 
 

1.3.1: Development of Methods for the CuAAC 
 

 In 2002, two groups initiated a renaissance of the 1,2,3-triazole synthesis through the 

development of the copper(I) catalyzed variant of the [3+2] cycloaddition.  The absence of 

interest prior to 2002 could be attributed to safety concerns for working with organic azides.9  In-

situ generation of the copper(I) catalyst through reduction of the copper(II) salt with a reducing 

agent, sodium ascorbate, (Figure 3) was developed into an efficient method for the 
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regioselective synthesis of 1,4-substituted 1, 2, 3-triazoles from organic azides and terminal 

alkynes by the Sharpless group.  The parameters for the reaction can include a wide-ranging pH ( 

4-12), a broad scope of solvents, all while at room temperature.  Triazole synthesis using a 

copper(II) precatalyst or a copper(I) salt, can consist of stirring the reaction solution followed by 

filtering off a clean product with minimal concern for any interference by functional groups 

during the reaction.9 

 
 

Figure 3: A depiction of the regio-specific synthesis of 1, 4-substituted 1,2,3-triazoles 
through the reduction of a copper(II) salt to generate the copper(I) catalyst.9 

 

 

 Utilization of a copper(I) salt was also investigated.  The conditions for these reactions 

required acetonitrile as a co-solvent and an amine base. The presence of the amine base often 

formed undesired by-products like bistriazoles, hydroxyl triazoles, and diacetylenes. These by-

products can be eliminated by including 2,6-lutidine and an inert reaction environment.9 

  

 In addition to the method developed in 2002 by the Sharpless group, the Meldal group 

established a regio-specific method for the synthesis of 1,4-substituted 1,2,3-triazoles.10  

Meldal’s method was a solid-phase combinatorial-based method utilizing a copper(I) salt as a 

catalyst for the reaction (Figure 4). The absence of copper(I) iodide failed to yield the desired 

disubstituted triazole product.  In addition, electron-poor alkynes were more reactive than the 
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electron rich alkynes when utilized in the CuAAC.9  This was later confirmed by the Zhu group 

in their chelation-assisted CuAAC mechanistic study.12   

 

 
 
Figure 4: The conditions and a selection of substrates for the polymer supported synthesis 
of 1, 4- disubstituted 1,2,3-triazoles from propargylglycine catalyzed by a copper(I) salt.  

I)R-N3, DIPEA, CuI; II) 20% piperidine/DMF; III) 0.1 M NaOH (aq.).7 

 
 
1.3.2: Apparent Copper(II) Acetate Acceleration 

 

 

 The method developed by Sharpless which employs a copper(II) salt and a reducing 

agent was enhanced by the conditions developed by the Zhu group. In 2009, the Zhu group 

developed two methods that removed the reducing agent of the copper(II) salt.13  The first 

method used an oxidizable solvent (methanol, ethanol, and isopropanol), which reduced the 

copper(II) salt to the active copper(I) catalyst (Figure 5A)  and the CuAAC occured in 18 hours.  

The second method, (Figure 5B), utilized copper(II) acetate in tert-butanol.  Through this 

method, the alkynes underwent a copper(II)-catalyzed oxidative homocoupling to yield a diyne.  

The reduction of the copper(II) salt was confirmed by both Electron Paramagnetic Resonance 

(EPR) and absorption data.   
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Figure 5: The depiction of the two proposed processes by which catalytic Cu(I) species 
might have been generated. Method (A) is the reduction of the copper(II) salt by the 
oxidizable solvent.  Method (B) is the reduction of the copper(II) salt through the oxidative 
homocoupling of the alkyne. 
 

 

 Generation of a crystal structure by the Zhu group depicts the interaction between the 

CuCl2 salt and 2-picolylazide. The crystal shows the copper salt and the azide coupled together 

with a link between the Cu(II) salt and the alkylated nitrogen of the azide.  This link makes the 

azide group more electrophilic, therefore accelerating the nucleophilic attack by the copper 

acetylide.14 The azides that are capable of chelating the Cu(II) salt do so with the proximal-N of 

the azido group and an internal nitrogen-based auxiliary ligand, to produce a 5-member ring, 

undergo a rapid azide-alkyne cycloaddition in under 3 hours with high yields.10  In addition to 

detailing conditions for a rapid reaction with chelating azides like 2-picolylazide, conditions for 

rapid reactions with non-chelating azides, benzyl azide, were also determined.  Through the 

inclusion of an accelerating ligand such as tris[(1-benzyl-1H-1,2,3-triazo-4-yl)methyl] amine 

(TBTA), non-chelating azides undergo the CuAAC in a fraction of the time that the reaction 

would take without the accelerating ligand.10 

 

 
1.3.3:Accelerating Ligands with a Focus on TBTA 
 

 

 Based on the early mechanistic studies of the copper-catalyzed azide-alkyne 

cycloaddition, the rate of reactions using polyvalent reagents were remarkably high, causing 
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researchers to hypothesize that the resulting polytriazoles could serve as rate-enhancing ligands 

for the CuAAC.15  Screening a series of polytriazole compounds demonstrated that the best 

performing ligands possessed a common structural feature: multiple triazole derivatives that 

originated from a propargyl amine core.  During the screening of the ligands in the CuAAC, the 

triazole-based ligands outperformed amine-based ligands like trimethylamine, and 2,2’-

bipyridine.  Ligands with ether (L3, Figure 6) and sulfide linkers (L4, Figure 6) possessing the 

ability to chelate did not stabilize the oxidation state of copper (I) as well as the amine-based 

ligands like TBTA (L5 Figure 6b).15   The authors of the initial screening believed that through 

the tetradentate binding of the ligand to copper(I), the ligand helped to protect the reactive 

copper(I) oxidation state from being oxidized.15 Prior to completion of the ligand screening, 

TBTA was successfully utilized in a challenging bioconjugation study where it greatly enhanced 

the reaction rate in comparison to the same reaction without the ligand.16  Reaction conditions 

and examples of ligands used in a reaction to determine the effect of ligands in stabilizing the 

copper(I) salt are shown in Figure 6.15   

 

 It is postulated that triazole-based ligands such as TBTA (L5 Figure 6) could bind metals 

like copper through the N-3 of each triazole and the amine nitrogen.  Through the binding of 4 

nitrogens of TBTA to copper(I), it is believed to completely envelope the catalyst which 

occupies all binding sites.15  The research conducted by the Williams group determined the 

structure of the complex between a copper (I) and (II) salt with TBTA through generating crystal 

structures.17 The crystal structure of the Cu(II) complex shows the copper is coordinated to 4 

nitrogens of a TBTA molecule, one being the tertiary amine and the other three nitrogens are the 

N-3 of the triazole.  The fifth binding site of the copper(II) salt is occupied by the chloride that 
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comes from CuCl2 and produces a trigonal bipyramidal coordination structure. The crystal 

structure of the Cu(I) complex shows two copper(I) atoms, where both atoms are coordinated to 

three proximal nitrogens of the triazole groups of a TBTA molecule.  The other TBTA molecule 

in the complex supplies a nitrogen from a triazole group to coordinate with the Cu(I) cation.  

Without a method to reduce a Cu(II) salt to Cu(I), the CuAAC will not proceed.  The Cu(II) 

coordinated to TBTA in a complex can be reduced to Cu(I) and be an effective catalyst for 

CuAAC.  

 

 
Figure 6: The conditions developed by Sharpless and co-workers for the screening of 
accelerating ligands in the CuAAC. (A) Shows the reaction conditions for the screening of   
the triazole ligands as stabilizing ligands.  (B) Depiction of the structures for a select few 
triazole ligands.15, 18  
 

 Under certain conditions the coordination complex between TBTA and the copper(I) 

catalyst will not produce an acceleratory effect.  Reactions that have a non-acceleratory effect 

N

N
N
N

N

NN

N
N

N

Bn

Bn

Bn

NH2

N
N
N

Bn

O

N
N
N

Bn

N

NN

Bn

S

N
N
N

Bn

N

NN

Bn

N

N

N

N

N N N

N

N

N N

N

N

L5 TBTA L6 DTEA

N

N

L1 L2 L3 L4

R1 N N N R2 N N
N R2

R1
Cu(CH3CN)4PF6 (1 mol %)

Ligand (1 mol %)

2:1 t-BuOH: H2O,
24 h, rt

(A)

(B)



9 

from TBTA involve 2-picolylazide, N,N-diethylpropargylamine, and 3,3-dimethylbutyne.18  2-

picolyl azide reacts rapidly absent TBTA, due to chelation through the auxiliary N in the pyridyl 

group.  Moreover, N,N-diethylpropargylamine also reacts rapidly but subsequently through the 

formation of a bidentate triazole.14  3,3-dimethylbutyne is slow to react possibly as a 

consequence of steric hindrance caused by the tertbutyl group.  While these three reagents do not 

need the aid of TBTA in the copper(II) acetate mediated azide-alkyne cycloaddition, aromatic 

azides require an acceleratory ligand like TBTA.  The absence of TBTA in the CuAAC with 

aromatic azides produces little reactivity. 

 

 Screening of accelerating ligands has demonstrated instances where TBTA is not the 

optimum accelerating ligand.  One ligand that has outperformed TBTA in some reactions was 

tris(2-{4-[(dimethylamino)methyl]1H-1, 2, 3-triazol-1-yl}ethyl)amine (DTEA) (L6, Figure 6).14 

Copper-catalyzed azide-alkyne cycloaddition involving an aromatic azide with DTEA produced 

complete conversion of the azide-limiting reagent in a quarter of the time required for the TBTA 

aided reaction.14 

 

1.3.4: The Copper-Catalyzed Azide-Alkyne Cycloaddition Mechanism 

 
 The initial mechanistic proposal resulted from Sharpless’ study into the CuAAC. The 

proposal opened with the formation of the copper acetylide (CIb in Figure 7) through 

deprotonation of the terminal alkyne.9 Deprotonation of terminal alkynes requires strong bases to 

remove the terminal proton, as its pka is 26.  Furthermore, through density functional theory 

calculations (DFT), it was determined that a copper(I) π−complex (CI) is desirable since it 

increases the acidity of the alkyne C-H by 10 units.19 The subsequent step following the 
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formation of copper(I) π−complex is the exothermic formation of the copper(I) acetylide (I) .15  

Recent experimental work has isolated mono- and bis-copper acetylide complexes, which 

supports the belief that both complexes are involved in the catalytic cycles.20 The bis-copper 

acetylide complex is involved in kinetically favored pathways.20 Since terminal protons are 

absent, the copper acetylide cannot be formed, eliminating the possibility for internal alkynes to 

react.    

 

  Formation of CIb is followed by the coordination of alkylated nitrogen of the azide with 

copper (CII) of the π−complex. DFT calculations determined that the ligand exchange step 

involved in the azide coordination to the copper through binding to the alkylated nitrogen of the 

azides to be slightly exothermic.15 

 

 Then, cyclization occurs through the terminal nitrogen of the azide attacking C-2 of the 

alkyne, forming a 6-member metallacycle (CIII).15 The cyclization step was determined to be 

endothermic by 8.2 kcal/mol with an activation barrier calculated to be 14.9 kcal/mol. This is 

lower than the thermally catalyzed reaction (25.7 kcal/mol) which explains the acceleration of 

the copper(I)-catalyzed reaction over the thermal-concerted cycloaddition.15 

 

 Ring contraction ensues producing a copper triazolide (CIV), which can then be 

quenched by a proton yielding the 1, 4-disubstituted 1, 2, 3-triazole (CV). An isolated 

mononuclear copper triazolide-carbene complex is direct evidence for the existence of copper 

triazolides.21  It has been proposed at the copper triazolide step that three side products could be 

formed: (C6) alkynylated triazole, (C7) hydroxyl triazole and (C8) bistriazole.22 
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 Through kinetic experiments it was determined the reaction was 2nd order rate 

dependence on copper when the reaction was run with catalytic amounts of copper salts.23 This 

was the indication of two copper(I) molecules catalyzing the CuAAC.    

 

 
 

Figure 7: Mechanistic proposal for the CuAAC based on DFT calculations and 
experimental data. 

1.4: Selected Applications of Triazoles Derived From CuAAC  
 
1.4.1: 1, 2, 3-Triazoles used in Medicinal Chemistry 

 
 Triazoles synthesized through the CuAAC have been utilized in medicinal chemistry 

across a broad spectrum of ailments including breast cancer,24 tuberculosis,25,26 severe 

infections,27 and HIV.28  The American Cancer Society (ACS) estimates that in 2016 there will 

be 249,260 new cases of invasive breast cancer.  In addition, the ACS estimates in 2016 there 

will be 40,890 deaths resulting from breast cancer.29   The grcowth of breast cancer tumors has 

been significantly inhibited through the knockdown of estrogen-related receptor α (ERRα) in 
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xenograft mouse models.30  This finding points towards ERRα being validated as a possible 

therapeutic target for the treatment of breast cancer patients. Xu et. al. developed a series of 

triazole derivatives which demonstrated the ability to suppress ERRα.24  Through an extensive 

SAR study, a new molecule was identified as an ERRa modulator and comparable to reported 

standard compounds (Figure 8).  The SAR study of 28 synthesized triazoles revealed that the 

amino group was 10-fold more potent than a hydroxyl group in the ortho position of ring A.  The 

potency of the molecule decreased significantly with modification to the A ring, including m-

NH2, p-NH2 and removal of the carbonyl group24.  

 

 The substitution pattern on the B ring was also studied.  Positioning the isopropyl group 

in the ortho or para positions significantly diminished the potency of L7.  In addition, increasing 

the size of the hydrophobic group on ring B decreased the potency.  The biological activity of the 

molecules was determined through the use of a reporter gene assay with 293FT cells that were 

transfected with expression plasmids containing GAL4 DNA binding domain, human ERRα 

ligand binding domain, and PGC-1α.  The reported results showed L7 with 0.021 uM, L8 had 

0.041 uM, and L9 1.59 uM.  Given the biological data presented, the molecules demonstrate that 

triazole derivatives can be utilized as lead molecules in drug discovery24.   

 

 

 

Figure 8: Triazole derivatives that show a few structural modifications as the SAR study 
developed the lead molecule (L7) and most potent suppressor of ERRα.α.α.α. 
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1.4.2: Triazoles Used in Synthesis 
 

 The increased importance of transition metal catalysis for medicinal and academic chemists 

originates from the increasing number of methods used for efficient routes to generate new and 

useful substrates.31 Significant enhancements in transition metal catalysis have occurred through 

the development of ligands.32 As a result, attention has been paid to the synthesis of triazole-

based ligands due to the simplified regiospecific synthetic route established by Sharpless and 

Fokin6 and Meldal7 for 1,4-disubstituted 1,2,3-triazoles.33 These new ligands have been applied 

to the Suzuki-Miyaura coupling reaction (Figure 9B),33 and asymmetric hydrogenation reactions 

(Figure 9A).34,35    

 

Figure 9: Two examples of triazoles being used as synthetic ligands.  A) The application of 
a triazole ligand in an Iridium complex that is used in the asymmetric hydrogenation of 

alpha-ethylstyrene. B) The application of a triazole ligand used in a Suzuki-Miyaura 
coupling. 

 Triazole-based ligands have also been utilized in Pd-catalyzed allylic alkylation to varying 

degrees of success.36, 37 In 2007, Dolhem et. al. prepared a library of triazoles labeled as 

N
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“ChiraClick” ligands (Figure 10A).37  The resulting triazoles (Figure 10B) were the product of a 

copper(I) catalyzed azide-alkyne cycloaddition incorporating azido phosphine boranes linked 

through an ethylene group to the azido group cyclized with various terminal organic alkynes.  

The subsequent ligands were utilized in the palladium-catalyzed asymmetric alkylation of 1,3-

diphenylprop-2-enyl acetate with dimethylmalonate in THF, which provided good conversion 

and low enantioselectivity, 8-12% ee.37    

 

Figure 10: The scheme for the synthesis of Chiraclick ligands, in addition to a few examples 
of ligands.  A) The CuAAC method for the synthesis of the Chiraclick ligands.  B) A few 

examples of the ligands and the respective yields of the Chiraclick ligands. 

 

 In 2006, Detz et. al. prepared a series of triazole-based ligands, labeled “Clickphine” that 

were P, N based ligands.36   The ligands primarily comprised propynyl phosphines which undergo 

copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) with aromatic or benzylic azides 

producing high yields.  In addition, polymer supported azides were subjected to CuAAC with 
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propynyl phosphines to yield ligands in good yields with the aid of TBTA.  The ligands were 

complexed with [Pd(allyl)Cl]2 in dichloromethane to produce the necessary metal complex for 

the desired catalyst.  These catalysts were utilized in Pd-catalyzed allylic alkylation of Cinnamyl 

acetate.  After 1 hour, the reactions produced good to excellent conversion (54-91%) and high 

selectivities towards the trans product of the allylic alkylation. The instances described in this 

section show that triazoles can be effectively utilized catalytic ligands for synthetic purposes as 

well as forming complexes with various transition metals.    

 

1.4.3: Utilization of 1,2,3-Triazoles in Zn(II) Sensing 
 

 Zinc is an essential trace element for the immune system as well as the skin, bone, liver, 

muscle, and brain38,39  In the brain, Zn is the second most plentiful d-block metal ion40, with the 

highest concentration of zinc in the hippocampus.41  Multiple diseases have been attributed to 

zinc concentration imbalances, including epilepsy which has been loosely linked to zinc, leading 

to a closer examination of zinc’s role in brain activity.42   As a result of the closed shell d10 

configuration and no convenient spectroscopic signature synthesis of fluorescent probes for zinc 

ions are a well-suited method for monitoring in biological contexts.36 

 

 The development of Zn(II) sensing fluorescent probes have been synthesized through the 

copper(I)-catalyzed azide-alkyne cycloaddition. The tetra-dentate coordinating structure 

chelated with Zn2+, producing 5 and 6 member rings that include N2 or N3 of the triazole. The 

triazoles act as linkers and chelating ligand of Zn2+.43 Upon coordination to Zn2+ , the molecules 

fluoresced and produced a quantum yield that was larger than the quantum yield produced from 

non-coordinating ligand under physiological conditions, pH 7.2.39 The fluorescent probes were 
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selective towards Zn2+ over other divalent ions like Ca2+ , Mg2+ , Fe2+, and Pb2+ .39 Our group has 

a longstanding interest in developing selective Zn2+ fluorescent probes that utilize a triazole 

linker synthesized through copper(I) catalyzed azide-alkyne cycloaddition. 

 

Figure 11: Synthesis of two Zn2+ tertadentate motifs. a) tBuOH, L-sodium ascorbate, 
Cu(OAc)2, rt, 16 h. b) i. 1,2-dichloroethane, 16 h, rt; ii. NaBH(OAc)3, 4 h, Sol; solvent. 
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CHAPTER 2 
 

SYNTHESIS OF 5-IODO-1,2,3-TRIAZOLES FROM ORGANIC AZIDES 
AND TERMINAL ALKYNES: LIGAND ACCELERATION EFFECT 

AND SUBSTRATE SCOPE 
 

 
2.1 Introduction 

 
 The limitation of the CuAAC is the generation of a triazole that is only di-

functionalized.  This drawback was addressed by various research groups who published the 

synthesis of trisubstituted triazoles, which allows for expansion of their functionalization and 

applications.  One method to further functionalize the 1,2,3-triazole is through preparation of 5-

iodo 1,2,3-triazoles. This approach has been applied to supramolecular chemistry43 and 

medicinal chemistry1.  Two groups sought to produce methods for the synthesis of macrocycles 

containing 5-iodo-1,2,3-triazoles that could be employed in medicinal chemistry.    

 

Bedard and Collins developed a method with low catalyst loading of CuI (5 mol %), and 

2.0 equiv. of trimethylamine, for 17 hours, at 60 oC that produced good to high yields of 

macrocycles with varying ring sizes along with diverse functional groups affixed to the rings.  

While this method was not developed as a continuous flow method, it was successfully tested 

under continuous flow conditions with minor modifications.44  

 

Bogdan and James also developed a method for the synthesis of macrocycles containing 

5-iodo-1,2,3-triazoles intended for continuous flow chemistry. The conditions varied from the 

Bedard and Collins’ method by using an accelerating ligand (10 mol % TTTA), 2.0 equivalents 
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of diisopropylethylamine, and 100 oC for 10 minutes in acetonitrile; in addition, the copper 

source is the tubing.45   

 

 

 
 The synthesis of 5-iodo-1,2,3-triazoles could be viewed as a terminal point for the 

synthesis of trisubstituted 1,2,3-triazoles; however, some groups see the synthesis of iodo 

triazoles as an avenue for the production of trisubstituted triazoles. The iodo group provides a 

functional group to expand functionalization through transition metal catalyzed cross coupling 

reactions that produce highly functionalized 1,2,3-triazole moieties.  The Chen group published 

their research utilizing iodotriazoles as building blocks in combinatorial libraries with the 

palladium cross coupling reactions, Heck, Suzuki, and Sonogashira.46 The Thibonnet group 

developed conditions for iodotriazoles to be used as building blocks in the Stille reaction.47 

Recently iodotriazoles were employed as a foundation for the synthesis of a tetracyclic product. 

This tetracycle is produced through a Diels-Alder like reaction followed by an Sn2’ reaction in 

which the iodo group acts like a leaving group (Figure 11).48  Furthermore, ortho-

bis(iodoacetylenes) were used in converted into bis(5-iodo-1,2,3-triazoles) in a copper catalyzed 
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Figure 12: Synthesis of fused polycyclic compounds utilizing 5-iodo triazoles.11 The 
reaction sequence is a Diels-Alder type reaction, followed by a SN2’ reaction.  
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reaction.  The subsequent palladium catalyzed homocoupling fusion extended the aromatic 

system through the generation of a benzene group. 49  

 

 

 

 

The preceding applications followed the initial publication depicting the synthesis of 5-

iodo-1,2,3-triazoles (iodotriazoles) by the Wu group, utilizing iodine monochloride as an 

Figure 13: Depiction of select methods for synthesis of  5-iodo 1,2,3-triazole. A) The 
conditions reported by Wu et.al.51 for the synthesis of iodotriazoles with ICl is the 

iodination agent. B) The conditions reported by Zhang et.al.52 which employs in situ 
generation of the iodinating reagent through a reaction between CuI and NBS. C) The 

conditions reported by Hein and Fokin.53 D) The noncorrosive conditions report by 
Brotherton et.al.54 
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electrophilic source of iodine, in addition to copper(I) iodide, tetrahydrofuran, triethylamine, 

azides, and alkynes as the other reagents of the reaction (Figure 13A).50  ICl was used to trap the 

copper triazolide. In 2008, the Zhang group published their investigation detailing the synthesis 

of iodo triazoles utilizing copper(I) iodide and N-bromosuccinimide to produce an electrophilic 

iodine species, which trapped the copper triazolide (Figure 13B).51 In 2009, Fokin and 

Sharpless’ venture into the synthesis of iodotriazoles was published, detailing their research 

utilizing 1-iodoalkynes, copper(I) iodide, organic azides, tetrahydrofuran and an assisting ligand 

(Figure 13C).52 In 2012, our group published the synthesis of 5-iodotriazoles which employed 

noncorrosive and economical reagents (organic azides, alkynes, copper(II)perchlorate, sodium 

iodide, solvent, and base) to synthesize the desired iodotriazoles (Figure 13D).53   

2.2: Results and Discussion 

A follow-up investigation into the synthesis of 5-iodotriazoles was conducted and 

published which detailed improvements made to the previously developed method.  The 

elimination of excess alkyne when paired with poorly reacting azides improved the synthetic 

practicality.  Moreover, the scope of reactions was broadened since TBTA and other substrates 

were included an assisting ligand. Furthermore, the duration of the reaction is reduced from 12 to 

6 hours.54   

The foundation of both investigations was built upon the research conducted by 

Kauffman and Pinnell in 1960.  Their research demonstrated that a reaction between copper(II) 

sulfate and potassium iodide generated copper(II) iodide (Figure 14A) immediately decomposed 

to CuI and I2 (Figure 14B).           
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 Our research, stimulated by the findings of Kauffmann and Parnell, employed copper(II) 

perchlorate with various alkali iodides for the generation of CuI and I2.
55 It was thought that the 

copper(I) iodide would catalyze the azide-alkyne cycloaddition, and the I2 might quench the 

copper triazolide.  In the presence of excess I-, I2 will combine together and the electrophile I3 

forms (Figure 14C).54 An amine base has been hypothesized to act as a nucleophilic catalyst for 

the activation of I2 to produce the more electrophilic iodinating agent triethyliodoammonium ion 

and triodide (I3
-).56 

 

 Employing the optimized catalytic and iodinating systems, a broader substrate scope was 

used during this study compared to the 2012 study.54  A sampling of the azides and alkynes used 

in this study are shown in Figures 4 and 5 respectively.  During the study, the effect of chelating 

azides (Z1, Z2) was investigated in additions to acidic protons (Z5, Z6, Y9, Y10).  The ketone 

alkyne (L8) was included in the investigation to study the possibility of a competing reaction: the 

iodoform reaction. Furthermore, primary and tertiary aliphatic alkynes (L5 and L6) were studied 

to investigate the effect of steric bulk on the reaction.55 

 

Figure 14: In situ generation of CuI and iodinating agent.
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Figure 16: The classification of the alkynes used are: aromatic (black), aliphatic (blue), 
acidic (red), and functionalized (green) 
 
 
 The reaction unifying the azides and alkynes depicted in figures 4 and 5 can produce an 

iodotriazole or a protio triazole. As a result, the ratio of the two products must be calculated. The 

conversion and selectivity of the products is based upon the analysis of the spectroscopic data 

generated from 1H NMR for the crude reaction mixture.  The conversion is determined by 

dividing the sum of the products by the sum of the products and the limiting reagent, the azide 

Figure 15: The classification of the azides used are: chelating (blue), functionalized 
aliphatic (red), and benzylic (green).      
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(Figure 17). The calculation for determining the selectivity is the representative peak of the 

iodotriazole (B Figure 17) divided by the sum of the two products (B and C).55   

 

 
 

 

 

 

2.2.1: Reaction without an Accelerating Ligand 
 

 

 The conversion of organic azides and alkynes into iodotriazoles through the copper 

catalyzed azide alkyne cycloaddition has been shown to be challenging for some substrates.54 In 

our first study of iodotriazole synthesis, the formation of challenging substrate pairings was 

aided through the use of an assisting ligand, TBTA, while other substrate pairings reacted well 

without the assisting ligand.  Most of the pairings not aided by the assisting ligand incorporated 

either chelating or benzylic azides, and are shown in Table 1.  All but one of the reactions (Entry 

3, 94%) shown in table 1 proceeded to completion in 4 hours or less.  The ketone (L8) was used 

twice in the reactions not aided by an assisting ligand and in both cases the conversion and 

selectivity were good.  Furthermore, there was no evidence of the iodoform reaction occurring. 

Figure 17: The determination of conversion and selectivity for the formation of 5-iodo-
1,2,3-triazoles from the copper catalyzed azide-alkyne cycloaddition  
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The reactions conducted without the assisting ligand (Table 1) were efficient reactions with 

excellent conversion and selectivity. 

 

Table 1 Examples of 5-iodo-1,2,3-triazole formation without assisting ligand. 

 

 

 

Entry Azide Alkyne Product 
Time 

(h) 
Selectivity 

(%) 
Yield 
(%) 

1 

 
 

 

3 80 53 

2 

 

 

 

4 100 86 

3B 

 

 

 

3 100 65 

4 

  

 

3 100 72 

5 

 

 

 

3.5 100 57 

 

L6
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Table 1: continued 
 

Entry Azide Alkyne Product 
Time 

(h) 
Selectivity 

(%) 
Yield 
(%) 

6 

 

 

 

1 78 60 

 
Reaction conditions: azide (0.2 mmol); alkyne (0.22 mmol); THF of ACN (1 ml); 
Cu(ClO4)2

.6H2O (0.4 mmol); DBU(0.2 mmol); KI(0.8 mmol); rt; <6 h, B is 94% conversion. 
 

 Entries 1 and 6 of Table 1 have substandard selectivities as a result of the alkynes, 3-

butyne-2-one (entry 1, L8) and N,N-dimethylaniline (entry 6, L7).  These alkynes undergo the 

copper azide-alkyne cycloaddition quickly.  Furthermore, 2-picolyl azide (entry 1, Z1) can 

chelate the copper catalyst, which also accelerates the CuAAC reaction. 

 
2.2.2: Reaction with an Accelerating Ligand 
 

 The insertion of TBTA into the reaction components has expanded the scope of the 

substrates that can be employed in the reaction. This expansion of the substrate scope can now 

include functionalized aliphatic azides, which under reaction conditions lacking the ligand 

demonstrate minimal reactivity.  Rather, under the ligand-accelerated conditions these azides 

(Z5, and Z6) were rapidly coalesced with alkynes into the 5-iodotriazoles.  The reactions 

involving these two azides produced high selectivity and conversions.  The reactions depicted in 

table 2 all required TBTA to complete within 6 hours.  Furthermore, the rapid completion of the 

reactions did not negatively impact the selectivity of the reaction.  Rather, the ligand accelerated 

reactions predominantly produced the 5-iodo-1,2,3-triazoles as the sole product of the reaction. 



26 

The lone reaction not completed with the aid of TBTA (entry 7 table 2, 4I10), also resulted in the 

inability to form a hypothesis due to the lack of data points.  In addition, the data in table 2 

demonstrates that sodium iodide, potassium iodide and lithium iodide all are able to be used as 

the alkali iodide under these conditions. 

Table 2 : Examples of 5-Iodo-1,2,3-triazole formation with assisting ligand.  

 

Entry Azide Alkyne Product 
Time 

(h) 
Selectivity 

(%) 
Yield 
(%) 

1A,C 

 

 

 

6 89 76 

2A,C 

 

 

 

2.5 100 73 

3B,C 

 

 

 

6 100 75 

4B,C 

 

 

 

6 100 64 

 

N
N

NN
H

O

I4I5
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Table 2 continued  

Entry Azide Alkyne Product 
Time  

(h) 

Selectivity 

(%) 

Yield 

(%) 

5B,D 

 

 

 

6 100 64 

6 

 

 

 

6 100 71 

7B,C 

 

 

 

1 100 70 

Reaction conditions: azide (0.2 mmol); alkyne (0.22 mmol); THF of ACN (1 ml); 
Cu(ClO4)2

.6H2O (0.4 mmol); DBU=A or TEA=B (0.2 mmol); KI=C, LiI=D, or NaI=E (0.8 
mmol); rt; <6 h, 100% Conversion. 

 

2.2.3: An Application of 5-Iodo-1,2,3-triazoles 

The efficiently synthesized 5-iodo-1,2,3-triazoles were utilized in the synthesis of 

bistriazoles through the homo-coupling of the iodo triazoles via the Ullmann reaction.  The 

optimization of conditions for the Ullmann reaction consisted of 10 equivalents of Cu0, at 200 oC 

for 3 hours, neat, under an argon atmosphere. The optimized conditions were used for the homo-

coupling of various iodo triazoles to form bistriazoles.  Iodo triazoles with an aliphatic group 

(3I5, entry 7 Table 2) or pyrene (R’ in figure 17) produced the lowest yields.  The bistriazoles 
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consisting of electron deficient iodo triazoles (R’) (3I2, entry 6 Table 2) showed the best 

reactivity and yields, while the bistriazoles containing electron rich alkynes (R’) did not produce 

as high of yields as the electron deficient.  As a consequence of the poor reactivity, the 

bistriazole formation through the Ullmann Cu0 catalyzed homo-coupling was aborted and a new 

avenue for bistriazole formation was investigated. 

 

Figure 18: Conversion of the 5-iodo-1,2,3-triazoles into 5,5'-bis(1,2,3-triazole)s was 
achieved through the copper(0) mediated homo-coupling Ullmann reaction.  

  

2.3 Conclusion 

 Formation of 5-iodo-1,2,3-triazoles through the copper(II) perchlorate catalyzed azide-

alkyne cycloaddition with alkali metal iodide and an amine base has been optimized to be more 

synthetically practical.  Insertion of TBTA has allowed for a broader substrate scope that 

incorporates unreactive functionalized aliphatic azides and alkynes.  The functional groups 

include hydroxyl and carboxyl groups.  Developed conditions are tolerant of a broad scope of 

functionalities in addition to sodium, potassium and lithium iodide.  The bistriazole formation 

through the Ullmann coupling reaction was not well tolerated by all functional groups in the 4 

position of the iodo triazoles and as a result the study was discontinued. 
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2.4 Experimental Information 
 

2.4.1: Materials and General Methods  
 

 Warning! Low-molecular-weight organic azides and copper(II)perchlorate hexahydrate 

used in this study are potentially explosive. Appropriate protective measures should always be 

taken when handling these materials.  Reagents and solvents were purchased from various 

commercial vendors and were used without further purification unless otherwise stated.  

Cu(ClO4)2
.6H2O was dried in a vacuum oven at 40-70oC overnight and stored in a dry keeper 

before use. Analytical TLC was performed on plates pre-coated with silica gel 60 F254. Flash 

column chromatography was performed by using 40-63 µm silica gel or alumina (80-200 mesh, 

pH 9-10) as the stationary phases. Before use, the silica gel was flame-dried under vacuum to 

remove absorbed moisture. 1H NMR spectra were recorded at 500 or 300 MHz on Bruker or 

Varian spectrometers, respectively. 13C spectra were recorded at 125 MHz on Bruker 

spectrometers. The chemical shifts (δ) are reported in parts per million relative to the residual 

CDCl3 as internal standard.  

 

2.4.2: Synthesis of 4-(Azidomethyl)-1-benzyl-1H-1,2,3-triazole (Z2) 

 
Figure 19: Synthesis of azide Z2. Reagent and conditions: a) Cu(OAc)2.H2O (5 mol %), t-

BuOH, r.t., 16 h. b)PBr3, CH2Cl2, r.t., 4 h.; c) NaN3, DMF, 50 oC, 16 h. 
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2.4.3: Synthesis of 5-Iodo-1,4-disubstituted-1,2,3-triazoles 

(1-Benzyl-1H-1,2,3-triazol-4-yl)methanol (SM1)57 

Benzyl azide (80.7mg, 0.606 mmol), propargyl alcohol (37 mg, 0.67 mmol), and tert-butanol 

(0.5 ml) were added sequentially to an argon filled round bottom flask. A 0.4 M aqueous solution 

of Cu(OAc)2
.H2O (75 µL, 5 mol % of benzyl azide) was then added, and the mixture was stirred 

at room temperature for 16 hours. The mixture was separated by column chromatography (silica 

gel, 0-5% MeOH-DCM) to give a white amorphous solid: yield: 106 mg (93%). 

1H NMR (300 MHz, CDCl3): δ (ppm)  7.45 (s, 1 Η), 7.39−7.35 (m, 3 Η), 7.28−7.26 (m, 2 H), 

5.50 (s, 2H), 4.75 (s, 2H), 2.30 (br s, 1H). 

 

1-Benzyl-4-(bromomethyl)-1H-1,2,3-triazole (SM2) 

A round-bottom flask was charged with triazole 1 (388 mg, 2.05 mmol), DCM (5.0 ml), and 

PBr3 under argon (1.10 g, 4.09 mmol). The mixture was stirred at room temperature for 4 hours. 

The reaction was then quenched with water (2 ml), and the mixture was extracted with DCM (2 

X 10 ml).  The organic layers were combined and dried over sodium sulfate, filtered, and 

concentrated under vacuum. The crude product was purified by column chromatography (silica 

gel, 30% ethyl acetate-DCM) to give a white amorphous solid; yield; 382 mg (74%). 

1H NMR (300 MHz, CDCl3): δ (ppm):  7.48 (s, 1H), 7.40-7.38 (m, 3 H), 7.29-7.26 (m, 2 H), 5.52 

(s, 2 H), 4.55 (s, 2 H). 

 

4-(Azidomethyl)-1-benzyl-1H-1,2,3-triazole (Z2) 

Compound 2 (56 mg, 0.23 mmol), DMF (2.0 ml), and sodium azide (297 mg, 4.57 mmol) were 

added sequentially to an argon filled flask, and the mixture was stirred at 50 oC overnight.  The 
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mixture was then diluted with ethyl acetate (50 ml) and washed with saturated aqueous 

ammonium chloride (3 X 50 ml). The organic layer was dried over sodium sulfate, filtered and 

concentrated under vacuum to give a white amorphous solid; yield; 290 mg (39%). 

1H NMR (300 MHz, CDCl3): δ (ppm): 7.45 (s, 1H), 7.39-7.37 (m, 3 H), 7.29-7.26 (m, 2 H), 5.54 

(s, 2 H), 4.47 (s, 2 H).  13C NMR (125 MHz, CDCl3): δ (ppm): 143.1, 134.3, 129.3, 129.0, 128.2, 

122.2, 54.4, 45.7. 

 

 

[(1-Benzyl-5-iodo-1H-1,2,3-triazol-4-yl)methyl]dimethylamine (3I7; Table 1, Entry 6); Typical  

 

Procedure Not Requiring TBTA Ligand 

Benzyl azide (Z3, 27.0 mg, 0.2 mmol) was dissolved in THF (1.0 ml) in a 10-ml round bottom 

flask equipped with a magnetic stir bar.  To this solution, KI (132.8 mg, 0.80 mmol) and 

Cu(ClO4)2
.6H20 (148.2 mg, 0.40 mmol) were added, and the mixture was stirred for 3-5 min. 

DBU (30.0 mg, 0.20 mmol) and dimethylpropargylamine (L7, 18.3 mg, 0.22 mmol) were then 

added sequentially and stirred at room temperature for  6 hours. The mixture was then diluted 

with ethyl acetate (50 ml) and 28-30% aqueous NH3 (25 mL) and transferred to a separatory 

funnel. The organic layer was washed with saturated aqueous brine (2 X 25 mL), separated and 

dried over sodium sulfate.  The solvent was removed under reduced pressure to give a crude 

product. The crude product was purified by column chromatography (silica gel, 0-30% gradient 

ethyl acetate-DCM) to give an off-white amorphous solid yield; 48 mg (60%). 

N

I

N N

N
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1H NMR (300 MHz, CDCl3): δ (ppm): 7.35−7.32 (m, 3H), 7.26-7.23 (m, 2 H), 5.60 (s, 2 H), 3.53 

(s, 2 H), 2.29 (s, 6 H). 13C NMR (125 MHz, CDCl3): 

δ (ppm): 148.8, 134.4, 128.9, 128.5, 127.7, 80.9, 54.2, 53.9, 45.3. HRMS (ESI): m/z [M+H]+ 

calcd for C12H16IN4 calcd. 343.04196, found 343.04157. 

 

 

2-[(1-Acetyl-5-iodo-1H-1,2,3-triazol-4-yl)methyl]pyridine (1I8; Table 1, entry 1) 

This was prepared by the typical procedure in 6 h as an off-white amorphous solid; 35 mg (53%). 

1H NMR (300 MHz, CDCl3): δ (ppm) 8.60-8.58 (m, 1H),7.68 (t, J =7.2Hz, 1H), 7.26 (s, 1H), 

7.00 (d, J =7.8Hz, 1H),  5.80 (s, 2H), 2.74 (s, 3H).13C NMR (125 MHz, CDCl3): δ (ppm) 192.2, 

153.4, 149.9, 147.5, 137.2, 123.4, 121.6, 82.8, 55.4, 27.7. HRMS (ESI+) (m/z): [M+H]+ calcd for 

C10H9IN4ONa calcd. 350.97187, found 350.97127. 

 

 

1-[(1-Benzyl-1H-1,2,3-triazol-4-yl)methyl]-5-iodo-4-phenyl-1H-1,2,3-triazole (2I1; Table 1, 

Entry 2). This was prepared by the typical procedure in 4 h. as an off-white amorphous solid; 

yield 76 mg (86%). 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.91 (d, J=8.4Hz, 2H), 7.48-7.36 (m, 6H), 7.26-7.24 (m, 

3H), 5.79 (s, 2H), 5.50 (s,2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 150.2, 142.3, 134.3, 130.2, 



33 

129.3, 129.2, 129.1, 128.8, 128.7, 128.3, 127.5, 123.3, 54.5, 46.6. HRMS (ESI+) (m/z): [M+H]+ 

calcd for C18H15IN6Na calcd. 465.03006, found 465.02860. 

 

 

1-(1-Benzyl-5-iodo-1H-1,2,3-triazol-4-yl)ethanone (3I8, Table 1, Entry 3) 

This was prepared through the typical procedure in 3 h as a white amorphous solid; yield; 42 mg 

(65%) 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.37-7.30 (m, 5H), 5.65 (s, 2H), 2.71 (s, 3H); 13C NMR 

(125 MHz, CDCl3): d/ppm 192.4, 147.6, 133.8, 129.2, 129.0, 128.2, 81.9, 54.3, 27.8. HRMS 

(ESI+) (m/z): [M+H]+ calcd for C11H11IN3O calcd. 327.99468, found 327.99360. 

 

 

3-(1-Benzyl-5-iodo-1H-1,2,3-triazol-4-yl)pyridine (3I3, Table 1, Entry 4) 

This was prepared through the typical procedure in 3 h as a white amorphous solid: yield: 60 mg 

(72%).  

1H NMR (300 MHz, CDCl3): δ (ppm) 9.21 (s,1H), 8.63 (d, J =4.2Hz, 1H), 8.25 (d, J=7.8Hz, 

1H), 7.43-7.34 (m, 5H), 7.26 (s, 1H), 5.69 (s, 2H); 13C NMR (125 MHz, CDCl3): d/ppm 149.6, 

148.3, 147.8, 134.9, 134.2, 129.1, 128.8, 128.0, 126.7, 123.6, 77.7, 54.6. HRMS (CI+) (m/z): 

[M+H]+ calcd for C14H12IN4 calcd. 363.0107, found 363.0101. 
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1-Benzyl-4-tert-butyl-5-iodo-1H-1,2,3-triazole (3I6, Table 1, Entry 5) 

This was prepared through the typical procedure in 3.5 h as a white amorphous solid; yield: 40 

mg (57%). 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.33-7.32 (m, 5H), 5.59 (s, 2H), 1.46 (s, 9H); 13C NMR 

(125 MHz, CDCl3): δ (ppm) 157.2, 134.6, 128.8, 128.3, 127.8, 74.0, 54.1, 31.8, 29.5. HRMS 

(ESI+) (m/z): [M+H]+ calcd for C13H17IN3 calcd. 342.04675, found 342.04656. 

 

 

4-(5-Iodo-4-phenyl-1H-1,2,3-triazol-4-yl)butan-1-ol (5I1, Table 2, Entry 2); Typical procedure 

requiring TBTA Ligand. 

4-azidopropanol (Z5, 23.0 mg, 0.20 mmol) was dissolved in THF (1.0 mL) in a 10-mL round-

bottom flask equipped with a magnetic stir-bar. KI (132.8 mg, 0.80 mmol), Cu(ClO4)2
.6H20 

(148.2 mg, 0.40 mmol) and TBTA (10.6 mg, 0.020 mmol) were added, and the mixture was 

stirred for 3-5 min. DBU (30.0 mg, 0.20 mmol) and phenylacetylene (L1, 22.5 mg, 0.22 mmol)) 

were then added sequentially and the mixture was stirred at room temperature for up to 6 hours. 

The mixture was diluted with ethyl acetate (50 ml) and 28-30% aqueous NH3 (25 mL) and 

transferred to a separatory funnel. The organic layer was washed with saturated aqueous brine (2 

X 25 mL), separated and dried over sodium sulfate.  The solvent was removed under reduced 
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pressure to give a crude product. The conversion and selectivity reported in Table 2 were 

calculated from the 1H NMR spectrum of the crude product. The crude product was purified by 

column chromatography (silica gel, 0-20% gradient ethyl acetate-DCM) to give a white 

amorphous solid yield; 62 mg (73%). 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.93 (d, J=6.6Hz, 2H), 7.50-7.4 (m, 3H), 4.52 (t, 

J=7.2Hz,2H), 3.77-3.70 (m, 2H), 2.14-2.03 (m, 2H); 1.72-1.63 (m, 2H);  13C NMR (125 MHz, 

CDCl3): δ (ppm)  149.8, 130.3, 128.7, 128.6, 127.5, 76.4, 62.0, 50.7, 29.3, 26.5.  HRMS (ESI+) 

(m/z): [M+H]+ calcd for C12H15IN3O calcd. 344.02598, found 344.02580. 

 

 

2-(4-Butyl-5-iodo-1H-1,2,3-triazol-1-yl)-N-phenylacetamide (4I5, Table 2, Entry 1) 

This was prepared through the typical procedure in 6 h as a whit amorphous solid; yield 59 mg 

(76%) 

1H NMR (300 MHz, CDCl3): δ(ppm) 7.65 (bs, 1H), 7.44 (d, J =7.8Hz, 2H), 7.32 (t, J = 7.2Hz, 

2H), 7.15 (t, J = 7.8Hz, 1H), 5.22 (s,2H), 2.71 (t, J =7.2Hz, 2H), 1.76-1.66 (m, 2H), 1.45-1.35 

(m, 2H), 0.95 (t, J =7.8Hz, 3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 164.1, 151.2, 138.9, 

129.4, 124.3, 119.6, 84.4, 53.2, 31.3, 25.6, 22.0, 14.2. HRMS (ESI+) (m/z): [M+H]+ calcd for 

C14H18IN4O  calcd. 385.05253, found 385.05206. 

 

N
N

NN
H

O

I
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4-(1-Benzyl-5-iodo-1H-1,2,3-triazol-4-yl)pyridine (3I4, Table 2, Entry 3) 

This was prepared through the typical procedure in 6 h using trimethylamine instead of DBU. 

White amorphous solid resulted. Yield:  74 mg (75%) 

1H NMR (300 MHz, CDCl3): δ/(ppm) 8.70 (d, J=6.0Hz, 2H), 7.94 (t, J=4.8Hz, 2H), 7.37-7.30 

(m, 5H), 5.7 (s, 2H);  13C NMR (125 MHz, CDCl3): δ/ppm  150.2, 147.2, 137.8, 133.9, 129.0, 

128.7, 127.8, 121.1, 78.0, 54.5.  HRMS (ESI+) (m/z): [M+H]+ calcd for C14H12IN calcd. 

363.01066, found 363.01026. 74.5% yield, 74.5mg. 

 

 

3-(4-Butyl-5-iodo-1H-1,2,3-triazol-1-yl)propanoic Acid (6I5, Table 2, Entry 4) 

This was prepared through the typical procedure in 6 h using trimethylamine instead of DBU. 

Saturated aqueous ammonium chloride was used in the extraction instead of aqueous NH3.  A 

yellow amorphous solid resulted with a yield of 56 mg (64%).  

 1H NMR (300 MHz, CDCl3): δ (ppm) 4.61(t, J=7.2Hz, 2H), 3.07 (t, J=7.2Hz, 2H), 2.66 (t, 

J=7.2, 2H), 1.70-1.60 (m, 2H), 1.43-1.33 (m, 2H), 0.93 (t, J=7.2Hz, 3H);  13C NMR (125 MHz, 
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CDCl3): δ (ppm) 152.3, 78.9, 46.3, 31.2, 29.9, 25.8, 22.5, 14.0, 1.2.  HRMS (ESI+) (m/z): 

[M+H]+ calcd for C9H15IN3O2 calcd. 324.02089, found 324.02085.   

 

1-Benzyl-5-iodo-1H-1,2,3-triazole-4-carboxylic Acid (3I9, Table 2, Entry 5) 

This compound was prepared through the typical procedure using trimethylamine and LiI instead 

of DBU and KI, respectively. Saturated aqueous ammonium chloride was used in the extraction 

instead of aqueous NH3.  A white amorphous solid resulted with a yield of 45 mg (64%). 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.37-7.34(m, 3H), 7.30-7.26 (m, 2H), 5.66 (s, 2H); 13C 

NMR (125 MHz, CDCl3): δ(ppm) 133.7, 129.0, 128.8, 127.9, 101.8, 90.3, 55.6.  HRMS (EI): m/z 

[M-CO2H]+ calcd for C9H7IN3: 284.0; found 284.1. No molecular ion was found by EI, CI, or 

ESI ionization methods. 

 

 

1-Benzyl-4-(4-fluorophenyl)-5-iodo-1H-1,2,3-triazole (3I2, Table 2, Entry 6) 

This compound was prepared through the typical procedure in 6 h using trimethylamine instead 

of DBU. An amorphous white solid resulted in a yield of 55mg (71%). 
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 1H NMR (300 MHz, CDCl3): δ (ppm) 7.94-7.89(m, 2H), 7.38-7.32 (m, 5H), 7.18-7.12 (m, 2H), 

5.67 (s, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 163.9, 161.9, 149.5, 134.2, 129.4, 129.3, 

129.0, 128.6, 127.9, 126.4, 126.3, 115.7, 115.5, 76.3, 54.5. HRMS (EI+) (m/z): [M+H]+ calcd for 

C15H11FN3I calcd. 378.9982, found 378.9978. 

 

 

1-Benzyl-4-butyl-5-iodo-1H-1,2,3-triazole (3I5; Table 2, Entry 8) 

This compound was prepared by the typical method in 1 h, but using 0.4 mmol of the limiting 

reactant (benzyl azide). Quantities of all other reagents were double accordingly. Triethylamine 

was used instead of DBU. Beige amorphous solid was produced with a yield: 96 mg (70%). 

1H NMR (300 MHz, CDCl3): δ (ppm) 7.35-7.33 (m, 3 H), 7.26-7.24 (m, 2 H), 5.57 (s, 2 H), 2.65 

(t, J = 7.2 Hz, 2 H), 1.72 -1.62 (m, 2 H), 1.41-1.33 (m, 2 H), 0.93 (t, J = 7.2 Hz, 3H). 13C NMR 

(125 MHz, CDCl3): δ (ppm) 152.5, 134.5, 128.9, 128.4, 127.8, 78.2, 54.2, 31.1, 25.9, 22.3, 13.9. 

HRMS (ESI): m/z [M+H]+ calcd for C13H17IN3: 342.04671; found 342.04605. 
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CHAPTER 3 
 

RAPID CU(II)-MEDIATED FORMATION OF 5,5’-BISTRIAZOLES FROM 
ORGANIC AZIDES AND TERMINAL ALKYNES 

 
3.1 Introduction 

 
 
 The discovery of Cu(I) catalyzed azide alkyne cycloaddition (CuAAC), a selective 

version of the Huisgen 1,3-dipolar cycloaddition, produces the 1,4-disubstituted 1,2,3-triazole.9,10 

Studies into the CuAAC have detailed acceleration by copper (II) 13, acceleration assisted by 

chelation58, and an application in drug discovery28.  Sharpless noted in his initial study of the 

CuAAC, published in 2002 that 5,5’-bis(1,2,3-triazoles), (B Figure 20), (bistriazoles) could be 

possible side products.9 

 

 The base dependent selective synthesis of bistriazoles was first reported in 2007 by 

Angell and Burgess.59  The use of bistriazoles as possible asymmetric chiral ligands has been 

postulated in each bistriazole synthetic publication since the initial 2007 publication. However 

the initial investigation of bistriazoles as a chiral ligand was reported by the Wang group. 60 A 

subsequent publication also reported the application of bistriazoles as ligands for the reduction of 

an imine.61 Interest in bistriazoles used as chiral ligands results from the similarities to BINAP. 

These similarities stem from both compounds being axial chiral molecules due to obstructed 

rotation about the C-C bond between rings (triazole or napthyl).9, 62 

 

 Subsequent publications have detailed the work conducted by groups in the quest to 

improve the selective nature of bistriazole synthesis. Some of the publications have investigated 

the effect temperature has on base dependent bistriazole synthesis.62  The Yanez group 

determined that the copper(I) catalyzed azide alkyne cycloaddition can be directed to produce  
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bistriazoles (B) through decreased temperature (-35oC) and and insertion of excess sodium 

hydroxide within 48 hours.  Under methanol reflux, with sodium hydroxide, protio-triazole (H 

Figure 20) is the major product after 24 hours. Recently, the effect of temperature was noted as a 

way to selectively synthesize either bistriazoles (B) or alkynylated triazoles (A).63  The Zhang 

group utilized a lower temperature (0oC) and an excess of sodium ethoxide to produce the 

bistriazoles in 20 hours.  The alkynyl triazoles were produced through elevated temperature 

(60oC) and excess potassium hydroxide ( A Figure 20).64 

 

 

Figure 20: Bistriazole (B) and alkynyl triazole (A) are oxidative by-products of the 
copper(I) catalyzed azide-alkyne cycloaddition. 

 

 Application of nitrogen based ligands was later investigated to selectively synthesize 

bistriazoles and triazoles.64  The results showed that secondary amine polysiloxane ligands aid in 

the selective synthesis of (B) bistriazoles when used in conjunction with CuAAC.  In addition, 

the results showed that  primary amine polysiloxane ligands aid in the synthesis of triazoles (H).  
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 Our investigation of the synthesis of 5,5’-bistriazoles improves upon the known methods 

in the following aspects: (1) reducing the reaction time to within 3 h, and (2) increasing the 

substrate scope to include aromatic azides.   

 

3.2: Results and Discussion 

 3.2.1: Synthesis of 5,5’-Bis(1,2,3-triazole)s with Benzyl Azide and Terminal Organic 
Alkynes 
 

Building off of the previously developed copper(II) acetate mediated azide alkyne 

cycloaddition13 and the knowledge gained from the Burgess and Angell60 process, an alternative 

method for the synthesis of 5,5’-bis(1,2,3-triazole)s was developed by including a base in the 

copper(II) acetate mediated reaction. Therefore, the effect of bases on the efficiency and 

selectivity of the products from the copper(II) acetate mediated CuAAC was investigated first. 

Benzyl azide (Z3) and phenylacetylene (L1) were employed as the substrate pairing for the base 

screening study.  The initial reaction (entry 1, Table 3) is the control reaction without base, 

which produced low conversion (15%) of the limiting reagent, phenylacetylene, into two of the 

three possible products within 1 hour.  The protio-triazole was the principal product and the 5-

alkynyl-triazole was produced in a minor amount, while the bistriazole was not produced. Then 

the bases were inserted into the reactions, which were successful to varying degrees (Table 3, 

entries 2-7).  Lithium and sodium carbonate produced low conversions (13 and 17% 

respectively) of the alkyne starting material into the products. The conversion of the alkyne for 

each reaction involving the bases varied significantly, as the protio-triazole was the main 

compound produced from the lithium carbonate (Entry 2) reaction while the bistriazole was the 

major product as a result of sodium carbonate (Entry 3).  No reaction was observed when 
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cesium carbonate was used (Entry 5, Table 3).  The introduction of potassium carbonate (entry 

4) produced 100% conversion of the alkyne into the products, and the bistriazole was the main 

compound produced while minor amounts of the protio and alkynyl triazoles were also created. 

Amine bases, DBU and TEA, were also tested, and produced protiotriazole as the major product.  

While TEA yielded a low conversion of the alkyne (L1, limiting reagent), DBU converted all of 

the alkyne into the possible products.  Moreover, DBU significantly reduced the amount or 

bistriazole produced, while also increasing the amount of 5-alkynyl-1,2,3-triazole formed. As a 

result of the screening, potassium carbonate is the optimum base, and was used in the screening 

of the solvent. 

 

The subsequent solvent screening consisted of a polar aprotic solvent (acetonitrile) and 

two protic solvents (ethanol and tert-butanol).  Ethanol also afforded 5,5’-bistrazole 3B1 as the 

major product, but with a much lower conversion than MeOH over the same allotted reaction 

time (entry 8). Tert-butanol produced no reaction and MeCN resulted in poor conversion and 

selectivity for 3B1 (Table 3). 

 

The effect of the copper(II) salts (Entries 11 through 13), the third variable, on 

conversion and selectivity was minimal, which could be explained by the likely reorganization of 

these salts in the presence of K2CO3 to afford similar carbonate-bridged copper(II) clusters. 

Carbonate bridging ligands was also hypothesized by Burgess in the 2007 invesitgation.60 

Cu(OAc)2 was chosen for the subsequent studies based on considerations of cost, safety, and 

sensitivity to substrate structures.  



43 

Benzyl azide and phenylacetylene have been the most studied substrate pairing in 

bistriazole and triazole formation reactions.  As a consequence, the developed conditions were 

verified with another substrate pairing, benzyl azide (Z3) and 1-decyne (L20).   

 

Table 3: Screening data for base, solvent, and copper(II) salts in establishing conditions for 
the bistriazole forming reaction. 

 

Entry Base Solvent Cu(II) salt 
Conversion 

% 

Selectivity 

(B/H/A) 

1 
No 

Base 
MeOH Cu(OAc)2 15 0/89/11 

2 Li2CO3 MeOH Cu(OAc)2 13.5 12/58/30 

3 Na2CO3 MeOH Cu(OAc)2 17 67/20/13 

4 K2CO3 MeOH Cu(OAc)2 100 70/8/22 

5 Cs2CO3 MeOH Cu(OAc)2 0 - 

6 TEA MeOH Cu(OAc)2 13 19/64/17 

7 DBU MeOH Cu(OAc)2 100 3/68/29 

8 K2CO3 EtOH Cu(OAc)2 11 85/4/10 

9 K2CO3 t-BuOH Cu(OAc)2 0 - 

10 K2CO3 MeCN Cu(OAc)2 43 38/53/9 

11 K2CO3 MeOH CuCl2 98 69/8/23 

12 K2CO3 MeOH CuSO4 87 67/8/25 

13 K2CO3 MeOH Cu(ClO4)2 90 66/12/22 

 

 

 

 

Reaction conditions: Benzylazide (purified): 0.55 mmol; phenylacetylene: 0.5 

mmol; base 1 mmol; Cu(II) 5 mol %; solvent 0.5 mL; rt, 1 h, under air.  
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 The data in table 4 demonstrated some substrates will require 3 hours for a complete 

reaction.  Moreover, the reaction with the less reactive primary aliphatic alkyne (L20) and benzyl 

azide increased conversion when the alkyne was in excess (Table 4, Entry 3), and the azide was 

the limiting reagent. In addition, the conversion increased (79%) when the reaction length (3 h) 

increased (Entry 4).  Furthermore, the reaction completely converted all of the azide into the 

products upon increasing copper(II) acetate to 10 mol % (Entry 5). Although the  modifications 

shown in table 4 while increased the conversion, they also decrease the selectivivty towards the 

bistriazole from 91 to 80%. The resulting crude mixture was purified and produced the 

bistriazole 3B20 in 71% isolated yeild.     

  

 After the reaction conditions were optimized to form the bistriazoles comprised of benzyl 

azide (Z3) and an alkyne, they were applied to a series of substrate pairings.  Throughout the 

testing it was observed that electron poor aromatic alkynes (para substituted) demonstrated poor 

selectivity towadrsthe bistriazole in methanol.  Changing the solvent to ethanol and inserting 5 

mol % of TBTA into the reaction, resulted in a significant increase in selectivity towards the 

bistriazole.  The reactions between benzyl azide and 3- and 4-ethynylpyridine also resulted in 

acceptable conversions and selectivity within 3 h (entries 2 and 3). The combination of 

EtOH/TBTA delivered best results, echoing with the observations involving other electron-poor 

alkynes. The reaction between benzyl azide and 2-ethynylpyridine resulted in complete 

conversion of the alkyne, but the sole product was the 1,2,3-triazole.  The abysmal selectivity 

could be the result of 2-ethynylpyridine chelating with the copper salt, accelerating the CuAAC 

reaction, and hindering the formation of the oxidative product.  
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 Table 4:  Testing effect of stoichiometry, and time with the established conditions. 
 

 

Entry 
Azide 

 (w mmol) 

Alkyne  

(x mmol) 

Cu(OAc)2  

(y mmol) 

Time  

(z h) 

Conversion 

(%) 

Selectivity 

(B/H/A) 

1 0.55 0.5 0.025 1 33% 91/9/0 

2 1 0.5 0.025 1 48% 91/9/0 

3 0.5 1 0.025 1 63% 88/12/0 

4 0.5 1 0.025 3 79% 88/12/0 

5 0.5 1 0.05 3 100% 80/13/7 

 

   

 

 The X-ray crystal structure of a benzyl azide derived bistriazole was obtained.  In 

Burgess’s published report detailing the synthesis of bistriazoles, they also include an analysis of 

the resulting chiral molecule.  The X-ray crystal structure shown in Figure 19 confirms that 

bistriazoles are axial chiral molecules as a consequence of the highly hindered rotation about the 

Reaction conditions: azide (w mmol), Cu(OAc)2 (y mmol), K2CO3 (1.0 mmol), 

alkyne (x mmol), MeOH (0.5 ml), rt, air, z hours. 
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C-C bond that connects the two triazole rings. Therefore, enantiomers that do not interconvert at 

room temperature are produced.  Moreover, the resulting 1H NMR also confirms the chirality of 

the bistriazole 3B4 with the presence of the AB-quartet pattern observed for the benzylic 

protons.  The AB-quartet for a similar benzylic azide derived bistriazole, visible at room 

temperature NMRs, did not coalesce at elevated temper (115 oC) in DMSO.60 

Table 5: Bistriazoles Synthesized from optimum conditions with benzyl azide and terminal 
alkynes 

 

 

Entry Azide Alkyne (L) Product 
Selectivity 

(B/H/A) 
Yield 
(%) 

1B 

 

 

 

82/ 14/ 4 63 

2B 

 

 

 

79/ 8/ 13 67 

3B 

 

 

 

77/18/5 62 

4 

 

 

 

82/ 7/ 11 58 
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Table 5 Continued 

Entry Azide Alkyne (L) Product 
Selectivity 

(B/H/A) 
Yield 
(%) 

5B 

 

 

 

86/ 10/ 4 60 

6B 

  

 

90/ 6/ 4 72 

7B 

 

 

 

77/ 13/ 10 68 

8 

 

 

 

75/13 /12 66 

9C 

 

 

 

80/ 13/70 71 

10D, E 

 

 

N/A 17 

11 

      

85/10/5 52 

 
 

Reaction conditions:A. azide (1.0 mmol), Cu(OAc)2 (25 µmol), K2CO3 (1.0 mmol), and 

alkyne 

(0.5 mmol) in MeOH (0.5 ml), at rt for 3 h under air, 100% convrsion B. EtOH (0.5 mL), 

TBTA (25 µmol) at rt for 3 h under air; C. azide: 0.5 mmol; alkyne: 1.0 mmol; D. under an 

O2 atmosphere, E. conversion not determined, F. 2.0 mmol of K2CO3. 

L20
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Figure 21: Ortep view (50% ellipsoids) of compound 3B4.  Carbon atoms are shown in 
white, and nitrogen in blue. 

Table 6 : Crystal data and structure refinement for 3B4 

3B4   
Empirical formula  C28 H22 N8 

Formula weight  470.53 
Temperature  173(2) K 
Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 
a/ A  10.5985(5) 
b/ A 8.0053(4)  
c/ A 31.2829(14)  

α/° 90 

b/ o 93.6548 

γ/° 90 
Volume 2648.8(2) Å3 

Z 4 
Density (calculated) 1.180 mg/m3 

Absorption coefficient 0.074 mm-1 
F(000) 984 

Crystal size 0.185 x 0.151 x 0.110 mm3 
Theta range for data 

collection 
1.993 to 28.282°. 

Index ranges -14<=h<=14, -10<=k<=10, -41<=l<=41 
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Table 6: Continued 

3B4   
Reflections collected 31159 

Independent reflections 6554 [R(int) = 0.0275] 
Completeness to theta = 

25.242° 
100.00% 

Absorption correction Empirical 
Max. and min. transmission 0.9920 and 0.9383 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6554 / 0 / 326 

Goodness-of-fit on F2 1.063 
Final R indices [I>2sigma(I)] R1 = 0.0505, wR2 = 0.1296 

R indices (all data) R1 = 0.0606, wR2 = 0.1361 
Extinction coefficient 0.0052(7) 

Largest diff. peak and hole 0.336 and -0.223 e.Å-3 
 

 

3.2.2: Synthesis of 5,5’-Bis(1,2,3-triazole)s with Aromatic Azides and Terminal Organic 
Alkynes 
 

 Following the development of bistriazoles with benzyl azide, a series of tests were 

conducted with aromatic azides to develop efficient conditions for bistriazole synthesis (this is 

detailed in Table 7). Upon addition of base, the reaction slows down while also making it more 

selective towards bistriazole formation (Entries 2 and 3). If the reaction length is increased from 

5 to 16 hours the conversion of the limiting reagent (azide) is increased but not completed. Upon 

increasing the amount of TBTA from 5 to 20, the conversion of the limiting reagent into 

products increased (entry 4 and 6).  The inclusion of sodium nitrite (NaNO2) increased the 

conversion and selectivity towards the bistriazole formation (Entry 7).  When 2.0 equiv. of azide 

was used in relation to the alkyne with 5 mol % of TBTA, 1.0 equiv. of NaNO2, and 1.0 equiv. of 

potassium carbonate under an oxygen atmosphere at room temperature, the reaction completed in 

16 hours with 61% of the products being the bistriazole (entry 8).  When 20 mol % of TBTA was 
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used instead of 5 with the conditions just described, the reaction completed in 3 hours with 60% 

selectivity towards the bistriazole (entry 13). 

 

 The data presented in Tables 7 and 8 reflects the challenge of developing an efficient 

method for synthesis of 5,5’-bis(1,2,3-triazole)s derived from aromatic azides and completes in 3 

hours.  One of the challenges faced during the synthesis of bistriazoles with aromatic azides was 

the purity of the aromatic azide, which has a significant impact on the reaction.  Aromatic azides 

produced from diazotization of aniline derivatives followed by substitution with sodium azide 

without rigorous purification through a silica gel column to remove 1H NMR invisible impurity 

produced complete reactions and great selectivity towards bistriazoles in 3 hours. Upon 

purification through column chromatography, some of the reactions produced decreased 

selectivity towards the bistriazole. The data depicted in table 6 are the results from reactions with 

rigorously purified azides. 

 

 Syntheses of bistriazoles with aromatic azides have not been reported in previously 

published research. The conditions for the synthesis of the 15 bistriazoles shown in Table 8 

demonstrate how functional groups of the alkynes require various modifications for an efficient 

reaction and good selectivity towards the bistriazole. The synthesis of almost all bistriazoles that 

incorporate aromatic azides requires TBTA under an atmosphere of oxygen for the complete 

conversion of the alkyne (limiting reagent) and good selectivity towards the bistriazole.  Most of 

the substrates require 2.0 equivalents of azide in relation to 1.0 equivalent of the alkyne.  The 

excess of the azide helps to increase the conversion and selectivity.  NaNO2 utility is limited to 

substrate pairings of aromatic azides and aliphatic alkynes (Entries 8, 9, 10 and 12, Table 8). 
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Moreover, the primary aliphatic alkynes require less potassium carbonate than the aromatic 

alkynes.  In addition, some reactions complete quicker than 3 hours with less than optimal 

selectivity towards the bistriazole, and as a result, the selectivity can be improved by reducing 

the reaction temperature to 0 oC without diminishing the conversion (Entries 11, and 13 Table 

8). 

Table 7: Development of optimum conditions for synthesis of bistriazoles derived from an 
aromatic azide and terminal primary aliphatic alkyne. 

 
 

Entry 
Azide 

(xmmol) 

Alkyne 

(ymmol) 

K2CO3 

(dmmol) 

TBTA 

(bmmol) 

NaNO2 

(fmmol) 

Conversion 

(%) 

Selectivity 

(B/H/A) 

1a,c, f 0.50 0.55 0.00 0.025 0.0 100% 1/99/0 

2a, c, g 0.50 0.55 0.00 0.025 0.0 100% 1/99/0 

3a, c, g 0.50 0.55 0.50 0.025 0.0 25% 69/31/0 

4a, d, g 0.50 0.55 0.50 0.025 0.0 55% 61/33/0 

5a, c, g 0.50 0.50 0.50 0.100 0.0 44% 56/39/5 

6a, d, g 0.50 0.55 0.50 0.100 0.0 67% 41/55/4 

7a, d, g 0.50 0.55 0.50 0.025 0.5 82% 50/44/6 

8a, d, g 1.00 0.50 0.50 0.025 0.5 100% 61/27/12 

9a, d, g 1.00 0.50 0.50 0.000 0.5 59% 65/24/11 

10a, d, g 1.00 0.50 0.50 0.025 1.0 100% 63/27/10 

11b, d, g 1.00 0.50 0.50 0.025 0.5 100% 66/22/12 

12a, e, g 1.00 0.50 0.50 0.025 0.5 68% 74/10/16 

13a, e, g 1.00 0.50 0.50 0.100 0.5 100% 60/26/14 

 

 

 
Reaction conditions: azide ( u mmol), Cu(OAc)2 (25 umol), K2CO3 (y mmol), and alkyne 
(v mmol) in MeOH (0.5 ml), at rt (a) or 0oC-rt (b) for 5 (c), 16 (d), or 3 ( e) h under air (f) 

or O  (g). 
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Table 8: Synthesis of bistriazoles derived from aromatic azides. 

 

Entry Azide Alkyne Product 
Selectivity 

(B/H/A) 
Yield 
(%) 

1I 

 

 

 

63/12/25 59 

2 

 

 

 

65/18/17 63 

3B 

 
 

72/19/9 52 

4 

 

 

 

69/11/20 59 

5 

 

 

 

69/18/13 55 

6B 

 

 

 

75/13/12 70 

 

11B1

NN

N

N N

N

O

O

11B15

NN

N

N N

N

O

ON

N
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Table 8: Continued 

Entry Azide Alkyne Product 
Selectivity 

(B/H/A) 
Yield 
(%) 

7 

 
 

 

76/10/14 62 

8E 

 

 

 

60/26/14 52 

9E, F 

 

 

 

67/24/9 45 

10 

 

 

 

71/17/12 46 

11C, H 

 

 

 

68/9/23 62 

12D, E 

 

 

 

72/18/10 54 

13B, C 

 

 

 

66/29/5 52 

14D 

 

 

 

66/3/31 51 

L20

L20

O

L17
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Table 8: Continued 

Entry Azide Alkyne Product 
Selectivity 

(B/H/A) 
Yield 
(%) 

15B 

 

 

 

74/20/6 61 

 

 

 

 The selectivity towards bistriazole mostly ranges in the 60s-70s%, whereas reactions  

 

 

involving benzyl or aliphatic azides routinely give 70-80% selectivity. MeOH worked well as the 

solvent when the alkyne and azide substrate bore an electron-donating substituent. All other 

substrate pairs gave good conversion and selectivity values in EtOH. In addition to para-

substituted azidobenzenes, which are included in most entries, meta- and ortho-azidoanisoles 

also resulted in good isolated yields for bistriazoles in three examples (Entries 11-14, Table 8). 

  

 The X-ray single crystal structures of a number of aromatic azide-derived bistriazoles 

were obtained and characterized by X-ray single crystallography. The dihedral angle along the 

bistriazole axis varies over a large range, e.g., from 43o to 86o in the three examples depicted in 

figure 22. The dihedral angle value of BINAP class of ligands has been shown to be a critical 

parameter in determining the enantioselectivity of the reactions they participate in.65  Tetraaryl-

substituted bistriazoles have similarly rigid axially chiral structures and a larger range of dihedral 

angle distribution than that of BINAP ligands, which introduces new opportunities in developing 

Reaction conditions: Azide (1.0 mmol), Cu(OAc)2 (25 µmol), TBTA (0.1 mmol), K2CO3 

(1.0 mmol), and alkyne (0.5 mmol) in MeOH (0.5 ml), at rt for 3 h under O2. B. EtOH (0.5 

mL);  C. 0 oC. D. Reduced amount of K2CO3, 0.5 mmol, 1.0 equiv.; E. 0.5 mmol, 1.0 

equiv. NaNO2. F. starting the reaction at 0 oC and warming to r.t.. G. 10 mol % TBTA, H. 

1.5 mmol K2CO3, I. 97% Conversion. 
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chiral ligands for asymmetric synthesis.  Very recently, Virieux and coworkers reported a 

bistriazole-derived bisphosphane as a ligand for an Ir complex that was effective in catalyzing 

hydrogenation of an imine.66 

 

 

Figure 22: X-ray single crystal structures of (a) 3B4, (b) 9B1, and (c) 11B15. Dihedral angle 
C4-C5-C5’-C4’ = 43° (a), 73° (b), and 86° (c). 

 

Table 9: Crystal data and structure refinement for 9B1 and 11B15. 

  9B1 11B15 

Empirical formula  C30 H24 N6 C22 H22 N6 

Formula weight  468.55 370.45 

Temperature  103(2) K 103(2) K 
Wavelength  0.71073 Å 0.71073 Å 

Crystal system  Monoclinic Triclinic 
Space group  P 21/n P -1 

a/ A 10.1162(6)  9.077(4)  
b/ A 17.5805(11)  10.503(4)  
c/ A 13.5660(8)  11.236(4)  
α/° 90 71.951(5) 

b/ o 97.3442(8) 88.879(4) 

γ/° 90 67.801(4) 
Volume 2392.9(2) Å3 937.2(6) Å3 

Z 4 2 

Density (calculated) 1.301 mg/m3 1.313 mg/m3 
Absorption 
coefficient 

0.080 mm-1 0.082 mm-1 

F(000) 984 392 
Crystal size 0.217 x 0.150 x 0.130 mm3 0.290 x 0.145 x 0.117 mm3 
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Table 9: Continued 

  9B1 11B15 

Theta range for data 
collection 

1.906 to 28.688°. 1.918 to 28.751°. 

Index ranges 
-13<=h<=13, -23<=k<=23, 

-18<=l<=17 
-12<=h<=12, -14<=k<=13, -

14<=l<=15 

Reflections collected 28771 10192 
Independent 
reflections 

6070 [R(int) = 0.0218] 4577 [R(int) = 0.0186] 

Completeness to 
theta = 25.242° 

100.00% 99.50% 

Absorption 
correction 

Empirical Empirical 

Max. and min. 
transmission 

0.7458 and 0.6912 0.7458 and 0.6393 

Refinement method 
Full-matrix least-squares 

on F2 
Full-matrix least-squares 

on F2 

Data / restraints / 
parameters 

6070 / 0 / 327 4577 / 0 / 253 

Goodness-of-fit on 
F2 

0.962 0.997 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0418, wR2 = 0.0924 R1 = 0.0368, wR2 = 0.0864 

R indices (all data) R1 = 0.0473, wR2 = 0.0962 R1 = 0.0442, wR2 = 0.0914 

Extinction coefficient n/a n/a 

Largest diff. peak 
and hole 

0.315 and -0.243 e.Å-3 0.302 and -0.265 e.Å-3 

 

 

3.2.3: Synthesis of Bistriazoles with Aliphatic Azides and Terminal Organic Alkynes 

 

 The limited number of bistriazoles comprised of aliphatic azides and aromatic alkynes 

were synthesized.  As a result of the limited data points obtained for this substrate pairing, 

minimal trends can be derived from the data.  One trend that is visible from the reaction 
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conditions is the decreased amount of TBTA (5 mol %) required for complete reaction and good 

bistriazole selectivity. 

 

  An X-ray single crystal structure of an aliphatic azide-derived bistriazole was obtained 

and characterized by X-ray single crystallography (Figure 23).  Through the crystal structure 

depicted in Figure 21, the first image of a T-shaped interaction between two aromatic groups is 

shown. 

 

Table 10: Synthesis of bistriazoles derived from aliphatic azides and terminal alkynes. 
 

 
 

Entry Azide Alkyne Product 
Conversion 

(%) 
Selectivity 

(B/H/A) 
Yield 
(%) 

1 

 

 

 

 

 

100 69/23/8 53 

2B,C 

 

 

  
100 87/10/3 81 

Reaction conditions: Azide (1.0 mmol), Cu(OAc)2 (25 µmol),  

K2CO3 (1.0 mmol), TBTA (25 µmol) and alkyne (0.5 mmol) in MeOH (0.5 ml), at rt for 3 h 

under air B. reduced amount of azide and base, 0.5 mmol. C. reaction atmosphere is oxygen. 
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Figure 23: Ortep view (50% ellipsoids) of compound 8B1.  Carbon atoms are shown in 
white, and nitrogen in blue, and oxygen is red. 
 

Table 11: Crystal data and structure refinement for 8B1. 

8B1   

Empirical formula  C32 H28 N6 O2 

Formula weight  528.6 
Temperature  103(2) K 
Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 
a/ A 9.999(3)  
b/ A 11.950(4) 
c/ A 12.963(4) 

α/° 77.768(4) 

b/ o 71.783(3) 

γ/° 66.201(3) 
Volume 1339.6(7) Å3 

Z 2 
Density (calculated) 1.310 mg/m3 

Absorption coefficient 0.085 mm-1 
F(000) 556 

Crystal size 
0.170 x 0.161 x 

0.121 mm3 

Theta range for data 
collection 

1.872 to 29.136°. 
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Table 11 Continued 

8B1   

Index ranges 
-12<=h<=13, -
15<=k<=15, 

0<=l<=17 

Reflections collected 6469 
Independent 
reflections 

6469 [R(int) = ?] 

Completeness to theta 
= 25.242° 

99.90% 

Absorption correction Empirical 

Max. and min. 
transmission 

0.7458 and 0.5747 

Refinement method 
Full-matrix least-

squares on F2 

Data / restraints / 
parameters 

6469 / 0 / 362 

Goodness-of-fit on F2 0.998 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0449, wR2 
= 0.1124 

R indices (all data) 
R1 = 0.0608, wR2 

= 0.1220 

Extinction coefficient n/a 

Largest diff. peak and 
hole 

0.312 and -0.278 
e.Å-3 

 

3.2.4: Mechanistic Proposal for Formation of 5,5’-Bis(1,2,3-triazole)s 

 Figure 20 implies the copper(I) triazolide intermediate from the CuAAC reaction might 

undergo oxidative coupling mediated by a higher valent copper to afford bistriazole. Our 

mechanistic proposal (Figure 24) would commence with the formation of a copper(II)/azide 

complex (I) followed by in situ reduction to copper(I) via, for example, alcoholic solvent 

oxidation,13 to enter the catalytic cycle (II). The steps that lead to bistriazole product B are 

marked by bold black arrows, whereas pathways leading to side product H and A are marked by 

red arrows. Cycloaddition of II to generate copper(I) triazolide (III) follows, which recruits 
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either an alkyne (IV’) or an azide (IV) to initiate the second triazolide formation. The oxidation 

of copper(I) bistrazolide V results in a copper(III) (or dicopper(II)) bistriazolide (VI), through 

reductive elimination affords B. In this model, only mononuclear copper complexes are drawn; 

in reality, these complexes might contain bi- or multinuclear copper centers. For example, 

dicopper(II) is equivalent to monocopper(III) in two-electron transfer reductive elimination step 

(e.g., from VI to B). 

 

Figure 24: Mechanistic proposal 

 At any copper(I) triazolide stage (III, IV, IV’, V), protonation may occur to afford 

protiotriazole side product H (Figure 24, red arrows inside the circle). Also, intermediate IV’ 

may undergo oxidation followed by reductive elimination to establish alkynylated triazole H (red 

arrows on lower right of Figure 24).  
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3.3: Conclusion 
 

 In summary, a method of oxidative coupling between azide and alkyne to yield 5,5’-

bistriazoles is described. Compared to the existing methods of bistriazole synthesis, the method 

described here provided high conversion with good selectivity for bistriazoles more rapidly in 

addition to a larger substrate scope including aromatic azides, which have not been reported to be 

transformed to bistriazoles previously. The reported method can provide bistriazoles efficiently 

with a reasonably broad scope quickly in addition to isolated yields ranging from moderate (45-

65%) to good (65-90%). Further escalation of the selectivity towards the bistriazole and 

consequently its isolated yield is likely at the expense of longer reactions at lower temperatures. 

The mechanism most likely includes a reductive elimination of two triazolides from a high 

valency copper center or cluster. The structurally rigid, axially chiral bistriazoles derived from 

aryl azide and aryl alkyne could be developed into chiral ligands in assisting asymmetric 

catalysis 

 

3.4: Experimental Information 

3.4.1: Materials and General Methods 

Warning! Low-molecular-weight organic azides and copper(II)perchlorate hexahydrate used in 

this study are potentially explosive. Appropriate protective measures should always be taken 

when handling these materials.  Reagents and solvents were purchased from various commercial 

vendors and were used without further purification unless otherwise stated.  Cu(ClO4)2
.6H2O was 

dried in a vacuum oven at 40-70oC overnight and stored in a dry keeper before use. Analytical 

TLC was performed on plates pre-coated with silica gel 60 F254. Flash column chromatography 

was performed by using 40-63 µm silica gel or alumina (80-200 mesh, pH 9-10) as the stationary 
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phases. Before use, the silica gel were flame-dried under vacuum to remove absorbed moisture. 

1H NMR spectra were recorded at 500 MHz on Bruker spectrometers, respectively. 13C spectra 

were recorded at 125 MHz on Bruker spectrometers. The chemical shifts (δ) are reported in parts 

per million relative to the residual CDCl3 as internal standard.  

 

3.4.2: Synthesis of Benzyl Azide 
 

 
Benzylazide purchased from various vendors gave inconsistent results, suggesting that batch-to-

batch impurities affect the reaction outcome differently. Therefore, the benzylazide used in this 

study was prepared in-house. Benzylbromide (5.06 g, 29 mmol) was dissolved in DMF (10 mL) 

in a 100-mL round-bottom flask equipped with a magnetic stir bar and a condenser. To this 

solution NaN3 (4.86 g, 74 mmol) was added, and the mixture was heated at 100 °C for overnight. 

After the solution was cooled down to rt, the reaction mixture was diluted with EtOAc (70 mL), 

transferred to a separation funnel, and washed with a saturated NH4Cl solution (30 mL x 5), 

followed by washing with a saturated NaCl solution (30 mL). The organic layer was dried over 

anhydrous Na2SO4, filtered, and concentrated under vacuum. The crude oil was passed through a 

silica plug with hexanes as an eluent. The isolated yield was 73% (2.89 g). 1H NMR (500 MHz, 

CDCl3): δ/ppm: 7.42-7.31 (m, 5H), 4.35 (s, 2H). 

3.4.3: Synthesis of Bistriazoles Derived From Benzyl Azide 

 

Procedure for 3B1 

To a 25-mL round-bottom flask equipped with a magnetic stir bar, benzylazide (73 mg, 0.55 

mmol) in 0.25 mL of solvent was added. While stirring at rt, Cu(II) source (0.025 mmol), base 

(1.0 mmol), and phenylacetylene (51 mg, 0.5 mmol) in 0.25 mL of the solvent were added 
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sequentially. The flask was closed with a rubber septum, and vented with a needle to air. The 

reaction mixture was stirred for 1 h at rt, followed by dilution with EtOAc (50 mL), and filtration 

through a pad of alumina gel. The resulting solution was transferred to a separation funnel, and 

the organic layer was washed with a saturated NaCl solution before being dried over anhydrous 

Na2SO4. Following filtration, the solution was concentration under reduced pressure. 1H NMR of 

the residue was acquired, based on which the conversion and selectivity from the limited reagent 

phenylacetylene was calculated using the following equations 

 

 

 
To a 25-mL round-bottom flask equipped with a stir bar, benzylazide (0.133 g, 1.00 mmol) was 

added and dissolved in MeOH (0.25 mL). Cu(OAc)2⋅H2O (5 mg, 0.025 mmol, 5 mol % of the 

limiting reagent alkyne), and K2CO3 (0.138 g, 1.00 mmol) were added. An alkyne (0.5 mmol) is 

dissolved in MeOH (0.25 mL), and added dropwise via a syringe over 10 min to the reaction 

mixture. The reaction mixture was stirred for 3 h at rt under an atmosphere of air. The reaction 

mixture was then diluted with EtOAc (50 mL) and filtered through an alumina gel plug. After 

solvent removal under reduced pressure, the crude product was purified on a silica gel column 

eluted by increasing proportion of EtOAc or DCM in hexanes. For compounds in entries 1-3,and 

5-7 in Table 5 , EtOH was used in place of MeOH, and TBTA (0.013 g, 0.025 mmol, 5 mol % of 

the limiting reagent alkyne) was added before the addition of the alkyne (0.5 mmol). If needed, 

the product can be further purified via trituration using hexanes. 1H NMR (500 MHz, CDCl3): 

δ/ppm 7.44 (d, J = 5.0 Hz, 4H), 7.26-7.18 (m, 6H), 7.13 (t, J = 7.5 Hz, 2H), 7.07 (t, J = 7.5 Hz, 

4H), 6.80 (d, J = 5.0 Hz, 4H), 4.68 (d, J = 15.0 Hz, 2H), 4.62 (d, J = 15.0 Hz, 2H); 13C NMR 
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(125 MHz, CDCl3): δ/ppm 148.0, 133.1, 129.4, 129.2, 129.0, 129.0, 128.9, 128.4, 126.0, 120.0, 

52.9; HRMS (ESI+) (m/z):  [M+H]+ calcd. for C30H25N6 469.21407, found 469.21238.  
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B, H, and A are the integration values of the CH2 peak derived from benzylzide in bistriazole, 

protiotriazole, and alkynyltriazole, respectively. Y is the integration value of the C(sp)-H peak 

from unreacted alkyne starting material.  

 

 
 

To a 25-mL round-bottom flask equipped with a stir bar, benzylazide (0.133 g, 1.00 mmol) was 

added and dissolved in MeOH (0.25 mL). Cu(OAc)2⋅H2O (5 mg, 0.025 mmol, 5 mol % of the 

limiting reagent alkyne), and K2CO3 (0.138 g, 1.00 mmol) were added. An alkyne (0.5 mmol) is 

dissolved in MeOH (0.25 mL), and added dropwise via a syringe over 10 min to the reaction 

mixture. The reaction mixture was stirred for 3 h at rt under an atmosphere of air. The reaction 

mixture was then diluted with EtOAc (50 mL) and filtered through an alumina gel plug. After 
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solvent removal under reduced pressure, the crude product was purified on a silica gel column 

eluted by increasing proportion of EtOAc or DCM in hexanes. For compounds in entries 1,2,3,5-

7 EtOH was used in place of MeOH, and TBTA (0.013 g, 0.025 mmol, 5 mol % of the limiting 

reagent alkyne) was added before the addition of the alkyne (0.5 mmol). If needed, the product 

can be further purified via trituration using hexanes. H NMR: (500 MHz, CDCl3) δ/ppm: 7.35-

7.32 (m, 4H), 7.17-7.14 (m, 2H), 7.11-7.08 (m, 4H), 6.87-6.84 (m, 4H), 6.82-6.80 (m, 4H), 4.74 

(d, J = 15 Hz, 2H), 4.62 (d, J = 15 Hz, 2H) 13C NMR: (125 MHz, CDCl3) δ/ppm: 163.0 (d, J = 

248.0 Hz), 147.2, 132.9, 128.9, 128.2, 127.6 (d, J = 8.25 Hz), 125.3 (d, J = 2.9 Hz), 119.4, 116.0 

(d, J = 21.7 Hz), 52.9.HRMS (ESI+) (m/z): [M+H]+ calcd. for C30H23F2N6 505.19523, found 

505.19584.  Appearance/yield: White solid, 63% yield (79.1 mg) 

The selectivity of the reaction was 82% bistriazole, 14% protio triazole, 4% alkynylated triazole 

with 0.6% alkyne starting material present, 99.4% conversion. Purified on silica gel column with 

Hexanes/DCM/ ethyl acetate: 90/5/5-80/10/10-50/50/0-40/60/0-30/70/0. 

 

 

 
 
1H NMR: (500 MHz, CDCl3) δ/ppm: 1H NMR (500 MHz, CDCl3): δ/ppm 8.56 (dd, J = 2.5, 1.0 

Hz, 2H), 8.43 (dd, J = 4.5, 1.5 Hz, 2H), 7.55 (ddd, J = 8.0, 2.0, 1.5 Hz, 2H), 7.11-7.04 (m, 8H), 

6.83 (dd, J = 8.0, 1.5 Hz, 4H), 4.95 (d, J = 15.0 Hz, 2H), 4.61 (d, J = 15.0 Hz, 2H);13C NMR: 

(125 MHz, CDCl3) δ/ppm: 149.8, 146.7, 145.5, 132.7, 132.6, 129.2, 129.0, 128.0, 125.2, 123.6, 

119.8, 53.2.  HRMS (ESI+) (m/z): [M+H]+ calcd. for C28H23N8 471.20457 found 471.20417. 
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Appearance/yield: white solid, 67% yield (78.8mg,). The reaction produced Conversion;100% 

with  selectivity of 79% bistriazole, 8% protio triazole, and 13% alkynylated triazole. The crude 

reaction mixture was purified on a sislica gel column with DCM/Ethyl Acetate: 90/10-85/15-

80/20/75/25-70/30-60/40. 

 

 
Tan solid isolated in 62% yield (71 mg), 1H NMR: (500 MHz, CDCl3) δ/ppm: 8.39 (d, J = 5.1 

Hz, 4H), 7.15-7.08 (m, 10H), 6.83 (d, J = 6.8 Hz, 4H), 4.91 (d, J = 14.8 Hz, 2H), 4.61 (d, J = 

14.8 Hz, 2H). 13C NMR:  (125 MHz, CDCl3) δ/ppm: 150.4, 145.6, 136.1, 132.3, 129.4, 129.1, 

128.1, 120.7, 119.5, 53.2.HRMS (ESI+) (m/z): [M+H]+ calcd. for C28H23N8 471.20457 found 

471.20406  Melting point = 155 – 156oC.  

The selectivity of the react was 77% bistriazole, 18% protiotriazole, and 5%alkynylated with 

100% conversion.  The purification of the reaction used a flame dried silica gel column with 

Hexanes/EtOAc: 2/1-1/1-3/7. 

 

 
White solid isolated in 58% yield (77.7 mg),   1H NMR: (300 MHz, CDCl3) δ/ppm: 7.35 (d, J = 

9.0 Hz, 4H), 7.15-7.05 (m, 6H), 6.80 (d, J = 7.8 Hz, 4H), 6.72 (d, J = 8.4 Hz, 4H), 4.67 (d, J = 

N
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14.4 Hz, 2H), 4.60 (d, J = 15.0 Hz, 2H), 3.75 (s, 6H).  13C NMR: (125 MHz, CDCl3) δ/ppm: 

160.0, 147.8, 133.2, 128.8, 128.6, 128.2, 127.2, 121.9, 119.1, 114.4, 55.3, 52.6.  HRMS (ESI+) 

(m/z): [M+H]+ calcd. for C32H29N6O2   529.23520 found 529.23579. 

The selectivity of the react was 82% bistriazole, 7% protio triazole and 11% alkynylated triazole, 

with no sign of alkyne starting material in the crude NMR.  The purification of the reaction use a 

flame dried silica gel column with DCM/ Hexanes solvent mixture.  A gradient was used 

(DCM/Hexanes) 70/30-80/20-90/10-95/5-100 DCM-DCM 99%/ EtOAc 1%. 

 

 

 
 

White solid isolated in 60% yield (81.2 mg).  1H NMR: (300 MHz, CDCl3) δ/ppm: 7.29-7.26 (m, 

4H), 7.17-7.06 (m, 10H), 6.81 (d, J = 7.2 Hz, 4H), 4.76 (d, J = 15.0 Hz, 2H), 4.61 (d, J = 15.0 

Hz, 2H).  13C NMR:  (125 MHz, CDCl3) δ/ppm: 147.0, 135.1, 132.8, 129.3, 129.0, 128.2, 127.6, 

127.0, 119.7, 53.0.  HRMS (ESI+) (m/z): [M+H]+ calcd. for C30H23Cl2N6 537.13612, found 

537.13664. 

The selectivity of the reaction was 86% bistriazole, 10% protio triazole, and 4% alkynylated 

triazole with no sign of alkyne starting material in the crude NMR.The crude reaction mixture 

was purified on a silica gel column with hexanes/ ethyl acetate: 90/10-85/15-80/20-75-25-70/30. 
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1H NMR: (500 MHz, CDCl3) δ/ppm: 7.28 (d, J = 8.5 Hz, 4H), 7.20-7.15 (m, 6H), 7.09 (t, J = 7.4 

Hz, 4H), 6.80 (d, J = 7.6 Hz, 4H), 4.75 (d, J = 14.9 Hz, 2H), 4.61 (d, J = 14.9 Hz, 2H)  13C 

NMR:  (125 MHz, CDCl3) δ/ppm: 147.0, 132.7, 132.2, 128.9, 128.1, 127.9, 127.1, 123.2, 119.6, 

52.9. HRMS (ESI+) (m/z): [M+H]+ calcd. for C30H23
79Br81BrN6 627.03305 found 627.03506 

Appearance/yield: white solid, 72% yield (111.9mg) 

The selectivity of the reaction was 90% bistriazole, 6% protio triazole, and 4% alkynylated 

triazole.  There was no sign of alkyne starting material in the crude NMR. The reaction was 

purified on a flame dried silica gel column with DCM/hexanes as the solvent system.  The 

purification required a gradient of the solvent system (DCM/hexanes): 60/40-70/30-80/20-90/10. 

 

 
 

Light peach solid isolated in 68% yield (88.0 mg).  1H NMR: (500 MHz, CDCl3) δ/ppm: 7.41 (d, 

J = 10.0 Hz, 4H), 7.37 (d, J = 10.0 Hz, 4H), 7.16-7.06 (m, 6H), 6.82 (d, J = 7.2 Hz, 4H), 4.90 (d, 

J = 15.0 Hz, 2H), 4.60 (d, J = 15.0 Hz, 2H);. 13C NMR:  (125 MHz, CDCl3) δ/ppm: 146.2, 133.2, 

132.8, 132.5, 129.3, 129.1, 128.2, 126.0, 120.4, 118.3, 112.5, 53.3.  HRMS (ESI+) (m/z): 

[M+ACN+NA]+ calcd. for C34H25N9Na1 582.21306 found 582.21205 

The selectivity of the reaction was 77% bistriazole, 13% protio triazole, and 10% alkynylated 

triazole with no sign of alkyne starting material in the crude NMR. The compound was purified 

on a silica gel column with hexanes/ethyl acetate: 90/10 
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White solid isolated in 66.3% yield (82.3 mg).  1H NMR (500 MHz, CDCl3): δ/ppm 7.32 (d, J = 

8.2 Hz, 4H), 7.14 (t, J = 7.0 Hz, 2H), 7.70 (t, J = 7.5 Hz, 4H), 7.00 (d, J = 8.5 Hz, 4H), 6.79 (d, J 

= 7.5 Hz, 4H), 4.68 (d, J = 14.8 Hz,2H), 4.57 (d, J = 14.8 Hz, 2H), 2.29 (s, 6H). 13C NMR:  (125 

MHz, CDCl3) δ/ppm: 148.0, 138.9, 133.1, 129.7, 128.8, 128.6, 128.3, 126.5, 125.8, 119.7, 52.6, 

21.3.  HRMS (ESI+) (m/z): [M+H]+ calcd. for C32H29N6  497.24537 found 497.24300. 

The selectivity of the reaction as 75% bistriazole, 13% protiotriazole, and 12% alkynylated.  

There was no alkyne starting material in the crude NMR (100% conversion in 3 h). This 

compound was purified on a silica gel column with Hexanes/ EtOAc: 95/5-90/10-88/12 

 

 

 
White solid isolated in 71% yield (96.5 mg) 1H NMR: (500 MHz, CDCl3) δ/ppm: 7.29-7.27 (m, 

6H), 6.89 (d, J = 10.0 Hz, 4H), 4.89 (d, J = 15.0 Hz, 2H), 4.56 (d, J = 15.0 Hz, 2H), 2.12-2.05 

(m, 2H), 1.95-1.89 (m, 2H), 1.43-1.37 (m, 4H), 1.27-1.24 (m, 4H), 1.21-1.17 (m, 10H), 1.16-1.12 

(m, 8H), 0.86 (t, J = 7.5 Hz, 6H);  13C NMR:  (125 MHz, CDCl3) δ/ppm: 150.4, 134.2, 129.1, 

128.9, 127.9, 120.3, 52.5, 31.9, 29.5, 29.3, 29.2 28.8, 25.0, 22.7, 14.2. HRMS (ESI+) (m/z): 

[M+H]+ calcd. for C34H49N6 541.40187 found 541.40117 



70 

The selectivity of the reaction was 80% bistriazole, 13% protiotriazole and 7% alkynyl-triazole.  

The conversion was 100%.  This compound was purified on silica gel column with Hexanes/ 

EtOAc (90/10-85/ 15). 

 

 
A white solid was isolated in 17% yield (32.2 mg). 1H NMR (500 MHz, CDCl3): δ/ppm 7.27-

7.22 (m, 6H), 6.92-6.88 (m, 4H), 5.50 (d, J = 15.0 Hz, 2H), 5.15 (d, J = 15.0 Hz, 2H), 3.07-3.03 

(dd, J = 14.4, 7.2 Hz, 2H), 1.89-1.81 (m, 4H), 1.32-1.39 (m, 2H); 13C NMR (150 MHz, CDCl3): 

δ/ppm 151.0, 134.2, 129.1, 128.9, 127.2, 121.6, 53.3, 27.8, 24.8; HRMS (ESI+) (m/z): [M+H]+ 

calcd. for C22H23N6 371.19842, found 371.19715. MP = 178-179 oC 

This compound was synthesized using (1.0 mmol, 2.0 equiv., 0.132 g.) benzyl azide, (0.05 

mmol, 10 mol %, 0.01 g.) Cu(OAc)2, (0.05 mmol, 10 mol. %, 0.026 g.) TBTA, (1.0 mmol, 2.0 

equiv., 0.141 g.) potassium carbonate, (0.5 mmol, 1.0 equiv., 0.053 g.) 1,7-octadiyne in (1.0ml) 

MeOH at room temperature under an atmosphere of oxygen for 3 hours. This compound was 

purified on a silica gel column with hexanes/ethyl acetate: 67/33, 50/50. 

 

 
A white solid was isolated in 52% yield (61.6 mg). 1H NMR (600 MHz, CDCl3): δ/ppm 7.28-

7.22 (m, 6H), 6.92 (d, J = 6.6 Hz, 4H), 5.75-5.72 (m, 2H), 4.71 (d, J=14.4 Hz, 2H), 4.60 (d, J = 

14.4 Hz, 2H), 2.23-2.18 (m, 2H), 2.11-2.06 (m, 2H) 1.96-1.91 (m, 2H), 1.85-1.79 (m, 2H), 1.55-
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1.48 *m, 4H), 1.48-1.41 (m, 4H).; 13C NMR (150 MHz, CDCl3): δ/ppm 149.4, 133.7, 128.9, 

128.8, 128.4, 127.9, 127.5, 127.4, 119.2, 52.4, 25.8, 25.4, 22.3, 21.7. HRMS (ESI+) (m/z): 

[M+H]+ calcd. for C30H33N6 477.27667, found 477.27759. 

The selectivity of the reaction was 85% Bistriazole, 10% protiotriazole and 5% alkynyl- triazole, 

with 100% conversion and purified on silica gel column with Hexanes/EtOAc=10/1-9/1-8/1. 

3.5.5: Synthesis of bistriazoles derived from aromatic azides 

General procedure 

 

To a 25-mL round-bottom flask equipped with a stir bar, 4-azido toluene (0.133 g, 1.00 mmol) 

was added and dissolved in MeOH (0.25 mL). Cu(OAc)2⋅H2O (5 mg, 0.025 mmol, 5 mol % of 

the limiting reagent alkyne), TBTA (54.0 mg, 0.1 mmol),  K2CO3 (0.138 g, 1.00 mmol) were 

added. An alkyne (0.5 mmol) is dissolved in MeOH (0.25 mL), and added dropwise via a syringe 

over 10 min to the reaction mixture. The reaction mixture was stirred for 3 h at rt under an 

atmosphere of oxygen. The reaction mixture was then diluted with EtOAc (50 mL) and filtered 

through an alumina gel plug. After solvent removal under reduced pressure, the crude product 

was purified on a silica gel column eluted by increasing proportion of EtOAc or DCM in 

hexanes. For compounds in entries 3, 6, 13, 15, EtOH was used in place of MeOH. If needed, the 

product can be further purified via trituration using hexanes.  

 
 

Yellow solid isolated in 59% yield (68.4 mg).  1H NMR: (300 MHz, CDCl3) δ/ppm: 7.66-7.63 

(m, 4H), 7.33-7.30 (m, 6H), 7.01 (d, J = 9.0 Hz, 2H), 6.75 (d, J = 9.0 Hz, 2H), 2.32 (s, 6H); 13C 

NMR: (125 MHz, CDCl3) δ/ppm: 148.1, 140.0, 133.0, 129.9, 129.4, 129.1, 129.0, 126.3, 123.8, 
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121.0, 21.1. HRMS (ESI+) (m/z): [M+H]+ calcd. for C30H25N6 469.21407, found 469.21425. 

Melting point= 203-204oC 

The selectivity was 63% Bistriazole, 12% protiotriazole and 25% alkynylated triazole, with 97% 

conversion and purified on silica gel column with Hexanes/EtOAc=95/5, 90/10. 

 

 
 

White solid isolated in 63% yield (83.2 mg) 1H NMR: (500 MHz, CDCl3) δ/ppm: 7.62-7.60 (m, 

4H), 7.31-7.29 (m, 6H), 7.04 (d, J=8.5 Hz, 4H), 6.75 (d, J =8.5 Hz, 4H), 2.87 (sept, J = 6.5 Hz, 

2H), 1.21(d, J=6.5 Hz, 12H) 13C NMR: (125 MHz, CDCl3) δ/ppm: 150.7, 148.1, 133.2, 129.5, 

129.1, 129.0, 127.4, 126.5, 123.8, 121.1, 33.9, 24.0, 23.9. HRMS (ESI+) (m/z): [M+H]+ calcd. 

for C34H33N6 525.27667 found 525.27528.  Melting point = 204 – 205oC 

The selectivity of the reaction was 17% alkynylated, 18% protio, 65% bistriazole and there was 

no sign of alkyne starting material in the crude extraction NMR. The crude oil was purified on a 

silica gel column using hexanes/ethyl acetate: 40/1. 

 
 

White solid isolated in 52% yield (7.2 mg).  1H NMR: (500 MHz, CDCl3) δ/ppm: 7.53 (d, J = 8.8 

Hz, 4H), 7.28 (d, J = 8.8 Hz, 4H), 7.05 (d, J =8.2 Hz, 4H), 6.73 (d, J = 8.5 Hz, 4H), 2.92-2.84 (m, 
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2H), 1.22 (d, J = 8.0 Hz, 12H).  13C NMR:  (125 MHz, CDCl3) δ/ppm: 151.0, 146.9, 135.2, 

133,0, 129.4, 127.8, 127.6, 127.5, 123.7, 120.8, 33.9, 23.9, 23.8.  HRMS (ESI+) (m/z): [M+H]+ 

calcd. for C34H31Cl2N6 593.19872, found 593.20151.  Melting point = 233 - 234oC 

The selectivity of the reaction as 72% bistriazole, 19% protiotriazole, and 9% alkynylated.  

There was no sign of alkyne starting material in the crude NMR (100% conversion in 3 h).  This 

compound was purified by washing with 3ml of diethyl ether then silica gel column with 

Hexanes/ DCM:30/70-40/60-50/50-60/40-70/30-80/20-90/10-100/0.  

 

 
 

Yellow powder isolated in 59% yield (74.8 mg).  1H NMR: (500 MHz, CDCl3) δ/ppm: 7.67-7.65 

(m, 4H), 7.35-7.32 (m, 6H), 6.79 (d, J = 8.6 Hz, 4H), 6.72 (d, J = 7.3 Hz, 4H), 3.78 (s, 6H). 13C 

NMR: (125 MHz, CDCl3) δ/ppm: 160.3, 148.0, 129.4, 129.1, 129.0, 128.3, 126.3, 125.4, 121.1, 

114.4, 55.6. HRMS (ESI+) (m/z): [M+H]+ calcd. for C30H25N6O2 501.20390, found 501.20237. 

Melting point = 185-186oC 

The selectivity of the reaction is 69% bistriazole, 11% protio-triazole, and 20% alkynyl triazole.  

There was no sign of alkyne starting material (100% conversion 3h). This compound was 

purified on silica gel column with Hexanes/ EtOAc :90/10-85/15-80/20. 
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Brown solid isolated in 55% yield (80.9 mg)  1H NMR: (500 MHz, CDCl3) δ/ppm: 7.69 (d, J = 

8.6 Hz, 4H), 6.84 (d, J =8.8 Hz, 4H), 6.75 (d, J = 8.8 Hz, 4H), 6.71 (d, J = 8.7 Hz, 4H), 3.81 (s, 

6H), 3.01 (s, 12H). 13C NMR: (125 MHz, CDCl3) δ/ppm: 160.1, 150.6, 148.7, 128.7, 127.2, 

125.5, 119.6, 117.3, 114.3, 112.4, 55.6, 40.3. HRMS (ESI+) (m/z): [M+H]+ calcd. for 

C34H35N8O2 587.28830, found 587.28676. Melting point = 243 -245oC.  

quantum yield is 16.5%. 

The selectivity of the reaction is 69% bistriazole, 18% protio-triazole, 13% alkynylated.  There 

was no sign of alkyne starting material (100% conversion 3h). This compound was purified on 

silica gel column with Hexanes/ EtOAc :85/15-80/20-70/30. 

 

 
 

Yellow solid isolated in 70% yield (103.6 mg).   1H NMR: (500 MHz, CDCl3) δ/ppm: 7.58 (d, J = 

8.6 Hz, 4H), 7.31 (d, J = 8.6 Hz, 4H), 6.75 (d, J = 9.1 Hz, 4H) 6.73 (d, J = 9.1 Hz, 4H), 3.79 (s, 

6H). 13C NMR:  (125 MHz, CDCl3) δ/ppm: 160.5, 146.9, 135.3, 129.5, 128.1, 127.7, 127.4, 

125.4, 120.9, 114.6, 55.7.  HRMS (ESI+) (m/z): [M+H]+ calcd. for C30H23
35Cl2N6O2 569.1295 

found 569.12538.  

The selectivity of the reaction as 75% bistriazole, 13% protiotriazole, and 12% alkynylated.  

There was no sign of alkyne starting material in the crude NMR (100% conversion in 3 h). This 

compound was purified on silica gel column with Hexanes/ EtOAc (84/16) 
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White solid isolated in 62% yield (86.8 mg).  1H NMR: (500 MHz, CDCl3) δ/ppm: 7.23 (t, J = 8 

Hz, 4H), 6.94 (t, J = 7.2 Hz, 2H), 6.78 (d, J = 8.5Hz, 4H), 6.63 (q, J = 3.5, 9.5Hz, 8H), 5.27 (s, 

4H), 3.77 (s, 6H). 13C NMR:  (125 MHz, CDCl3) δ/ppm: 160.3, 157.7, 145.2, 129.7, 128.5, 

125,2, 123.3, 121.7, 114.7, 114.4, 61.5, 55.7. HRMS (ESI+) (m/z): [M+H]+ calcd. for 

C32H29N6O4 561.22503, found 561.22480. 

The selectivity of the reaction as 76% bistriazole, 10% protiotriazole, and 14% alkynylated.  

There was no alkyne starting material in the crude NMR (100% conversion in 3 h).  This 

compound was purified on a silica gel column with hexanes/ethyl acetate: 80/20. 

 

 
White solid isolated in 52% yield (74.3 mg).  1H NMR: (500 MHz, CDCl3) δ/ppm: 6.83 (d, J = 

7.5 Hz, 4H), 6.75 (d, J =7.5 H, 4H), 3.80 (s, 6H), 2.59-2.47 (m, 4H), 1.69-.157 (m, 4H), 1.32-

1.24 (m, 22H), 0.87 (t, J = 10 Hz, 6H).  13C NMR:  (125 MHz, CDCl3) δ/ppm: 160.0, 149.2, 

129.1, 124.7, 121.4, 114.5, 77.2, 55.7, 31.9, 29.6, 29.4, 29.3, 28.9, 25.4, 22.7, 12.2.  HRMS 

(ESI+) (m/z): [M+H]+ calcd. for C34H49N6O2  573.39135, found 573.39170. 
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The selectivity of the reaction as 60% bistriazole, 26% protiotriazole, and 14% alkynylated.  

There was no alkyne starting material in the crude NMR (100% conversion in 3 h).  This 

compound was purified on a silica gel column with hexanes/ethyl acetate:10/1- 9/1-8/2 

 

 
 

White solid isolated in 45.5% yield (60.5 mg).  1H NMR: (600 MHz, CDCl3) δ/ppm: 6.89 (d, J = 

8.2 Hz, 4H), 6.80 (d, J = 8.4 Hz, 4H), 3.81 (s, 6H), 3.81-3.51 (m, 4H), 2.59-2.54 (m, 2H), 2.53-

2.47 (m, 2H), 1.85-1.77 (m, 6H), 1.76-1.70 (m, 2H). 13C NMR:  (150 MHz, CDCl3) δ/ppm: 

160.2, 148.4, 129.0, 124.8, 121.4, 114.6, 55.7, 44.5, 32.2, 26.0, 24.6.  HRMS (ESI+) (m/z): 

[M+H]+ calcd. for C26H31Cl2N6O2 529.18836, found 529.18855.  

The selectivity of the reaction as 67% bistriazole, 24% protiotriazole, and 9% alkynylated.  

There was no alkyne starting material in the crude NMR (100% conversion in 3 h).  This 

compound was purified on a silica gel column with hexanes/ethyl acetate: 4/1-3/1. 

 

 
 

White solid isolated in 46% yield (58.8 mg). 1H NMR: (600 MHz, CDCl3) δ/ppm: 6.78 (d, J =7.8 

Hz, 4H), 6.74 (d, J =  8.4 Hz, 4H), 3.79 (s, 6H),2.42 (t, J = 11.4Hz, 2H), 1.89-1.76 (m, 8H), 1.73 

(t, J = 11.4 Hz, 4H), 1.53 (d, J = 13.2 Hz, 26H), 1.36-1.18 (m, 6H).  13C NMR:  (150 MHz, 
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CDCl3) δ/ppm: 160.0, 153.5, 129.2, 124.9, 120.5, 114.5, 55.7, 35.3, 32.7, 26.5, 25.7.  HRMS 

(ESI+) (m/z): [M+H]+ calcd. for C30H37N6O2 513.29780, found 513.29746. 

The selectivity of the reaction as 71% bistriazole, 17% protiotriazole, and 12% alkynylated.  

There was no alkyne starting material in the crude NMR (100% conversion in 3 h).  This 

compound was purified on a silica gel column with hexanes/ethyl acetate: 8/1-7/1-6/1. 

 

 
 

Orange solid isolated in 62% yield (77 mg).  1H NMR: (500 MHz, CDCl3) δ/ppm: 7.70-7.67 (m, 

4H), 7.35-7.32 (m, 6H), 7.13 (t, J = 8.1 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 6.46 (d, J = 7.5 Hz, 

2H), 6.38 (t, J = 2.2 Hz, 2H), 3.54 (s, 6H).  13C NMR: (125 MHz, CDCl3) δ/ppm: 160.2, 148.3, 

136.3, 130.1, 129.3, 129.2, 126.4, 121.1, 116.5, 115.9, 109.1, 55.4.  HRMS (ESI+) (m/z): 

[M+H]+ calcd. for C30H25N6O2   501.20390  found 501.20479.  

The selectivity of the reaction as 72% bistriazole, 18% protiotriazole, and 10% alkynylated.  

There was no sign of alkyne starting material in the crude NMR (100% conversion in 3 h). This 

compound was purified on a silica gel column with Hexanes/ EtOAc: 10/1-9/1 
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Light yellow solid isolated in 54% yield (77.6 mg).  1H NMR: (600 MHz, CDCl3) δ/ppm: 7.12 (t, 

J =8.1 Hz, 2H), 6.85 (d, J =8.1Hz , 2H), 6.42 (t, J= 2.1 Hz, 2H), 6.39-6.37 (m, 2H), 3.66 (s, 6H), 

2.69-2.63 (m, 2H), 2.60-2.53 (m, 2H), 1.75-1.67 (m, 2H), 1.66-1.58 (m, 2H), 1.37-1.31 (m, 4H), 

1.30-1.23 (m, 16H), 0.87 (t, J = 7.1 Hz, 6H). 13C NMR:  (150 MHz, CDCl3) δ/ppm: 160.3, 149.3, 

137.0, 130.1, 121.4, 115.4, 115.1, 108.9, 55.4, 31.9, 29.7, 29.4, 29.3, 29.0, 25.4, 22.7, 14.1. 

HRMS (ESI+) (m/z): [M+H]+ calcd. for C34H49N6O2 573.39170, found 573.39200 

The selectivity of the reaction as 72% bistriazole, 18% protiotriazole, and 10% alkynylated.  

There was no sign of alkyne starting material in the crude NMR (100% conversion in 3 h). This 

compound was purified on a silica gel column with Hexanes/ EtOAc: 10/1-9/1. 

 

 
 

Yellow solid isolated in 52% yield (80.0 mg).  1H NMR: (500 MHz, CDCl3) δ/ppm: 7.99 (d, J = 

8.0 Hz, 4H), 7.73 (d, J = 7.5 Hz, 4H), 7.14 (t, J = 8.5 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H), 6.42 (d, 

J= 7.5 Hz, 2H) 6.37 (s, 2H), 3.90 (s, 6H), 3.58 (s, 6H).  13C NMR:  (125 MHz, CDCl3) δ/ppm: 

166.5, 160.3, 147.1, 136.1, 133.4, 130.7, 130.6, 130.5, 130.3, 126.2, 121.6, 116.5, 115.7, 109.4, 

55.5, 52.5, 52.4. HRMS (ESI+) (m/z): [M+H]+ calcd. for C34H29N6O6 617.21486, found 

617.21491. 

The selectivity of the reaction as 66% bistriazole, 29% protiotriazole, and 5% alkynylated.  

There was no sign of alkyne starting material in the crude NMR (100% conversion in 3 h).  This 

compound was purified on a silica gel column with Hexanes/ EtOAc: 5/1. 
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Off-white solid isolated in 51% yield (64.1 mg). 1H NMR (500 MHz, CDCl3): δ/ppm:7.77-7.75 

(m, 4H), 7.32 (ddd, J = 9.5, 7.5, 1.5 Hz, 2H), 7.25-7.23(m, 6H), 6.77-6.74 (m, 4H), 6.59 (dd, J = 

8.0, 2.0 Hz, 2H), 3.18 (s, 6H); 13C NMR:  (125 MHz, CDCl3) δ/ppm:153.0, 146.7, 131.4, 129.9, 

128.6, 128.5, 128.2, 126.5, 124.3, 123.2, 120.5, 111.5, 55.0. HRMS (ESI+) (m/z): [M+H]+ 

calcd. for C30H24N6Na1O2 523.18584 found 523.18668. 

The selectivity of the reaction as 66% bistriazole, 3% protiotriazole, and 31% alkynylated.  

There was no sign of alkyne starting material in the crude NMR (100% conversion in 3 h).  This 

compound was purified on a silica gel column with Hexanes/ EtOAc: 90/10. 

 

 
Light yellow solid isolated in 61.3 % yield (90.4 mg).  1H NMR: (500 MHz, CDCl3) δ/ppm: 7.99 

(d, J =7.9 Hz, 4H), 7.70 (d, J = 7.8 Hz, 4H), 6.97 (t, J = 8.1 Hz, 4H), 6.88-6.85 (m, 4H), 3.91 (s, 

6H).  13C NMR:  (125 MHz, CDCl3) δ/ppm: 166.4, 163.1, (d, J = 208.2 Hz), 147.3, 133.0, 131.3 

(d, J = 2.5 Hz), 131.0, 130.6, 126.2, 125.8 (d, J = 7.5 Hz), 121.3, 116.9 (d, J = 18.7 Hz) ,52.4.  

HRMS (ESI+) (m/z): [M+H]+ calcd. for C32H23F2N6O4  593.17488, found 593.17350. 

The selectivity of the reaction as 74% bistriazole, 20% protiotriazole, and 6% alkynylated.  

There was no alkyne starting material in the crude NMR (100% conversion in 3 h).This 
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compound was purified on a silica gel column with DCM/ethyl acetate: 100/0-99.5/.5=99/1-

98/2-97/3. 

 

White solid isolated in 53% yield (59.4 mg).  1H NMR (500 MHz, CDCl3): δ/ppm 7.56-7.54 (m, 

4H), 7.34-7.31 (m, 6H), 3.58 (tt, J= 12, 4.0 Hz, 2H), 2.00 (qd, J = 11.8, 3.8 Hz, 2H), 1.88 (qd, J = 

11.8, 3.8 Hz, 2H), 1.82-1.77 (m, 2H), 1.71-1.62 (m, 2H), 1.61-1.57 (m, 2H), 1.38-1.32 (m, 2H), 

1.24-1.07 (m, 4H), 0.89 (qt, J = 13, 3.5 Hz, 2H); 13C NMR:  (125 MHz, CDCl3) δ/ppm: 146.9, 

129.8, 129.2, 129.0, 126.5, 120.0, 59.1, 33.8, 32.6, 25.4, 25.3, 24.8. HRMS (ESI+) (m/z): 

[M+H]+ calcd. for C28H33N6 453.27667, found 453.27547.   

The selectivity of the reaction as 69% bistriazole, 23% protiotriazole, and 8% alkynylated.  

There was no alkyne starting material in the crude NMR (100% conversion in 3 h).  This 

compound was purified on a silica gel column with hexanes/ethyl acetate: 15/1- 14/1-12/1. 

 

 
Orange solid isolated in 81% yield (107.3 mg).  1H NMR (500 MHz, CDCl3): δ/ppm 7.60-758 

(m, 4H), 7.33-7.32 (m, 6H), 7.16 (dd, J = 8.5, 7.5 Hz, 4H), 6.91 (t, J = 7.5 Hz, 2H), 6.51 (d, J = 

8.0 Hz, 4H), 4.41-4.36 (m, 2H), 4.28-4.18 (m, 4H), 4.00-3.96 (m, 2H);  13C NMR:  (125 MHz, 

CDCl3) δ/ppm: 157.5, 147.3, 129.5, 129.4, 129.3, 129.2, 126.2, 121.6, 121.1, 114.5, 65.5, 48.4. 
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HRMS (ESI+) (m/z): [M+H]+ calcd. for C32H28N6Na1O2 551.21714, found 551.21754.  Melting 

point = 165–166oC 

The selectivity of the reaction as 87% bistriazole, 10% protiotriazole, and 3% alkynylated.  

There was no sign of alkyne starting material in the crude NMR (100% conversion in 3 h). This 

compound was purified on a silica gel column with Hexanes/ EtOAc: 85/15-DCM/EtOAc 99/1. 
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CHAPTER 4 
 

RAPID CU(II)-CATALYZED FORMATION OF 5-ALKYNYL-1,2,3-
TRIAZOLES FROM ORGANIC AZIDES AND TERMINAL ALKYNES 

 
 

4.1 Introduction 
 

Synthetic methods for the production of 5-alkynyl-1,2,3-triazoles have been developed 

through variations of the copper catalyzed azide alkyne cycloaddition. A two step procedure has 

been developed through the initial synthesis of 5-iodo-1,2,3-triazoles followed by the palladium 

catalyzed Sonogashira coupling reaction with alkynes.47 The initial publication detailing a one 

reaction process was intended to be a synthetic method for the preparation of triazole through 

diversifying resin bound alkynes.67  Similar to other triazole synthetic methods, an amine ligand 

was employed in the method, which resulted in the production of the 5-alkynl-1,2,3-triazole.1  

Optimization of the conditions through the inclusion of a diamine, and Hunig’s base increased 

the selectivity of the reaction for the alkynyltriazole (Figure 25A) over the protio triazoles 

(Figure 25H).  

 

Synthesis of 5-alkynyl-1,2,3-triazoles by the Rominger group employed 2-azido-ethanol 

in a procedure like no others.  The conditions developed for this method included reacting the 

azide with a symmetric diyne under high temperature (80-110 oC) for 20-24 h. in solvent (DMF, 

toluene, or isobutanol) without a copper salt.68  A more conentional method was developed by 

the Yus group utilizing organic halides, sodium azide and terminal alkynes mediated by Cu2O in 

methanol at r.t.. The optimized conditions produce alkynl triazoles in 6-24 hours with substituted 

benzylic or aliphatic halides with phenylacetylene in 50-90% isolated yields.69   
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Figure 25: Alkynyltriazole (A) and bistriazole (B) are oxidative by-products of the CuAAC.  
Under oxidative conditions with the CuAAC, the alkynyltriazole and bistriazole can 

become the major products. 

 

An ensuing publication described the isolation of 5-alkynyl triazoles as a substantial by-

product from a reaction employing an ynamide in conjunction with benzyl azide and 0.2 

equivalents of CuBr in acetonitrile.70  This discovery by the Li group led to the hypothesis that 

the 5-alkynyltriazole resulted from reductive elimination of triazolide-Cu-acetylide intermediate. 

The Porco group shared this hypothesis, which was sucessfully tested by the Li group through 

the trapping of the copper intermediate with an allyl iodide. A third method for the synthesis of 

the 5-alkynyl-1,2,3-triazoles (A in Figure 26) was developed through elevating the temperature 

(60 oC) with basic conditions (2.0 equiv. KOH) in conjunction with copper catalyzed azide 

alkyne cycloaddition (10 mol % CuBr) for 20 hours.71 This controllable synthesis of 5-alkynyl-

1,2,3-triazoles was followed up with further functionalizations of the alkyne substitution.72  

Under oxidative conditions a reaction with KMnO4 converted the 5-alkynyl-1,2,3-triazole into 5-
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dicartbonyl-1,2,3-triazole (Figure 26, B). Subsequently, through either an oxidation or a 

reduction the dicarbonyl was converted into a carboxyl group (C) or dihydroxyl group (B) 

respectively.  The dihydroxyl can undergo a condensation reaction with benzene-1,2-diamine to 

form a highly used pharmaphore in drug design, the quinoxaline (D). 

 

 

Figure 26: Synthesis and functionalization of 5-alkynyl-1,2,3-triazoles. The initial reaction 
is the CuAAC with basic conditions to produce 5-alkynyl-1,2,3-triazole (A).  The 
alkynyltriazole is then oxidized to produce the 5-dicarbonyl-1,2,3-triazole (B). 5-

dicarbonyl-1,2,3-triazole can be oxidized to 5-carboxyl-1,2,3-triazole (C) or reduced to 5-
hydroxylalkyl-1,2,3-triazole (D).  The hydaroxyl molecule can undergo condensation with 

the diamine to form the qunoxaline (E). 

 

The Lautens group recently developed a one pot-process for the generation of 5-alkynyl-

1,2,3-triazoles through a multicomponent and multicatalyst reaction. The first step is the room 

temperature process which is catalyzed by copper(I) iodide and accelerated by TBTA to form the 

5-iodo-1,2,3-triazole intermediate.  After the formation of the intermediate in 4 h. the palladium 
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cross-coupling reaction follows at an elevated temperature (85 oC) for 15-24 h. The resulting 5-

alkynyl-1,2,3-triazoles are produced in moderate to good yields (39-81%). The alkynyl triazoles 

generated through the CuAAC/Sonogashira process were further functionalized into 

triazolopyridines.73   

 

Through our current efforts, we hope to increase the understanding of formation of the 

alkynyltriazoles while also improving upon the current methods that have been published.  Some 

of the improvements are 1) a shorter reaction time, 2) and a broader substrate scope. 

 

4.2 Results and Discussion 

 

During the base screening for the bistriazole formation, we noticed that applying 1,8-

diazabicycloundec-7-ene (DBU) significantly reduced the amount of bistriazole formed while 

increasing the amount of alkynyltriazole formed (Table 1, entry 1).  A series of conditions were 

screened to optimize the formation of the alkynyltriazole (Table 1).  Entry 2 shows a significant 

increase in alkynyltriazole under an atmosphere of O2 (Table 1, entry 2). Decreasing the initial 

temperature to 0 oC and allowing the temperature to increase to room temperature produced 

another increase in the formation of the alkynyl triazole (Table 1, entry 3). Maintaining a low 

temperature (0 oC)  for 3 h. did not impact the conversion or selectivity of the reaction (Table 1, 

Entry 4). Each reaction that produced the alkynyltriazole as the major product also resulted in a 

large amount of azide remaining.  This resulted from the formation of the alkynyl triazole 

requiring 2 alkynes for every azide.  As a result, the next two reactions involved 2 equivalents of 

the alkyne to 1 of the azide, which resulted in a significant decrease in the formation of the 

alkynyl triazole (Entry 5 and 6).  The final reaction utilized a slight excess of the azide, and 1.0 
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equivalent of base which produced complete conversion of the alkyne into the three possible 

products with the alkynyltriazole being the major product (76%) (Entry 7).   

  

Research conducted by Porco demonstrated that the inclusion of bulky bases such as 

diisopropylethylamine can increase a reaction’s selectivity towards the alkynyltriazole.  As an 

inspiration, large bases were screened using the previously established reaction conditions from 

Table 11.  The last entry in Table 11 (Entry 7) is also the first entry of Table 12.  The screening 

of the bases included 1,4-diazabicyclo[2.2.2]octane (DABCO) which resulted in complete 

conversion of the alkyne (limiting reagent) into the possible products; nonetheless, the main 

product was the protio triazole (H), and the alkynyltriazole was less than 30%.  

Diisopropylethylamine was included in the screening based on the Porco research, but under the 

conditions tested here, the protio triazole was the major product (83%, Entry 3 Table 11) with 

the alkyne starting material being completely consumed.  Pyridine (Entry 4) was another base 

tested.  This particular base produced a low conversion of the 46% (Entry 5) and a low 

selectivity for the alkynyltriazole (24%). The protio triazole was the sole remaining product with 

76%. A bulkier aromatic base, 2,6-lutidene produced 100% conversion but the protio triazole 

was the major product with 94% and the remaining 6% was divided equally amongst the other 

two products, bistriazole and alkynyl triazole.  The last base screened was 1,5-

diazabicyclo[4.3.0]non-5-ene (DBN), and another amidine similar to DBU.  The difference 

structurally between the two is that DBN is a smaller bicyclic compound, by an ethylene. 

 

 In addition, the two compounds have different pka’s for their conjugate acids.  DBU is 

listed as 12 and DBN is 13.5.74 The reaction with DBN produced 95% conversion of the alkyne 

starting material into the possible products.  The selectivity of the visible products was 91% 
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alkynyl triazole, 6% protriazole, and 3% bistriazole. As a consequence of the base screening, 

DBN was employed for all of the substrate tests.  

Table 12: The initial reaction coniditions used for the selective synthesis of 
alkynyltizaoles. 

 

 

 

 

Entry 
Azide/Alkyne 

ratio (M/N) 

DBU  

(x mmol) 
Temp 

Air 

or 

O2 

Conversion 

(%) 

Selectivity 

(B/H/A) 

1 1.1/1 1 Rt Air 100 3/ 69/ 28 

2 1.1./1 1 Rt O2 100 5/ 34/ 61 

3 1.1/1 1 0C-rt O2 100 8/ 20/ 72 

4 1.1/1 1 0C O2 100 9/ 21/ 70 

5 1/ 2 1 0C-rt O2 100 18/ 31/ 51 

6 1/ 2 2 0C-rt O2 100 8/ 46/ 46 

7 1.1/1 0.5 0C-rt O2 100 15 /9/ 76 

 Reaction conditions: Azide (M), Cu(OAc)2 (25 µmoles), DBU (x mmol), Alkyne  

 (N), methanol (0.5 ml), rt or 0 oC, or 0 oC-rt, for 3 h, under O2 or air. 

 

  The substrates tested so far are depicted in Figure 27.  Two successful azides screened 

are, benzyl azide (blue) and 4-azido-anisole (Figure 27). The standard conditions were developed 

employing benzyl azide (Z3).  The aromatic azide (Z7) was tested once. 

 

 Furthermore, a series of alkynes were screened (Figure 28).  Each alkyne was tested with 

benzyl azide. Phenylacetylene (L1) was also tested with Z7. 
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Table 13: Screening of bulky bases for the optimization of conditions for selective 
synthesis of alkynyltriazoles 

 

Entry 
Base 

 (0.5 mmol) 
Structure 

Conversion 
(%) 

Selectivity 
(B/H/A) 

1 DBU 

 

100 15/ 9/ 76 

2 DABCO 

 

100 8/ 64/ 28 

3 DIPEA 

 

 
 

100 12/ 83/ 5 

4 Pyridine 
 

46 0/ 76/ 24 

5 2,6-lutidine 
 

100 3/ 94/ 3 

6 DBN 
  

95 3/ 6/ 91 

  Reaction conditions: azide (0.55 mmol), Cu(OAc)2 (25 µmoles, 5 mol %),  

  DBU (0.5 mmol), Alkyne (0.5 mmol), methanol (0.5 ml), 0 oC-rt, 

   for 3 h, under O2. 

 

 

Figure 27: The classification of the azides used is: benzylic (blue) and aromatic (red).   

 

N3
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3 h, O2
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Figure 28:The classification of the alkynes used is: aromatic (red), and aliphatic (blue). 

 
 Data shown in table 13 depicts efficient reactions for the formation of alkynyltriazoles.  

The entries 1, 5, and 7 do not have data for the diyne (DY) due to the peaks for the dyine and 

alkynyl part of the alkynyltriazole overlap in the aromatic region of NMR.  In addition, table 3 

shows electron rich alkynes react well under the standard conditions (Table 12, entry 6).  4-

Bromophenylacetylene is the lone electron poor alkyne to be tested under standard conditions.  

Upon using methanol, the reaction between benzyl azide and 4-bromophenylacetylene produced 

52% protio and 48% alkynyltriazole under standard conditions.  Switching the solvent to ethanol 

produced a 70% conversion of the alkyne starting material into the products, with 22% protio 

triazole and 78% alkynyltriazole being the lone products identified.  A follow-up reaction was 

run for 5 hours in ethanol and was monitored by TLC every 30 minutes after 3.5 hours until the 

alkyne was not evident, which required 5 hours.  The inclusion of 10 mol % of TBTA with the 

standard conditions in the reaction coupling 4-azido anisole with phenylacetylene (Entry 7) 

selectively produces the desired 5-alkynyl 1,2,3-triazole.   

  

 Moreover, the substrate scope needs to be further studied for aromatic and aliphatic 

azides, in addition to electron poor and aliphatic alkynes. On top of the substrate scope, an 

O N

Br O

L1 L11 L12 L13

L14 L15
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application will increase the impact of this project.  A possible application could be a mixed 

alkynyltriazole, or a cyclic alkynyltriazole.   

 

 Table 14: Synthesis of alkynyltriazoles during initial optimization of conditions.  

 

 

Entry Azide Alkyne Product 
Time 

(h) 

Conversion 
(%) 

Selectivity 
(B/H/A/DY) 

Yield 
(%) 

1a 

 

 

 

3 
100 

0/8/92/0 
57 

2a 

 

 

3.5 
94 

0/9/86/5 
56 

3a 

 
 

 

4 
96 

0/5/85/10 
51 
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Table 14 Continued. 

Entry Azide Alkyne Product 
Time 

(h) 
Selectivity 

(B/H/A/DY) 
Yield 
(%) 

4a 

 

 

3 
82 

0/4/80/16 
40 

6a 

 

 

3 
100 

0/0/92/8 
55 

7a, c 

 

 

3 
97 

0/24/76 
60 

8b 

 

 

5 
99 

0/12/88/0 
48 

Reaction conditions: Azide (0.5 mmol), Cu(OAc)2 (5 mol % of alkyne), DBN (0.5 mmol), 
alkyne (0.5 mmol), MeOH=a or EtOH =b (0.5 ml) 0 oC-rt, 3-5 h, O2. Entry 7 required 10 
mol % TBTA (C ). 

 

4.3: Conclusion 

 In conclusion, the initial development of the selective synthesis of alkynyltriazoles has 

been successful for a small substrate scope.  The use of electron rich alkynes with benzyl azide 

N
N

N

O

4A1
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allows for the alkynyltriazole to be formed with excellent selectivity but with moderate isolated 

yields after purification.  Further understanding of the reaction through a broader substrate scope 

and monitoring the reaction will enhance the project.  Moreover, the impact can be increased 

through discovering an application. 

 

4.4: Experimental Information 

4.4.1: Materials and General Methods 

Warning! Low-molecular-weight organic azides used in this study are potentially explosive. 

Appropriate protective measures should always be taken when handling these materials.  

Reagents and solvents were purchased from various commercial vendors and were used without 

further purification unless otherwise stated.  Analytical TLC was performed on plates pre-coated 

with silica gel 60 F254. Flash column chromatography was performed by using 40-63 µm silica 

gel or alumina (80-200 mesh, pH 9-10) as the stationary phases. Before use, the silica gel was 

flame-dried under vacuum to remove absorbed moisture. 1H NMR spectra were recorded at 500 

MHz on Bruker spectrometers, respectively. 13C spectra were recorded at 125 MHz on Bruker 

spectrometers. The chemical shifts (δ) are reported in parts per million relative to the residual 

CDCl3 as internal standard.  

 

4.4.2: Synthesis of alkynyl triazoles. 

Procedure A: 
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To a 10-mL round-bottom flask equipped with a stir bar, benzyl azide (0.066 g, 0.5 mmol) was 

added and dissolved in absolute MeOH (0.25 mL). The flask was purged with oxygen and a 

septum was added.  The solution was stirred in an ice bath (0 oC). Copper(II) acetate (5 mg, 

0.025 mmol, 5 mol % of the limiting reagent alkyne), and DBN (0.062 g, 0.5 mmol) were added. 

The septum was sealed and an oxygen balloon was added. Phenylacetylene (0.051 g, 0.5 mmol) 

is dissolved in absolute MeOH (0.25 mL), and added dropwise via a syringe to the reaction 

mixture. The reaction mixture was stirred for 3 h at 0 oC to rt, under an oxygen atmosphere. 

Upon completion, the reaction mixture was diluted with EtOAc (50 mL) and washed 3 X 30ml 

of sat. aq. NH4Cl. The organic layer was dried over sodium sulfate, then filtered and solvent 

removal under reduced pressure, the crude product was isolated as a solid. The crude NMR 

(CDCl3, 500MHz) showed 100% conversion, and selectivity of (B/H/A) 0/8/92. The crude 

compound was purified on a short silica gel column with hexanes/ ethyl acetate: 95/5-90/10 

resulting in an isolated yield  of 48.2 mg (57%) as a white solid; 1H NMR (CDCl3, 500MHz) δ 

8.18 (d, 2H, J = 7.6 Hz), 7.51-7.47 (m, 2H), 7.45-7.33 (m, 10H), 5.68 (s, 2H). 13C NMR (CDCl3, 

150 MHz) δ 148.3, 134.9, 131.7, 130.4, 129.8, 129.0, 128.8, 128.7, 128.6, 128.2, 126.3, 121.6, 

117.4, 102.5, 75.7, 53.1.HRMS (ESI+) (m/z): [M+H]+ calcd. for C23H17N3Na 358.13202, found 

358.13065. 
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Isolated yield 49.2mg (56%) as a white solid; 1H NMR (CDCl3, 500MHz) δ 8.11 (d, 2H, J = 9 

Hz), 7.43 (d, 2H, J = 9 Hz), 7.40-7.31 (m, 5H), 6.97 (d, 2H, J = 9 Hz), 6.92 (d, 2H, J = 9 Hz), 

5.64 (s, 2H), 3.86 (s, 3H), 3.85(s, 3H).  13C NMR (CDCl3, 150MHz) δ 160.8, 159.9, 147.8, 

135.0, 133.3, 128.9, 128.5, 128.2, 127.6, 123.3, 116.8, 114.5, 114.2, 113.7, 102.4, 74.7, 55.5, 

55.4, 53.0. HRMS (ESI+) (m/z): [M+H]+ calcd. for C25H21N3NaO2 418.15315, found 

418.15296. 

 

 

Isolated yield 47.3 mg (51%) as a white solid; 1H NMR (CDCl3, 500MHz) δ 8.06 (d, 2H, J = 

8.25 Hz), 7.41-7.31 (m, 2H), 7.26-7.24 (m, 2H), 7.21 (d, 2H, J = 8.35Hz) 5.66 (s, 2H), 2.41 (s, 

3H), 2.38(s, 3H). 13C NMR (CDCl3, 150MHz) δ: 148.2, 140.2, 138.5, 135.0, 131.6, 129.5, 129.4, 

129.0, 128.5, 128.2, 127.7, 126.2, 118.6, 117.2, 102.6, 75.3, 53.0, 21.8, 21.5. 
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 HRMS (ESI+) (m/z): [M+H]+ calcd. for C25H22N3 364.18137, found 364.18035 

 

 

 

Isolated yield 44.3mg (40% as a yellow solid, 1H NMR (CDCl3, 500MHz) δ 8.09 (d, 2H, J = 9 

Hz), 7.42-7.39 (m, 2H), 7.37-7.29 (m, 5H), 6.77 (d, 2H, J = 9 Hz) 6.68 (d, 2H ,J = 9 Hz), 5.62 (s, 

2H), 3.03 (s, 3H), 2.99 (s, 3H).  (CDCl3, 150 MHz)  δ 150.8, 150.5, 147.9, 135.3, 132.8, 128.8, 

128.3, 128.2, 127.1, 116.6, 112.3, 111.8, 108.1, 103.6, 74.3, 52.7, 40.5, 40.2.  

HRMS (ESI+) (m/z): [M+H]+ calcd. for C27H28N5 422.23447, found 422.23359. 

 

 

Isolated yield 53.0 mg (55%) as a white solid; 1H NMR (CDCl3, 500MHz) δ: 7.31-7.26 (m, 7H), 

7.22-7.20 (m, 2H), 7.02-6.95 (m, 6H), 5.47 (s, 2H), 5.13 (s, 2H), 4.93 (s, 2H). 13 C NMR (CDCl3, 

150 MHz) δ: 158.4, 157.3, 146.4, 134.3, 129.7, 129.6, 129.0, 128.7, 128.2, 122.1, 121.4, 120.1, 
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115.1, 97.9, 71.9, 61.2, 56.2, 53.1.HRMS (ESI+) (m/z): [M+H]+ calcd. for C25H21N3NaO2 

418.15315, found 418.15175. 

 

 

The synthesis of 4A1 required 10 mol % of TBTA (in relation to alkyne). Isolated yield 50.3 mg 

(60%) as a white solid; 1H NMR (CDCl3, 500 MHz) δ 8.27 (d, J = 8.45 Hz, 2H), 7.77 (d, J = 8.95 

Hz, 2H), 7.53-7.46 (m, 4H), 7.43-7.38 (m, 4H), 7.08 (d, J = 8.95 Hz, 2H), 3.91 (s, 3H).  13 C 

NMR (CDCl3, 150 MHz) δ: 158.4, 157.3, 146.4, 134.3, 129.7, 129.6, 129.0, 128.7, 128.2, 122.1, 

121.4, 120.1, 115.1, 97.9, 71.9, 61.2, 56.2, 53.1.HRMS (ESI+) (m/z): [M+H]+ calcd. for 

C25H21N3NaO2 418.15315, found 418.15175. 

 

Procedure B: 

To a 10-mL round-bottom flask equipped with a stir bar, benzyl azide (0.066 g, 0.5 mmol) was 

added and dissolved in absolute EtOH (0.25 mL). The flask was purged with oxygen and a 

N
N

N

O

4A1
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septum was added.  The solution was stirred in an ice bath (0 oC). Copper(II) acetate (5 mg, 

0.025 mmol, 5 mol % of the limiting reagent alkyne), and DBN (0.062 g, 0.5 mmol) were added. 

The septum was sealed and an oxygen balloon was added.4-bromophenylacetylene (0.090 g, 0.5 

mmol) is dissolved in absolute EtOH (0.25 mL), and added dropwise via a syringe to the reaction 

mixture. The reaction mixture was stirred for 5 h at 0 
oC to rt, under an oxygen atmosphere. 

Upon completion, the reaction mixture was diluted with EtOAc (50 mL) and washed 3 X 30ml 

of sat. aq. NH4Cl. The organic layer was dried over sodium sulfate, then filtered and solvent 

removal under reduced pressure, the crude product was isolated as a solid. The crude NMR 

(CDCl3, 500MHz) showed 99% conversion, and selectivity of (B/H/A) 0/12/88. The crude 

compound was purified on a short silica gel column with hexanes/ ethyl acetate: 100/0-90/10 

resulting in a white solid in 48% isolated yield (59.4 mg).    

1H NMR (CDCl3, 500 MHz) δ: 8.02 (d, 2H, J = 8.8 Hz), 7.58 (d, 2H, J = 8.8), 7.55 (d, 2H, J = 

8.6) 7.39-7.31 (m, 7H), 5.66 (s, 2H). 13C NMR (CDCl3, 150 MHz) δ: 147.5, 134.6, 133.0, 132.2, 

132.0, 129.3, 129.1, 128.8, 128.2, 127.8, 124.6, 122.9, 120.2, 117.2, 101.8, 76.5, 53.3. HRMS 

(ESI+) (m/z): [M+H]+ calcd. for C23H15Br2N3Na  513.95304, found 513.95393. 

  



98 

CHAPTER 5 
 

SUMMARY 
 

The work described in the previous chapters details the development of  methods to 

synthesize 5-iodo-1,2,3-triazoles (iodotriazoles), 5,5’-bis(1,2,3-triazole)s (bistriazoles), and 5-

alkynyl-1,2,3-triazoles (alkynyl triazoles).  The first method that was developed by the Zhu 

group is the preparation of iodotriazoles from organic azides and terminal alkynes.1   Chapter 2 

details the follow-up study of iodotriazoles, and the extension of the substrate scope to include 

less reactive aliphatic azides that are functionalized with carboxyl and hydroxyl groups.  

Through the application of the optimized conditions, less reactive azides were able to selectively 

produce iodotriazole over protio triazole in ≤6 h. Reaction completion is generally observed 

when the assisting ligand tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) is 

employed.   

 Following the completion of the iodotriazole investigation, the study of 5,5’- bis(1,2,3-

triazole) synthesis was initiated.  The initial synthetic approach coupled two iodotriazoles via 

Cu(0)-mediated Ullmann reaction.  It was determined that neat conditions for 3 hours at 200 oC 

were the optimal conditions; however, even with optimal conditions, both reaction conversion 

and selectivity of bistriazole to unwanted side product, 1,2,3-triazole, were moderate at best.  

Literature pertaining to bistriazoles showed that Burgess and coworkers found the insertion of a 

base to CuAAC reaction conditions leads to the formation of bistriazole.2 It was also noticed that 

in their study the substrate scope was limited and prolonged reaction times were needed. Since 

experiencing difficulties with the Ullmann approach, attention was then focused on improving 

the Burgess bistriazole synthesis. After an extensive base screening study, it was determined that 

the inclusion of K2CO3 in Cu(OAc)2-mediated azide-alkyne cycloaddition conditions results in 
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the formation of a bistriazole as the major product with short reaction times, typically 1-3 hours 

(Figure 1b). In addition, 1,4-disubstituted-1,2,3-triazole and 5-alkynyl 1,2,3-triazole are minor 

products in this synthesis.  The reaction conditions have been developed to selectively produce 

bistriazoles in the range of 80-90%. 

 Successful development of conditions for using aromatic azides to afford bistriazoles, 

which to the best of our knowledge has yet to be reported in literature, has been achieved.  All 

bistriazole targets were fully characterized via common spectroscopy techniques such as NMR 

and mass spectrometry; in addition the crystal structure of selected samples was obtained. When 

aliphatic diynes were used as substrates the formation of macrocycles were encountered. The 

crystal structure of the macrocycle derived from 1,7-octadiyne  and benzyl azide is shown in 

Figure 35. 

 Following the efficient synthesis of 5,5’-bis(1,2,3-triazole)s under oxidative conditions,  

attention was turned to the synthesis of  5-alkynyl-1,2,3-triazoles.  During the screening of bases 

for the optimization of bistriazole synthesis, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) was 

observed to significantly disfavor bistriazole formation while enhancing the formation of the 

alkynyl triazole.  Selectivity towards alkynyl triazole was further increased by lowering reaction 

temperature, changing the atmosphere from air to oxygen and by switching the base from DBU 

to 1,5-diazabicyclo[4.3.0]non-5-ene (DBN). The optimized conditions selectively produced the 

5-alkynyl triazole in 4 hours with >94% overall conversion and 80-93% selectivity when the 

azide is benzyl azide.  An initial study of the formation of 5-alkynyl-1,2,3-triazoles derived from 

aromatic azides was conducted.  Using 4-azido anisole as the azide, 97% conversion of the 

alkyne, was observed with 76% selectivity towards the desired alkynyl triazole product. 1,2,3-

triazole was detected as the only side product. 
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