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ABSTRACT 

The copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction is a prime 

example of “click reaction” that has been widely applied in diverse fields. The 

mechanism of this reaction has been proposed involving di-copper complexes as the 

kinetically favored active species, which are difficult to detect due to the multiple fast 

equilibria between the copper complexes and the instability of copper(I) to 

disproportionation and aggregation.  

We first investigated the intermediates in CuAAC reaction with the widely used 

tris(triazolylmethyl)amine ligand. Using electrospray ionization mass spectrometry (ESI-

MS), we detected unprecedented tri-copper(I) acetylide and triazolide intermediates. By 

linking an alkyne with the ligand, we enriched the di- and tri-copper(I) acetylides in 

aqueous solutions, and quantitatively analyzed the reactivity under stoichiometric and 

catalytic conditions. The di-copper(I) reaction mechanism was energetically preferred 

under stoichiometric conditions, while the tri-copper(I) intermediates are more stable and 

the reaction can go through both pathways under catalytic conditions. We obtained the 

single crystal X-ray diffraction structure of the tri-copper(I) acetylide intermediate 

bearing one tris(triazolylmethyl)amine ligand, which displayed high catalytic activity in 

CuAAC reaction.  

Based on the ESI-MS results and the crystal structure, we proposed the tri-copper(I) 

CuAAC reaction mechanism. Under stoichiometric condition, the tri-copper(I) acetylide 

directly coordinates with azide and generates an azide-acetylide adduct to form the 

triazole ring. Under catalytic condition, the reaction could involve an internal copper(I) 
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dissociation from the acetylide to reduce the steric hindrance. The activation energy of 

the proposed di-copper(I) pathway was calculated 2 kcal/mol lower than the tri-copper(I) 

pathway.  

To study the ligand effect on the oxidative side reaction of CuAAC that caused 

significant damage to biomolecules, we synthesized a series of tripodal amine ligands 

bearing triazole or phenyl substitution groups, which can coordinate to copper(I) with 

five- or six-membered chelating arm length. The best copper(I) ligand in CuAAC 

reaction were screened.  

In addition, we designed a platform for high throughput screening of copper(I) catalyst 

exhibiting high CuAAC activity and high stability. The lead catalyst first generating the 

product upon addition of a low concentration of azide to the library can be identified by 

ESI-MS. The feasibility of this approach was studied using the tris(triazolylmethyl)amine 

ligand.  
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Chapter 1       Literature Review 

1.1 Introduction to CuAAC Reaction 

1.1.1 Discovery 

The Thermal Reaction 

The 1,3-dipolar cycloaddition reactions between a 1,3-dipole and a dipolarophile to form a five-

membered ring, such as an organic azides and an alkyne to form a 1,2,3-trazole, were first termed 

by Rolf Huisgen in the 1960s.1-2 They are generally referred as the “Huisgen cycloaddition”. The 

thermal Huisgen reaction for azide-alkyne cycloaddition is highly exothermic but exhibiting high 

activation barrier that requires elevated temperature to proceed. In addition, the reaction is not 

regioselective and statistically produces a mixture of 1,4 and 1,5 disubstituted 1,2,3-triazoles 

(Scheme 1-1A).3 

 

Scheme 1-1 The Huisgen cycloaddition and the copper(I)-catalyzed azide-alkyne cycloaddition 

The Copper(I)-Catalyzed Azide-alkyne Cycloaddition Reaction 

In 1984, L'abbé discovered the catalytic effect of copper(I) in Huisgen cycloaddition that allowed 

the reaction to proceed at a low temperature with a low reaction yield.4 After almost twenty years, 

the Meldal5 and Sharpless6 groups independently reported the copper(I)-catalyzed azide-alkyne 
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cycloaddition (CuAAC) reactions. The former group employed copper(I) iodide in organic 

solvents for solid phase synthesis of peptidotriazoles, and the latter group conducted the reaction 

in aqueous solutions using in situ reduced copper(I) salts as homogeneous catalysts. The main 

advantages of the copper(I)-catalyzed reaction are the high yield and regioselectivity that 

exclusively produces the 1,4 disubstituted 1,2,3-triazoles with little by-products, the mild reaction 

condition, and the reaction’s high compatibility with most functional groups such as ester, ether, 

amide and thioether. The reactions featuring these unique properties were given the term “Click 

Chemistry” by Sharpless7, which also includes the Diels-Alder addition, nitrile oxide 

cycloaddition, tetrazole cycloaddition, thiol-click reaction (thiol-ene, thiol-yne, thiol-isocaynate 

additions), non-Aldol carbonyl reactions (hydrazone/oxime ether formation, amide/isourea 

formation), and other 1,3-dipolar cycloadditions (metal-catalyzed azide-alkyne cycloadditions, 

strain promoted 1,3-dipolar cycloadditions).8-10 

1.1.2 Applications of CuAAC Reaction 

The excellent stability of the 1,4-disubstituted 1,2,3-triazole product under acid/basic and 

reductive/oxidative conditions makes it an ideal linkage in organic synthesis. In biological system, 

the triazole moiety is resistant to metabolic degradation and acts as a potential mimic of the Z-

amide bond in peptide.11 Besides, the large dipole moment of this heterocycle gives it good 

activity in supramolecular interactions particularly in hydrogen bonding and metal coordination.12 

Therefore, the CuAAC reaction has become a powerful synthetic tool in many fields,13 such as 

drug discovery, bioconjugation and materials science.  

The CuAAC reaction has been used for generating triazole scaffolds in biologically active 

compounds such as antimicrobial drugs and enzyme inhibitors.10-11 These drug candidates were 

mainly obtained through high-throughput screening and fragment-based drug discovery.14  
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Chemical reactions that are orthogonal to the functional groups in biological systems are required 

for modification and labeling of specific biomolecules to elucidate the complex biological 

processes in living system.15 Regardless of the oxidative side reaction and the toxicity issue of 

copper catalyst, CuAAC reaction is an ideal tool for bioorthogonal applications since the alkynes 

and azides are rare in nature, and they are relatively easy to be incorporated to biomolecules.16 

The reaction has now been employed in a wide range of biomolecules, including peptides,17-18 

proteins,19 glycans,20-22 lipids, DNAs23 and RNAs.14  

The CuAAC reaction has also been extensively employed in synthesis and modification of 

polymer and nanoparticle; surface modification, patterning, and lithography; and responsive 

materials self-assembly.8, 24 

1.1.3 Reagents and Catalysts: Properties and Side Reactions 

Three essential components are required for CuAAC reaction: the terminal alkyne, organic azide, 

and the copper(I) catalyst.  

1.1.3.1 Terminal Alkynes 

Terminal alkynes are more acidic than alkenes and alkanes with a pKa values of around 25 for 

methylacetylene. The π-coordination of a copper(I) decreases the pKa of the terminal alkyne by 

~9.8 units, giving sufficient acidity of the alkynyl proton to be removed by water as a weak 

base.25 The Cu-catalyzed oxidative coupling of terminal alkynes (Eglinton variation of Glaser 

coupling)26 is one of the major side reactions of CuAAC in absence of reducing agents, in which 

the terminal alkynes were oxidized by dioxygen catalyzed by the Cu(II)/Cu(I)/O2 redox cycle to 

generate diacetylenes.27 In many cases this reaction was used for in situ generation of copper(I) 

source.28-30  
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1.1.3.2 Organic Azides 

 

Organic azides can be stabilized by a series of resonance structures, among which the most stable 

structure calculated (shown on the right) bears three near-linear arranged nitrogens (∠ N1−N2−N3 

172.5o) and a bent R−N1−N2 angle (115.2o), indicating a bond order of 2.5 between N2 and N3 and 

1.5 between N2 and N1.31 Natural Bond Orbital (NBO) analysis revealed three N3−N orbitals with 

−0.05 charge on N3, and one N1−N orbital with −0.54 charge on N1.32 Therefore, the organic 

azides can easily undergo reaction with electrophiles by the Lewis basic alkylated nitrogen (N1) 

and with nucleophiles by the terminal nitrogen (N3).33 

The Staudinger reaction is the major competing reaction in CuAAC when using phosphine ligand. 

The phosphine ligand can attack the electrophilic terminal nitrogen and form a linear phosphazide, 

which undergoes intramolecular rearrangement to generate intermediate aza-ylide that hydrolyzed 

by water to yield amine and phosphine oxide.34  

Organic azides are thermally decomposable and explosive substances that release N2 upon 

heating, external impact or pressure, especially when the number of carbon is less than that of 

nitrogen atoms. 

1.1.3.3 Copper(I) 

A number of protocols for generating the copper(I) oxidation state have been developed, 

including the direct use of copper(I) salts in organic solvents,5 preformed copper(I)-complexes35 

and polymeric structures,36 copper(0) metals and nanoclusters,37-38 and the by far most frequently 

used in situ generation of copper(I) by reducing copper(II) (CuSO4 or Cu(OAc)2) with a 
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sacrificial reducing agent (e.g., sodium ascorbate), which was first introduced by the Sharpless 

and Fokin group.6, 39 Maintaining the copper(I) oxidation state in air and aqueous solutions is 

challenging, due to the high sensitivity of cuprous ion to oxygen and the propensity of copper(I) 

to disproportionate. The copper(I) catalyst can generate a series of off-cycle inactive species 

including copper(II) (by oxidation), copper(0) (by disproportionation), and multi-copper 

aggregates. Ancillary ligands have been developed to stabilize the copper(I) catalyst in active 

form. 

1.2 Mechanistic Studies on CuAAC Reaction 

1.2.1 Early Mechanistic Studies: the “Mono-copper” Catalytic Cycle 

The mechanism of CuAAC reaction was first proposed by the Fokin group in 2004 from a 

Density Functional Theory (DFT) calculation comparing the thermal and copper(I)-catalyzed 

azide-alkyne cycloaddition.25 The thermal reaction is a concerted process. Activation energies 

(≈26 kcal/mol) are similar for forming 1,4- and 1,5-regioisomers of 1,2,3- triazole. The copper(I)-

catalyzed cycloaddition was proposed as a stepwise process, starting from the formation of mono-

copper azide-acetylide precursor complex (−2.0 kcal/mol), followed by the connection of the first 

N−C bond in the 1,4-disubstitued triazole, generating a six-membered copper(III) metallacycle 

intermediate that undergoes exergonic ring contraction, reductively eliminating the copper 

through a low activation barrier (3.2 kcal/mol). The first N−C bond formation step has an 

activation energy of 18.7 kcal/mol, which is 7 kcal/mol lower than the thermal reaction, in 

agreement with the 7-to-8-orders-of-magnitude rate acceleration in the copper(I)-catalyzed 

process. 
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1.2.2 The “Di-copper” Model 

 

Scheme 1-2 General di-copper catalytic cycle in CuAAC reaction 

In the general scheme, the overall rate of a stepwise reaction is determined by the rate of the 

slowest step rather than the sum of velocity of each elementary steps. Regardless of the influence 

of product during the initial stage, the rate order of reaction (the relationship between the reaction 

rate and concentration) with respect to reagents and catalysts is determined by the molecularities 

of active species in the rate-limiting step(s). 

The rate-limiting step for converting alkyne and azide to triazole was first experimentally 

investigated by Rodionov et al. who studied the reaction kinetics without ancillary ligands.40 With 

in situ generated copper(I) (from CuSO4 and sodium ascorbate) in 80% DMSO and 20% water, 

the reaction rate law is first order in azide, between first- and second-order in alkyne, and second-

order in copper(I) (under catalytic condition with addition of trace amount of triazole ligand). A 

rational di-copper(I) catalytic cycle was proposed (Scheme 1-2) based on these findings and the 

mono-copper(I) model. The reaction goes through the deprotonation of alkyne to form di-copper 
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acetylide, generation of azide-alkyne-copper precursor complex, nucleophilic attack from the 

acetylide to the terminal nitrogen of azide that generates the metallacycle intermediate, and 

elimination of one copper to form a copper-triazolide, followed by protonation to yield the 

product and regenerate the Cu catalyst. The CuAAC reaction involving ancillary ligands was 

investigated in the later studies. 

1.2.3 Reaction Orders in Reagents and Catalysts by Initial Rate Studies 

1.2.3.1 Azide 

The coordination of azide with copper(I) to form the azide-acetylide precursor complex is a fast 

process in some cases that reaches pre-equilibrium before the rate-limiting step(s). For example, 

when the reaction was performed in water41 or using a copper(I)-chelating azide,30 a zero-order 

kinetics in azide was observed. However, the azide-coordination step can be rate-limiting in the 

presence of competing ligands (e.g., PPh3, Cl−), in which first-order rate dependence on the 

concentration of azide was observed.41-42  

1.2.3.2 Alkyne 

In presence of strong-coordinating ancillary ligands or solvents that inhibit the alkyne-copper(I) 

binding, formation of the copper(I)-alkyne complex or the following deprotonation step turns to a 

rate-limiting step. Strong copper(I) ligands such as tris(2-benzimidazolylmethyl)amine ((Bim)3, 

Chart 1-1) showed first order in alkyne in Tris buffer (containing Tris base and Cl−) and 0.6 order 

in water or KCl solution,41 and strong coordinating solvents such as acetonitrile turned the alkyne 

into second-order, indicating two alkyne molecules taking part in the rate-determining step.30 

Weakly coordinating ligands such as tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine (TBTA, 

Chart 1-1) gave a negative order in alkyne in water,41 while weakly coordinating solvent 

chloroform turned the alkyne to zero order.42 These phenomena can be explained by the fast pre-
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equilibrium between the excessive alkyne and copper(I)-acetylide, which was reached before the 

rate-limiting step in absence of a strong competing ligand. The extra alkyne may inhibit the azide-

coordination that result in a negative order in alkyne concentration. 

   

Chart 1-1 Structure of selected multi-dentate copper(I) ligands 

1.2.3.3 Copper(I) and Copper(I) Complexes 

A second-order dependence in copper(I) concentration was generally observed in solution 

containing highly diluted copper(I), e.g., with Cu(OAC)2 at 0.2%−6% loadings in MeCN and 

MeOH.30 However, the increase in Cu concentration can alter the rate order in copper(I). In the 

first kinetic studies performed by Rodionov et al., the rate order in copper(I) dropped from 2.0 at 

low Cu loading to 0.6 at high Cu loading.40 In chloroform using (PPh3)2Cu(OAc) as catalyst, the 

rate order was 1.7 at [Cu] 0.003-0.009 mol%, 0.6 at [Cu] 0.6-1.3 mol% and 0.2 at [Cu] 3-13 

mol%.42 The decreased rate order can be attributed to the increased aggregation of copper(I) 

species at higher concentrations, which generated a larger portion of catalytic inactive species that 

not participate in the catalytic cycle.  

Coordinating strength of copper(I) ligands and solvents can also influence the rate orders in [Cu]. 

Coordinating solvents often resulted in higher order in copper(I) complexes, e.g., 2.3 order in 

[Cu((Bim)3)2] in Tris buffer (w/ cat. [Cu])41 and third order in [Cu((Bim)(Py)2)] ((Bim)(Py)2: 
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mono(benzimidazole)-bis(pyridine), Chart 1-1) in 80% DMSO (w/ 0.1−1 equiv. Cu),43 because 

the dissociation of Cu complex in these solvents made the reaction depend on both the 

molecularity of copper(I) and ligands in the complex (R = k[Cu]2[L]1). Stronger coordinating 

copper(I) ligands vs. solvents can generate intact active multi-copper(I) complexes during the 

reaction, resulting in kinetics of less than second-order, for example, first order in 

[Cu((Bim)(Py)2)] or [Cu2((Bim)(Py)2)] in 90% H2O (w/ 0.1−1 equiv. Cu),43 first order in 

[Cu(TBTA)2] in water (w/ cat. [Cu]),41 1.3 order in [CuSO4] with “chelating” azide (vide infra),44 

and first order in [Cu2(NAN)2] (NAN: bis(5,7-dimethyl-1,8-naphthyridin-2-yl)amine) or 1.5 order in 

[Cu4(NAN)2(NA)2] (NA: 5,7-dimethyl-1,8-naphthyridin-2-amine) in THF (w/ cat. [Cu]).45 If the 

ligand was insufficient to maintain a high level of active copper(I) species that controlled the 

overall reaction kinetics, fractional or near-zero orders could also be observed, for example 

negative order in [Cu2(TBTA)], 0.1 order in  [Cu(TBTA)], and 0.6 order in [Cu(TBTA)2] in 90% 

H2O in air (w/ 0.1−1 equiv. Cu).43 

1.2.4 Theoretically Optimized Intermediate Structures and Activation Barriers  

After the realization of second-order rate dependence on [Cu], a number of computational 

calculations were performed to obtain the energies and properties of proposed intermediates and 

transition state structures. Despite the difference in calculation methods, almost all calculated 

energy barriers in the di-Cu pathway were lower than the mono-Cu pathway due to the ring strain 

of the mono-Cu alkenylidene structure.  

The highest energy consuming step, the first N-C bond formation, was first compared in the two 

reaction pathways in water.46 Participation of the second copper decreased the activation barrier 

to 12.9 or 10.5 kcal/mol (with acetylide or chloride as ligand, respectively), which was 5−7 

kcal/mol lower than the mono-copper pathway. The optimized transition state included one Cu 
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linking the acetylide with the alkylated nitrogen of azide, while another Cu coordinated only to 

the acetylide. 

The stepwise mechanism of the reaction was confirmed by topological evolution,47 and the whole 

range of reaction was first investigated using a bridged tetra-nuclear μ-Cu-acetylide aggregate 

substrate.48-50 Generation of the azide-acetylide precursor complex was endothermic (7.4 kcal/mol 

in gas phase,48 and10.5 kcal/mol49 or 8.5 kcal/mol50 in water), and formation of the first N-C bond 

required activation barrier of 13.3 kcal/mol in gas phase,48 and 18.5 kcal/mol49 or 16.7 kcal/mol50 

in water, which is 848 to 8.649 kcal/mol lower than the barrier in mono-Cu pathway, and 17.5 

kcal/mol lower than the thermal cycloaddition for both regioisomers.49 Using an accelerating 

ligand phenanthroline, the transition state barrier further dropped by 2 kcal/mol, in accordance 

with the two folds of magnitude faster rate of ligand-accelerated reaction.48 While using a σ-

coordinated di-copper acetylide that was less stable than the tetra-nuclear μ-Cu-acetylide,50 

generation of the first N-C bond from azide-acetylide precursor complex required less energy 

(16.0 kcal/mol), which was 4.4 kcal/mol lower than generating the 1,5-isomer.49  

In aprotic solvent (CH2Cl2), the deprotonation of alkyne is endothermic (6.7 kcal/mol) and 

requires a high activation energy (11.1 kcal/mol) that was comparable to the formation of N-C 

bond (13.5 kcal/mol).42 The key di-copper acetylide intermediate was preferentially formed from 

mono-copper acetylide (ΔG≠ = 11.1 kcal/mol) instead of directly from alkyne (ΔG≠ = 16.1 

kcal/mol). In gas phase the deprotonation of alkyne by a mono-copper complex 

[Cu(hexabenzyl)tren][Br] (tren = tris(2-aminoethyl)amine) also required a high energy barrier of 

14.4 kcal/mol.51 

To understand the possible pathway generating the isolated di-copper triazolide intermediate 

(Figure 1D, vide infra),52 an alternative pathway was proposed with a transition-state structure 

involving two coppers of completely different coordination environment.53 One copper σ-
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coordinated to the acetylide and interacted with the alkylated nitrogen of azide, while the other 

copper π-coordinated to the acetylide and bound to the terminal nitrogen of azide. However, this 

pathway was refuted by the remarkably high activation barrier (38.8 kcal/mol) calculated.  

Natural Bond Orbital (NBO) calculations revealed the distribution of electron density in 

intermediates. Initially, the di-copper acetylide mostly adopted a μ2,η1,2 coordination mode, but 

the coordination of azide with copper(I) weakened the π-interaction between copper(I) and 

acetylide, generating a more symmetric μ2,η1,1 coordination mode.47, 53 Increased positive charge 

on copper(I) and negative charge on the alkylated nitrogen of azide was observed,50 indicating 

back-donation of electrons from copper(I) to azide. Although topology investigation indicated 

electrophilic property of the alkylated carbon of acetylide,47 NBO calculations showed large 

electron transfer interactions from the n orbital of terminal carbon to the n* orbital of alkylated 

carbon that finally donated to the π* orbital of terminal nitrogen of azide for generating the first 

N−C bond.53 The Cu(I)-ligand bond maintained ionic character throughout the reaction catalyzed 

by the mono-copper complex [Cu(hexabenzyl)tren][Br].51 

1.2.5 Structure of Isolated Intermediates   

Isolation of the proposed intermediates from the catalytic cycle can help understanding the 

coordination structure and comparing the reactivity of these active species.  

1.2.5.1 Copper(I) Acetylides 

Efforts have been made to isolate the key active species copper(I) acetylides in order to obtain 

their reactivity. Although the copper(I) acetylides have been extensively studied during the past 

two decades,54-56 the indiscriminate aggregation of copper(I) acetylides remains a major obstacle 

in preparing and isolating well-characterized low-nuclearity [C≡CCu(I)] compounds. The 

propensity of forming polymeric poorly-soluble aggregates was primarily attributed to the weak 
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metal-metal interactions between the d10 orbitals of monovalent copper(I).57 In the absence of a 

bulky ligand, only highly aggregated Cu-acetylide clusters were isolated, such as the t-butyl 

acetylide-bridged Cu20 clusters,57 the 1,1,1,5,5,5-hexafluoroacetylacetonate stabilized Cu10-26 

clusters,58-60 and the 4-aminopyridinium stabilized Cu9 cluster.61 Four types of coordination 

modes were observed in these clusters, including μ2,η1,1-(C≡C)→Cu2, μ2,η1,2-(C≡C)→Cu2, 

μ3,η1,1,2-(C≡C)→Cu3, and μ4,η1,1,1,2-(C≡C)→Cu4. The multi-copper coordination on each acetylide 

unit results in noticeable bending (up to 152o) and lengthening (up to 1.27 Å) of the C≡C bonds.  

To reduce the nuclearity of copper(I)-acetylides, sterically encumbered ligands and remote bulky 

aromatic substituent(s) on the acetylide can be incorporated to “cap” the metal coordinating 

surfaces.58, 62 Many oligomeric or monomeric copper(I) acetylides have been successfully isolated. 

Tri-nuclear μ3,η1-Cu3(C≡CR)1-2 complexes63-70 and tetra-nuclear μ4,η1,1,2,2-Cu2(C≡C)Cu2 

complex71 were synthesized using diphosphine ligands such as dppm (Ph2PCH2PPh2). Tetra-

nuclear μ3-Cu4(C≡CR)4 open-cube complexes72-74 were synthesized using aromatic 

monophosphine ligands. The thiophenolate ligand bearing amine substituent can also bridge three 

copper(I) in μ3,η1-Cu3L2(C≡CR)2 complexes.75 A tetra-imino macrocyclic ligand encapsulates 

copper(I) in a unique tetra-copper mono-acetylide complex, in which the copper(I) adopts 

μ4,η1,1,2,2-(C≡C) coordination mode, causing extensive elongation (1.38 Å) and bending (145.7o) 

of the C≡C bond.76  
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Figure 1-1 Single crystal X-ray structure of isolated key intermediates in CuAAC reaction. 

Hydrogen atoms were omitted for clarity. 

Among these molecularly defined multi-nuclear copper(I)-acetylides, the tri-nuclear [Cu3(μ3-η1-

C≡CPh)2(μ-dppm)3]+ (Figure 1-1A, Cu/acetylide = 3:2)77 was first examined in CuAAC reaction, 

which gave only 50% yield with respect to total alkyne upon addition of excess benzyl azide at 

room temperature.40 The first catalytically active multi-Cu acetylide complex was isolated by the 

Straub group.78 By reacting an alkyne with a di-copper complex bearing bidentate N-heterocyclic 

carbine (NHC) ligand (ethylenebis-1,2,4-triazol-5-ylidene), they generated an octacopper 

hexaacetylide cluster that was air stable in solid state (Figure 1-1B). Apart from the weak 

cuprophilic interactions (Cu−Cu: 2.44-2.68 Å), the two coppers in the center (18e) were 

stabilized by four acetylides and the other six coppers (16e) were stabilized by two acetylides and 

one NHC ligand. Each acetylide was coordinated by 3−4 coppers in μ3,η1,1,2 
 or μ4,η1,1,1,2 mode. 

Compared to the di-copper NHC complex, the cluster displayed only 1/3 catalytic efficiency in 
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CuAAC reaction due to the aggregation of copper, but still faster than Cu(OAc). Upon addition of 

acetic acid, the reaction completed within 5 min at 27oC, which was attributed to the rapid 

dissociation of octacopper cluster to monomers. 

To obtain a copper(I)-acetylide monomer, the Bertrand group employed a sterically hindered and 

strong σ-donating cyclic (alkyl)(amino) carbene (CAAC) ligand to cap the coppers, and isolated 

the first reactive di-copper acetylide monomer in CuAAC reaction (Figure 1-1C).52 Structurally, 

the two copper(I) μ2,η1,2 coordinated to the acetylide without evidenced interaction (Cu−Cu: 2.94 

Å), but the difference in σ,π-coordination mode disappeared in solution. Compared to the mono-

copper acetylide, the di-copper acetylide exhibited superior activity in the reaction with benzyl 

azide in dichloromethane, although the reaction rate of both were slow due to the hindrance of 

CAAC ligand. The reaction with di-copper acetylide generated an air- and moisture-stable di-

copper triazolide intermediate (Figure 1-1D) that can be protonated by phenyl acetylene and 

complete the turnover of catalytic cycle.  

1.2.5.2 Copper(I) Triazolides 

Copper(I) triazolide is highly susceptible of protonation, thus sterically congested environment is 

need for protecting this otherwise short-lived species. The first triazolide intermediate was 

isolated from the reaction between a sterically demanding azide and NHC-stabilized mono-

copper acetylide in aprotic solvent toluene.79 The copper(I) is linearly coordinated by the 

triazolide and NHC ligand (Figure 1E). Aggregation of copper(I)-acetylides and protonation of 

triazolide is prevented by the relative hindered and stable coordination of NHC ligand. A later 

study using a 2,2’-bipyridinyl macrocycle in the CuAAC reaction between bulky azide and 

acetylene gave a copper(I) triazolide mechanically interlocked in a rotaxane-like structure (Figure 

1-1F).80 Although the triazolide complex was isolated from aprotic solvent Et2O, it was  also 
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stable against protonation in alcoholic and aqueous solutions, even in presence of strong proton 

donor such as carboxylic acids. 

A di-copper triazolide intermediate (Figure 1-1D) in CuAAC reaction was isolated and 

characterized by the Bertrand group from the CAAC-stabilized di-copper acetylide (vide supra).52 

The two copper(I) ions coordinates to the N3 and C5 of triazolide, respectively, showing non-

equivalent environment in solid state and also in solution (confirmed by NMR). However, the 

structure of the isolated copper(I) complexes may also depend on crystallization conditions and 

other factors, which cannot confidently represent the structure of the triazolide generated 

imediately after the CuAAC ring-contraction step (Scheme 1-2). In fact, DFT optimized di-

copper triazolides showed that the C5 of triazolide simultaneously connected to two coppers that 

were perpendicular to the triazolide plane.42, 50, 53 Besides, the symmetrical three-center-two-

electron (3c-2e) bonding mode is not uncommon in organocopper complexes, e.g., in the isolated 

dimer of “Rind” complexes, the two Cu atoms were perpendicularly bridged by the ligands.81  

1.2.6 Real-time Monitoring of Reaction Process  

1.2.6.1 Detection of Reactive Intermediates during CuAAC Reaction by Mass 

Spectrometry 

Although the long-lived intermediates can be isolated by crystallization under specific conditions, 

most reactive intermediates are high-energy, short-lived species, existing in low concentration 

and in equilibrium with other intermediates in solution. In this case, mass spectrometry can be 

used for direct investigation of these elusive species since it provides crucial information on the 

real-time distribution of intermediates by feasible simultaneous detection and quantification of 

ionizable species in solution, which is not possibly gained by isolation method. The “soft” 

ionization method Electrospray Ionization (ESI) can efficiently transfer ion from solution to gas 
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phase with minimum fragmentation, giving accurate mass and isotopic distributions of mostly 

unaltered intermediates under sub-millimolar concentration.82-84 

Using electrospray ionization mass spectrometry, the Angelis group detected all the proposed 

copper(I)-containing intermediates in the CuAAC catalytic cycle.85 The cycloaddition catalyzed 

by 5% [Cu(PPh3)2(OTf)] in dichloromethane showed major peaks of Cu-PPh3 complexes and tiny 

amount of intermediates including di-copper alkyne (3 %), di-copper acetylide (< 0.1%), di-

copper triazolide and the triazole product (< 0.1%). To reduce the charge-induced copper(I) 

dissociation from reactive intermediates, the authors incorporated an imidazolium salt as a 

“charge tag” on the peripheral side arm of the acetylide. The azide-alkyne precursor complex (< 

0.2%) of low intensity was detected and confirmed by tandem mass spectrometry (MS/MS) 

through Collision Induced Dissociation (CID). Recently the same group further investigated the 

CuAAC reaction in gas phase,86 in which the mono-copper acetylide was found unreactive toward 

the azide, while the di-copper acetylide needs to be stabilized by at least one ancillary ligand for 

the cycloaddition step to occur. 

Besides ESI-MS, Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was also employed 

to detect the short-lived intermediates in CuAAC reaction.87 Cu2+ ions was introduced into the 

instrument to produce continuous and stable Cu+, while the ligands and reactants were mixed 

directly at the collision reaction cell of the mass analyzer. Mono-copper alkyne and acetylide as 

well as a small amount of di-copper acetylide were observed. Mono-copper triazolide (or azide-

acetylide precursor complex) was observed but not distinguished. 

1.2.6.2 Experimental Proof of Stepwise Mechanism by Time-resolved Online ATR-FTIR 

Real-time monitoring of the stepwise process of CuAAC reaction was achieved by time-resolved 

online Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR) that 
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directly responds to all reacting intermediates with little time delay.88 The cycloaddition catalyzed 

by CuBr and N,N,N′,N′,N′′-pentamethyldiethylenetriamine ligand (PMDETA) revealed earlier 

consumption of alkyne than azide, which was prior to the formation of triazole. The azide-

acetylide precursor complex was first accumulated to a considerable amount, remain unchanged, 

then decreased after consumption of all reagent. In this case, the rate-limiting step was assigned 

to the transition of the precursor complex to the triazole product. 

1.2.7 Direct Evidence of Di-copper(I) Mechanism from Isotopic Crossover Studies 

The Fokin group performed a convincing study for demonstrating the involvement of two 

copper(I) atoms in the triazole-formation step.89 Addition of catalytic amount of copper(I) into the 

mixture of benzyl azide and a pre-formed, σ-bound mono-copper acetylide (stabilized by NHC 

ligand) rapidly generated the triazole product that cannot be produced by the inactive mono-

copper acetylide itself. When reacting benzyl azide with the mono-copper acetylide (63Cu:65Cu = 

69:31) in presence of one equivalent of isotopically pure [63Cu(MeCN)4PF6], the yielded NHC-

stabilized mono-copper triazolide showed a 50% enrichment of 63Cu (63Cu:65Cu = 85:15). The 

enrichment could only be caused by the coordination of the terminal carbon of acetylide to the 

extra 63Cu that subsequently bound to the NHC ligand via ligand exchange before the ring 

contraction step. Since the enrichment never happened with pure acetylide or triazolide, the 

ligand exchange could only proceed from the azide-acetylide precursor complex or from the 

metallacycle intermediate. Theoretical calculations showed a higher possibility of the latter, 

although it still requires a relatively high activation barrier of 11.9 kcal/mol.53 
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1.2.8 Factors Influencing Reaction Rate 

The overall reaction rate is associated with the entropy and enthalpy of reagents, intermediates, 

transition states and products, which can be affected by many factors including solvents, structure 

of reagents, counteranions, and ancillary ligands. 

1.2.8.1 Solvent Effects 

Solvation can lead to significant changes of the structure and concentration of the active species 

in CuAAC reaction compared to the isolated molecules in gas phase.  

Coordination Strength 

In general, solvents can be categorized by coordination ability following the order of 

dimethylsulfoxide (DMSO) > water > dimethylformamide (DMF) ≈ acetonitrile > 

tetrahydrofuran (THF) > methanol ≈ t-butanol > acetone > toluene > diethyl ether > 

dichloromethane > n-hexane.90 In the absence of an ancillary ligand, the copper catalysts 

exhibited a higher activity in stronger coordinating solvents such as DMSO, water, DMF, and N-

Methyl-2-pyrrolidone (NMP) compared to THF, alcohols, and acetone.43 Acetonitrile is an 

exception that inhibits the reaction due to its strong coordination with copper(I)53, 91 originated 

from the molecule’s small size, favorable rod-like shape, and π-accepting ability.53, 92 Strong 

coordinating solvents such as DMSO, DMF and NMP can also prevent the formation of 

inhibitory copper(I) complexes generated by excessive strong chelating ligand such as 

(Bim)(Py)2 (Chart 1-1).   

Aprotic and Protic Solvents  

Although the rate-limiting step in CuAAC reaction has been assigned to the formation of first 

N−C bond of the triazole ring that requires the highest activation energy (vide supra), the 
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calculated energy barrier for the deprotonation of alkyne is considerably high in 

dichloromethane42 and in gas phase.51 Consistently, experimental observations also revealed the 

deprotonation of alkyne as rate-limiting step in dichloromethane, because the formation of 

copper(I)-acetylide from mono- or di-copper triazolide (turnover step) was slower than the 

formation of di-copper triazolide.52 Besides, when using copper(I) complex as catalyst, a long 

induction period for generating di-copper acetylide was observed before the formation of the di-

copper triazolide.  

Compared to aprotic solvents, the deprotonation of alkyne in protic solvents was much faster.30 

With deuterium labeled alkyne, an induction period and a primary Kinetic Isotopic Effect (KIE, 

kH/kD) of 2.3 were observed in acetonitrile, suggesting the rate-limiting deprotonation of alkyne. 

By contrast, the reaction in methanol proceeded immediately upon mixing with a normal KIE. 

High efficiency of alkyne deprotonation was commonly observed in water, in which the 

hydroxide anion can act as a base to remove the proton from copper(I) π-coordinated terminal 

alkyne that exhibits a decreased pKa ( ≈ 15).93 

1.2.8.2 The Structure of Reagents 

Chelating Azides 

Early experimental studies have already revealed the weak binding of copper(I) with azide in 

CuAAC reactions that can be facilitated by linking the azide at the proximal position of copper(I) 

complexes.40, 94 Calculations also suggested non-neglectable energy demands for the formation of 

the azide-acetylide precursor complex.48-50, 53 It was found in the isolated copper(I)-azide 

complex32 that the copper(I) center preferred to bind the terminal nitrogen (N3) of azide (similar 

to a tantalum(III) azido complex95) instead of the negatively charged alkylated nitrogen (N1) of 

azide as proposed in CuAAC reaction. The preference was not because of steric hindrance, since 
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a silver(I) analogous complex of the same azide adopted Ag(I)-N1 coordination. Compared to N1, 

the π-accepting N3 can receive extra electron density from the electron-rich d10 copper(I) that 

enabled stronger coordination by π-back bonding. Calculations also showed a larger electron 

density drop in copper(I) compared to silver(I) upon binding to N3. However, the copper(I)-azide 

coordination is very weak and the bond lengths and angles in azide did not alter much compared 

to the free aliphatic azides. Thus, an auxiliary ligand is needed for stabilizing the copper(I) at the 

alkylated nitrogen of azide to facilitate the reaction. 

Azides carrying adjacent N-donor ligands (e.g., pyrazole or pyridine) have been applied in 

“Cu(II)” catalyzed CuAAC reaction, in which the copper(I) was generated in situ from Cu(II)-

azide complexes.28-30, 96 The Lewis acidic Cu(II) prefers to interact with the alkylated nitrogen (N1) 

of azide and often adopts a Jahn–Teller distorted octahedral geometry, in which the chloride or 

nitrile ligands coordinates at the apical position and the “chelating” azides coordinates at the 

equatorial position of copper(II).28-29, 97-98 When using a carbonyl stabilizing group (acetate or 

hexafluoroacetylacetonate), the azide prefers to coordinate at the apical position without 

participation of chelating arms.30, 99 The interaction between copper cations and azide has been 

summarized by Zhu.100 

The introduction of “chelating” azides in CuAAC reaction largely accelerated the overall rate28-30, 

101 and switched the rate-limiting step from azide-coordination42 to alkyne deprotonation30 

(reflected by KIE). Electron-donating substituents on the chelating arms further increase the 

reaction rate, 101 and the multi-dentate chelating azides bearing triazole groups undergo ultra-fast 

CuAAC reaction under micromolar concentration with a half-completion time of less than 40 s.44 

The enhanced binding affinity with copper(I) also enabled the azide to compete with strong 

chelating proteins and peptides in the complex biological systems and reduced the cytotoxicity of 
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copper(I) (vide infra), making the reaction efficiently applied in bioorthogonal bioconjugation 

even inside living cells.44  

Electron-deficient Alkynes 

In the thermal Huisgen cycloaddition, the use of electron-deficient terminal alkynes affords only 

1,4-regioisomers.102 In the copper-catalyzed reaction, electron-deficient alkynes can further 

increase the reaction rate.103-105 Systematic studies revealed that alkynes with adjacent carbonyl 

groups reacted the fastest, followed by propargyl alcohol, ethers or amines. Alkynes bearing alkyl 

or aryl group showed the lowest activity, but the difference between various type of alkyne is not 

so significant compared to the modifications on azide.103 The electron deficiency in alkynes could 

increase the copper to alkyne π-back bonding to strengthen the di-copper acetylide structure for 

the cycloaddition to occur.86  

1.2.8.3 Counteranions 

Counteranions such as phenolate (PhO−), acetate (CH3COO−), chloride (Cl−), triflate (CF3SO3
−), 

tetrafluoroborate (BF4
−), and hexafluorophosphate (PF6

−) can be inevitably introduced into the 

CuAAC reaction from the copper(I) salts. These weakly coordinating anions may act as a base, or 

as labile ligands to modulate the vacant coordination sites of copper(I) center, or interference with 

the copper(I)-alkyne and copper(I)-azide interaction.  

Counteranion effect has been systematically investigated by Bertrand group using the strong 

CAAC ligand that allowed the differentiation of intermediates from each step.106 In aprotic 

solvent dichloromethane with 5% copper(I) catalyst, the easiness of deprotonation of alkyne 

largely depend on the basicity of counteranions following the order of tBuO− > PhO− > CH3COO− 

≫ Cl− ≈ CF3SO3
−. The rate for generating di-copper(I) acetylide from the mono-copper(I) 

acetylide followed the order of CF3SO3
− ≫ Cl− > CH3COO− > PhO−, which was inversely related 
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to the coordination strength of these counteranions.90 Proto-demetallation of the triazolide was 

over two orders of magnificent faster with the help of CH3COO− than other counteranions, and 

inhibited by phenolate.  

1.2.8.4 Ancillary ligands 

Ancillary ligands are important components in the CuAAC reaction, which can enormously speed 

up the reaction in many ways such as increasing the solubility of copper(I) in solution, 

maintaining the copper(I) oxidation state by preventing oxidation and disproportionation, or 

generating the reactive multi-copper(I) intermediates.86 On the other hand, strong coordinating 

ligands may inhibit the reaction by competing with alkynes or azides in copper(I) coordination.42 

The detailed analysis of these ancillary ligands will be discussed below. 

1.3 Ancillary Ligands in CuAAC Reaction 

1.3.1 Common Ligands Employed in CuAAC Reaction  

N, C, P, S donors are the most-frequently employed ligands for accelerating the CuAAC 

reaction.107  

1.3.1.1 Nitrogen Donors 

Inspired from the copper(I) ions in biological system that are often chelated by histidine residues, 

nitrogen donor ligands such as pyridines, triazoles, imidazoles, and alkyl amines are widely used 

for stabilizing copper(I) ion in CuAAC reaction. 

Neutral Unsaturated Nitrogen Donors 

Triazoles, the product of CuAAC reaction, have been extensively used as transition metal ligands 

in a large variety of application,108 but only the polydentate triazoles were found promising in 
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accelerating the CuAAC reaction.109 The tripodal tetradentate ligand tris[(1-benzyl-1H-1,2,3-

triazol-4-yl)methyl]amine (TBTA, Chart 1-2) was found to significantly enhance the reaction rate 

and maintain the copper(I) oxidation state in air.110 A series of water-soluble derivatives of TBTA 

have been developed to facilitate the reaction in aqueous solution for applications in 

bioconjugation, including the ligands THPTA,111-112 BTTAA,113 BTTES,114 BTTPS,115 BTTP,116 

TL,117 etc. (Chart 1-2), which let the reaction finish within 20 min under sub-millimolar 

concentration.  

Another important polydentate triazole ligand, the water-soluble tripodal tris(triazolyl)methanol 

(Chart 1-2), was complexed with copper(I) and acted as an efficient catalyst in CuAAC reaction 

with 0.5% catalyst loading in water or neat conditions.118 The copper(I) complex can be ligated 

with a resin to generate an air-stable and reusable heterogeneous catalyst.119 Its catalytic activity 

can be tuned by adding electron-withdrawing or electron-donating groups on the triazole.120  

Ligands derived from the trimethylamine skeleton using pyridyl, imidazolyl and thiazolyl 

coordinating arms have been developed.43, 121 These stronger chelating ligands exhibited higher 

activity in coordinating solvent such as DMSO compared to the tris((triazolyl)methyl)amine 

ligands, but a significant drawback is that the excessive ligands could block the coordination sites 

of copper(I) and inhibit the reaction. 

Rigid aromatic amines such as bipyridines and 1,10-phenanthrolines can also afford significant 

improvement on reaction efficiency39 and protocols have been developed for application in 

bioconjugation.122 However, the acute air sensitivity of 1,10-phenanthrolines copper(I) complexes 

requires anaerobic operations that is hard to execute.123 

Neutral Saturated Nitrogen Donors  
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Besides the common bases such as DIPEA (N,N-Diisopropylethylamine) and Et3N 

(trimethylamine), the tripodal tris(2-aminoethyl)amine (“tren”, Chart 1-2) derivatives bearing 

sterically hindered alkyl (C18)124 or aryl (benzylic)125 substitution groups were successfully 

complexed with CuBr and applied as pre-formed and recyclable copper(I) catalysts in organic 

solvents and in water.  

1.3.1.2 Carbon Donors 

N-Heterocyclic carbene (NHC) ligands (Chart 1-2) have showed remarkable activity in CuAAC 

reaction. The NHC-copper(I) complexes feature low catalyst loading, high stability, and 

antioxidation ability,126-128 which makes it a good candidate for bioconjugation with water-soluble 

substituents.129 Since each NHC ligand can form a dative bond with one copper(I), methods have 

been developed to generate the active multi-nuclear copper(I) complexes by linking two NHC 

ligands together35 or linking the NHC ligands with other aromatic nitrogen donors, which were 

able to reduce the activation energy and further enhance catalytic activity.130-132 
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Chart 1-2 Commonly Used CuAAC Ancillary Ligands 

1.3.1.3 Heavier Atom Donors 

Phosphine Ligands 

Commercial available phosphorous ligands such as triphenylphosphine were first used as CuAAC 

ligands to increase the solubility of copper(I) salt in organic solvents.133 The easy preparation, air-

stability, and low catalyst loading give organo-phosphorous copper(I) complexes wide 

application in CuAAC reaction.134 Phosphinite and phosphonite copper(I) complexes were also 

used for reaction in aqueous solutions that reached completion within hours with 0.5% catalyst 

loading.135 In presence of phenanthroline additives, the reaction with 1% catalyst reached over 83% 

yield within 5 min.136 Phosphines can also act as a reducing agent to convert copper(II) to the 

active copper(I) in non-polar aprotic solvent (e.g., toluene).137  
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Sulfur Ligands 

Commercial available sulfur ligands have been tested in CuAAC reaction,138 but they were less 

efficient and usually need to be combined with nitrogen donors. Examples include the bidentate 

2-aminoarenethiolato copper(I) complex that displayed good catalytic activity in aprotic 

solvent,139 and the bis(2-(benzylthio)ethyl)amine copper(I) complex that showed facile catalytic 

activity in aqueous solutions.140 

1.3.1.4 Polymeric Ligands 

Besides small molecules, polymeric ligands also showed high efficiency. An amphiphilic 

dendrimeric ligand bearing nine triazoles was complexed with nine equivalent of copper(I) ion 

and applied in the CuAAC reaction. With down to 4 ppm catalyst loading, the reaction reached 

completion within 24 h at 30oC.36 Polyethylene glycol-ligated tris(triazolyl)methanol ligands were 

complexed with copper(I), generating nanoparticles carrying 40−44 copper(I) ions. The CuAAC 

reaction in water completed within 24 h using 20 ppm of copper(I) from the polytriazole copper(I) 

particles.141 

1.3.2 The Nature of Bonding in Copper(I) Acetylide Complexes 

1.3.2.1 Cuprophilic Interactions 

The copper(I) ion adopts a closed-shell configuration of Ar(3)d10. Unlike the copper(II) ion (d9) 

that can form localized covalent bonds through the unpaired electrons, theoretically, the highly 

occupied d-orbital in copper(I) generates repulsive interactions between two or more copper 

centers. Nonetheless, many multi-nuclear copper(I) complexes displayed weak but substantial 

attractive interactions between the copper(I) centers with notably shorter intermetallic distance 

(e.g., Cu−Cu 2.45 Å142) compared to the sum of van der Waals radius (2.8 Å)143 and the 

separation in the copper metal (2.56 Å).144 This attractive interaction was termed “cuprophilic 
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interaction” and the nature of which is still controversial.145 Calculations revealed that it 

originated from the hybridization of the empty 4s and 4p orbitals of copper(I) into its 3d 

orbital.146 The attractive energy of “cuprophilic interaction” was calculated as 4 kcal/mol (at 

Cu−Cu 2.6 Å), which is comparable to the strength of hydrogen bonds.147 However, in some 

complexes with remarkably short Cu−Cu distance (Cu−Cu 2.35 Å148), the direct copper-copper 

bonding was questioned and the metals were calculated to be brought together by the strong 

copper-ligand interaction and geometric constraints instead of covalent metal-metal bonding.149 

The shortest Cu−Cu distance ( ≈ 2.30 Å) was found in the μ-bridged copper(I) hydride clusters 

stabilized by strong donating NHC150 or CAAC ligands.151 The interaction between the copper(I) 

centers was more specifically termed as a three-center two-electron interaction caused by the 

electron-deficiency of the complex with only 0.386 bond order calculated.152 Withdrawing the 

electron density from the 3d orbital of copper(I) by π-accepting ligands such as CO or CS can 

decrease the Pauli repulsion and strengthen the Cu-Cu interaction.147 

1.3.2.2 Copper(I)-alkyne and Copper(I)-acetylide Interactions 

Compared to electrostatic attractions, the orbital contribution in π-mono-copper(I) acetylene was 

also much weaker. Coordination of a second copper(I) orthogonal to C≡C axis can increase the 

orbital interaction between alkyne and the first copper(I).153 In bis(trimethylsilyl)acetylene 

(BTMSA) copper(I) complexes, using a β-diketimine ancillary ligand instead of β-diketone can 

increase the copper to alkyne π back-bonding.154 Changing the nitrogen in β-diketimine to 

phosphine, or changing the oxygen in β-diketone to sulfur, will decrease the π back-bonding and 

slightly decrease the ligand to copper σ donation as well. The latter can be increased by adding 

electron-donating substitution next to the N donor of β-diketimine.155 
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Scheme 1-3  Schematic representation of the key orbital interactions in copper(I)-acetylide 

complexes: (a) ligand to Cu(I) in-plane σ donation; (b) ligand to Cu(I) out-of-plane πꞱ donation; 

(c) Cu(I) to ligand in plane π‖ donation; (d) Cu(I) to ligand out-of-plane back-donation (δ and π).  

Copper(I) ion is considered a poor π back-bonding metal compared to the isoelectronic Ni(0) 

complexes.154 Comparing the group 11 metal in coordination with the Et−C≡C−Et stabilized by 

triazapentadienyl, the degree of π back-bonding followed the order of Au(I) > Cu(I) > Ag(I), 

reflected by bending of the triple bond and the decreasing in triple bond stretching frequency.156  

The σ lone pair on acetylide, which is analogous to the s orbital of a bridging hydride, makes it a 

good bridging ligand for multiple copper(I) ions.157 The stability of a σ,π-di-copper(I) acetylide 

complex (with acetonitrile and NHC ligands) was predominantly contributed by the ligand to 

copper donation from the lone pair, and the alkyne π-orbital. Relatively weak cuprophilic 

interaction was found, but the copper to ligand σ* or π* back-bonding is neglectable.53  

1.3.3 The Nature of Bonding in Key Ancillary Ligands in CuAAC Reaction 

1.3.3.1 Phosphine Ligands 

The phosphine ligands are good σ donors comparable to imines.158 Hybridization of the empty 3d 

orbital of phosphine makes it a fair π acceptor better than the neutral saturated nitrogen donor 

ligands but weaker than carbon monoxide.159 The donor-acceptor ability can be adjusted by 

changing the substitution group on phosphine. Among the ligands PCl3, PF3, P(OCH3)3, PH3, 
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PH2CH3, PH(CH3)2, and P(CH3)3, P(CH3)3 is the best σ donor and PCl3/PF3 are the best π 

acceptors.160  

1.3.3.2 Unsaturated Nitrogen Donors 

Phenanthroline 

Substituted 2,2’-bipyridine or 1,10-phenanthroline ligands were one of the first studied additives 

in CuAAC reaction.39 The phenanthroline ligands are both good σ donors and π acceptors. 

Similar to phosphines, electron-rich substituents can increase their σ donor ability and electron-

withdrawing groups can increase their π acidity.161 

Pyridine, Imidazole, and Triazole 

Pyridine has an unsaturated nitrogen atom carrying an additional lone pair acting as a weak σ 

donor, and bearing occupied π orbitals acting as π donor and delocalized π* antibonding orbitals 

as π acceptor.162 1,2,3-Triazole has two effective neutral nitrogen donor atoms, the most basic N3 

and the weakly basic N2.12 The N3 is also a “pyridine” type nitrogen, but its π accepting ability is 

not as good as pyridine, since the better conjugation of pyridine’s π system allows more efficient 

delocalization of metal’s d electrons.163 Imidazole mainly acts as a σ and π donor. The σ lone pair 

energy of nitrogen donor decreased from imidazole to pyridine, pyrazole and triazole. Among the 

three ligands (pyridine, imidazole, and triazole), triazole is the weakest donor and acceptor, 

compared to the strong π acceptor pyridine and the good σ/π donor imidazole.12 However, the 

major interaction between copper(I) and imidazole is electrostatic attraction from the lone pair 

rather than a coordinative bond.164  

The π-accepting character of triazoles can be enhanced by adding electron-withdrawing 

substitution groups such as NO2,165 and other π accepting ligands such as CO can be employed to 

reduce the electron density of copper(I) and to strengthen the interaction between copper(I) and 
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weakly bound imidazole and triazole ligands.166 The pyridine ligand, by contrast, is a good π 

acceptor that forming a stable structure with copper(I).166  

1.3.3.3 N-heterocyclic carbene (NHC) 

Transition metal carbene complexes include the Fischer-type complexes bearing π-donors (e.g., N, 

O) that bond to metals of low oxidation state, and the Schrock-type complexes bearing 

hydrogen/alkyl/aryl groups that bond to metals at a high oxidation state.153 In contrast to the 

classical carbenes, the N-heterocyclic carbenes (NHC) exhibit an sp2-hybridized lone pair and an 

unoccupied p-orbital at the carbon (singlet state), which is stabilized by the σ-electron-

withdrawing and π-electron-donating adjacent nitrogen atoms. Bulky substituents on the 

nitrogens can also help to stabilize the carbene carbon from dimerization.167 

The copper(I)-ligand interaction in NHC-copper(I) complexes mainly comes from the Coulomb 

attraction between the positively charged copper(I) center and the σ lone pair of the carbene. 

Orbital interaction only contributes less than ¼ of the total stabilization energy, including a major 

ligand to metal σ donation and a minor metal to ligand π back-bonding, which is unfavored since 

the p(π) orbital at the carbene carbon is highly filled by the strong nitrogen to carbon donation.168-

169 The π back-bonding was slightly higher in [(NHC)Cu]Cl complex than [(NHC)2Cu]+ 

complex,170 which has two structural isomers with perpendicular or coplanar arrangement of the 

ligands that are of similar energy.169  

1.3.4 Ligands Preventing Copper(I) from Oxidation 

1.3.4.1 Mechanism of Copper(I) Oxidation 

Copper-catalyzed oxidation of alcohols, amines, and alkanes has been extensively studied in 

many metalloenzymes in living systems. Most of these enzymes carry copper and organic 

cofactors or other metals. If copper is the only metal involved in these reactions, di-nuclear or 
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multi-nuclear copper centers are usually identified.171 Mechanistic studies revealed a stepwise 

oxidation process (Scheme 1-4). The first step is the activation of dioxygen via binding to 

copper(I) to form a 1:1 Cu/O2 adduct. The mono-nuclear adduct prefers to react with a second 

copper(I) complex, generating the di-nuclear Cu2O2 complexes, which may further react with 

another copper(I) to give copper(II) complexes with higher-nuclearity.172  

 

Scheme 1-4 General Mechanism of Copper(I) Oxidation by Dioxygen 

1.3.4.2 Ligand Effect on Copper-dioxygen Reactivity 

Since the copper-dioxygen reaction is reversible, efforts have been made to develop new ligands 

that can prolong the lifetime of mono-copper(I) end-on superoxo complex or prevent its 

formation. The copper-dioxygen complexes have been isolated and extensively studied in 

literature.173 Minor modifications on the chelating ring size, steric hindrance, and electronic 

properties of chelating ligands can significantly influence the redox chemistry of copper.  

 

Chart 1-3 Increasing chelate ring size increased the redox potentials of copper complex. 
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Chelating Ring Size Effect 

The copper(I)-chelating ring size is an important factor determining the copper-O2 reactivity. For 

example, for the tripodal tetradentate pyridylamine ligands (Chart 1-3), insertion of one or two 

CH2 groups between the central amine and the pyridine arm results in dramatic different redox 

potential of their copper(I) and copper(II) complexes, increased with the enlarged chelating ring 

size from five to six membered ring.174 The enlarged N−Cu−N angle offers more protection for 

copper as indicated by the geometry of the copper(II) complex, e.g., TMPA copper(II) complex 

(5,5,5) shows a trigonal bipyramidal geometry while the TEPA complex (6,6,6) displays a square 

pyramidal structure, thus suppressing or even preventing the reaction of copper with dioxygen. 

The reaction of [CuI(TMPA)(MeCN)] with O2 initially formed a mono-copper(II)-superoxo 

compound that is unstable and reversible (Scheme 1-4), and then it readily react with another 

copper(I) complex, generating a stable dicopper(II) end-on peroxo compound. In comparison, the 

[CuI(TEPA)(MeCN)] is inert to O2.  

Electronic Effect 

Increased electron donating ability on the chelating ligands leads to lower copper(I)/copper(II) 

redox potential and easier oxidation of the corresponding copper(I) complex. Higher electron 

density on ligands will increase the π-backbonding of copper(I) to a π-accepting ligand (e.g., O2), 

thus strengthen the mono-copper(I) dioxygen bond. The electronic effect mostly affected the 

second step of oxidation, i.e., generating dicopper(II) end-on peroxide complex.175 

Ligand Denticity and Steric Effect 

In general, tetradentate nitrogen-donor ligand-stabilized copper complex prefers to interact with 

one oxygen atom of the dioxygen forming “end-on” geometry, while the tridentate ligand-

stabilized copper complex often adopts “side-on” peroxo or di-copper μ-oxo geometry. Bi-dentate 
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nitrogen-donor ligands readily react with dioxygen forming exclusively di-copper(III) μ-oxo 

compound. Addition of bulky substituents on the chelating arms can inhibit the oxidation reaction 

and generate more copper(II) or copper(I) complexes of lower oxidation state.176  

Phenyl group can also act as a chelating arm to reduce the copper(I)-dioxygen reactivity, which is 

enabled by the weak copper(I)-π interaction. The interaction with the aromatic ring can be 

enormously enhanced by adding a methyl group at the benzylic CH2 to reduce the free rotation of 

phenyl ring (Chart 1-4). As a consequence, the stabilized complex is unreactive toward O2.177 

 

Chart 1-4 Influence of Cu(I)-phenyl interaction. 
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Chapter 2       Hypothesis and Specific Aims 

2.1 Overall Goal and Hypothesis 

The CuAAC reaction is an important method for bioconjugation, even in live cells. However, it is 

largely limited by the need of a relatively large amount (10–100 μM) of Cu(I), which causes 

various degree of cytotoxicity and oxidative side reactions. The long-term goal of this project is 

to develop highly efficient copper catalysts that are stable to oxidation and ligand exchange in 

biological environments. Realizing this goal may allow CuAAC reaction to be performed inside 

live cells, thus becoming a powerful tool for chemical biology research and development of novel 

biomaterials and drugs.  

We hypothesize that the goal can be realized by developing strong Cu(I) ligands with a high 

CuAAC reactivity, which also can compete with the abundant and relatively weak biological 

ligands, such as GSH, which play a key role for intracellular Cu(I) trafficking. Such efficient 

ligands may allow us to perform intracellular CuAAC reaction using native cellular Cu(I), and 

eliminate the toxicity issue.  

The most commonly utilized CuAAC ligands in bioconjugation are the 

tris(triazolylmethyl)amines. These ligands bear three chelating arms and one tertiary amine donor, 

forming three five-membered chelating ring with copper(I), which can offer modest protection for 

copper(I) against oxidation. These ligands by themselves can only generate mono-copper(I) 

complex, which is poorly active in CuAAC reaction. We hypothesize that the multi-dentate 

chelating structure is able to stabilize two or three copper(I) ions by interacting with the terminal 

alkyne, which is active towards the reaction with azide.  
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The CuAAC reaction has not been efficiently applied inside live cells, not only because of the 

cytotoxicity of copper(I), but also due to the competition of biological chelators such as copper 

chaperones and glutathione. The low copper(I) coordination strength of 

tris(triazolylmethyl)amines ligands leads to dissociation of copper(I), which will significantly 

decrease the catalytic efficacy and increase the generation of toxic reactive oxygen species. To 

apply the reaction inside live cells, the newly developed ligands should be able to stabilize 

multiple copper(I) ions in presence of the strong competing ligands. 

2.2 Specific Aims 

2.2.1 Aim 1 

To investigate the detailed role of the tris(triazolylmethyl)amine ligands as an example to help 

understanding the mechanism of ligand-accelerated CuAAC reaction.  

To achieve this aim, we will identify the active intermediates involved in the 

tris(triazolylmethyl)amine-accelerate CuAAC reactions, compare their activity, study the 

structure details of these intermediates, calculate the energy of active intermediates, and extract 

the most efficient reaction mechanism from the complicated reaction system. The elucidation of 

mechanism will be a guide for future ligand design. 

2.2.2 Aim 2 

To develop novel ancillary ligands that are both active in CuAAC reaction and exhibiting anti-

oxidation property. 

To achieve this aim, we will synthesize a series of structurally designed ligands with small 

modification on each ligand, compare their activity and anti-oxidation ability, and study the 
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hidden relationship between ligand structure and activity. We will screen a large library of multi-

dentate ligands to obtain the most-efficient ligand. 
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Chapter 3       Mechanistic Investigations on 

Tris(triazolylmethyl)amine Ligand-accelerated CuAAC 

Reaction in Aqueous Solutions  

3.1 Introduction 

3.1.1 Tris(triazolylmethyl)amine Ligands: Activity and Applications 

The polydentate triazole ligands tris(triazolylmethyl)amines are among the most efficient and 

widely used ligands for CuAAC reaction.9, 16, 19 It was first discovered from an auto-catalytic 

phenomenon in the CuAAC reaction between benzyl azide and tripropargylamine.109 The product 

tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA, Chart 1-2) was isolated and used as a 

promising ligand to accelerate the reaction and protect the copper(I) from oxidation.110 Due to the 

poor water solubility of the benzyl side arms, a series of hydrophilic derivatives of TBTA have 

been developed for applications in aqueous solution, including THPTA,111-112 BTTAA,113 

BTTES,114 BTTPS,115 BTTP,116 TL,117 etc. (Chart 1-2). These water-soluble ligands were 

efficiently used for bioconjugation reactions, including conjugating fluorescent molecules on 

RNA,111 coating the outer surface of the Qβ virus-like particle with bovine serum albumin,111 

labeling the surface glycans on living mammalian cells115, 117 and zebrafish embryos,113 labeling 

surface proteins on living E.coli (Escherichia coli),112, 114-115 and labeling cytoplasmic proteins 

inside living E.coli cells.116  

A typical bioconjugation reaction was conducted with 5−6 equivalents of ligand, which was 

sufficient to maintain the copper(I) oxidation state in air over a period of 20 hours.111 Taking 

THPTA as an example, the reaction between 100 μM alkyne and 50 μM azide catalyzed by 50 
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μM copper(I) (in situ reduction of CuSO4 by excessive sodium ascorbate) in potassium phosphate 

buffer reached completion within 60 min, and the time can be shortened to 20 min when using 

100 μM copper(I). A noticeable but not significant rate drop was observed when increasing the 

ligand to copper(I) ratio from 1:1 to 6:1, due to the weak interaction between triazoles and 

copper(I). On the other hand, the catalytic efficiency of these complexes can be inhibited by 

excess alkyne as a competing ligand.111 

At ligand/copper(I) ratio of 5:1, the ligands bearing two t-butyl and one ionic carboxylic / sulfuric 

group (e.g., BTTAA, BTTPS, and BTTES) showed much higher activity than the ligands 

bearing three hydroxyl groups (e.g., THPTA),113 but at ligand/copper(I) ratio of 2:1 the activity 

became similar (BTTAA vs. TL, Chapter 6). The ionic tris(triazolylmethyl)amine ligands such as 

BTTAA and BTTPS is harder to penetrate cell membrane compared to the ligands with 

hydrophobic (TBTA) or hydroxyl (BTTP) substitutions, which enabled higher metal uptake in 

the cell cytoplasm for applications inside living cells.116 

3.1.2 Previous Mechanistic Investigations on Tris(triazolylmethyl)amine Ligands 

As discussed in Chapter 1, many ways can be employed to reduce the activation energy in the 

rate-limiting step(s) of CuAAC reaction, such as bringing two copper(I) ions together at the 

alkyne, reducing the electron density of alkyne, enhancing the copper(I)-azide interaction, and 

improving the deprotonation of alkyne. Kinetic studies have been performed to elucidate the 

complicated mechanism in CuAAC reaction with tris(triazolylmethyl)amine-copper(I) complexes. 

In the reaction between benzyl azide (1 mM) and phenylacetylene (1 mM) catalyzed by 

Cu(TBTA)2 (2−25%) in Tris buffer, the rate law with respect to copper(I) complex was first 

order.41 In solution containing 90% H2O and 10% DMSO, the reaction between benzyl azide (100 

μM) and phenylacetylene (200 μM) catalyzed by copper(I) (10, 50, 100, 200 μM) was −0.42, 0.13, 

0.67, 0.73 order in Cu(TBTA)1/2, Cu(TBTA)1, Cu(TBTA)2, Cu(TBTA)4, respectively.43 The 
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author proposed that the active species Cu2(TBTA) was formed during the reaction and remained 

intact throughout the reaction (Scheme 3-1A). However, the detection and isolation of these 

dinuclear species has not been reported. 

3.1.3 Electron Spray Ionization Mass Spectrometry for Detection of Reaction 

Intermediates 

Intermediate detection and isolation are the most direct methods to reveal the accelerating effect 

of a specific ligand in view of the complexity of CuAAC reaction mechanism. However, these 

reactive intermediates are difficult to be detected or isolated due to the presence of multiple fast 

equilibria between the organo-copper(I) species, the air-sensitivity of copper(I), and the tendency 

of disproportionation and aggregation of copper(I) in aqueous solution.57 All of the successfully 

isolated CuAAC intermediates are stabilized by strong σ-donating and π-accepting copper(I) 

ligands such as NHC,79, 89 CAAC,52  and organophosphines.85 In 2015, Iacobucci et al. detected 

the di-copper(I)-acetylide and di-copper(I)-triazolide intermediates stabilized by strong 

organophosphine ligands using ESI-MS.85 In comparison, it is more challenging to study the 

intermediates of CuAAC reaction accelerated by weaker ligands such as 

tris(triazolylmethyl)amines since the triazole ligand as a weak donor and acceptor easily 

undergoes ligand dissociation, and the active species can be at low concentration. 

Electrospray ionization mass spectrometry (ESI-MS) has been widely used for investigation of 

organometallic reaction mechanisms,84, 178 detection of elusive reaction intermediates in 

solution,82 and studying the metal-ligand solution equilibria.83, 179 Since the ion transfer from 

solution to gas phase (desolvation) is not energy consuming, the non-covalent interactions in 

metal complex ions are assumed to be preserved in electrospray ionization (ESI) method.180 The 
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desolvated ions in gas-phase detected by mass spectrometry are directly related to their 

concentration in solution phase, given by the “response factor” that is specific for each species.179 

3.2 Mechanistic Studies in Aqueous Solutions under Stoichiometric 

Condition 

3.2.1 Ligand Design 

We envisioned that the weakly bound copper(I)-ligand-acetylide complexes could be kinetically 

stabilized by conjugating the TL ligand and alkyne as 1 in Scheme 3-1B. A long oligo(ethylene 

glycol) (EG11) chain was used as the linker to enhance water solubility. This design allowed us to 

directly monitor the elusive intermediates under low concentrations in aqueous solution 

(mimicking the general bioconjugation conditions). In this way, a series of multi-nuclear copper 

intermediates, including an unprecedented tri-copper-acetylide and a tri-copper-triazolide 

complex, were successfully intercepted by ESI-MS spectra, and the fate of these intermediates 

during the reaction with an azide was monitored.  

 

Scheme 3-1 (A) Previously proposed di-copper intermediates involved in TL-accelerated 

CuAAC reaction,41, 43 and (B) our model system to facilitate interception of the intermediates.   
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3.2.2 Intermediate Detection and Characterization 

3.2.2.1 Visible Comparison of copper(I) Chelating Ability of Ligand 1 and TL 

 

Figure 3-1 (A) Solutions of TL (0.5 mM) with 1–3 equiv. of copper(I) in deoxygenated water, 

picture taken right after mixing. (B) Solutions of 1 (0.5 mM) with 1–4 equiv. of copper(I) in 

deoxygenated water, picture taken after storage in an anaerobic chamber with <1 ppm oxygen for 

4 months. 

We first compared the stability of the Cu(I) complexes of TL and the alkyne-TL conjugate (1) at 

various copper/ligand ratio from 1:1 to 3:1. The samples were prepared by mixing the ligand with 

Cu(MeCN)4PF6 (1–3 equiv.) in MeCN, followed by lyophilizing the solution to completely 

remove MeCN. While all 1:1 mixtures of Cu/TL and Cu/1 in water were stable as expected, we 

observed a marked difference when the Cu/ligand ratio was higher than 1:1. Upon dissolving in 

water, the Cu/TL 2:1 and 3:1 mixtures readily turned greenish-yellow and formed a red 

precipitate, indicating disproportionation of excess Cu(I) into Cu(II) and Cu(0) (Figure 3-1, A2–

A3). ESI-MS confirmed the presence of mostly the mono-copper complex TL-Cu and only a 

small portion of the di-copper complex TL-Cu2 (Figure 3-2), similar to previously reported 

result.43 As shown in Figure 3-2, only a minor amount of dinuclear TL–Cu2 ions were observed 
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in the solution with 2 and 3 equivalents of copper(I) and the spectra were less clean as compared 

to the one with 1 equivalent of copper(I). The spectra result is in consistence with observation 

(Figure 3-1) that without an alkyne, the multi-nuclear copper(I) complexes with 

tris((triazolyl)methyl)amine ligand were not stable. 

By contrast, the solution of Cu/1 2:1 and 3:1 mixtures remained colorless and clear for more than 

4 months when kept in closed vials in an anaerobic chamber (Figure 3-1, B1 – B3), although 

increasing the Cu/1 ratio to 4:1 resulted in slow formation of Cu(0) (Figure 3-1, B4). Thus, the 

presence of alkyne stabilizes the multi-nuclear TL-copper complexes in aqueous solution.  

 

Figure 3-2 ESI-MS spectra of TL–Cun complexes in deoxygenated water.  
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3.2.2.2 Ligand 1-copper(I) Complexes Solution Equilibria 

To probe the charged-copper species in the Cu/1 mixtures, we infused a series of aqueous 

solutions of 1 (100 μM) with Cu(I) (1–3 equiv.) into the ESI mass spectrometer. The total ion 

spectra of the solutions are shown in Figure 3-3A. Each major peak in the spectra was assigned to 

a copper complex ion that matches the predicted m/z value and isotopic pattern (Figure 3-4, and 

inserts in Figure 3-3A for selected examples). The simplified coordination modes and equilibria 

of these copper complexes are proposed in Scheme 3-2. 

The lack of pure samples of these unstable species precludes their accurate quantitation by ESI-

MS. However, their relative abundance can be estimated by the peak intensities assuming that the 

ions have a similar ESI-MS response factor, since they consist of a water soluble ligand 1 and 

possess mostly two charges thereby a similar solvation energy. 179 In Figure 3-3A, the summary 

of MS intensity of all ligand 1-containing species are similar in Cu/1=1:1, 2:1, and 3:1 conditions 

(1.5 x109, 1.3x109,1.5x109, respectively), which indicates that the variation in MS response factor 

of Ia, Ib, IIa, IIb and IIIa are small and neglectable (1.45±0.16x107 μM-1). This assumption was 

further supported by the small variation of the total ion intensity throughout the reaction with an 

azide (Figure 3-5), although during which the concentrations of most intermediates varied over a 

large range. 
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Figure 3-3 A) ESI-MS spectra for solutions of 1 (100 μM) and 1–3 equiv. of copper(I) generated 

from CuSO4 (100–300 μM) and Na-Ascorbate (1 mM) in deoxygenated water. (B) Averaged ESI-

MS spectra of the above solutions (without NaOH) taken between 4–6 min after addition of 1 

equiv. of N3EG4. All marked peaks are assigned and color-coded with cyan (circles) for mono-

copper(I), blue (triangles) for di-copper(I) and red (squares) for tri-copper(I) species. The 

assignment is based on a good fit of the experimental (solid lines) and theoretical (dash line) 

isotopic patterns (Figures 3-4 & 3-9, selected examples are shown in inserts). 
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Figure 3-4 Isotopic pattern for 1–Cun species in Figure 3-3. Experimental isotopic patterns were 

obtained by zoom scans centered on selected m/z. Theoretical isotopic patterns (red) of the 

proposed ions were calculated using IsoPro 3.0, and overlaid on the experimental isotope pattern 

(black). Each zoom scan spectrum represents an average of 50–100 individual scans during direct 

infusion of an aqueous solution of the copper(I)/ligand mixture. The assignment of each adduct is 

based on comparison of experimental and theoretical isotopic pattern. 
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Scheme 3-2 Proposed mechanism for the reaction of 1 and an azide in the presence of 1–3 equiv. 

of CuI. Labels for the observed ions in Figures 3-3 are placed under the proposed mono- (I, cyan), 

di- (II, blue) and tri- (III, red) CuI complexes. The proposed intermediates in a bracket were not 

detectable in the ESI MS. The grey curves represent the long, flexible EG11 linker. 
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Figure 3-5 Total ion-intensity variation during the CuAAC reaction. The solutions of 1 (100 μM) 

and 3 equiv. of copper(I) generated from CuSO4 and Na-Ascorbate (1 mM) in deoxygenated 

water were mixed with 1 equiv. of N3EG4 and infused into ESI-MS. The consistence of total ion 

intensity could be attributed to the similar response factors of triazolide/triazole product vs. the 

acetylide/alkyne reagent. 

In the Cu/1 1:1 solution, the predominately charged species were the mono-copper alkyne sodium 

adduct ([1+Cu+Na]2+, Figure 3-3A) together with a trace amount of [1+Cu]+, which were 

assigned to the copper complexes Ia or Ib (Scheme 3-2). The presence of the π-complex Ib was 

indicated by the large downfield shift (0.19 ppm) of the propargylic proton signal upon addition 

of 1 equiv. Cu(I) to the solution of 1 in D2O (Figure 3-6, vide infra).  
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Figure 3-6 1H NMR spectra of 1 (20 mM) and Na-ascorbate (100 mM) in deoxygenated D2O 

after addition of 0 (A), 1.0 (B), 2.0 (C) and 3.0 (D) equiv. of CuSO4. The NMR spectra for two 

selected regions: the triazole proton (red) and the adjacent methylene protons of the alkyne (blue, 

A2B2 spin system before addition of copper). Due to the high melting point of the solvent (D2O) 

and the low thermo stability of the copper complexes, attempt to perform variable temperature 1H 

NMR of the above samples was not successful. (E) The proposed structures of the copper 

acetylene/acetylide complexes that are in fast equilibria in the solutions. The curved lines in the 

structures represent the linker –(CH2CH2O)11CH2CH2–.  

The large downfield shift of the propargylic protons (blue) upon addition of copper(I) clearly 

indicated the interaction between copper(I) and the alkyne. Since the ESI-MS data indicated that 

in the presence of 1 equiv. of copper, the alkyne was not deprotonated (Figures 3-3), the 

downfield shift of the propargylic protons in Figure 3-6A is likely due to the presence of the π / 

η2-complex Ib in fast exchange with the free ligand Ia. The absence of the acetylenic proton 

signal could be attributed to the π-coordination of copper(I) to the alkyne that is known to greatly 

decrease the pKa of the acetylenic proton,93 promoting H/D exchange via a trace amount of the di-

Cu acetylide IIb present at pH 6.0. The propargylic proton signal was broadened and the splitting 



49 

 

by the adjacent CH2 (A2X2 spin system) was lost, probably due to ligand exchange at a rate 

comparable to the NMR time scale and the presence of 63copper(I)/65copper(I) nuclei (I = 3/2) 

with a relatively large quadrupole. Note that the Ia / Ib ratio cannot be derived from the current 

data.  

In the ESI-MS spectra of the Cu/1 1:1 solution, the expected sodium adduct of Ic was not 

observed (Figure 3-3A and Figure 3-7A), while a trace amount of the di-copper acetylide IIb 

(blue triangles, [1–H+2Cu]+) and tri-copper acetylide (IIIa, Figure 3-7A) were present. This 

result suggested that the mono-copper acetylide Ic was highly labile to hydrolysis, but could be 

stabilized by coordination with additional copper atom(s). Indeed, in the Cu/1 3:1 solutions, all 

alkynes were deprotonated (vide infra).  

To our surprise, increasing the Cu/1 ratio to 2:1 did not bring the di-copper alkyne/acetylide 

IIa/IIb to majority (Figure 3-3A). Instead, the mixture consisted of a significant portion of the 

mono-copper (Ia/Ib) and tri-copper species (red squares, IIIa). Only ~5% of the CuI
2-acetylide 

IIb was present. This result revealed the tendency of the alkyne-TL conjugate to form tri-copper 

rather than di-copper acetylides, the proposed active intermediates in the catalytic cycle. The 

coordination modes in IIb and IIIa (Scheme 3-2) were tentatively assigned based on the 

structures of few reported non-aggregated multinuclear copper acetylide complexes.52, 55, 65, 77-78  

In the NMR spectra, increasing the Cu/1 ratio to 2:1 (Figure 3-6B) resulted in further down field 

shift of both ethylene signals. The broad and unsymmetrical signals in the Cu/1 2:1 mixture was 

in consistent with the presence of fast equilibria among multiple mono-, di- and tri-copper 

acetylide complexes as detected by ESI-MS (Figure 3-3A, see Figure 3-6E for the proposed 

structures).  
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Figure 3-7 (A) Amplified total ion spectra of Cu/1 = 1:1 solution. The di-copper and tri-copper 

acetylide IIb and IIIa were both detected with a noise to signal ratio of over 5:1. The sodium 

adduct of mono-copper acetylide Ic was not observed. (B) Amplified total ion spectra of Cu/1 = 

3:1 solution. The tri-copper alkyne adduct was not observed. 

As the ratio of Cu/1 was increased to 3:1, the ESI-MS spectrum became remarkably simple, 

showing dominantly the tri-copper acetylide IIIa (Figure 3-3A). Significantly, no protonated tri-

copper alkyne complexes were detected (Figure 3-7B). The result attests to the superior stability 
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of the tri-copper ligand–acetylide complex against protonation, even under low concentration in 

aqueous conditions. It is worth noting that Cu(I) acetylides are well known to aggregate.57 Few 

mono-acetylide copper complexes have been reported, especially those consisting of two or three 

copper atoms.52, 55, 65, 77-78  Strong ligands (CAAC and organophosphines) were employed in those 

cases to isolate the monomers. We now show that the TL ligand in IIIa successfully stabilizes the 

tri-copper acetylide against aggregation. Indeed, most of the copper complexes detected in the 

Cu/1 1:1 and 3:1 mixtures were the mono- and tri-copper complexes bearing only one acetylide 

and one TL ligand, rather than multi-acetylide-copper aggregates found in low intensity in the 

Cu/1 2:1 mixture (peaks labeled with stars, Figure 3-3A & Figure 3-4).  

In the NMR spectra of the Cu/1 3:1 mixture (Figure 3-6C), the large downfield shift of the 

relatively sharp and symmetrical methylene signals were attributed to formation of exclusively 

the tri-copper acetylide IIIa, and the large broadening of the triazolyl proton signals to the 

exchange of binding between the triazolyl ligands to the three non-equivalent copper atoms at an 

intermediate rate.  

Overall, the stability of the acetylides against hydrolysis increased with increasing number of 

coordinating copper(I) (IIIa > IIb > Ic). The unprecedented tri-copper acetylide IIIa was more 

stable against hydrolysis, dissociation and aggregation than the di-copper acetylide IIb. Addition 

of NaOH led to increasing amount of IIb (Figures 3-3A, and Figure 3-8).  
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Figure 3-8 (A) ESI-MS spectra of 100 μM 1, 100 μM copper(I), 500 μM NaOH in deoxygenated 

water; (B) ESI-MS spectra of 100 μM 1, 200 μM copper(I), 500 μM NaOH in deoxygenated 

water; (C) ESI-MS spectra of 100 μM 1, 600 μM copper(I), 500 μM NaOH in deoxygenated 

water.  Each spectrum represents an average of 100 individual scans during direct infusion. Due 

to the weak coordination of OH− group, copper(I) was partially dissociated from the multi-Cu 

acetylide species, but increasing the Cu/1 ratio to 6:1 was able to inhibit the dissociation and shift 

all the equilibria back to IIIa. 

3.2.2.3 Monitoring the Reaction Between the Ligand 1-copper(I) Complexes and Azide 

Due to the increased positive charges and coordination sites, the tri-copper complex IIIa is 

expected to enhance the weak coordination with azides which has been shown to greatly 

accelerate the CuAAC reactivity  (by using copper-chelating azides).30, 44, 96, 101  
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Figure 3-9 Isotopic pattern for CuAAC reaction (1–Cun with N3EG4) intermediate peaks in 

Figure 3-3B. Starred peaks in Figure 3-3 are probably high-nuclear aggregates. We were unable 

to obtain the isotopic patterns of these species due to the limited resolution of the MS 

spectrometer. Several detected peaks showed lower m/z compared to theoretical mass of the 

corresponding species, which is likely due to the inelastic collisions in the quadrupole ion trap 

that lead to dissociation and early ejection of those weakly-bound polyatomic species.181-182  

To study the intermediates of the CuAAC reaction with TL-copper-acetylide complexes, we 

added 1 equiv. of an azide (N3EG4) to the above mixtures with a Cu/1 ratio of 1:1 – 3:1, and 

infused the solution to ESI-MS (Scheme 3-1B). Figure 3-3B shows the averaged total ion MS 

obtained during the early stage of the reaction (4 – 6 min). In addition to the above copper 

acetylide/alkyne complexes, several new peaks appeared in the spectra, which are assigned to the 

di-copper triazolide ([2–H+2Cu+Na]2+ & [2–H+2Cu]+, IIc), the tri-copper triazolide ([2–
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H+3Cu]2+, IIIb), the di-copper triazole ([2+2Cu]2+, 2-Cu2) and the mono-copper triazole complex 

([2+Cu]+ & [2+Cu+Na]2+, 2-Cu) (see Figure 3-9 for the isotopic patterns). The assignment was 

further supported by the fragmentation patterns in the tandem mass spectra (MS/MS) (Figures 3-

10, 3-11, 3-12), which indicated that the assigned triazolide signals were not contributed by their 

isobaric precursors (Scheme 3-3). 

 

Figure 3-10 MS/MS spectra of mono-copper adduct including mass unit of “1+N3EG4” or “2”, 

and proposed fragmentation mechanism. Infused solution concentrations: 100 μM 1, 100 μM 

CuSO4 and 1 mM Na ascorbate. 
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Figure 3-11 MS/MS spectra of di-copper adduct including mass unit of “1+N3EG4” or “2”, and 

proposed fragmentation mechanism. Infused solution concentrations: 100 μM 1, 200 μM CuSO4 

and 1 mM Na ascorbate. 
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Figure 3-12 MS/MS spectra of di-copper adduct including mass unit of “1+N3EG4” or “2”, and 

proposed fragmentation mechanism. Infused solution concentrations: 100 μM 1, 300 μM CuSO4 

and 1 mM Na ascorbate. Each MS/MS spectrum was obtained using collision-induced 

dissociation (CID) method, and represents an average of about 100 individual scans during the 

direct infusion of the CuAAC reaction mixture. 

 

Scheme 3-3 Proposed Triazolide-formation Mechanism involving the Isobaric Intermediates 

The MS/MS of the ions assigned to the mono- (2-Cu), di- (IIc and 2-Cu2) and tri-copper (IIIb and 

2-Cu3) triazolide/triazole complexes (Figure 3-10, 3-11, 3-12) gave a prominent product ion with 

neutral loss of N2, consistent with the breaking of N–N bond in triazole ring.183 Most of these 

intermediate ions also showed a minor loss of N3EG4 accompanied by the loss of Cu+, even in the 
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case of mono-copper-triazole complex 2-Cu ([2+Cu]+, Figure 3-10). Since the fragmentation 

energy required was relatively high (CID = 30-31%), these product ions were likely formed by 

cleavage of a copper-nitrene moiety generated from the triazolide/triazole after release of N2, as 

proposed in Figure 3-10−3-12.  

 

Scheme 3-4 Fragmentation of Copper(I)-azide Complex 

Although the ions assigned to IIc and IIIb have the same m/z values as the azide-copper-acetylide 

adducts (IIc1 & IIIb1, Scheme 3-3), the secondary fragmentation patterns in their tandem mass 

spectra (MS/MS) indicates that they may not corresponding to these species. Specifically, the 

azide-copper-acetylide adducts are expected to lose the weakly coordinated N3EG4 before the 

dissociation of any covalent bonds. However, dissociation of the weak non-covalent Cu–N3EG4 

interaction, even at the lowest collision energy for obtaining any fragment, was not observed. One 

should also consider the possibility that the azide may form nitrene by losing N2 from N3EG4. If 

this process preceded the dissociation of N3EG4 from the copper complex, N3EG4 and Cu+ could 

be lost as N2 + Cu+-nitrene complex (Scheme 3-4). This process may be promoted by 

coordination of the azide with Cu+/Na+. Indeed, major secondary ion of N3EG4 corresponding to 

the loss of N2 dominated upon addition 0.5 equiv. of copper(I) and Na-ascrobate (Figure 3-13). 

However, the required collision energy was substantially lower than that for the fragmentation of 

the ions from the reaction mixture (CID = 26%, vs 30% – 36%). Also, we only found the sodium 

adduct of N3EG4 without any copper adducts, indicating that the coordination of N3EG4 with 

copper(I) was weak. Therefore, the new ions detected in Figure 3-3B are unlikely to be the azido-

copper adducts, although we cannot completely exclude this possibility. The harder detection of 

azide-acetylide-copper(I) precursor complexes (IIc1 & IIIb1, Scheme 3-2 & Scheme 3-3) in our 
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system indicated that their formation from IIb and IIIa is endothermic, in agreement with results 

from computational studies.42, 48-49, 53 

 

Figure 3-13 MS/MS spectra of azido-tetraethylene glycol (N3EG4). Infused solution 

concentrations: (a) 100 μM N3EG4. (b) 100 μM N3EG4, 50 μM CuSO4 and 500 μM Na ascorbate. 

Each MS/MS spectra was obtained by collision-induced dissociation (CID), and represents an 

average of about 100 individual scans during the direct infusion of N3EG4 solution (100 μM) or 

N3EG4-copper(I) solution (100 μM N3EG4, 50 μM CuSO4 and 500 μM Na ascorbate). 

On the other hand, the signals assigned to IIc and IIIb were unlikely contributed by the proposed 

isobaric copper metallacycle intermediates (IIc2 & IIIb2, Scheme 3-3) due to their high 
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instability. Indeed, the previously proposed copper metallacycle intermediates have not been 

detected. DFT calculations have shown that these intermediates reside at a much-higher energy 

state compared to the azido-copper acetylide adducts, and have a small barrier to irreversibly 

form the triazole product.48-49 

 

Figure 3-14 Time course of ESI-MS intensities of the assigned intermediates during the reaction 

of 1 with N3EG4. Conditions: 100 μM 1, 300 μM CuSO4, 100 μM N3EG4 and 1 mM Na-

Ascorbate in deoxygenated water at room temperature. For the labels, see Scheme 3-2.  

To probe the reactivity of the unprecedented tri-copper acetylide IIIa, we first investigated its 

reactivity by monitoring the reaction of the Cu/1 3:1 mixture (containing ~86% IIIa, Table 3-1) 

with 1 equiv. of N3EG4. As shown in Figure 3-14, the MS intensity of IIIa dropped drastically 

over the first 10 min, accompanied by a rapid increase of the CuI
3-triazolide IIIb whose signal 

intensity exceeded that of IIIa after 10 min, and then decreased after ~15 min. Consumption of 

IIIa and accumulation of IIIb as the most abundant intermediate were faster than formation of the 

copper(I)-triazole complexes 2-Cu2 and 2-Cu possibly via hydrolysis of IIIb to the transient 2-

Cu3 and dissociation of copper(I) from 2-Cu3 to 2-Cu2, or from IIIb to IIc followed by hydrolysis 

(Scheme 3-2). 
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Scheme 3-5 (A) Proposed structures of stable di-copper triazolide intermediate with both 

copper(I) bound to the C(5) via a 3-center 2-electron bond.48  (B) A di-(CAAC-copper) triazolide 

isolated following the reaction of a di-(CAAC-copper) acetylide with an azide, in which the two 

copper atoms bound  to C(5) and N(3) of the triazolide, respectively.52 In this case, it is not clear 

whether the CAAC-copper(I) on N(3) was originally dissociated from the metallacycle or later 

from the 3-center 2-electron bond to C(5) of the triazolide. (C) The proposed coordination mode 

of the tri-copper triazolide IIIb analogous to the di-copper triazolide. The two Cu atoms may bind 

to C(5) via a 3-center-2-electron bond, while the third copper atom may coordinate to the N(3) or 

the triazolide ring. The formation of 3-center 2-electron bond might be disfavored due to the large 

steric hindrance of the two CAAC ligands in B, but in our case the coordination could be 

established with little steric hindrance by the ligand.  

Although mono-copper triazolide intermediates from CuAAC reaction have been isolated,79-80 

unless protected by a hydrophobic environment such as an interlocked rotaxane, these species are 

highly labile to hydrolysis.80 In fact, they were not observed here and in a reported system using 

ESI-MS,85 but the di-copper triazolides were detected in both cases. In several theoretical studies, 

triazolides were proposed to form from an azide-Cu2-acetylide adduct through stepwise formation 
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of two C-N bonds with the second step involving a six-membered copper metallacycle (IIc2, 

Scheme 3-3).46, 48-49 In the previously proposed di-copper pathway, accompanying the formation 

of the second C–N bond, the two copper atoms either remain bonding to C(5) of the resultant 

triazolide via a 3-center 2-electron bond (Scheme 3-5A),48-49 or one of them dissociates (Scheme 

3-5B).40, 43, 52, 85 For the latter, the dissociated Cu(I) may then coordinate to N(3), as found in the 

isolated di-(CAAC-Cu) triazolide,52 in which the two copper atoms coordinated to C(5) and N(3) 

of the triazolide, respectively. For the former, computational studies have indicated that such 

intermediates are thermodynamically stable.48-49 Nevertheless, they have never been isolated, 

presumably due to their liability to hydrolysis and/or copper-dissociation in water. It is worth 

noting that 3-center 2-electron bonds are common in organocopper compounds, such as 

mesitylcopper184 and bridged copper(I) hydrides.150-151   

In contrast to the above di- and mono-copper triazolides, tri-copper triazolides have not been 

mentioned in the literature. The structure of IIIb could be analogous to the proposed di-copper 

triazolide,48-49 in which two Cu atoms bind to C(5) via a 3-center 2 electron bond, while the third 

Cu atom may coordinate to the triazolide ring or to N(3). The coordination mode of Cu3-triazolide 

IIIb is tentatively proposed in Scheme 3-5C. The susceptibility of triazolides towards protonation 

is expected to decrease with increasing number of coordinating copper(I) ions that reduce the 

electron density of the triazolide. Hence, the rapid accumulation of tri-copper triazolide IIIb in 

the first 15 min was attributable to its relatively slow hydrolysis (generating 2-Cu3) and/or copper 

dissociation (generating IIc). Hydrolysis of IIIb would be simultaneously accompanied by the 

dissociation of Cu(I) to give 2-Cu2, since the elusive tri-copper complex 2-Cu3 was not found in 

the reaction mixture. The di-copper triazolide IIc was detectable but exhibited a low intensity 

throughout the reaction (Figure 3-15), and the copper(I)-triazolide Ic was not detectable.  



62 

 

 

Figure 3-15 MS signal intensities of selected copper(I)-containing intermediates in reaction of 1 

(100 μM) and 1, 2 or 3 equiv. of copper(I) (generated from CuSO4 and Na ascorbate) with 1 

equiv. of N3EG4.  

3.2.3 Quantitative Analysis of CuAAC Reactivity of Di-copper(I) and Tri-copper(I) 

Acetylide 

We next compared the the reactivity of CuI
3-acetylide IIIa with the di-nuclear CuI

2-acetylide Iib, 

which is proposed in the di-copper pathway in literature (Scheme 3-3).30, 40, 42, 46, 48-49, 100, 185 To 

facilitate comparison, we performed optimization to enrich IIb in the mixture (Figure 3-8). 

Addition of 5 equiv. NaOH to the 1/copper(I) 1:2 solution gave the highest percentage of IIb 
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(67%, Table 1) in the mixture; further addition of NaOH promoted the formation of dimers and 

CuOH.  

Table 3-1 MS Intensities of the copper(I)-acetylides in Ligand 1 System and Observed Rate 

Constants vs. Calculated Rate Constants Based on Fittings of the Respective Rate Constants of 

k’II and k’III. 

 
Cu/1 

 
MS intensity / 107 

 

Calculated Values Fitted 

kcal / 

M-1•s-1 

Measure

d kobs / 

M-1•s-1 

IIIa % 
contrib

ution to 

overall 
k 

Ia/Ib IIb IIIa IIa xIIb k'II xIIIa k'III 

1:1 149 1.5 0.8 5.3 0.0096 783 0.0051 27 7.6 8.5 2 

2:1 45.1 5.4 43.7 31.6 0.0429 783 0.3474 27 43.0 41 22 

3:1 4.3 4.7 132 12.3 0.0307 783 0.8611 27 47.3 47 49 

1:1+NaOH 47.2 45.9 0 0 0.4930 783 0.0000 27 386.0 386 0 

2:1+NaOH 40.2 67.2 0.8 0.7 0.6171 783 0.0073 27 483.4 471 0 

6:1+NaOH 1.2 6.3 185 5 0.0319 783 0.9367 27 50.3 38 50 

The stoichiometric reactions of 1 with N3EG4 in the presence of 1–6 equiv. of copper(I) (and 5 

equiv. of NaOH) in deoxygenated water (Figures 3-16, and Table 3-1) were conducted in an 

anaerobic chamber at room temperature, and the reaction yields were quantitatively measured by 

LC-MS using compound 5 (structure similar to 2) as internal standard (Scheme 3-6). 

 

Scheme 3-6  Quantitative Analysis of CuAAC Reactivity of Tri-copper(I) Acetylide IIIa and Di-

copper(I) Acetylide IIb.  
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Figure 3-16 Apparent second-order rate constants for reaction of 1 with N3EG4 quantitatively 

measured by LC-MS. Conditions: 100 μM 1, 100 μM N3EG4 and 1 mM Na-ascorbate in 

deoxygenated water at room temperature, with: 100 μM CuSO4 (cyan); 200 μM CuSO4 (blue); 

300 μM CuSO4 (red); 600 μM CuSO4 & 500 μM NaOH (green); 200 μM CuSO4 & 500 μM 

NaOH (purple); and 100 μM CuSO4 & 500 μM NaOH (navy). 

The apparent second-order rate constants (kobs) were then determined from the rate curve of each 

reaction (Figure 3-16). According to most theoretical calculations, the highest barrier for CuAAC 

reaction is the first C-N bond formation from the acetylide-Cu2-azide adduct.42, 48-49, 53 Assuming 

the rate-limiting step is the first C-N bond formation from the Cu-acetylide-azide adduct, derived 

from a generalized pre-equilibrium approximation method,186 Eq. (1) can be used to extract the 

apparent rate constants for the transformation of IIb to IIc (k’II) and IIIa to IIIb (k’III) from the 

data in Table 3-1:  

kobs = xIIbk’II + xIIIak’III  Eq. (1) 

in which xIIb and xIIIa are the molar fraction of IIb and IIIa in each solution derived from the ESI-

MS intensities of the intermediates; k’II = K2kII and k’III = K3kIII, where K2 and K3 are the 

equilibrium constants of IIb to IIc1 and IIIa to IIIb1 (Scheme 3-2), and kII and kIII are the rate 

constants for IIc1 to IIc and IIIb1 to IIIb. Fitting the data using Eq (1) gives k’II = K2kII = 783 M-
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1•s-1 and k’III = K3kIII = 27 M-1•s-1, and a good agreement of the calculated rate constants kcal with 

the measured kobs (Table 3-1). 

 

Scheme 3-7  Kinetic Studies for Reaction between 1 and 2-Azidoethanol w/ Various Amount of 

Copper(I).  

 

Figure 3-17  (A) Reaction yield vs. time plot of reaction between 1 (10 μM) and 1–4 equivalent 

copper(I) (generated from CuSO4 and Na ascorbate) with excess amount of 2-azidoethanol (1 

mM). (B) Natural logarithm of concentration of 1 vs time at different copper(I) stoichiometry. 

Second-order rate constants are calculated based on pseudo-first order reaction condition. 

Kinetic studies for reaction of 1 (10 μM) and 1–4 equivalent copper(I) (generated from CuSO4 

and Na ascorbate) with excess amount of 2-azidoethanol (1 mM) (pseudo-first order reaction) 
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was also performed at 0 °C (Scheme 3-7). We observed a substantial increase of the rate for the 

formation of product (Figure 3-17), which further confirmed the tri-copper acetylide IIIa to be an 

active intermediate in the tri-copper(I) pathway involving three copper atoms for the formation of 

IIIb. 

3.3 Mechanistic Studies in Aqueous Solutions under Catalytic 

Condition 

The above measurement of the rate constants k’II and k’III was realized by using the alkyne-TL 

conjugate 1 with a long flexible EG11 linker that entropically stabilized the TL-Cun
I-acetylides 

(IIIa & IIb) and yet did not affect the activation energy for the C-N bond formation. This model 

system exhibited a much higher kobs (41–471 M-1•s-1) compared to the previously reported value 

(kobs = 0.002−3.5 M-1•s-1) for TL ligands under catalytic conditions, in which excess alkyne can 

inhibit the formation of multi-nuclear copper(I) species and decrease their molar fraction.43  

3.3.1 Ligand Design 

The TL ligand (Scheme 3-1) was employed as an independent ligand for studying its accelerating 

mechanism under catalytic condition. A water-soluble alkyne 3 (Figure 3-18) bearing a tetra-

etylene glycol substitution group was used as the reagent. 

3.3.2 Intermediate Detection and Characterization 

3.3.2.1 Copper(I)-acetylide Complexes Solution Equilibria 

As shown in the ESI-MS (Figures 3-18A), addition of the free alkyne 3 even in slight excess 

(3/Cu 10:6) to the copper(I)/TL 3:1 solution generated a significant amount of mono-Cu-alkyne 

(3-copper(I)), TL-copper(I) complexes, and the Cu-acetylide aggregates, which were low in 

reactivity and led to a large decrease of the overall kobs (vide infra).78 The active acetylides TL-
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CuI
2-acetylide (iia, [3−H+TL+2Cu]+, Scheme 3-8) and TL-CuI

3-acetylide (iiia, [3−H+TL+3Cu]2+) 

were present in the range of 2%−27% among all copper(I) complexes in the system (Table 3-2). 

Kinetic studies for reaction between 3 (100 μM) and N3EG4 (100 μM) catalyzed by various 

amount of copper(I) (30, 60, 90, 120, 180, 240, 300 μM), Cu/TL (1:1, 2:1, 3:1) were performed 

and the observed fractional rate orders in [Cu] in reaction of 3 with N3EG4 (Figure 3-18B) is in 

agreement with the low concentration of active copper(I) acetylides.  

 

Figure 3-18 (A) ESI-MS spectra for the solutions of 3 (100 μM), TL (20, 30, 60 μM), and 

copper(I) (60 μM) (generated from CuSO4 and Na-ascorbate (0.5 mM)) in deoxygenated water. 

For assignment of the labeled ions, see Figure 3-25. (B) Effect of copper(I)/TL ratio on CuAAC 

reaction rate under catalytic conditions, a rate order plot: 3 (100 μM), N3EG4 (100 μM), copper(I) 

(30, 60, 90, 120, 180, 240, 300 μM), Cu/TL (1:1, 2:1, 3:1).  

Table 3-2 The MS Intensity of copper(I)-acetylides in solution containing 100 μM 3, 60 μM 

copper(I), and 20/30/60 μM TL. 

 

Cu/TL 

 

MS intensity / 107 
 

[3−H 

+TL+3Cu]2+ 

[3−H 

+TL+2Cu]+ 
[TL+Cu]+ 

[2x3−2H 

+4TL+6Cu]4+ 

[4x3−2H 

+2TL+6Cu]4+ 

[2x3−2H 

+4TL+8Cu]6+ 

1:1 0.29 2.85 15.2 2.4 0 0.74 

2:1 1.78 0.69 7 0.51 0.52 2.68 

3:1 2.61 0.27 5 0.11 0.67 1.1 
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Scheme 3-8 Proposed mechanism for the CuAAC reaction of 3 and RN3 (R = EG4) in the 

presence of catalytic amount of CuI/TL. Intermediates in a bracket were not detectable. L = 

ligands 3 and TL, etc.  

3.3.2.2 Intermediate Detection in the Reaction Between the 3-copper(I) Complexes and 

Azide 

To study the intermediates of the CuAAC reaction under catalytic condition, we added 1 equiv. of 

N3EG4 into the solutions of 3 (100 μM), TL (20, 30, 60 μM), and copper(I) (60 μM), and infused 

the mixtures to ESI-MS. Figure 3-19 shows the averaged total ion MS spectra obtained during the 

reaction (5–10 min). The ESI-MS spectra showed a detectable amount of both TL-CuI
3-triazolide 

iiid [4−H+TL+3Cu]2+ and TL-CuI
2-triazolide iic [4−H+TL+2Cu]+. In addition to the ligand 

stabilized copper(I)-triazolides, we also observed a CuI
2-acetylide-triazole complex generated 

after the product formation ([3−H+4+2Cu]+). The assignment was supported by the isotopic 
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distributions (Figure 3-27) and fragmentation patterns in the tandem mass spectra (MS/MS) 

(Figure 3-29). 

 

 

Figure 3-19 ESI-MS Spectra of Intermediates in Reaction between 3 and N3EG4 at 3/Cu 10:6. 

Concentrations:  3 (100 μM), copper(I) (30, 60, 90, 120, 180, 240, 300 μM), Cu/TL (1:1, 2:1, 3:1). 

3.3.3 Quantitative Analysis of CuAAC Reactivity of Di-copper(I) and Tri-copper(I) 

Acetylide Under Catalytic Condition 

Kinetic studies for reaction between 3 (100 μM) and N3EG4 (100 μM) catalyzed by various 

amount of copper(I) (30, 60, 90, 120, 180, 240, 300 μM), Cu/TL (1:1, 2:1, 3:1)  were performed 

and the apparent second-order rate constants (kobs) were determined from the rate curve of 

reactions (Figure 3-20A).  
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Figure 3-20 Kinetic Studies for Reaction between 3 and N3EG4 with Various Amount of 

copper(I). (A) Reaction rate dependence of 3 with N3EG4 on concentration of Cu (kobs data of 

Figure 3-18B). Concentrations:  3 (100 μM), N3EG4 (100 μM), copper(I) (30, 60, 90, 120, 180, 

240, 300 μM), Cu/TL (1:1, 2:1, 3:1). (B) Second-order rate constants kobs fitting at condition: 

3 (100 μM), N3EG4 (100 μM), copper(I) (60 μM), Cu/TL (1:1, 2:1, 3:1). 

We assumed that all the TL-containing ions have a similar MS intensity-concentration response 

factor (f). 

𝐼 = 𝐶 × 𝑓                       Eq. (2) 

Where C and I are the concentration and MS intensity of detected TL-containing ions, f is the MS 

intensity-concentration response factor of [TL-Cu]+ ion. The high stability of [TL-Cu]+ ion 

allows us to determine its response factor in aqueous solution ((1.0 ± 0.1) × 107 μM-1). Thus, the 

concentrations of iia ([3−H+TL+2Cu]+) and iiia ([3−H+TL+3Cu]2+) were calculated using 
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Equation 2. The molar fraction of iia (xiia) and iiia (xiiia) in total alkyne species were calculated 

based on Equation 3. 

xiia = Ciia/Calkyne ;   xiiia = Ciiia/Calkyne Eq. (3) 

The respective rate constants of iia (k’II) and iiia (k’III) were fitted based on Equation (1) 

kobs = xiiak’II + xiiiak’III  Eq. (1) 

Remarkably, the apparent rate constants k’II/k’III ratio drastically dropped from 29 in the model 

system to 0.38 in the catalytic system (Tables 3-3), showing a greatly enhanced contribution to 

kobs by the tri-Cu acetylide iiib. Compared to the di-Cu acetylide iib, the tri-Cu acetylide iiib is 

expected to have stronger interaction with the negatively charged internal nitrogen of azide.30, 96, 

100-101, 185, 187 As illustrated in Scheme 3-8, ligand coordination to the tri-Cu-azide adduct iiib will 

facilitate the dissociation of a CuI (internally) from the acetylide iiic to generate a di-Cu transition 

state TSCu2 via iib or TS’Cu2 (through the internal dissociation) for C-N bond formation. 

Furthermore, the triazolides iic and iiid (detected by ESI-MS, Figure 3-19) may serve as a base to 

deprotonate the alkyne 3, especially those formed from TS’Cu2 in which the coordinated alkyne is 

proximal to the triazolide, to generate the product 4 and regenerate the copper acetylides iia and 

iiia (Scheme 3-8).  

Table 3-3 Observed Rate Constants vs. Calculated Rate Constants Based on Fittings of the 

Respective Rate Constants of k’II and k’III in Reaction between 3 and N3EG4 at 3/Cu 10:6. 

Cu/TL 
Calculated Values Fitted kcal 

/M-1•s-1 

Measured 
kobs /M

-1•s-1 Ciiia  μM-1 xiiia k'III  M
-1•s-1 Ciia μM-1 xiia k'II  M

-1•s-1 

1:1 0.26 0.0026 146 2.59 0.026 55 2.09 2.1 

2:1 1.62 0.016 146 0.62 0.0062 55 2.45 2.6 

3:1 2.37 0.024 146 0.24 0.0024 55 3.74 3.6 
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Increasing the 3/copper(I) ratio to 100:6 (Figure 3-21 and Figure 3-22) further decreased the 

contribution of di-copper(I) acetylide, with a ratio of k’II/k’III dropped to 0.20 (Table 3-4). It 

suggested increasing competition from L coordination to iiib and iib, in which iib was more 

influenced.  

 

Figure 3-21 ESI-MS spectra for the solutions of 3 (1 mM), TL (0, 15, 20, 30, 60, 120 μM), and 

copper(I) (60 μM) (generated from CuSO4 and Na-ascorbate (0.5 mM)) in deoxygenated water. 

For assignment of the labeled ions, see Figure 3-25 and 3-26.  
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Table 3-4 The MS Intensity of copper(I)-acetylides in solution containing 1 mM 3, 60 μM 

copper(I), and 15/20/30/60 μM TL (Figure 3-21); the molar fraction of iia (xiia) ([3−H+TL+2Cu]+) 

and iiia (xiiia) ([3−H+TL+3Cu]2+) calculated from the MS intensities; and the fitted respective rate 

constants of k’II and k’III based on Equition (1) and the apparent rate constant kobs in reaction with 

100 μM N3EG4 (Figure 3-22). 

 

 

Cu/TL 

 

MS intensity / 107 

 

[3−H 

+TL+3Cu]2+ 

[3−H 

+TL+2Cu]+ 
[TL+Cu]+ 

[2x3−2H 

+4TL+6Cu]4+ 

[4x3−2H 

+2TL+6Cu]4+ 

[2x3−2H 

+4TL+6Cu 

+2NaAsc]4+ 

1:1 0.16 5.03 13.1 4.09 0.32 2.68 

2:1 1.14 3.15 6.61 2.69 3.26 0.96 

3:1 1.15 2.08 4.9 0.87 4.38 0 

4:1 1.03 1.64 3.7 0.67 3.84 0 

Cu/TL 
Calculated Values Fitted kcal / 

M-1•s-1 

Measured kobs / 

M-1•s-1 Ciiia  μM-1 xiiia k'III  M
-1•s-1 Ciia μM-1 xiia k'II  M

-1•s-1 

1:1 0.14 0.00014 260 4.57 0.00457 53 0.28 0.29 

2:1 1.04 0.00104 260 2.86 0.00286 53 0.42 0.40 

3:1 1.04 0.00104 260 1.89 0.00189 53 0.37 0.38 

4:1 0.94 0.00094 260 1.49 0.00149 53 0.32 0.39 

 

 

Figure 3-22 Effect of CuI/TL ratio on reaction rate under catalytic conditions: 3 (1 mM), N3EG4 

(0.1 mM in A and 1 mM in B), copper(I) (60 μM), TL (0, 15 μM, 20 μM, 30 μM, 60 μM, 

120μM).   
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Even though the concentrations of TL-CuI
n-acetylides (n = 2,3) were low, the kinetic profiles of 

the reaction between 3 and N3EG4 showed a vast rate enhancement by TL (Figure 3-22), 

consistent with the role of TL to stabilize the di- and tri-copper acetylides that were not detected 

in the absence of TL (Figure 3-21).  

3.4 Comparison of Copper(I)-Chelating Ability of Tris-, Bis-, and 

Mono-(triazolylmethyl)amine Ligands in Aqueous Solutions 

Compared to the tris(triazolylmethyl)amine ligands, mono- and bi-dentate triazoles prefer to 

coordinate only one mole equivalent rather than two or more metals ions.108 To study the 

synergistic interaction of these ligands with alkyne on copper(I) chelation, we synthesized two 

additional alkyne-ligated ligands bearing mono(triazolylmethyl)amine and 

bis(triazolylmethyl)amine moiety (ligand (Tr)1 and (Tr)2, respectively, Chart 3-1). 

 

Chart 3-1 Structure of mono- and bis-(triazolylmethyl)amine-alkyne compounds 

The mono- or bis-triazole ligands (1 equiv.) were mixed with copper(I) salt (Cu(MeCN)4PF6) in 

MeCN, the solution of which were lyophilized to completely remove MeCN, and then the 

residues were re-dissolved in water in an anaerobic chamber to make 500 μM stock solutions, 
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which were further diluted to 100 μM with addition of excess sodium ascorbate to keep the 

copper(I) oxidation state, and directly infused into the ESI-MS source for detection of copper(I)-

acetylide complexes. 

 

Figure 3-23 ESI-MS spectra for the solutions of (Tr)1 (100 μM), Cu(MeCN)4PF6 (100 or 200 

μM), and Na ascorbate (0.5 mM) in deoxygenated water.  

 

Figure 3-24 ESI-MS spectra for the solutions of (Tr)2 (100 μM), Cu(MeCN)4PF6 (100, 200, or 

300 μM), and Na ascorbate (0.5 mM) in deoxygenated water. 
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As shown in Figure 3-23, the mono-triazole ligand (Tr)1 predominantly stabilizes one mole 

equivalent of copper(I). Only a small amount of di-copper(I) complex (rectangular, Figure 3-23) 

was observed. In contrast, the bis-triazole ligand (Tr)2 is able to stabilize up to three equivalent of 

copper(I) at a copper(I)/ligand ratio ≥ 2 (Figure 3-24). Similar to the tris-triazole ligand 1, the tri-

copper(I) acetylide complex of (Tr)2 also appears in the solution with two equivalent of copper(I), 

and becomes the major species at a copper(I)/ligand ratio = 3. However, the stability of the tri-

copper(I)-acetylide (Tr)2  complex is evidently lower than that of ligand 1, indicating the 

importance of the third triazole arm of ligand 1 in multi-copper(I) stabilization.  

3.5 Conclusions 

In summary, we reported the first example of tri-Cu-acetylide as an active intermediate in 

CuAAC reaction, the reactivity of which has been proposed by Meldal and Tornøe.13 Compared 

to the di-Cu-acetylides, the tri-Cu-acetylide showed superior stability against protonation under 

neutral conditions. The TL ligand is important in stabilizing the di- and tri-Cu-acetylide active 

intermediates, but the limited strength of multi-Cu-TL coordination greatly reduced the efficiency 

of the catalyst at a low catalyst loading, where they were destabilized by the large excess of 

alkyne. This limitation is more pronounced when using CuAAC for bioconjugation in complex 

environment, such as live cells where strong copper(I) ligands are present.19 The next generation 

CuAAC ligands are expected to enhance the stability of the di-Cu-acetylide-azide complex to 

reduce the total catalyst loading. 
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3.6 Experimental Section 

3.6.1 General Methods 

Reagents and solvents were purchased from Sigma-Aldrich or VWR and used without further 

purification. The ultrapure water for all experiments was obtained by Milli-Q Water Purification 

Systems. Deoxygenated water was obtained by stirring the Milli-Q water in anaerobic chamber 

for two days. Positive ion ESI-MS data were acquired using a Thermo Finnigan LCQ Deca XP 

ion trap mass spectrometer equipped with a Surveyor HPLC system. NMR spectra were recorded 

on the JEOL ECX-400, ECA-500 or ECA-600 spectrometer using CDCl3 or D2O as solvent. 

Positive ion MALDI-TOF mass was recorded on an AB SCIEX 4800 MALDI TOF/TOF analyzer 

using α-cyano-4-hydroxycinnamic acid as a matrix. Lyophilization was carried out with a 

SCANVAC CoolSafe 110 freeze-dryer. UV−Vis spectra were recorded on a Varian CARY 50 

UV−Vis spectrophotometer using water as solvent. 
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3.6.2 Supplementary Figures 

 

Figure 3-25 Isotopic patterns for detected copper(I) containing species in Figure 3-18A and 3-21.  
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Figure 3-26 MS/MS Spectra for Selected copper(I)-containing Species in Figure 3-18A and 3-21. 
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Figure 3-26 (continued) MS/MS Spectra for Selected copper(I)-containing Species in Figure 3-

18A and 3-21. 
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Figure 3-26 (continued) MS/MS Spectra for Selected copper(I)-containing Species in Figure 3-

18A and 3-21. 

 

Scheme 3-9 The solution equilibria in 3-Cu-TL system. Proposed based on the ESI-MS data 

(Figure 3-18A, 3-21). 
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Figure 3-27 Isotopic patterns for detected copper(I) containing species in Figure 3-19 
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Figure 3-28 The expanded region in ESI-MS spectra of CuAAC reaction between 3 and N3EG4 at 

3/Cu 10:6 in Figure 3-19. The ESI-MS spectra showed a detectable amount of both TL-CuI
3-

triazolide [4−H+TL+3Cu]2+ and TL-CuI
2-triazolide [4−H+TL+2Cu]+ just above the baseline. 
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Figure 3-29 MS/MS spectra of the intermediates iiid [4−H+TL+3Cu]2+ and iic [4−H+TL+2Cu]+ 

confirmed their identity. The zoom scan of [4−H+TL+3Cu]2+ overlapped with the peak of 

[3+N3EG4+Na]+ (m/z =734). During the reaction, increased amount of [3−H+4+2Cu]+ was 

detected, indicating the easy dissociation of TL-copper(I)-acetylide-azide complex competed by 

the triazole product 4.   
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3.6.3 UV-Vis Spectra of 1-copper(I) Complexes at Various Cu/1 Ratio 

 

Figure 3-30 UV-Vis spectra of 1-Cu complexes at 500 μM concentration in deoxygenated water. 

The copper(I)-acetylide interaction was further characterized by UV-Vis absorption spectrum of 

[Cun(1)] in water. Acetonitrile solutions containing 1 equivalent ligand 1 and 0−4 equivalent 

Cu(MeCN)4BF4 were frozen under −80oC, lyophilized, and dissolved in water in anaerobic 

chamber to generate a series of 1-copper(I) solutions containing 500 μM ligand 1. The solutions 

were transferred to UV cuvettes, sealed with rubber septa, move out of anaerobic chamber, and 

characterized by UV-Vis spectroscopy. The spectra exhibit an absorption shoulder at 363 nm, 

which is likely to involve an acetylide to Cu ligand to metal charge transfer transition. Addition 

of copper(I) between 0 and 1 mole-equivalent has no effect on the 363 nm absorption, but the 

intensity of which starts to increase with further addition of copper(I), and reaches a maximum at 

3 mole-equivalents of Cu(I) (Figure 3-30 insert).  
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3.6.4 Experimental Details 

3.6.4.1 Visible Comparison of copper(I) Chelating Ability of Ligand 1 and TL (Figure 3-1) 

Vials A1–A3 were charged with ligand TL (7.88 mg, 0.01 mmol) and vials B1–B4 were charged 

with ligand 1 (12.2 mg, 0.01 mmol). To the vials were added various amount of Cu(MeCN)4PF6 

(A1 & B1: 3.73 mg, 0.01 mmol, 1 equiv.; A2 & B2: 7.46 mg, 0.02 mmol, 2 equiv.; A3 & B3: 11.19 

mg, 0.03 mmol, 3 equiv.; B4: 14.92 mg, 0.04 mmol, 4 equiv.). The vials were put into an 

anaerobic chamber and each vial was charged with deoxygenated MeCN (5 mL) and then 

deoxygenated water (1 mL). The vials were sealed, removed from anaerobic chamber and 

lyophilized for two days until pale yellow residues left. Subsequently, the vials were quickly 

moved into the anaerobic chamber and charged with deoxygenated water (20 mL) to generate the 

0.5 mM ligand-copper(I) complex solutions. 

3.6.4.2 ESI-MS Spectra of TL–Cun Complexes in Deoxygenated Water (Figure 3-2) 

For studying solution equilibria of TL–Cun complexes, 100 μL 1 mM TL, 100/200/300 μL 1 mM 

CuSO4, 100 μL 10 mM Na ascorbate, and 700/600/500 μL deoxygenated water were mixed in 

separate Eppendorf tubes in an anaerobic chamber, vortexed, and then directly infused into ESI 

source by a syringe pump at a flow rate of 10 μL/min. Each full MS spectrum was an average of 

100 individual scans. 

3.6.4.3 ESI-MS analysis for intermediate solution equilibria in CuI
n1 solutions w/ or w/o 

N3EG4 (Figure 3-3 & Figure 3-14) 

ESI-MS spectra of CuI
n1 solutions and the CuAAC reaction mixtures (with N3EG4) were acquired 

using a Thermo Finnigan LCQ Deca XP Plus ion trap mass spectrometer at capillary temperature 
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of 40°C, spray voltage 4 kV, capillary voltage 28 V, multipole 1 offset -3 V, multipole 2 offset -

12 V, entrance lens voltage -61 V. In anaerobic chamber, all stock solutions were prepared in 

deoxygenated Milli-Q water.  

For studying solution equilibria of CuI
n1 complexes (Figure 3-1A), 100 μL 1 mM ligand 1, 

100/200/300 μL 1 mM CuSO4, 100 μL 10 mM Na ascorbate, and 700/600/500 μL deoxygenated 

water were mixed in 3 separate Eppendorf tubes in an anaerobic chamber, vortexed, and then 

directly infused into the ESI source by a syringe pump at a flow rate of 10 μL/min. Each full MS 

spectrum was an average of 100 individual scans. 

For studying solution equilibria of CuAAC reaction (Figure 3-1B), 100 μL 1 mM ligand 1, 

100/200/300 μL 1 mM CuSO4, 100 μL 1 mM azido-tetraethylene glycol (N3EG4), 100 μL 10 mM 

Na ascorbate, and 600/500/400 μL deoxygenated water, were mixed in Eppendorf tubes in 

anaerobic chamber, vortexed, and then immediately infused into ESI source by a syringe pump at 

a flow rate of 10 μL/min. Reaction time was recorded on a timer. Each full MS spectrum in 

Figure 3-1B was an average of scans during the reaction time of 4–6 min. The reaction mixture 

was continuously infused into the ESI source during a period of 20 min. At Cu/1 = 3:1, the 

variation of ESI-MS intensities of selected intermediates during the reaction time was plotted on 

Figure 3-2A.  

3.6.4.4 NMR Spectra of Cu/1 1:1 – 3:1 Mixtures in Deoxygenated D2O (Figure 3-6) 

In anaerobic chamber, the mixture of ligand 1 (23.4 mg, 20 mM) and Na ascorbate (19.0 mg, 100 

mM) in deoxygenated D2O (959 μL) was added into a screw-capped NMR tube (Wilmad-

Labglass), and treated with 38.3 μL of 500 mM CuSO4 (1 equiv.) stock solution in deoxygenated 

D2O. The tube was sealed and moved out of the anaerobic chamber for NMR measurement 

(Figure 3-6B). After the NMR experiment, the same sample tube was put back into the anaerobic 



88 

 

chamber, and a second equivalent of CuSO4 (38.3 μL of 500 mM stock solution) was added. The 

solution was resealed with the scree cap and thoroughly mixed for NMR measurement (Figure 3-

6C). After the NMR experiment, the third equivalent of copper was added in the same way 

(Figure 3-6D). 

3.6.4.5 Kinetic studies for reaction between 1 and N3EG4 (Figure 3-16) 

The reactions were conducted in an anaerobic chamber at room temperature. Solutions in 900 μL 

deoxygenated Milli-Q water was added into separate Eppendorf tubes, containing 100 nmol 1, 1 

μmol sodium ascorbate, and: A: 100 nmol CuSO4, B: 200 nmol CuSO4, C: 300 nmol CuSO4, D: 

100 nmol CuSO4 and 500 nmol NaOH, E: 200 nmol CuSO4 and 500 nmol NaOH, F: 600 nmol 

CuSO4 and 500 nmol NaOH. 100 μL 1 mM azido tetraethylene glycol (N3EG4) aqueous solution 

were added into each tube to initiate the reaction. At 20 s (for A, B, C) or 10 s (for D, E, F) 

intervals, 20 μL aliquots of the reaction mixture were added into a 96-well plate, each well 

containing 180 μL air-saturated aqueous solution of 20 nmol diethylene triamine pentaacetic acid 

(DTPA) (pH adjusted to 7 by NaOH) and 1 nmol 5 as internal standard. After 8 aliquots were 

collected, the 96-well plate was moved out of anaerobic chamber. The samples were injected to a 

Thermo Finnigan LCQ Deca XP Plus ion trap mass spectrometer by a Thermo Finnigan Surveyor 

HPLC system. Reagents and product were separated by first static elution in 3% (MeCN, 0.1% 

formic acid): 97% (H2O, 0.1% formic acid) for 5 min and then a linear gradient elution to 95% 

(MeCN, 0.1% formic acid):5% (H2O, 0.1% formic acid) for 5 min. A set of calibration standards 

of product 2, ranging from 100 nM to 10 µM, using 5 as internal standard, was injected before the 

unknowns. The concentration of product 2 in each sample was calculated based on the calibration 

curve. Each reaction under same condition was repeated three times. 
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3.6.4.6 Kinetic studies for reaction between 1 and 2-azidoethanol (Figure 3-17) 

LC-MS was performed for quantification of the yield of product 5 from the CuAAC reaction of 1 

(10 μM) and 1–4 equivalent copper(I) (generated from CuSO4 and Na ascorbate) with excess 

amount of 2-azidoethanol (1 mM) (pseudo-first order reaction). In anaerobic chamber, 1 mL 

Titertube® micro test tubes (Bio-Rad) were placed in 96-well Titertube holder filled with ice and 

water. All stock solutions were prepared in deoxygenated Milli-Q water (pH=7.0) and balanced 

for 30 min in ice bath. 300/250/200/150 μL of deoxygenated water, 50 μL of 100 μM ligand 1, 

50/100/150/200 μL of 100 μM CuSO4 and 50 μL of 100 mM 2-azidoethanol was mixed in four 

separate cluster tubes. 50 μL of 1 mM Na ascorbate was added to each tube to initiate the reaction. 

At 10 s intervals, 20 μL aliquots of the reaction mixture were added into a 96-well plate, each 

well containing 180 μL air-saturated diethylene triamine pentaacetic acid (DTPA) aqueous 

solution (pH adjusted to 7 by NaOH). After eight aliquots were collected, the 96-well plate was 

moved out of anaerobic chamber. The quenched aliquots were desalted by C18 tips (100 μL bed, 

Pierce™, Thermo Scientific). The desalting procedure is as follows: the tips were washed 3 times 

with 100 µL 60% MeCN/water, balanced 3 times with 100 µL 0.1% formic acid in water, and 

pipetted 10 times with each sample solution, washed twice with 100 µL of 50 µM DTPA solution 

(to remove Cu2+) and 3 times with 0.1% formic acid in water (to remove Na+). In a new 96-well 

plate, 160 µL 60% MeCN/water as eluent was added into each well. Every sample-loaded tip 

were pipetted through each eluent for 10 cycles. 40 µL 0.5 µM compound 6 water solution was 

added into each well as internal standard. The samples were injected to the Thermo Finnigan 

LCQ Deca XP Plus ion trap mass spectrometer by a Thermo Finnigan Surveyor HPLC system. 

Reagents and product were separated by linear gradient elution with a mobile phase composition 

starting from 3% (MeCN, 0.1% formic acid): 97% (H2O, 0.1% formic acid) to 90% (MeCN, 0.1% 

formic acid): 10% (H2O, 0.1% formic acid). A set of calibration standards of reagent 1 and 
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product 5, ranging from 10 nM to 1.28 µM, was injected before and after each set of samples. 

The concentration of reagents and product in each sample was calculated based on the calibration 

curve, and product yield was averaged by three repeated experiments.  

3.6.4.7 ESI-MS analysis for intermediate solution equilibria in CuI
n3 solutions (Figure 3-

18A, Figure 3-21) 

ESI-MS spectra of CuI
n3 solutions were acquired using a Thermo Finnigan LCQ Deca XP Plus 

ion trap mass spectrometer at capillary temperature of 40°C, spray voltage 4.5 kV, capillary 

voltage 32 V, multipole 1 offset -5V, multipole 2 offset -12V, entrance lens voltage -51 V. In 

anaerobic chamber, all stock solutions were prepared in deoxygenated Milli-Q water. 

For studying solution of 3/Cu = 10:6, 50 μL of 10 mM sodium ascorbate was added into 950 μL 

of aqueous solution containing 100 nmol 3, 60 nmol CuSO4, and 60/30/20 nmol TL.  

For studying solution of 3/Cu = 100:6, 50 μL of 10 mM sodium ascorbate was added into 950 μL 

of aqueous solution containing 1 μmol 3, 60 nmol CuSO4, and 120/60/30/20/15/0 nmol TL.  

The mixtures were directly infused into ESI source by a syringe pump at flow rate of 10 μL/min. 

Each full MS spectrum was an average of about 100 individual scans. Zoom scan analysis were 

carried out to determine the charge state and isotopic pattern for selected copper(I) adducts. Each 

zoom scan spectra represents an average of 50–100 individual scans. MS/MS analysis were 

carried out to determine the fragmentation pattern of selected copper(I) adducts. 

3.6.4.8 Kinetic studies for reaction between 3 and N3EG4 with various amount of copper(I) 

(Figure 3-18B) 

In an anaerobic chamber, eight 1 mL Titertube® micro test tubes (Bio-Rad) were placed in a 96-

well Titertube rack. Solutions in 900 μL deoxygenated Milli-Q water (pH=7.0) was added into 
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these tubes, each containing 100 nmol 3, 100 nmol azido tetraethylene glycol and 10, 20, 30, 40, 

60, 80, 100 nmol [(CuSO4)3(TL)] or [(CuSO4)2(TL)] or [(CuSO4)(TL)]. 100 μL of 5 mM sodium 

ascorbate aqueous solution were added into the eight tubes by a multichannel pipette to start the 

reaction. At 1 min intervals, 100 μL aliquots of the reaction mixture were added into a 96-well 

plate, each well containing 90 μL air-saturated DTPA aqueous solution (pH adjusted to 7.0 by 

NaOH). After 6 sets of aliquots were collected, the 96-well plate was moved out of anaerobic 

chamber. 10µL 100 µM S10 water solution was added into each aliquots as internal standard. The 

samples were injected to a Thermo Finnigan LCQ Deca XP Plus ion trap mass spectrometer by a 

Thermo Finnigan Surveyor HPLC system. Reagents and product were separated by first static 

elution in 3% (MeCN, 0.1% formic acid): 97% (H2O, 0.1% formic acid) for 2 min and then a 

linear gradient elution to 90% (MeCN, 0.1% formic acid):10% (H2O, 0.1% formic acid) for 5 min. 

A set of calibration standards of reagent 3 and product 4, ranging from 500 nM to 50 µM, using 

S10 as internal standard, was injected before and after each set of samples. The concentration of 

reagents and product in each sample was calculated based on the calibration curve. 

3.6.4.9 Kinetic studies for reaction between 3 and N3EG4 with catalytic amount of copper(I) 

(Figure 3-22) 

In an anaerobic chamber, six 1 mL Titertube® micro test tubes (Bio-Rad) were placed in a 96-

well Titertube rack. Solutions in 900 μL deoxygenated Milli-Q water was added into these tubes, 

each containing 1 μmol 3, 100 nmol (Figure 3-22A) or 1 μmol (Figure 3-22B) azido tetraethylene 

glycol (N3EG4), 60 nmol CuSO4 and 120/60/30/20/15/0 nmol TL. 100 μL of 5 mM sodium 

ascorbate aqueous solution were added into each tube by a multichannel pipette to initiate the 

reaction. At 1 min (first 10min) and 5 min (10-60min) intervals, 20 μL aliquots of the reaction 

mixture were added into a 96-well plate, each well containing 180 μL air-saturated aqueous 

solution of 20 nmol DTPA (pH adjusted to 7 by NaOH) and 1 nmol S10 (Scheme S1) as internal 
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standard. After 60 min of aliquots were collected, the 96-well plate was moved out of anaerobic 

chamber. The samples were injected to a Thermo Finnigan LCQ Deca XP Plus ion trap mass 

spectrometer by a Thermo Finnigan Surveyor HPLC system. Reagents and product were 

separated by first static elution in 3% (MeCN, 0.1% formic acid): 97% (H2O, 0.1% formic acid) 

for 5 min and then a linear gradient elution to 95% (MeCN, 0.1% formic acid):5% (H2O, 0.1% 

formic acid) for 5 min. A set of calibration standards of product 4, ranging from 100 nM to 10 

µM, using S10 as internal standard, was injected before the unknowns. The concentration of 

product 4 in each sample was calculated based on the calibration curve. 

3.6.4.10 Intermediate detection for reaction between 3 and N3EG4 at 3/Cu 10:6 (Figure 3-19) 

ESI-MS spectra of intermediates in reaction between 3 and N3EG4 at 3/Cu 10:6 were acquired 

using a Thermo Finnigan LCQ Deca XP Plus ion trap mass spectrometer at capillary temperature 

of 40°C, spray voltage 4.5 kV, capillary voltage 32 V, multipole 1 offset -5V, multipole 2 offset -

12V, entrance lens voltage -51 V. In anaerobic chamber, all stock solutions were prepared in 

deoxygenated Milli-Q water. 100 μL 1mM N3EG4 stock solution was added into 900 μL solution 

containing 100 nmol 3, 60 nmol CuSO4, 60/30/20 nmol TL, and 500 nmol sodium ascorbate. The 

reaction mixture was vortexed and directly infused into the ESI source by a syringe pump at flow 

rate of 10 μL/min. Each full MS spectra was an average of the scans during 5−10 min of the 

reaction. Zoom scan analysis were carried out to determine the charge state and isotopic pattern 

for selected copper(I) adducts. MS/MS analysis were carried out to determine the fragmentation 

pattern of selected copper(I) adducts.  
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3.6.5 Calculations 

3.6.5.1 Second-order rate constants kobs (Figure 3-16B) 

 Second-order rate constants kobs in Figure 3-16B were calculated based on the following 

equations: 

𝑅𝑎𝑡𝑒 = 𝑘𝑜𝑏𝑠 [𝟏][𝑎𝑧𝑖𝑑𝑒] = 𝑘𝑜𝑏𝑠[𝟏]2 

1/[𝟏] =  𝑘𝑜𝑏𝑠𝑡 + 1/[𝟏0] 

3.6.5.2 Second-order rate constants kobs (Figure 3-17) 

Second-order rate constants kobs in Figure 3-17 were calculated based on pseudo-first-order 

reaction condition. For reaction between alkyne and excess azide: 

𝑅𝑎𝑡𝑒 = 𝑘 [𝑎𝑙𝑘𝑦𝑛𝑒][𝑎𝑧𝑖𝑑𝑒] = 𝑘′[𝑎𝑙𝑘𝑦𝑛𝑒] 

According to integrated first-order rate law: 

𝑙𝑛[𝑎𝑙𝑘𝑦𝑛𝑒] =  −𝑘′𝑡 + 𝑙𝑛[𝑎𝑙𝑘𝑦𝑛𝑒0] 

3.6.5.3 Calculation of kobs of reaction between 3 and N3EG4 
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The second-order rate constants in Figure 3-22A was calculated based on the data points of initial 

10 mins and pseudo-first order kinetics. Concentrations: [3] = 1 mM, [Azide0] = 100 μM, [Cu] = 

60 μM, Cu/TL = 1:0, 4:1, 3:1, 2:1, 1:1, 1:2.  

𝑅𝑎𝑡𝑒 = 𝑘𝑜𝑏𝑠 [𝟑][𝐴𝑧𝑖𝑑𝑒] ≈ 𝑘′[𝐴𝑧𝑖𝑑𝑒] 

𝑙𝑛[𝐴𝑧𝑖𝑑𝑒] =  − 𝑘′𝑡 + 𝑙𝑛[𝐴𝑧𝑖𝑑𝑒0] 

𝑙𝑛[𝐴𝑧𝑖𝑑𝑒]/[𝟑] =  − 𝑘𝑜𝑏𝑠𝑡 + 𝑙𝑛[𝐴𝑧𝑖𝑑𝑒0]/[𝟑] 

 

The second-order rate constants in Figure 3-22B was calculated based on the data points of initial 

30 mins. Concentrations: [3] = 1 mM, [Azide0] = 1 mM, [Cu] = 60 μM, Cu/TL = 1:0, 4:1, 3:1, 

2:1, 1:1, 1:2. 

𝑅𝑎𝑡𝑒 = 𝑘𝑜𝑏𝑠 [𝟑][𝑎𝑧𝑖𝑑𝑒] = 𝑘𝑜𝑏𝑠[𝟑]2 

1/[𝟑] =  𝑘𝑜𝑏𝑠𝑡 + 1/[𝟑0] 

 

Second-order rate constants kobs in reaction between 3 and N3EG4 with various amount of 

copper(I) (Figure 3-20) was calculated based on the following equations: 

𝑅𝑎𝑡𝑒 = 𝑘𝑜𝑏𝑠 [𝟑][𝑎𝑧𝑖𝑑𝑒] = 𝑘𝑜𝑏𝑠[𝟑]2 
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1/[𝟑] =  𝑘𝑜𝑏𝑠𝑡 + 1/[𝟑0] 

3.6.6 Synthetic Procedure and Compound Characterizations 

Warning! Low-molecular-weight organic azides are potentially explosive, especially upon 

heating, shocking or in the presence of transition metals. These compounds should be handled as 

explosives. 

Ligand TL was prepared using the literature procedure117. 

Synthesis scheme of tris[(1-oligoethylene glycol-1H-1,2,3-triazol-4-yl)methyl]amine-4-

pentynamide (1). 

Compound S1, S2, S7 were prepared using the literature procedures.188-190  

 

Dodecaethylene glycol bisazide S3 
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To a 500 mL round-bottom flask was added sodium hydride (powder, 840 mg, 35.0 mmol) and 

DMF (200 mL). The suspension was stirred at 0 oC for 5 min, then a solution of tetraethylene 

glycol bistosylate S1 (5.72 g, 11.4 mmol) and tetra(ethylene glycol) monoazide S2 (5.10 g, 23.3 

mmol) in DMF (20 mL) was added at 0 oC. The mixture was vigorously stirred at room 

temperature for 16 h and quenched with water (10 mL). The solvent was removed under vacuum, 

and the oily residue was dissolved in water (100 mL), extracted with dichloromethane (4 × 30 

mL). The combined organic layer was dried over Na2SO4, filtered, and concentrated under 

vacuum. The crude product was purified by column chromatography (using 1-5% MeOH in 

CH2Cl2) to yield S3 (4.50 g, 7.54 mmol, 66%) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 

3.65−3.34 (m, 44H), 3.36 (t, J = 5.1 Hz, 4H). 13C NMR (101 MHz, CDCl3) δ 70.7, 70.7, 70.6, 

70.6, 70.1, 50.7. HRMS (MALDI-TOF): calculated for C24H49N4O11 [M+H-N2]+ m/z 569.3398, 

found 569.3367. 

 

α-Amino-ω-azido-α,ω-dideoxydodeca(ethylene glycol) (S4) 

To a 100 mL Schlenk tube was added bisazide S3 (1.66 g, 2.78 mmol) and aqueous HCl (1 M, 60 

mL).  The solution was  vigorously stirred at 0 oC for 30 min, then a solution of 

triphenylphosphine (729 mg, 2.78 mmol) in Et2O (60 mL) was added via a dropping funnel 

during 30 min. The mixture was first stirred for 2 h at 0 oC, then stirred at room temperature for 

48 h. The ether layer was removed, and the white precipitate was filtered. The aqueous filtrate 

was washed with ether (3 × 10 mL), and then its pH was adjusted to 12 with 1N NaOH solution. 

The solution was extracted with CH2Cl2 (6 × 30 mL), and the combined organic layer was dried 

over Na2SO4, filtered, and concentrated under vacuum. The crude product was purified by 

column chromatography (using 5% MeOH in CH2Cl2 and then 10% MeOH in CH2Cl2 + 1% Et3N) 

to yield S4 (1.23g, 2.16 mmol, 78%) as a pale yellow oil. 1H NMR (400 MHz, CDCl3) δ 3.87(s, 
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2H), 3.50−3.42 (m, 44H), 3.20 (t, J = 5.0 Hz, 2H), 2.77(s, 2H). 13C NMR (101 MHz, CDCl3) δ 

71.2, 70.5, 70.5, 70.5, 70.5, 70.5, 70.5, 70.4, 70.4, 70.4, 70.4, 70.4, 70.4, 70.3, 70.3, 70.1, 70.0, 

50.6, 41.1. HRMS (MALDI-TOF): calculated for C24H51N4O11 [M+H]+ m/z 571.3554, found 

571.3503. 

N,N-bis((1-(tetraethylene glycol)-1H-1,2,3-triazol-4-yl)methyl)prop-2-yn-1-amine  S5 

To a 50 mL Schlenk tube was added tripropargylamine (516 mg, 3.94 mmol), tetra(ethylene 

glycol) monoazide S2 (1.68 g, 7.67 mmol), and Cu(OAc)2
.H2O (158 mg, 0.79 mmol) under N2. 

MeOH (5 mL) and H2O (5 mL) was added and the mixture was stirred for 10 min. A solution of 

sodium ascorbate (313 mg, 1.58 mmol) in H2O (2 mL) was dropped into the above solution under 

N2.  The mixture was sealed and stirred at room temperature overnight. The reaction was 

quenched by addition of an aqueous solution of diethylenetriaminepentaacetic acid pentasodium 

salt (Na5DTPA, 500 mM, 5 mL). The aqueous solution was extracted with CH2Cl2 (3 × 10 mL). 

The combined organic layer was dried over Na2SO4, filtered, and concentrated under vacuum. 

The crude product was purified by column chromatography (using 20% MeOH in EtOAc) to 

yield S5 (931 mg, 1.63 mmol, 41%) as a colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.77 (s, 1H), 

4.48 (t, J = 4.9 Hz, 2H), 3.81 (t, J = 4.6 Hz, 4H), 3.66 (t, J = 4.3 Hz, 2H), 3.60−3.52 (m, 10H), 

3.30 (s, 2H), 2.28 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 144.0, 124.6, 72.6, 70.6, 70.6, 70.5, 

70.3, 69.5, 61.6, 50.3, 47.9, 41.8. HRMS (MALDI-TOF): calculated for C25H44N7O8 [M+H]+ m/z 

570.3252, found 570.3237. 

Compound S6  

To a 25 mL Schlenk tube was added bistriazole propargyl amine S5 (520 mg, 0.91 mmol), amino 

PEG azide S4 (564 mg, 0.99 mmol) and Cu(OAc)2
.H2O (19 mg, 0.097 mmol) under N2. H2O (6 

mL) was added and the mixture was stirred for 10 min. A solution of sodium ascorbate (54 mg, 
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0.27 mmol) was dissolved in H2O (2 mL) and dropped into the above solution under N2. The 

mixture was sealed and stirred at room temperature overnight. The reaction was quenched by 

addition of an aqueous solution of Na5DTPA (500 mM, 1 mL). The aqueous solution was 

extracted with CH2Cl2 (3 × 10 mL). The combined organic layer was dried over Na2SO4, filtered, 

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

(using 5-10% MeOH in CH2Cl2 + 0.5% Et3N) to yield S6 (1.002 g, 0.88 mmol, 96%) as a pale 

yellow oil.  1H NMR (400 MHz, CDCl3) δ 7.93 (s, 2H), 7.88 (s, 1H), 4.52 (q, J = 5.0 Hz, 6H), 

3.85 (t, J = 5.1 Hz, 6H), 3.72 (s, 6H), 3.68(t, J = 4.3 Hz, 4H), 3.61–3.54 (m, 60H), 3.41 (s, 2H), 

3.06 (s, 4H), 2.89 (t, J = 5.1 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 143.8, 125.1, 72.7, 71.9, 

70.6, 70.6, 70.5, 70.4, 70.3, 70.3, 69.6, 61.6, 50.6, 50.3, 47.3, 47.1, 41.5. HRMS (MALDI-TOF): 

calculated for C49H94N11O19 [M+H]+ m/z 1140.6727, found 1140.6709. 

Tris[(1-oligoethylene glycol-1H-1,2,3-triazol-4-yl)methyl]amine-4-pentynamide 1 

To a 50 mL Schlenk tube was added S6 (1.002 g, 0.88 mmol) and triethylamine (178 mg, 1.76 

mmol) and DMF (10 mL). The solution was stirred at 0 oC for 30 min, then a solution of 4-

pentynoic acid succinimidyl ester S7 (177 mg, 0.91 mmol) in DMF (3 mL) was dropped into the 

above ice-cooled solution. The mixture was stirred at room temperature overnight. The solvent 

was removed under vacuum, and the residue was purified by column chromatography (using 15% 

MeOH in CH2Cl2) to yield 1 (849 mg, 0.70 mmol, 80%) as a pale yellow oil. 1H NMR (600 MHz, 

D2O) δ 7.88 (s, 1H), 7.88 (s, 2H), 4.47 (t, J = 4.9 Hz, 6H), 3.81 (t, J = 4.9 Hz, 6H), 3.64 (s, 6H), 

3.53–3.40 (m, 68H), 3.24 (t, J = 5.3 Hz, 2H), 3.18 (s, 1H), 2.33–2.27 (m, 4H), 2.21 (t, J = 2.3 Hz, 

1H). 13C NMR (151 MHz, D2O) δ 174.6, 143.2, 125.7, 83.3, 71.7, 69.6, 69.5, 69.4, 68.9, 68.8, 

60.3, 50.0, 47.1, 39.0, 34.4, 14.6. HRMS (MALDI-TOF): calculated for C54H98N11O20 [M+H]+ 

m/z 1220.6990, found 1220.7003. 

Triazole product 2 
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To a 10 mL Schlenk tube was added 1 (30 mg, 0.025 mmol), tetra(ethylene glycol) monoazide S2 

(24 mg, 0.11 mmol) and Cu(OAc)2
.H2O (2 mg, 0.01 mmol) under N2. H2O (2 mL) was added and 

the mixture was stirred for 10 min. A solution sodium ascorbate (5 mg, 0.025 mmol) in H2O (1 

mL) was dropped into the above solution under N2. The mixture was sealed and stirred at room 

temperature overnight. The reaction was quenched by addition of an aqueous solution of 

Na5DTPA (500 mM, 0.5 mL). The aqueous solution was extracted with CH2Cl2 (6 × 10 mL). The 

combined organic layer was dried over Na2SO4, filtered, and concentrated under vacuum. The 

crude product was purified by column chromatography (using 10% MeOH in CH2Cl2) to yield 2 

(30mg, 0.020mmol, 83%) as a yellow oil. 1H NMR (500 MHz, D2O ) δ 7.89 (s, 3H), 7.69 (s, 1H), 

4.49 (t, J = 4.9 Hz, 6H), 4.46 – 4.38 (m, 2H), 3.83 (t, J = 5.0 Hz, 6H), 3.82 – 3.77 (m, 2H), 3.66 (s, 

6H), 3.60 – 3.34 (m, 78H), 3.19 (t, J = 5.3 Hz, 2H), 2.86 (t, J = 7.3 Hz, 2H), 2.47 (t, J = 7.3 Hz, 

2H). 13C NMR (126 MHz, D2O) δ 175.0, 146.4, 143.2, 125.8, 123.7, 71.7, 69.7, 69.6, 69.5, 69.4, 

68.8, 68.8, 60.4, 50.0, 49.9, 47.2, 38.9, 35.1, 21.1. HRMS (MALDI-TOF): calculated for 

C62H114N14O24 [M+H]+ m/z 1438.8130, found 1438.8151. 

Synthesis of calibration standards (5 & 6). 
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Compound S8 and S9 were prepared by literature procedures.191-192   

Compound 5 

To a 10 mL Schlenk tube was added 1 (30 mg, 0.025 mmol), azido ethanol S8 (10 mg, 0.11 mmol) 

and Cu(OAc)2
.H2O (2 mg, 0.01 mmol) under N2. H2O (2 mL) was added and the mixture was 

stirred for 10 min. A solution sodium ascorbate (5 mg, 0.025 mmol) in H2O (1 mL) was dropped 

into the above solution under N2. The mixture was sealed and stirred at room temperature 

overnight. The reaction was quenched by addition of an aqueous solution of Na5DTPA (500 mM, 

0.5 mL). The aqueous solution was extracted with CH2Cl2 (6 × 5 mL). The combined organic 

layer was dried over Na2SO4, filtered, and concentrated under vacuum. The crude product was 

purified by column chromatography (using 10% MeOH in CH2Cl2) to yield 5 (27 mg, 0.021mmol, 

83%) as a colorless oil.  1H NMR (500 MHz, CDCl3) δ 7.92 (s, 2H), 7.88 (s, 1H), 7.51 (s, 1H), 

6.48 (s, 1H), 4.52 (dd, J = 10.7, 5.4 Hz, 6H), 4.40 (t, J = 4.9 Hz, 2H), 3.96 (br, 2H), 3.86 (t, J = 
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5.1 Hz, 6H), 3.73 (s, 6H), 3.69 (t, J = 4.6 Hz, 4H), 3.60–3.55 (m, 60H), 3.48 (t, J = 5.1 Hz, 2H), 

3.36 (dd, J = 10.5, 5.3 Hz, 2H), 3.00 (t, J = 7.2 Hz, 2H), 2.55 (t, J = 7.2 Hz, 2H). 13C NMR (126 

MHz, CDCl3) δ 172.2, 146.4, 143.8, 125.1, 122.7, 72.6, 70.7, 70.6, 70.4, 70.1, 69.8, 69.6, 61.6, 

61.1, 52.6, 50.3, 47.3, 47.1, 39.2, 35.8, 21.7. HRMS (MALDI-TOF): calculated for C56H103N14O21 

[M+H]+ m/z 1307.7422, found 1307.7434. 

Compound 6 

To a 10 mL Schlenk tube was added 1 (30 mg, 0.025 mmol), azido butane S9 (10 mg, 0.10 mmol) 

and Cu(OAc)2
.H2O (2 mg, 0.01 mmol) under N2. H2O (2 mL) was added and the mixture was 

stirred for 10 min. A solution sodium ascorbate (5 mg, 0.025 mmol) in H2O (1 mL) was dropped 

into the above solution under N2. The mixture was sealed and stirred at room temperature 

overnight. The reaction was quenched by addition of an aqueous solution of Na5DTPA (500 mM, 

0.5 mL). The aqueous solution was extracted with CH2Cl2 (3 × 5 mL). The combined organic 

layer was dried over Na2SO4, filtered, and concentrated under vacuum. The crude product was 

purified by column chromatography (using 10% MeOH in CH2Cl2) to yield 6 (30 mg, 0.023mmol, 

91%) as a colorless oil.  1H NMR (500 MHz, CDCl3) δ 7.92 (s, 2H), 7.87 (s, 1H), 7.32 (s, 1H), 

6.28 (s, 1H), 4.51 (dd, J = 10.9, 5.5 Hz, 6H), 4.26 (t, J = 7.3 Hz, 2H), 3.85 (t, J = 5.1 Hz, 6H), 

3.73 (s, 6H), 3.69 (t, J = 4.3 Hz, 4H), 3.60–3.55 (m, 62H), 3.48 (t, J = 5.1 Hz, 2H), 3.37 (dd, J = 

10.5, 5.3 Hz, 2H), 3.28 (s, 2H), 3.00 (t, J = 7.2 Hz, 2H), 2.56 (t, J = 7.2 Hz, 2H), 1.84–1.78 (m, 

2H), 1.29 (dq, J = 14.8, 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H).  13C NMR (126 MHz, CDCl3) δ 

172.0, 146.6, 143.8, 125.1, 121.4, 72.6, 70.7, 70.7, 70.6, 70.5, 70.4, 70.3, 69.8, 69.6, 61.6, 50.3, 

50.0, 47.2, 47.1, 39.3, 35.8, 32.3, 21.5, 19.8, 13.6. HRMS (MALDI-TOF): calculated for 

C58H107N14O20 [M+H]+ m/z 1319.7786, found 1319.7798. 

Synthesis of calibration standards (3, 4 & S10). 
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Synthesis of N-(tetraethylene glycol)pent-4-ynamide (3) 

To a 100 mL Schlenk tube was added 4-pentynoic acid (360 mg, 3.7 mmol), EDC·HCl (1.1 g, 5.5 

mmol), HOBt (249 mg, 5.5 mmol) and Et3N (1.1 g, 11 mmol) in CH2Cl2 (10 ml). The mixture 

was stirred for 10 min, then amino tetra-ethylene glycol (1.3 g, 5.5 mmol) was added under 

nitrogen. The solution was stirred at room temperature for 24 h, and then the solvent was 

removed under vacuum. The residue was dissolved in 100 mL saturated NaHCO3 aqueous 

solution and extracted with CH2Cl2 × 4. The organic layer was combined, dried over anhydrous 

MgSO4, filtered and concentrated under vacuum. The crude product was further purified by 

column chromatography (5% MeOH in EtOAc) to yield 470 mg (47%) pure product 3 as pale 

yellow oil. 1H NMR (500 MHz, CDCl3) δ 7.22 (s, 1H), 3.70 (s, 1H), 3.66 – 3.62 (m, 4H), 3.59 – 

3.54 (m, 6H), 3.54 – 3.51 (m, 2H), 3.45 (t, J = 5.0 Hz, 2H), 3.37 – 3.34 (m, 2H), 2.43 (td, J = 7.1, 

2.5 Hz, 2H), 2.33 (t, J = 7.1 Hz, 2H), 1.93 (t, J = 2.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 

171.3, 83.3, 72.6, 70.7, 70.4, 70.1, 70.0, 70.0, 69.1, 61.5, 39.2, 35.1, 14.9. 

Synthesis of 4 

To a 10 mL Schlenk tube was added N-(tetraethylene glycol)pent-4-ynamide (60 mg, 0.22 mmol), 

azido tetraethylene glycol (100 mg, 0.45 mmol) and CuSO4
.5H2O (6 mg, 0.024 mmol) under N2. 
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H2O (2 mL) was added and the mixture was stirred for 5 min. A solution of sodium ascorbate (40 

mg, 0.20 mmol) in H2O (0.5 mL) was dropped into the above solution under N2. The mixture was 

sealed and stirred at room temperature overnight. After the reaction was completed, 150 mg 

Chelex® 100 Resin was added to the mixture and stirred in air for 1 h. The resin was filtered 

through a small plug of cotton in Pasteur pipette, and the filtrate was concentrated under vacuum. 

The crude product was purified by column chromatography (20% MeOH in EtOAc) to yield 4 

(88 mg, 0.18 mmol, 82%) as a colorless oil.  1H NMR (500 MHz, CDCl3) δ 7.56 (s, 1H), 7.29 (t, J 

= 5.1 Hz, 1H), 4.42 (t, J = 4.9 Hz, 2H), 4.11 (s, 2H), 3.76 (t, J = 5.0 Hz, 2H), 3.67 – 3.62 (m, 4H), 

3.52 (s, 22H), 3.43 (t, J = 4.7 Hz, 2H), 3.34 – 3.31 (m, 2H), 2.96 (t, J = 7.6 Hz, 2H), 2.52 (t, J = 

7.6 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 172.3, 146.5, 122.9, 72.6, 70.6, 70.6, 70.5, 70.4, 70.3, 

70.0, 69.5, 61.5, 61.3, 50.2, 39.2, 35.6, 21.5. 

Synthesis of S10 

To a 10 mL Schlenk tube was added N-(tetraethylene glycol)pent-4-ynamide (62 mg, 0.22 mmol), 

1-azidobutane (50 mg, 0.50 mmol) and CuSO4
.5H2O (6 mg, 0.024 mmol) under N2. H2O (2 mL) 

was added and the mixture was stirred for 5 min. A solution of sodium ascorbate (40 mg, 0.20 

mmol) in H2O (0.5 mL) was dropped into the above solution under N2. The mixture was sealed 

and stirred at room temperature overnight. After the reaction was completed, 150 mg Chelex® 

100 Resin was added to the mixture and stirred in air for 1 h. The resin was filtered through a 

small plug of cotton in Pasteur pipette, and the filtrate was concentrated under vacuum. The crude 

product was purified by column chromatography (5% MeOH in CH2Cl2) to yield S10 (76 mg, 

0.20 mmol, 93%) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.32 (br, 2H), 4.23 (t, J = 7.2 

Hz, 2H), 4.13 (s, 1H), 3.70 – 3.65 (m, 2H), 3.64 – 3.62 (m, 2H), 3.58 – 3.56 (m, 6H), 3.54 – 3.52 

(m, 2H), 3.45 (t, J = 5.0 Hz, 2H), 3.36 – 3.33 (m, 2H), 2.97 (br, 2H), 2.54 (br, 2H), 1.79 (tt, J = 

7.4 Hz, 2H), 1.26 (tq, J = 7.4 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 
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172.2, 146.7, 121.9, 77.5, 77.2, 77.0, 72.6, 70.7, 70.4, 70.0, 70.0, 61.4, 50.1, 39.2, 35.6, 32.2, 21.6, 

19.7, 13.5.  

 

The mono- and bis-triazolylmethylamine ligands (Tr)1 and (Tr)2 were prepared according to the 

procedure for synthesizing ligand 1 (vide supra).   

Ligand (Tr)1: 1H-NMR (400 MHz, CDCl3) δ 7.71 (s, 1H, triazole), 6.52 (s, 1H, NHCO), 4.47 (t, J 

= 5.0 Hz, 2H, triazole-NCH2), 3.80 (t, J = 5.0 Hz, 2H, Triazole-NCH2CH2), 3.70 – 3.43 (m, 44H, 

OEG), 3.39 (t, J = 5.1 Hz, 2H, CH2triazole), 2.50 – 2.39 (m, 2H, CH2CH2CCH), 2.35 (t, J = 7.3 

Hz, 2H, CH2CH2CCH), 2.28 (s, 6H, CH3), 1.96 (t, J = 2.0 Hz, 1H, CCH).
 

13C-NMR (101 MHz, 

CDCl3) δ 171.1, 143.6, 124.3, 83.2, 70.6, 70.6, 70.6, 70.6, 70.6, 70.5, 70.5, 70.3, 69.9, 69.5, 69.3, 

53.9, 50.3, 44.7, 39.3, 35.2, 14.9. 

Ligand (Tr)2: 1H NMR (400 MHz, CDCl3) δ 7.79 (s, 1H, triazole), 7.72 (s, 1H, triazole), 6.42 (s, 

1H, NHCO), 4.48 (q, J = 4.8 Hz, 6H, triazole-NCH2), 3.89 – 3.27 (m, 64H, OEG), 2.54 – 2.38 (m, 

2H, CH2CH2CCH), 2.38 – 2.29 (m, 2H, CH2CH2CCH), 2.23 (s, 3H, CH3), 1.96 (t, J = 2.6 Hz, 1H, 

CCH). 13C NMR (101 MHz, CDCl3) δ 171.1, 143.8, 143.5, 124.6, 124.4, 83.2, 72.6, 70.6, 70.3, 

70.3, 69.8, 69.6, 69.5, 69.4, 61.6, 51.1, 50.9, 50.3, 41.8, 39.3, 35.2, 14.9. 
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Chapter 4       Mechanistic Investigations on 

Tris(triazolylmethyl)amine Ligand-accelerated CuAAC 

Reaction in Organic Solvents  

4.1 Introduction 

In Chapter 3, we have discussed the finding of an alternative pathway of the 

tris(triazolylmethyl)amine ligand-accelerated CuAAC reaction in aqueous solutions, which 

involves a tri-copper-acetylide complex stabilized by one tris(triazolylmethyl)amine ligand 

(acetylide-CuI
3-TL). This intermediate is highly active especially under catalytic conditions. The 

finding was made using a water-soluble tris(triazolylmethyl)amine ligand conjugated with an 

alkyne via a long linker, which entropically stabilizes the copper acetylide intermediates and 

facilitated the interception of these intermediates and evaluation of their reactivity using 

electrospray ionization mass spectrometry (ESI-MS). However, the detail structural information 

of these intermediates could not be obtained since the flexible linker does not crystalize. 

In 2007, the Williams group isolated the copper(I) and copper(II) complexes bearing 

tris(benzyltriazolylmethyl)amine (TBTA) ligands with good CuAAC activity (note: the copper(II) 

complex was applied in CuAAC reaction with reducing agent sodium ascorbate).193 In the 

monomeric copper(II) complex, both the central nitrogen atom and the three triazole arms 

coordinate with copper(II), which is also stabilized by chloride ion (Figure 4-1A). The copper(I) 

complex [(TBTA)2Cu2] is a dimer bridged by one of the triazole arms, the N3 and N2 of which 

coordinate with two copper(I) ions (Figure 4-1B). The other triazoles only adopt η1 coordination 

mode. Unlike the copper(II) complex, the central nitrogen of [(TBTA)2Cu2] does not interact with 

the metal, since the saturated amines are poor π-acceptors for stabilizing the highly occupied d10 
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orbital of copper(I). In comparison, the copper(I) complex bearing NHC-trimethylamine ligands 

exhibited a much shorter Cu−N distance of 2.365Å, indicative of higher positive charges on 

copper(I).194 

 

Figure 4-1 Molecular structure of isolated (A) copper(II) and (B) copper(I) complexes bearing 

tris(benzyltriazolylmethyl)amine ligands. Hydrogen atoms were omitted for clarity. 

In this Chapter, we will discuss the structure and CuAAC activity of the first isolated tri-

copper(I)-acetylide complex bearing tris(triazolylmethyl)amine ligand. 

4.2 Isolation of Tri-copper(I) Acetylide Complex Bearing 

Tris(triazolylmethyl)amine Ligand 

4.2.1 Ligand Design and Single Crystal Growth 

In order to shed light on the origin of the high reactivity of the tri-copper(I)-acetylide complex, 

we first attempted to obtain its single crystal structure. We screened a range of substituents on the 

tris(triazolylmethyl)amine ligands and the alkynes, as well as the crystallization conditions (Chart 

4-1). A series of ligands with different substitution groups on tris(triazolylmethyl)amine skeleton, 



107 

 

and various types of alkynes and copper(I) sources were tested for single crystal growth of 

ligand-copper(I)-acetylide. The ratio of Cu/ligand/alkyne varied from 1:1:1, 2:1:1, 3:1:1, 4:2:1 to 

4:1:2 were tested, among which only the Cu3-ligand-acetylide single crystal structure was 

obtained. The ligands bearing phenyl group, t-butyl group, benzyl group and cyclohexyl group 

could also generate pale yellow Cu3-ligand-acetylide complexes (ball-shaped solid), but no single 

crystal was isolated from these ligands probably due to the π-π interactions between the aromatic 

rings and the higher flexibility of other substitution groups. Among the tris(triazolylmethyl)amine 

ligands tested, only the tris[(1-adamantyl-1H-1,2,3-triazol-4-yl)methyl] amine (TATA, Scheme 

4-1) gave the pure single crystals, which is attributable to the bulky and relatively rigid adamantyl 

groups that facilitate crystallization and also prevent aggregation of the Cu-acetylides.57  

 

Chart 4-1 Tested Ligands, Alkynes, and Copper(I) Sources in Single Crystal Growth 
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Methanol, dichloromethane, ethanol, acetone, ethyl acetate, acetonitrile and DMSO were 

examined as solvent. Toluene and hexanes could not dissolve the ligand due to their low polarity. 

Acetonitrile, DMSO, ethyl acetate and acetone acted as strong competing solvent that coordinated 

with copper(I) and dissociated the copper(I)-acetylides. On the other hand, pure dichloromethane 

could not stabilize the tri-copper(I) complex and led to copper(I) aggregates, while addition of  

alcoholic solvents was able to maintain a high concentration of tri-copper(I)-acetylide at room 

temperature, indicating coordination from the hydroxyl group in the copper(I)-acetylide complex. 

Since the pure methanol and ethanol cannot fully dissolve the complexes, we chose a 1:1 mixture 

of dichloromethane and methanol as the solvent for single crystal growth. 

The copper(I)-acetylide complex (4-1) was obtained by mixing the TATA ligand, N-methyl-4-

pentynamide (4-2) and Cu(MeCN)4PF6 in 1:1:3 ratio in MeOH/CH2Cl2 containing about 3% H2O 

as a base (Scheme 4-1). Single crystals suitable for X-ray analysis were obtained by ether 

diffusion into the solution of complex 4-1 in methanol and dichloromethane.  

 

Scheme 4-1 Preparation of the Tri-copper(I) Acetylide Complex 4-1.  

Apart from the complex 4-1, we also obtained single crystals from a combination of TATA (1 

equiv.), Cu(MeCN)4BF4 (3 equiv.), N-phenethylpent-4-ynamide (Chart 4-1, 1 equiv.) in 

methanol-dichloromethane mixture using H2O as a base for deprotonation. We failed to solve the 
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structure of this complex due to its high degree of disorder and the difficulty in identification of 

BF4
- counterion, but the core structure of this complex is very similar to complex 4-1. The 

combination of TATA (1 equiv.), Cu(MeCN)4PF6 (4 equiv.), 4-2 (2 equiv.) in methanol-

dichloromethane mixture also yielded the complex 4-1, together with bright yellow aggregates 

formed from the excess copper(I) and 4-2. 

4.2.2 Characterization of Single Crystal of Tri-copper(I) Acetylide Complex 4-1: 

X-ray Structure, ESI-MS, NMR and FT-IR Spectra 

The X-ray structure of the single crystal of complex 1 features a centrosymmetric dimer 

connected by two CuI ions (Figure 4-2). The relatively weak cuprophilic interaction55 between 

Cu(1) and Cu(1’) is indicated by their distance of 2.510(2) Å, which is slightly shorter than that in 

metallic copper (2.56 Å)142 and much shorter than the sum of van der Waals radii of two copper 

atoms (2.8 Å).143 In solution, this CuI-CuI interaction was not strong enough for stabilizing the 

dimer, as observed in the ESI-MS spectra where only the monomers were present (Figure 4-3).  

 

Figure 4-2 X-ray structure of the cation of the dimeric TATA-tri-copper(I)-acetylide 4-1. The 

hydrogen atoms, adamantyl groups and hexafluorophosphate counter-ions are omitted for clarity. 

Thermal ellipsoids are at 50% probability.  
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Figure 4-3 A. ESI-MS spectrum of complex 4-1 (100 μM in MeOH). B. Experimental isotopic 

patterns obtained by zoom scans centered on selected m/z. Theoretical isotopic patterns (red) of 

the proposed ions were calculated using IsoPro 3.0, and overlaid on the experimental isotope 

pattern (black). 

Each monomer [Cu3(μ3-η1,1,2-C≡CC2H4CONHCH3)(μ3-κ1,1,2-TATA)]2+ contains three copper(I) 

ions bridged by the acetylide and located in approximately the same plane. Each Cu is stabilized 

by coordinating to N(3) of a triazole ring of TATA. The TATA ligand occupies one side of the 
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“CuI plane”, which blocks the access of another copper-acetylide and prevents the formation of 

aggregates that were known to inhibit the CuAAC reaction.195 In solution, the weak Cu(1)-Cu(1’) 

connection is broken, thus the other side of the “CuI plane” is free for coordination with an azide 

during the reaction. The crystal structure of 1 is quite similar to the structure of a TL-CuI
3-

acetylide complex optimized by the ONIOM method196 (see Chapter 5, Figure 5-1).  

The Cu-Cu distances in each monomer (2.482(1) Å for Cu(1)–Cu(2) and 2.555(1) Å for Cu(2)–

Cu(3)) are shorter than those in most Cu catalysts employed in CuAAC, 35, 45, 127, 131-132, 140 but not 

uncommon in multi-nucelar copper-acetylide complexes.56-58, 80 These short distances were forced 

by the bridging of acetylide and indicative of intramolecular cuprophilic interactions that are 

possibly strengthened by the electron-deficiency of the tri-copper(I) acetylide.55  

The C(1)≡C(2) triple bond is activated in this complex, indicated by the significantly lengthened 

acetylide C(1)≡C(2) bond from typically 1.178 Å197 to 1.235(8) Å and bending (168(1)° or 157(1)° 

for two positions of C(3), see experimental section) of C(1)≡C(2)–C(3), which is similar to those 

in a reported di-copper(I) acetylide complex bearing cyclic alkyl amino carbene (CAAC) ligands 

(C≡C: 1.232 Å; C(1)≡C(2)–C(3): 171.4°).52 The distances and angles reveal a partial sp2 

hybridization of the acetylide carbons in the tri-copper-acetylide, which can be attributed to the 

stronger alkyne to Cu σ-donation and Cu to alkyne π-backbonding.156  

Compared to the reported Cu/TL 1:1 complex without an acetylide, such as [(TBTA)2Cu2] 

(TBTA: tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine),193 the Cu-triazole interactions in 

complex 1 are strengthened (Cu–N bond lengths 1.948(4)–1.990(5) Å vs. 2.028–2.049 Å in 

[(TBTA)2Cu2]). In particular, Cu(2) has the strongest interaction with the triazole ligand (Cu(2)–

N(2) 1.948(4) Å). Copper(I) was considered a poor π back-bonding ion,154 but the longer bond 

distances in triazole 2 (Table 4-2) may indicate the Cu(2) d → triazole 2 π* back-bonding. The 

enhanced Cu-triazole interaction12 further stabilizes the complex. The back-bonding can relieve 
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excess electron density of Cu(2) and increase its positive charge compared to Cu(1), which is 

confirmed by the charge calculation results (Figure 5-1). The 1H-NMR of complex 4-1 (Figure 4-

4 and Figure 4-5) displayed a pair of more deshielded methylene proton (NCH2Triazole) 

compared to other four methylene proton, which is possibly caused by the higher electron 

deficiency on Cu(2). 

 

Figure 4-4 1H NMR of the newly grown single crystal of complex 4-1 dissolved in 70% CD3OD 

and 30% CD2Cl2 at room temperature. 1H NMR (600 MHz, locked on Methanol-d4) δ 8.00 (s, 3H, 

triazole-H), 5.40 (s, 0.02H, CH2Cl2), 5.39 (s, 0.19H, CHDCl2, solvent residual peak in CD2Cl2), 

4.77 (s, HOD), 4.15 (s, 2H, NCH2-triazole, more deshielded, likely coordinate to Cu(2) that is of 

higher electron deficiency), 4.00 (s, 4H, NCH2-triazole), 3.45 (q, J = 7.0 Hz, 0.92H, (CH3CH2)2O), 

3.32 (s, 2H, CH3OD, the methanol that originally coordinated with copper, the lower integral 

value was attributed to evaperation), 3.28 (s, 2H, CHD2OD, solvent residual peak in CD3OD), 

3.02 (br, 2H, C≡CCH2), 2.78 (s, 3H, CONHCH3), 2.71 (br, 2H, C≡CCH2CH2), 2.21 (br, 9H, 
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adamantyl), 2.05 (br, 18H, adamantyl), 1.80 (br, 9H, adamantyl), 1.69 (br, 9H, adamantyl), 1.15 (t, 

J = 7.0 Hz, 1.36H, (CH3CH2)2O). The assignment was based on the chemical shifts, integrals and 

COSY. 

 

Figure 4-5   H-H COSY NMR of the newly grown single crystal of complex 4-1 dissolved in 70% 

CD3OD and 30% CD2Cl2 at room temperature. 

Due to the higher charge on copper(I), the tri-copper(I)-acetylide 1 is expected to coordinate with 

azide better than a di-copper(I)-acetylide. In most copper(I) complexes, the ligand-copper(I) 

interactions are contributed mainly by the electrostatic attraction, together with a small portion of 

orbital interactions.53, 164 Hence, compared to di-copper(I) acetylides, the higher positive charge 

on copper(I) of the tri-copper(I) acetylide should enhance the electrophilic interaction with the 

alkylated nitrogen of azide,32, 47 forming a more stable azide-copper(I)-acetylide ternary complex. 
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It has been showed that CuAAC reaction can be greatly accelerated by using chelating azides28-30, 

100-101 and electron deficient alkynes which stabilize the azide-copper(I)-acetylide ternary 

complex.35, 103-105  

 

Figure 4-6 FT-IR of complex 4-1 compared with TATA, N-methyl-4-pentynamide (2) and 

Cu(MeCN)4PF6 

Weak interactions of copper(I) with methanol as the solvent, the amide oxygen of 2, and the 

tertiary amine nitrogen N(4) in TATA also help to stabilize the structure. The back-bonding of 

Cu(3) to the C=O group is indicated by a slight red-shift of the C=O peak in the FT-IR spectra of 

complex 1 (Figure 4-6). The Cu(2)−N(4) distance (2.330(5) Å) is shorter than that in the copper(I) 

complex [(TBTA)2Cu2]2+ (Cu–N(4): 2.742 Å) but longer than that in the copper(II) complex 

[(TBTA)CuCl2] (Cu–N(4): 2.119 Å).193 The enhanced interaction between Cu(2) and N(4) in 
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complex 4-1 is possibly due to the increased electron deficiency of Cu(2). The largely elongated 

thermal ellipsoids of the triazole 3 indicated the thermal motion along the Cu(3)−N(3) bond. 

Hence, the coordination of Cu(3) to N(3) is weak and the Cu(3) could dissociate by excess alkyne 

under catalytic CuAAC condition to reduce steric hindrance of azide coordination and first N−C 

bond formation. Overall, the above structural analysis of the tri-copper(I)-acetylide complex 1 

reveals the origin of its stability and the features promoting its coordination with an azide.  

 

Figure 4-7 ESI-MS spectrum of 100 μM TATA/(4-2)/Cu(MeCN)4PF6 1:1:3 solution (0.1 mM in 

MeOH containing 1% H2O). The assignment of each signal was based on analysis of the isotopic 

pattern (Figure 4-3). 

The above results revealed the origin of the stability of the tri-copper(I)-acetylide complex 4-1 

and stronger copper(I)-azide interaction. The ESI-MS spectrum of TATA/(4-2)/Cu(MeCN)4PF6 

1:1:3 solution (0.1 mM in MeOH containing 1% H2O) (Figure 4-7) is similar to the ESI-MS 

spectrum of complex 4-1 (0.1 mM in MeOH) (Figure 4-3), both containing a majority of the 

complex 4-1 monomer and a small portion of the TATA-copper(I) complex due to protonation of 

the acetylide. The absence of mono- and di-copper(I) acetylide complexes indicates their 

instability against protonation in methanol. 
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4.3 Activity Studies 

4.3.1 CuAAC Reaction in Nitrogen Atmosphere 

In CuAAC reaction, the complex 4-1 showed a much higher catalytic activity than the “free” 

copper(I) under N2. The CuAAC reaction of the alkyne 4-2 and benzyl azide in the presence of 2% 

of the complex 4-1 (calculated based on monomer structure) reached 70% yield in an hour at 

room temperature (Figure 4-8). Under the same conditions using the same amount (6%) of 

copper(I) (Cu(MeCN)4PF6) but without the TATA ligand, only 4% yield was obtained. Replacing 

2% complex 4-1 with 6% TATA and 6% copper(I) result in similar rate, but further addition of 

TATA largely decreased the rate. 

 

Figure 4-8 Comparison of the catalytic efficiency of 4-1 vs Cu(MeCN)4PF6/TATA at various 

ratios during the CuAAC reaction of 4-2 (10 mM) with benzyl azide (BnN3, 10 mM) in methanol 

at 24oC under N2. Reaction yield was measured by LC-MS/MS. 
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Figure 4-9 ESI-MS Spectrum of Tri-copper(I)-TATA-acetylide Reacting with BnN3, and 

Isotopic Patterns of Selected Peaks.   
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The ESI-MS of the reaction mixtures (Figure 4-9) showed both the presence of the tri-copper(I) 

and di-copper(I) intermediates, as well as other high nuclear aggregates.  

4.3.2 Reaction in Air 

Complex 4-1 was air-stable in solid state but can be slowly oxidized overnight in MeOH. The 

oxidation of copper(I) resulted a decrease in the rate of the reaction in air (Figure 4-10A). 

Increasing the ratio of TATA/Cu to 1:1 could protect copper(I) from oxidation during the 

reaction, indicated by the same rates for the reaction run in air and in N2. Higher yields were 

obtained for the reaction run in air catalyzed by TATA-copper(I) or (TATA)2-copper(I) than by 

the commonly used ligand TBTA110 (Figure 4-10B). This result indicates that the bulky 

adamantyl groups at the triazole arms of TATA might reduce the air oxidation of copper(I). 

 

Figure 4-10 Kinetic profiles for the CuAAC reaction of 4-2 (10 mM) with benzyl azide (10 mM) 

in methanol at 24oC. A. Comparison of the anti-oxidation ability of 4-1 vs Cu(MeCN)4PF6/TATA 

at various ratios in air. B. Comparison of the anti-oxidation ability of TATA vs TBTA during the 

reaction in air. Reaction yield was measured by LC-MS/MS as described in experimental method.  
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4.4 Mechanism Proposal 

On the basis of the unique structure of complex 4-1 and the previously proposed mechanism 

involving a di-copper-acetylide (Scheme 4-2A),40, 46, 48-49, 52, 85, 89 we proposed the mechanism for 

C-N bond formation from the tri-copper acetylide I (Scheme 4-2B). To form the azide-copper-

acetylide precursor complex (I-N3), the alkylated nitrogen of the azide is expected to 

preferentially interact with the electron-deficient Cu(2). Calculations suggested that the Cu-

acetylide bond is weakened by this coordination, resulting in a more symmetric μ2,η1,1 

coordination mode.47, 53 Thus, the weakly coordinated Cu(3) can then σ-coordinate with the 

acetylide to form the complex I’-N3, which reduces the steric hindrance for N−C bond formation. 

Through the transition state TSCu3 involving three Cu atoms, the acetylide and the distal nitrogen 

of the azide form the first C–N bond, resulting in the metallacycle intermediate II that readily 

eliminates one CuI to yield the tri-copper triazolide III (Scheme 4-2B). Under catalytic conditions 

(Scheme 4-2C), the excess ligands (L = alkyne, triazole product, etc.) readily coordinate to 

copper of the azide adduct I-N3, forming I’-N3-L. This process promotes the dissociation of the 

copper from the acetylide in the complex I’-N3-L, forming a more favorable transition state 

TS’Cu2 with two copper atoms rather than three copper atoms in TSCu3 for the first C-N bond 

formation as the rate-limiting step, leading to the metallacycle II-L and then the triazolide IIII-L. 

During this process, other ligand L may exchange with the alkyne to form the triazolide-alkyne 

adduct III-A that rapidly undergo protonation of the triazolide by the proximal alkyne to generate 

the triazole product and regenerate the catalyst I.  
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Scheme 4-2 A. Previously proposed mechanism of C-N bond formation during CuAAC reaction, 

involving two CuI atoms in the rate-determining transition state TSCu2. Ligands are omitted. B. 

Analogous mechanism involving three CuI atoms in the transition state TSCu3. C. Proposed 

mechanism of CuAAC under catalytic conditions where excess ligands L may promote a more 

favorable transition state (TS’ Cu2) with two copper atoms for the C-N bond formation 
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4.5 Conclusions 

In this work, we isolated and characterized the tri-copper acetylide complex bearing TATA 

ligand. The multi-dentate coordination of TATA, electron-deficiency of the tri-copper-acetylide, 

and π back-bonding from copper to the ligands stabilize the complex and facilitate the 

coordination with the azide. The tri-copper-acetylide complex 1 showed good catalytic activity in 

CuAAC reaction.  

4.6 Experimental Section 

4.6.1 General Methods 

Reagents and solvents were purchased from Sigma-Aldrich, VWR or TCI America and used 

without further purification. LC-MS grade solvent was purchased from VWR. Single-crystal X-

ray structure was obtained using a Bruker DUO platform diffractometer equipped with a 4K CCD 

APEX II detector. Positive ion ESI-MS data were acquired using a Thermo Finnigan LCQ Deca 

XP ion trap mass spectrometer. Positive ion MALDI-TOF mass was recorded on an AB SCIEX 

4800 MALDI TOF/TOF analyzer using α-cyano-4-hydroxycinnamic acid as a matrix. FT-IR was 

characterized using a Nicolet iS10 FT-IR Spectrometer. NMR spectra were recorded on JEOL 

ECX-400 or ECA-500 spectrometer. 

4.6.2 Experimental Details 

4.6.2.1 Synthesis of Complex 4-1 

The experiment was performed in a nitrogen glove box and all solvents were degassed. To a 

stirred solution of TATA (20 mM in CH2Cl2, 1 mL) was added 2 (100 mM in MeOH, 200 μL), 

Cu(MeCN)4PF6 (30 mM in MeOH, 2 mL), and H2O (100 μL) under N2. The solution was stirred 

for 6 hours, transferred to a small beaker, and blow-dried with a flow of N2. The pale yellow 
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residue was re-dissolved in a mixed solvent of MeOH (1 mL) and CH2Cl2 (1 mL) (1:1 ratio), 

filtered into a 5 mL glass vial. The open vial was placed inside a tightly capped 20 mL glass vial 

containing ether (5 mL) to allow slow diffusion of ether vapor into the complex solution. To 

reduce vibration, stabilize the temperature and protect form light, the 20 mL vial was wrapped 

with cotton and placed inside a beaker covered with aluminum foil. After a week of incubation at 

room temperature inside the N2 glove box, complex 1 was obtained as pale yellow needling single 

crystals. The single crystals were taken out from the mother liquor and immediately frozen to 

−150oC for X-ray analysis.  

For melting point measurement, newly grown single crystal of complex 1 was washed with 

methanol × 1, ether × 1, dried in glove box. The pale yellow small needle crystals were moved 

out of the glove box and the melting point was measured in air. The complex did not melt below 

210oC. The pale yellow small needle crystals started to turn brown at 165oC (decompose) and 

turned black at 180oC.  

4.6.2.2 NMR Spectroscopy of Complex 4-1 

In a nitrogen glove box, newly grown single crystal of complex 1 was washed briefly with 

methanol × 1, ether × 1 (the solvents were removed by pipettes) and dried for several minutes. 

The drying procedure resulted in breaking down of the needle-shaped crystals into tiny pale 

yellow solids. The complex were dissolved in 70% (99.8% D) CD3OD and 30% (99.9% D) 

CD2Cl2 (measured by micropipette). The solution was sealed in a screw-capped NMR tube and 

the 1H NMR (Figure 4-4), 1H-1H DQF-COSY NMR (Figure 4-5), 19F NMR (Figure 4-11) were 

recorded at room temperature. 
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Figure 4-11 19F-NMR of complex 4-1 synthesized using water as base. 

19F NMR (565 MHz, locked on Methanol-d4) δ -73.26 (d, J = 710.0 Hz, 22.87 F, PF6
−), -83.84 (d, 

J = 955.4 Hz, 0.79 F, PO2F2
−), -152.92 (s, 0.25 F, 10BF4

−), -152.97 (s, 1 F, 11BF4
−). The 19F NMR 

of the complex 1 crystal dissolved in 70% CD3OD and 30% CD2Cl2 indicates the presence of 

approximately 1.68 PF6
−, 0.18 PO2F2

−, 0.14 BF4
− as anions in each tri-copper(I) acetylide. The 

doublet at δ = -83.84 is assigned as PO2F2
− according to literature reported value, which is 

generated by the hydrolysis of PF6
−.198-202 The peaks at δ = -152.92 and δ = -152.97 are assigned 

to the anion BF4
−, with an integral ratio of 1:4, in agreement with the natural abundance of the 

two boron isotopes 10B and 11B.203 The 19F NMR of Cu(MeCN)4BF4 in a 70% CD3OD 30% 

CD2Cl2 mixture was recorded as control (see the spectrum below), in which 

10BF4
−/11BF4

− appeared at δ = -154.22 and δ = -154.27 with integral ratio of 1:4. The spin quantum 

numbers of 10B and 11B are 3 and 3/2, respectively. The expected 11B−F coupling in 11BF4
− was 
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also absent in this system, probably due to the adjacent spin 3/2 65CuI/63CuI. The BF4
− anion 

should be generated by reaction of HF with borosilicate glass.204 HF was originated from 

hydrolysis of PF6
− catalyzed by the CuI complex198-202 during the crystallization process. In the 

control group, we attempted to grow the single crystal of complex 1 using one equivalent of 

sodium hydroxide or potassium hydroxide as a base to deprotonate one equivalent of alkyne, 

instead of using water as a base that can generate significant amount of protons that facilitate the 

hydrolysis of PF6
−.198 The resulted crystals contain a much-lower amount of BF4

− anions (see the 

corresponding 19F NMR), but the crystals obtained using this method were very thin and not 

suitable for X-ray diffraction analysis.  

 

Figure 4-12 19F-NMR of Cu(MeCN)4BF4. 
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Figure 4-13 The 19F-NMR of the single crystal obtained by addition of one equivalent NaOH into 

the solution for making complex 4-1 (TATA, 4-2, Cu(MeCN)4PF6 mixture), which inhibited the 

hydrolysis of PF6
-.  

4.6.2.3 Elemental Analysis of Complex 4-1 
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Newly grown single crystal of complex 1 was washed with methanol × 1, ether × 1, dried in 

glove box, stored in dry ice and shipped overnight to Midwest Micro lab, LLC for elemental 

analysis. Found: C, 43.40±0.3%; H, 5.18±0.3%; N, 11.73±0.3%; P, 4.41±0.4%. According to the 

19F NMR of complex 1, each tri-copper(I) acetylide unit contains approximately 1.68 PF6
−, 0.18 

PO2F2
−, 0.14 BF4

− as anions (see discussion above). Calculated elemental composition based on 

the above structure (Chemical Formula: C47.2H69.4B0.14Cl0.2Cu3F11N11O2.86P1.86): C, 43.52%; H, 

5.24%; N, 12.14%; P, 4.54%. 

4.6.2.4 UV-Vis Spectrum of Complex 4-1 

One piece of single crystal was taken out from the mother liquor and dissolved in 1 mL MeOH 

(LC-MS grade) to make a colorless stock solution, and the solution was diluted 10 times with 

MeOH, and added into a plastic UV cuvette, capped with rubber septa, and test the UV-vis 

absorption (Figure 4-11). The spectra exhibit an absorption shoulder at 310 nm, which is likely to 

involve an acetylide to Cu ligand to metal charge transfer transition. 

 

Figure 4-14 UV-Vis Spectra of Complex 4-1 in Methanol under Room Temperature. 
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4.6.2.5 Single Crystal X-ray Diffraction Analysis of Complex 4-1 

All measurements were made with a Bruker DUO platform diffractometer equipped with a 4K 

CCD APEX II detector and an Incoatec 30 Watt Cu microsource with compact multilayer optics. 

A hemisphere of data (2713 frames at 4 cm detector distance) was collected using a narrow-frame 

algorithm with scan widths of 0.50o in omega and an exposure time of 40 s/frame at 123K. The 

data were integrated using the Bruker SAINT program, with the intensities corrected for Lorentz 

factor, polarization, air absorption, and absorption due to variation in the path length through the 

detector faceplate. The data were scaled, and an absorption correction was applied using 

SADABS. The structure was solved with SHELXT 2014, and refined with SHELXL 2014 using 

full-matrix least-squares refinement. The non-H atoms were refined with anisotropic thermal 

parameters, and all of the H atoms were calculated in idealized positions and refined riding on 

their parent atoms. Part of highly disordered solvent molecules and charge-balancing anions 

could not be determined and their contributions to the electron density were treated using the 

PLATON/SQUEEZE program. Each unit cell contains two molecules of {[Cu6(TATA)2(μ3-η1, η1, 

η2-C≡CR)2][PF6]2}2+ with other anions and solvents. There are two voids in the unit cell with 

similar sizes (550 and 539 Å3) and electron densities (201 and 196 electrons, respectively). There 

voids can be filled with highly disordered anions and solvent molecules including 1.36 PF6
−, 0.36 

PO2F2
−, 0.28 BF4

− (ratio based on 19F NMR data, 125 electrons), and possibly 1.81 or 1.69 CH2Cl2 

and/or Et2O (76 or 71 electrons, respectively).  

4.6.2.6 ESI-MS Spectra of CuAAC Intermediates between Complex 4-1 and Benzyl Azide 

In an anaerobic chamber, 1 mL TATA (10 mM in MeOH) was mixed with 1 mL Cu(MeCN)4PF6 

(30 mM in MeOH), 200 μL 2 (50 mM in MeOH) and 100 μL Na ascorbate (100 mM in H2O). 

The mixture was added into 7.7 mL MeOH to generate a TATA-CuI
3-acetylide 1 mM stock 

solution, then further dilute to 100 μM by MeOH. 100 μL of the above solution was added into 
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800 μL MeOH. 100 μL of benzyl azide (1 mM in MeOH) was added to start the reaction. The 

spectrum was an averaged scans during 20 – 30 min (Figure 4-9). 

4.6.2.7 Comparison of Reaction Yield in Anaerobic Chamber 

In an anaerobic chamber, four 1 mL micro test tubes (Titertube®, Bio Rad) were placed in a 96-

well Titertube rack. To each tube was added 800 μL solution (1% H2O in methanol), containing 

10 mM 4-2, 0.1 mM Na ascorbate, and tube A also containing 0.2 mM complex 4-1, tube B 

containing 0.6 mM TATA and 0.6 mM Cu(MeCN)4PF6, tube C containing 1.2 mM TATA and 

0.6 mM Cu(MeCN)4PF6, and tube D containing 0.6 mM Cu(MeCN)4PF6. The reaction was 

started by adding 200 μL benzyl azide (50 mM in MeOH). At 7.5 min intervals, 20 μL aliquots of 

the reaction mixture were added into four micro test tubes, each containing 980 μL air-saturated 

solution (40% MeOH, 60% H2O) of 100 μM DTPA (pH adjusted to 7.0 by NaOH) and 20 μM 

internal standard (4-S2). After 8 sets of aliquots were collected, the 96-well rack was moved out 

of anaerobic chamber. The samples were injected to a Thermo Finnigan LCQ Deca XP Plus ion 

trap mass spectrometer by a Thermo Finnigan Surveyor HPLC system. Reagents and product 

were separated by first static elution in 5% (MeCN, 0.1% formic acid): 95% (H2O, 0.1% formic 

acid) for 5 min and then a linear gradient elution to 97% (MeCN, 0.1% formic acid):3% (H2O, 

0.1% formic acid) for 5 min. A set of calibration standards of product 4-3, ranging from 2 µM to 

200 µM, using 4-S2 as internal standard, was injected before the set of samples. The 

concentration of product in each sample was calculated based on the calibration curve using LC-

MS/MS method. 

4.6.2.8 Comparison of Reaction Yield in Air 

For comparison of TATA/complex 4-1: In an anaerobic chamber, four 1 mL micro test tubes 

(Titertube®, Bio Rad) were placed in a 96-well Titertube rack. To each tube was added 800 μL 
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solution (1% H2O in methanol), containing 10 mM 4-2, 0.1 mM Na ascorbate. Tube A also 

containing 0.2 mM complex 4-1, tube B containing 0.6 mM TATA and 0.6 mM Cu(MeCN)4PF6, 

tube C containing 1.2 mM TATA and 0.6 mM Cu(MeCN)4PF6, and tube D containing 0.6 mM 

Cu(MeCN)4PF6.  

For comparison of TATA/TBTA: In an anaerobic chamber, four 1 mL micro test tubes 

(Titertube®, Bio Rad) were placed in a 96-well Titertube rack. To each tube was added 800 μL 

solution (1% H2O in methanol), containing 10 mM 4-2, 0.1 mM Na ascorbate, and tube A also 

containing 0.6 mM TATA and 0.6 mM Cu(MeCN)4PF6, tube B containing 1.2 mM TATA and 

0.6 mM Cu(MeCN)4PF6, tube C containing 0.6 mM TBTA and 0.6 mM Cu(MeCN)4PF6, and 

tube D containing 1.2 mM TBTA and 0.6 mM Cu(MeCN)4PF6. 

Then the mixtures were moved out of anaerobic chamber. The reaction was started by adding 200 

μL benzyl azide (50 mM in air-saturated MeOH). The tubes were exposed in air without cap. 

During the first hour, at 7.5 min intervals, 20 μL aliquots of the reaction mixture were added into 

four micro test tubes, each containing 980 μL air-saturated solution (40% MeOH, 60% H2O) of 

100 μM DTPA (pH adjusted to 7.0 by NaOH) and 20 μM internal standard (4-S2). After 8 sets of 

aliquots were collected, the last aliquot was taken at 120 min. The samples were injected to a 

Thermo Finnigan LCQ Deca XP Plus ion trap mass spectrometer by a Thermo Finnigan Surveyor 

HPLC system using the same quantitation method as discussed above.  
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4.6.3  Crystal Data for Complex [Cu6(TATA)2(μ3-η1, η1, η2-C≡CR)2]4+  
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Table 4-1  Crystal Data and Structure Refinement for Complex [Cu6(TATA)2(μ3-η1, η1, η2-

C≡CR)2]4+. 

 

Empirical formula  C92H132Cu6F12N22O4P2 

Formula weight  2281.37 

Temperature  123(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P 2/c 

Unit cell dimensions a = 20.7182(14) Å α = 90°. 

 b = 14.8867(9) Å β = 116.741(4)°. 

 c = 21.1658(13) Å γ = 90°. 

Volume 5829.9(7) Å3 

Z 2 

Density (calculated) 1.300 Mg/m3 

Absorption coefficient 2.056 mm-1 

F(000) 2364 

Crystal size 0.50 x 0.15 x 0.08 mm3 

Theta range for data collection 2.968 to 66.756°. 

Index ranges -20<=h<=23, -17<=k<=16, -25<=l<=24 

Reflections collected 36647 

Independent reflections 9908 [R(int) = 0.0380] 

Completeness to theta = 66.756° 95.6 %  

Absorption correction Empirical 

Max. and min. transmission 0.7528 and 0.4969 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9908 / 1622 / 835 

Goodness-of-fit on F2 1.027 

Final R indices [I>2sigma(I)] R1 = 0.0808, wR2 = 0.2057 

R indices (all data) R1 = 0.0987, wR2 = 0.2262 

Largest diff. peak and hole 1.744 and -0.511 e.Å-3 
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Table 4-2 Selected Bond Lengths for Complex [Cu6(TATA)2(μ3-η1, η1, η2-C≡CR)2]4+. 

Atom Atom Length/Å 
 
Atom Atom Length/Å 

Cu1 Cu2 2.4818(10) 
 

C1 C2 1.235(8) 

Cu2 Cu3 2.5548(11) 
 

N1 N5 1.312(6) 

Cu1 Cu1’ 2.5097(19) 
 

N2 N7 1.329(6) 

Cu1 C1 2.015(5) 
 

N3 N9 1.331(7) 

Cu2 C1 1.933(5) 
 

N1 C4 1.363(7) 

Cu3 C1 2.151(5) 
 

N2 C6 1.365(7) 

Cu3 C2 1.994(6) 
 

N3 C8 1.349(8) 

Cu1 O1 2.159(7) 
 

N5 N6 1.343(6) 

Cu3 O2 1.964(11)* 
 

N7 N8 1.341(6) 

Cu3 O2A 2.042(11)*  N9 N10 1.330(8) 

Cu1 N1 1.990(5) 
 

C4 C5 1.357(8) 

Cu2 N2 1.948(4) 
 

C6 C7 1.384(7) 

Cu3 N3 1.977(6)  C8 C9 1.348(9) 

Cu2 N4 2.330(5)     

 

Table 4-3  Selected Bond Angles for Complex [Cu6(TATA)2(μ3-η1, η1, η2-C≡CR)2]4+. 

Atom Atom Atom Angle/˚ 
 
Atom Atom Atom Angle/˚ 

C1 C2 C3 167.6(11)*  Cu1 Cu2 C1 52.6(2) 

C1 C2 C3A 156.9(13)*  Cu3 Cu2 C1 55.2(2) 

Cu1 C1 Cu2 77.8(2)  Cu3 Cu2 N2 113.0(1) 

Cu1 C1 C2 141.3(5)  Cu1 Cu2 N2 142.2(1) 

Cu2 C1 C2 140.8(5)  N4 Cu2 Cu1 94.5(1) 

Cu2 C1 Cu3 77.2(2)  N4 Cu2 N2 81.2(2) 

Cu3 C1 C2 65.9(4)  N4 Cu2 Cu3 97.9(1) 

Cu3 C2 C1 79.8(4)  N4 Cu2 C1 115.1(2) 

Cu2 Cu1 C1 49.6(2)  Cu2 Cu3 C1 47.6(2) 

Cu2 Cu1 N1 96.5(1)  C1 Cu3 C2 34.4(3) 

C1 Cu1 O1 102.3(3)  O2 Cu3 C2 90.3(6) 

N1 Cu1 O1 97.3(2)  O2 Cu3 N3 105.5(6) 

Cu2 Cu1 Cu1’ 70.09(4)  Cu2 Cu3 N3 84.6(2) 

Cu1 Cu2 Cu3 104.76(4)      

* The acetylide molecule is disordered from C3 to the amide group. From C3 to the amide it has 

two different positions in the crystal with 50% occupancy for each possibility. The distance of 

Cu(3)−O(2), and the angle of C(1)−C(2)−C(3) corresponds to the two different O(2) and C(3) 

positions. 
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4.6.4 Compound Synthesis Procedure 

N-methyl-4-pentynamide (4-2) 

 

To a stirred solution of 4-pentynoic acid (294 mg, 3 mmol), methylamine hydrochloride (405 mg, 

6 mmol), DMAP (37 mg, 0.3 mmol) and Et3N (1.68 mL, 12 mmol) in CH2Cl2 (3 mL) was added 

EDC•HCl (766 mg, 4 mmol) in CH2Cl2 (3 mL). The mixture was stirred for 40 h at room 

temperature, then washed with H2O × 2, saturated NaCl × 1, and dried over Na2SO4. The crude 

product was purified by column chromatography (EtOAc) to yield 160.9 mg (48%) pure product 

as white crystal. 1H NMR (500 MHz, CDCl3) δ 6.09 (br, 1H), 2.78 (d, J = 4.7 Hz, 3H), 2.49 (td, J 

= 7.1, 2.1 Hz, 2H), 2.37 (t, J = 7.1 Hz, 2H), 1.96 (t, J = 2.1 Hz, 1H). 13C NMR (126 MHz, CDCl3) 

δ 171.8, 83.1, 69.3, 35.2, 26.4, 15.0. 

Tris((1-adamantanyl-1H-1,2,3-triazol-4-yl)methyl)amine (TATA)  

 

1-azidoadamantane was prepared according to literature procedure.205 

To a 100 mL Schlenk tube was added tripropargylamine (262 mg, 2 mmol), 1-azidoadamantane 

(1.24 g, 7 mmol) and Cu(OAc)2
.H2O (100 mg, 0.5 mmol) under N2. Methanol (10 mL) and 
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CH2Cl2 (10 mL) were added and the mixture was stirred for 10 min. A solution of sodium 

ascorbate (198 mg, 1 mmol) in H2O (2 mL) was added into the above solution under N2. The 

mixture was sealed and stirred at 50 oC for 48 h. After cooling, the reaction was quenched by 

addition of an aqueous solution of Na5DTPA (500 mM, 3 mL). The solvent was removed, and the 

residue was dissolved in 60 mL CH2Cl2 /H2O mixture, extracted with CH2Cl2 (3 × 30 mL). The 

combined organic layer was dried over Na2SO4, filtered, and concentrated under vacuum. The 

crude product was purified by recrystallization using acetone to yield TATA (1.13 g, 1.7 mmol, 

85%) as a white crystal.  1H NMR (400 MHz, CDCl3) δ 7.94 (s, 3H), 3.75 (s, 6H), 2.24 (s, 27H), 

1.77 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 142.2, 121.0, 59.6, 46.9, 43.1, 36.0, 29.5. HRMS 

(MALDI-TOF): m/z 663.4589 ([M+H]+, calcd 663.4611). Melting point: 184−185oC. 

Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) 

 

To a 100 mL Schlenk tube was added tripropargylamine (262 mg, 2 mmol), benzyl azide (932.5 

mg, 7 mmol) and Cu(OAc)2
.H2O (100 mg, 0.5 mmol) under N2. Methanol (5 mL) and CH2Cl2 (5 

mL) were added and the mixture was stirred for 10 min. A solution of sodium ascorbate (198 mg, 

1 mmol) in H2O (2 mL) was added into the above solution under N2. The mixture was sealed and 

stirred at 50 oC for 24 h. After cooling, the reaction was quenched by addition of an aqueous 

solution of Na5DTPA (500 mM, 3 mL). The solvent was removed, and the residue was dissolved 

in 60 mL CH2Cl2 /H2O mixture, extracted with CH2Cl2 (3 × 30 mL). The combined organic layer 

was dried over Na2SO4, filtered, and concentrated under vacuum. The crude product was purified 

by column chromatography (5% MeOH in DCM) to yield 658 mg (62%) pure TBTA as white 
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solid. 1H NMR (400 MHz, CDCl3) δ 7.67 (s, 3H), 7.39 – 7.17 (m, 15H), 5.49 (s, 6H), 3.71 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 144.1, 134.8, 129.2, 128.8, 128.1, 54.2, 47.1.   

3-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-methylpropanamide (4-3) 

 

To a 25 mL Schlenk tube was added 4-2 (22 mg, 0.2 mmol), benzyl azide (40 mg, 0.3 mmol) and 

Cu(OAc)2
.H2O (4 mg, 0.02 mmol) under N2. Methanol (1 mL) and CH2Cl2 (1 mL) were added 

and the mixture was stirred for 10 min. A solution of sodium ascorbate (20 mg, 0.1 mmol) in H2O 

(1 mL) was added into the above solution under N2. The mixture was sealed and stirred at room 

temperature overnight, then quenched by addition of an aqueous solution of Na5DTPA (100 mM, 

3 mL). The mixture was extracted with CH2Cl2 (3 × 10 mL). The combined organic layer was 

dried over Na2SO4, filtered, and concentrated under vacuum. The crude product was purified by 

column chromatography (2% MeOH in EtOAc and then 20% MeOH in DCM) to yield 24 mg 

(70%) pure product as white solid. 1H NMR (500 MHz, CDCl3) δ 7.36 – 7.17 (m, 6H), 6.25 (s, 

1H), 5.44 (s, 2H), 2.97 (t, J = 7.1 Hz, 2H), 2.68 (d, J = 4.8 Hz, 3H), 2.55 (t, J = 7.2 Hz, 2H). 13C 

NMR (126 MHz, CDCl3) δ 172.7, 147.1, 134.8, 129.1, 128.8, 128.0, 121.6, 54.1, 35.7, 26.3, 21.6. 

ESI-MS: m/z 245.10 ([M+H]+, calcd 245.13).  

N-phenethylpent-4-ynamide (4-S1) 
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To a stirred solution of 4-pentynoic acid (196 mg, 2 mmol), phenethylamine (363 mg, 3 mmol), 

DMAP (25 mg, 0.2 mmol) and Et3N (1.12 mL, 8 mmol) in CH2Cl2 (2 mL) was added EDC•HCl 

(575 mg, 3 mmol) in CH2Cl2 (2 mL). The mixture was stirred for overnight at room temperature, 

then washed with H2O × 2, saturated NaCl × 1, and dried over Na2SO4. The crude product was 

purified by column chromatography (EtOAc : hexane = 1 : 2) to yield 306 mg (76%) pure product 

as white solid. 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.09 (m, 5H), 5.75 (s, 1H), 3.53 (q, J = 6.5 

Hz, 2H), 2.82 (t, J = 6.9 Hz, 2H), 2.49 (td, J = 7.3, 2.5 Hz, 2H), 2.34 (t, J = 7.1 Hz, 2H), 1.93 (t, J 

= 2.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 171.0, 138.9, 128.9, 128.8, 126.6, 83.0, 69.5, 40.8, 

35.7, 35.4, 15.0. 

3-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-phenethylpropanamide (4-S2) 

 

To a 25 mL Schlenk tube was added 4-S1 (30 mg, 0.15 mmol), benzyl azide (40 mg, 0.3 mmol) 

and Cu(OAc)2
.H2O (4 mg, 0.02 mmol) under N2. Methanol (1 mL) and CH2Cl2 (1 mL) were 

added and the mixture was stirred for 10 min. A solution of sodium ascorbate (20 mg, 0.1 mmol) 

in H2O (1 mL) was added into the above solution under N2. The mixture was sealed and stirred at 

room temperature overnight, then quenched by addition of an aqueous solution of Na5DTPA (100 

mM, 3 mL). The mixture was extracted with CH2Cl2 (3 × 10 mL). The combined organic layer 

was dried over Na2SO4, filtered, and concentrated under vacuum. The crude product was purified 

by column chromatography (EtOAc and then 2% MeOH in EtOAc) to yield 40 mg (79%) pure 

product as white solid. 1H NMR (500 MHz, CDCl3) δ 7.37 – 7.05 (m, 11H), 6.03 (s, 1H), 5.43 (s, 

2H), 3.41 (q, J = 6.9 Hz, 2H), 2.97 (t, J = 7.2 Hz, 2H), 2.69 (t, J = 7.1 Hz, 2H), 2.52 (t, J = 7.2 Hz, 
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2H). 13C NMR (126 MHz, CDCl3) δ 172.0, 147.0, 139.0, 134.8, 129.2, 128.8, 128.7, 128.1, 126.5, 

121.6, 54.1, 40.7, 35.8, 35.7, 21.6. ESI-MS: m/z 335.40 ([M+H]+, calcd 335.41). 
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Chapter 5       DFT Calculations on Tri-copper(I) and Di-

copper(I) CuAAC Reaction Pathways 

5.1 Introduction 

Density functional theory (DFT) is a computational method describing the electronic density 

properties of atoms, molecules, and materials using functionals (functions of another function). It 

has relatively low computational costs compared to the Hartree–Fock theory, but the accuracy of 

which is sufficient for small systems. Therefore, this method has been widely applied for complex 

chemical systems, especially transition metals complexes.206 

The energies and properties of proposed mono- and di-copper(I) intermediates and transition state 

structures in CuAAC reaction have been extensively studied by theoretical calculations (see 

Chapter 1). However, little attention was paid to the activity of tri-copper(I) acetylide complexes.  

In this Chapter, we will discuss our work on computational studies of the proposed tri-copper(I) 

pathway, including energy barriers calculations as well as the effect of tris(triazolylmethyl)amine 

ligand.  

* The result in this Chapter was achieved in collaboration with Prof. Shereen Ghaoui and Prof. 

Thomas A. Albright. The calculation model was built together and the calculations were 

performed by Prof. Shereen Ghaoui.  
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5.2 Results and Discussion 

5.2.1 Geometric Optimization and Energy Calculations of Intermediates in Di-

Copper(I) and Tri-Copper(I) Reaction Pathways 

Based on previous proposed mechanisms and calculations,46 herein we performed the DFT 

calculations to obtain the energies and structures of di-copper(I) and tri-copper(I) pathway. The 

calculation was performed with Gaussian 09 program207 using a simplified model to minimize the 

calculation cost. Propyne and methyl azide were selected as the reactants and water was chosen as 

ligands. Structures were optimized both in gas- and solution-phase (water, solvation model: 

IEFPCM) and free energies were calculated with the M06208 and B3LYP209 functional. 

LANL2DZ basis set with ECP was used on Cu atoms, and 6-311+G**210 was used on the other 

elements (solvation model: IEFPCM). The energies in gas phase were corrected for the basis-set 

superposition error (BSSE) by the counterpoise correction method.211 

As shown in Scheme 5-1, the relative free energy of di-copper(I)-azide-acetylide complex II’ and 

the tri-copper(I)-azide-acetylide II are set as zero. The transition state energy barriers of the two 

pathways (III, III’) are similar, but the tri-copper(I) pathway is 2 kcal/mol higher than the di-

copper(I) pathway. This result is also in agreement with the calculated ratio of k’II/k’III = 29:1 (see 

Chapter 3) in stoichiometric condition. After passing the transition state, the tri-copper(I) 

metallacycle (IV) intermediate is more stable than di-copper(I) counterparts (IV’).  

It is worth noting that the calculation was done without tris(triazolylmethyl)amine ligand. With 

the stabilization of ligand, both the di-copper(I) acetylide and tri-copper(I) acetylide could be 

more stable and lower in energy, while the tri-copper(I) acetylide is more stable and lower in 

energy than the di-Cu acetylide, making the former easier to form the azide/copper(I)/acetylide 

ternary complex that facilitate the CuAAC reaction.100  
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Scheme 5-1 Energy profile of di-copper(I) and tri-copper(I) pathway calculated using M06 (blue) 

and B3LYP (green) method. 

5.2.2 Optimization of Crystal Structure for Orbital Explanation 

The structure of ligand-stabilized tri-copper(I) acetylide complex was optimized by the ONIOM 

method.196 All calculations were performed by the Gaussian 09 package.207 The complex was 

divided into two layers, known as high and low layers, a and b, respectively, as shown in Chart 5-

1. The central structure with H atoms as substitution on triazole groups was treated at the M06208 

level of theory with the 6-311+G(d,p)210 basis set. The complete structure including the 

tris(triazolymethyl)amine ligand was treated with the molecular mechanics method, universal 

force field (UFF).212 Charge distribution behavior is analyzed by Hirshfeld charge calculations. 
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Chart 5-1 Optimization of Ligand-stabilized Tri-copper(I) Acetylide Complex by ONIOM 

Calculations. A. High layer calculated by molecular mechanics method. B. Low layer calculated 

by DFT method. 

 

Figure 5-1 Optimized structure of ligand-stabilized tri-copper(I) acetylide complex and its 

alignment with the crystal structure. 

As shown in Figure 5-1, the optimized structure of the complex (left) has a slightly decreased 

dihedral angle between the Cu(2)−C(1)−Cu(1) plane and the Cu(3)−Cu(2)−C(1) plane (140.5o) 

compared to the crystal structure (157.6o). A lengthening of the C(1)−C(2) bond was also 

observed in the calculated structure (1.246 Å). Hirshfeld charge analysis (red) showed higher 

positive charges on Cu(2) compared to Cu(1), in consistent with the stronger backbonding from 

Cu(2). The overall structural superposition of the optimized structure (yellow) with the crystal 
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structure (red) as shown in the right figure suggested no significant conformational difference 

between the two structures. 

5.3 Conclusions 

In order to get a thorough understanding of the mechanism of ligand-accelerated CuAAC reaction, 

we performed the experimental studies in aqueous solutions (Chapter 3) and in organic solvent 

(Chapter 4), from which an unprecedented tri-copper(I) pathway was discovered. The activation 

energy of this new pathway was calculated 2 kcal/mol higher that the previously proposed di-

copper(I) pathway, which makes the reaction via a tri-copper(I) acetylide slower than di-copper(I) 

acetylide. However, the stability of tri-copper(I) acetylide-azide adduct is higher, indicated by 

experimental and theoretical studies. Thus, under catalytic condition, the reaction still prefers to 

proceed through the tri-copper(I) acetylide. 

5.4 Experimental Section 

5.4.1 The Gas- and Solution-phase Energetics for the Reaction of Di-Cu / Tri-Cu 

Propynide with Methyl Azide  

Table 5-1 Energies (kcal/mol) for the Reaction Pathway from Di-Cu Acetylide 

Structu

re 

Absolute Energies (hartrees) Relative Energies to Reactants (kcal/mol) 

B3LYP (gas) B3LYP (water) M06 (gas) M06 (water) B3LYP (gas) 
B3LYP 

(water) 
M06 (gas) 

M06 

(water) 

II' -865.3684 -865.4531 -865.1389 -865.2220 0 0 0 0 

III' -865.3408 -865.4298 -865.1064 -865.1939 17.3 14.6 20.4 17. 7 

IV' -865.3430 -865.4392 -865.1074 -865.2026 15.9 8.7 19.8 12.2 

 

Table 5-2 Energies (kcal/mol) for the Reaction Pathway from Tri-Cu Acetylide 

Structure 

Absolute Energies (hartrees) 
Relative Energies  to Reactants 

(kcal/mol) 

B3LYP (gas) B3LYP (water) M06 (gas) M06 (water) 
B3LYP 

(gas) 

B3LYP 

(water) 

M06 

(gas) 

M06 

(water) 

II -1137.7207 -1137.9715 -1137.4864 -1137.7405 0 0 0 0 

III -1137.6811 -1137.9439 -1137.4484 -1137.7095 24.8 17.4 23.8 19.5 

IV -1137.6842 -1137.9559 -1137.4496 -1137.7204 22.9 9.8 23.0 12.6 

V -1137.7395 -1138.0247 -1137.5146 -1137.7985 -11.8 -33.4 -17.7 -36.4 
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Chapter 6       Study of the Ligand Effects on CuAAC 

Reactivity and Antioxidation Ability  

6.1 Introduction 

The oxidation of copper(I) species by dioxygen in air greatly hampered the application of 

CuAAC reaction in bioconjugation. The copper(I) species generated in situ from reduction of 

copper(II) by ascorbate readily undergoes a “Fenton” reaction213 catalyzing the generation of 

cytotoxic reactive oxygen species (ROS) (Scheme 6-1),214-216 which is one of the major 

drawbacks of CuAAC reaction compared to the copper(I)-free bioconjugation methods.217  

 

Scheme 6-1 Oxidative damage from reactive oxygen species (ROS). 

To suppress the copper(I)-catalyzed oxidative damage to biomolecules, specific ligands have 

been developed to prevent or reduce the oxidation of copper(I) during the reaction. In general, 

larger chelating ring size, more chelating arms, electron-withdrawing and steric hindered 

substitution groups on ligands can offer better protection on copper(I) ion against oxidation.176  
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6.2 Results and Discussion 

6.2.1 Ligand Design 

Inspired by the high reactivity of tris(triazolylmethyl)amine ligands, we designed a family of 

ancillary ligands based on the (triazolylalkyl)amine skeleton (Chart 6-1, ligand 6-1 to 6-9). 

 

Chart 6-1 Ancillary ligands for accelerating CuAAC reaction and preventing copper(I) oxidation. 
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In the isolated mono-copper(II) complex bearing the tris(triazolylmethyl)amine ligands, the 

coordination of the central amine and the triazole nitrogen to the copper(I) atom generates three 

five-membered copper-chelating arm length (5,5,5).193 Mechanistic studies revealed that the 

enlarged chelating ring size can reduce the air-sensitivity of copper(I).174 Therefore, in this work, 

most of the ligands were designed on the basis of tripodal tetradentate structure, in which one or 

two methylene groups were inserted between the central amine and the aromatic chelating arm to 

expand the copper chelating arm length to six-atoms [(5,6,6) or (6,6,6)].  

In addition, the interaction between the π system of phenyl group and copper(I) can offer weak 

but sufficient protection on copper(I) against oxidation.177 Therefore, apart from the two triazole 

arms that were incorporated to provide N-donor coordination and catalytic activity, the third arm 

was designed as a triazole (6-6) or a phenyl ring (6-1−6-5). In selected ligands (6-2 & 6-5), a 

methyl group at the benzylic CH2 was incorporated to reduce the free rotation of phenyl ring and 

enhance the copper(I)-phenyl π interaction.177  

On the other hand, considering the high activity of di-copper(I) complexes in CuAAC reaction, 

we also synthesized three dimeric ligands 6-7, 6-8 and 6-9, in which the two monomers were 

linked by a phenyl group (6-7) or by a flexible oligo(ethyleneglycol) chain (6-8 and 6-9) to bring 

two copper(I) atoms at a high local concentration.  

6.2.2 Kinetic Studies on CuAAC Reaction 

The activity of these newly synthesized ligands were compared by a fluorescent assay (Figure 6-

1). In a model reaction, 7-hydroxycoumarin azide (2 equiv.) was reacted with propargyl alcohol 

(1 equiv.) in presence of ligand-copper(I) 1:1 complex (2 equiv.) in situ generated from reducing 

CuSO4 by ascorbate. The product hydroxymethyl triazolyl-coumarin exhibits strong fluorescent 

emission at λ = 465 nm, which can be quantitatively measured by a fluorescence microplate 
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reader. The reaction yield was continuously monitored during a reaction period of 60 min (Figure 

6-1A) and the apparent second-order rate constants were calculated accordingly (Figure 6-1B).  

 

Figure 6-1 Fluorescent Assay for CuAAC Rates in the Presence of Ligands 

Ligand efficiency in CuAAC reaction largely depends on chelating arm length. Similar to the 

reported copper(I)-dioxygen reactivity,176 increasing the chelating arm length from five to six-

atoms significantly reduced the CuAAC reaction rate as well. Among the monomeric ligands, 

tris(triazolylmethyl)amine ligands TL and BTTAA still showed the highest rate, followed by 

ligand 6-1 bearing [NCH2Triazole] and [NCH2CH2Triazole] arms. Ligand carrying two or more 

[NCH2CH2Triazole] arms displayed much lower efficacy. 

Dimeric ligands 6-9 at ligand/copper(I) 1:2 ratio displayed similar activity compared to the TL 

ligand at ligand/copper(I) 1:1 ratio. The ligand 6-9 carries a [N(CH2Triazole)3] unit ligated with a 

[N(CH2CH2Triazole)3] unit, which can form (5,5,5) and (6,6,6) chelating structure with copper(I). 

From the mechanistic study in Chapter 3, we have discovered that at ligand/ copper(I) 1:1 ratio, 

the active intermediates are the di-copper(I)-[N(CH2Triazole)3]-acetylides. Excess ligands in the 
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solution generate copper(I)-[N(CH2Triazole)3] complexes, which are in fast equilibrium with the 

copper(I) acetylides. Thus, for the ligand 6-9, the [N(CH2Triazole)3] unit plays the key role in 

maintaining the high activity during the reaction, while the [N(CH2CH2Triazole)3] unit can 

stabilize the second copper(I) with acetylide at a close position. In comparison, the dimeric ligand 

6-8 bearing two tris(triazolylmethyl)amine units exhibited lower reaction rate and yield, possibly 

because of the facile oxidation of copper(I) through the formation of a di-copper(I) complex, 

which was found more sensitive to dioxygen compared to the mono-copper(I) complexes.172 At 

ligand/copper(I) 1:1 ratio, the dimeric ligands 6-8 and 6-9 displayed lower reaction rate during 

the initial period of 20 min, then rapidly reacted and reached completion at 60 min. 

6.2.3 Inhibiting Effect of Excess Ligands 

Interestingly, for the monomeric ligands (6-2−6-6) and ligand 6-7 bearing two or more 

[N(CH2CH2Triazole)3] units, the CuAAC reaction was completely inhibited at ligand/copper(I) 

2:1 ratio. This phenomena was also observed and reported in other ligand systems where the 

ligand-copper(I) interactions are stronger than triazoles.43 

We proposed that the copper(I) ion was chelated by four nitrogen donor triazoles from two 

ligands, forming a tetrahedral coordination geometry that is stable against dissociation. To 

confirm the interaction between copper(I) and ligands, we synthesized a tris(triazolylethyl)amine 

ligands bearing three six-membered chelating rings [N(CH2CH2Triazole)3] (6-10, Figure 6-2). 

The 1H-NMR of ligand 6-10 in D2O exhibits a sharp peak of the triazole protons at δ = 7.69 ppm 

(Figure 6-2A), while the [(6-10)2Cu(I)] complex displays a split of this signal at a ratio of 4H:2H, 

indicating four out of six triazoles are coordinated with copper(I), showing more deshielded 

signal due to the transfer of electron density from the triazoles to copper(I) (Figure 6-2B). In 

addition, the α-methylene protons next to the triazoles (NCH2CH2Triazole) also show two 
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different chemical environments: four CH2 of which are shielded compared to the free ligands, in 

agreement with the higher electron-density introduced by copper(I)-coordination.  
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Figure 6-2 1H-NMR in D2O: A. ligand 6-10. B. [(6-10)2Cu(I)] complex generated with 

Cu(MeCN)4PF6. 
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Figure 6-3 1H-NMR in D2O: A. Propargyl alcohol. B. [(6-10)2Cu(I)] complex with propargyl 

alcohol. 

We next investigated the interaction between copper(I) and the alkyne (propargyl alcohol) in the 

[(6-10)2Cu] complex. Addition of 10−30 equivalent of propargyl alcohol into the [(6-10)2Cu] 

solution generated NMR signals corresponding to the CH2OH of propargyl alcohol at exactly the 

same chemical shift (δ = 4.06 ppm) compared to the free alkyne, suggesting no interaction 

between the alkyne and the ligand-chelated copper(I) ions. Therefore, the difficulty in forming 

copper(I)-acetylide complexes greatly hampered the CuAAC reaction rate, result in the observed 

inhibiting effect by these ligands. 

6.2.4 Oxidation Rate of Copper(I) Complexes bearing Anti-oxidation Ligands  

The efficiency of these ligands for preventing copper(I) against oxidation in air was quantitatively 

measured by the consumption rate of ascorbate, which was used as a sacrificing agent to reduce 

the oxidized copper(II) back to copper(I). The maximum absorbance of sodium ascorbate 

aqueous solution at 265 nm was monitored during a period of 20 min, in presence or absence of 

copper(I). Pure ascorbate solution is stable in air during the recorded period (Figure 6-4A), while 

the addition of one equivalent of CuSO4 immediately created the re-dox cycle (Scheme 6-1) that 

led to the rapid loss of sodium ascorbate absorption at 265 nm (Figure 6-4B). In comparison, the 

copper(II) complex bearing two 6-10 ligands is completely inert towards sodium ascorbate 

(Figure 6-4C), and the copper(I) complex bearing two 6-10 ligands is also unreactive towards 

sodium ascorbate in air, as reflected by the unchanged absorbance during 20 min (Figure 6-4D). 

The results revealed the high stability of copper(I) and copper(II) complexes chelated by two 

[N(CH2CH2Triazole)3] units, the coordination mode of which has been studied by NMR spectra 

(vide supra). The copper(I) complex bearing dimeric ligand containing one equivalent of 

[N(CH2CH2Triazole)3] ligand (e.g., one equivalent of ligand 6-9, Figure 6-4E) is also stable in air, 
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but lower amount of ligand (e.g., 0.5 equiv. 6-9, Figure 6-4F) is insufficient for protecting 

copper(I) from oxidation, although the oxidation rate is much slower than free copper(I). 

 

Figure 6-4 UV-Vis spectra of ascorbate solutions exposed in air during 20 min. Solutions 

containing: A. 0.125 mM ascorbate. B.  0.125 mM CuSO4 and 0.125 mM ascorbate. C. 0.25 mM 

ligand 6-10, 0.125 mM CuSO4, and 0.125 mM ascorbate. D. 0.25 mM ascorbate, 0.125 mM 

CuSO4, and 0.25 mM ligand 6-10.  

6.3 Conclusions 

Enlarged chelating arm length of the ancillary ligands reduced the reactivity of copper(I) 

complexes both towards dioxygen in air and in CuAAC reaction. Although the generation of 

cytotoxic ROS can be minimized by these ligands, their corresponding CuAAC rates are lower 

than the ligands forming five-membered chelating ring with copper(I). To achieve the goal of 

applying an efficient CuAAC reaction in biological systems at low toxicity, we need to expand 
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the ligand library with different chelating arm numbers and employ other donors including N, P, 

C, S. 

6.4 Experimental Section 

6.4.1 Experimental Details 

6.4.1.1 General Procedure for Kinetic Studies for CuAAC Activity of Selected Ligands 

In a 96-well plate (black), to each well was added 80 μL phosphate-buffered saline (PBS) 

solution, containing 0.01 μmol ligand (0.005 μmol 6-8 and 6-9), 0.01 μmol CuSO4, 0.01 μmol 

coumarin azide, and 0.005 μmol propargyl alcohol. 20 μL sodium ascorbate stock solution (25 

mM in PBS) was added into each well by a multichannel pipette to initiate the reaction. The plate 

was placed in a fluorescence microplate reader and the fluorescence intensity (excitation 405 nm / 

emission 465 nm) was recorded during reaction time from 2 min to 60 min. Each experiment was 

repeated three times (Figure 6-1). 

The yield of product was calculated based on the calibration curve at different concentrations of 

the hydroxymethyl triazolyl-coumarin (21 stock solution from 0.5 mM to 0 mM). The calibration 

solutions also contained 0.1 mM coumarin azide and 0.05 mM propargyl alcohol to control the 

fluorescent interference caused by reagents. Each concentration was repeated three times. (Figure 

6-5) 

Calculation of apparent second-order rate constants k: 

𝑟 =
𝑑𝑃

𝑑𝑡
= 𝑘[𝐴𝑧𝑖𝑑𝑒][𝐴𝑙𝑘𝑦𝑛𝑒] 

1

[𝐴𝑧𝑖𝑑𝑒]𝑖𝑛𝑖 − [𝐴𝑙𝑘𝑦𝑛𝑒]𝑖𝑛𝑖
𝑙𝑛

[𝐴𝑧𝑖𝑑𝑒][𝐴𝑙𝑘𝑦𝑛𝑒]𝑖𝑛𝑖

[𝐴𝑧𝑖𝑑𝑒]𝑖𝑛𝑖[𝐴𝑙𝑘𝑦𝑛𝑒]
= 𝑘𝑡 
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6.4.1.2 Oxidation Rate of Copper(I) Complexes bearing Anti-oxidation Ligands 

The oxygen gas in sodium ascorbate, CuSO4 and PBS buffer solution was removed by a freeze-

vacuumize-defreeze (4 times) procedure. UV cuvette was capped and filled with nitrogen gas. 

Stock solutions were subsequently added into the UV cuvettes by syringe. To cuvette 1 was 

added 0.125 mM sodium ascorbate. To cuvette 2 were added 0.125 mM CuSO4 and 0.125 mM 

sodium ascorbate, subsequently. To cuvette 3 were added 0.25 mM ligand 6-10, 0.125 mM 

CuSO4, and 0.125 mM sodium ascorbate, subsequently. To cuvette 4 were added 0.25 mM 

sodium ascorbate, 0.125 mM CuSO4, and 0.25 mM ligand 6-10, subsequently. Then the cap of 

each cuvette was removed and the cuvette was put into a Varian Cary 50 Bio UV-Visible 

Spectrophotometer to record the absorbance of each cuvette during 20min. Scan rate: fast. Scan 

range: 200 nm~800 nm. Cycle time: 30s. Cycle count: 40. Baseline correction: PBS solution.  

6.4.2  Supplementary Figures 

 

Figure 6-5 Calibration curve for fluorescence vs. concentration of hydroxymethyl triazolyl-

coumarin product. 
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6.4.3 Compound Synthesis Procedure 

 

Hydroxymethyl Triazolyl-Coumarin 

To a 10 mL Schlenk tube was added coumarin azide (20 mg, 0.1 mmol), propargyl alcohol (32.4 

mg, 0.6 mmol), Cu(OAc)2
.H2O (2 mg, 0.01 mmol) and MeOH (1 mL) under N2. A solution of 

sodium ascorbate (20 mg, 0.1 mmol) in H2O (1 mL) was added into the above solution under N2. 

The mixture was sealed and stirred at room temperature for 45 h. The reaction was quenched by 

addition of an aqueous solution of Na5DTPA (100 mM, 0.5 mL). The solvent was removed and 

the crude product was purified by column chromatography (5% MeOH in EtOAc) to yield 

Hydroxymethyl Triazolyl-Coumarin (25 mg, 0.96 mmol, 96 %) as a yellow solid. The product 

can hardly dissolve in CH2Cl2, MeCN, ethyl acetate, water, but can dissolve in MeOH and DMSO. 

1H-NMR (500 MHz, DMSO-D6) δ 8.54 (1H, triazole), 8.37 (1H, CH, next to triazole), 7.71 (1H, 

d, CHCH), 6.86 (1H, d, CHCH), 6.80 (1H, CH next to OH), 5.30 (1H, coumarin OH), 4.57 (2H, 

CH2OH), 3.98 (ethyl acetate), 3.32(MeOH), 3.13(MeOH), 2.46 (DMSO), 1.95 (ethyl acetate), 

1.57, 1.14 (ethyl acetate). 

TL was synthesized by literature reported procedure.117 
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BTTAA 

To a 50 mL Schlenk tube was added tert-butyl azide (200 mg, 2.02 mmol), tripropargylamine 

(131 mg, 1 mmol), Cu(OAc)2
.H2O (40 mg, 0.2 mmol), 2,6-dimethylpyridine (107 mg, 1 mmol) 

and MeCN (10 mL) under N2. A solution of sodium ascorbate (198 mg, 1 mmol) in H2O (2 mL) 

was added into the above solution under N2. The mixture was sealed and stirred at room 

temperature for 48 h. The reaction was quenched by addition of an aqueous solution of Na5DTPA 

(500 mM, 3 mL). The solvent was removed, and the residue was dissolved in 60 mL CH2Cl2 /H2O 

mixture, extracted with CH2Cl2 (3 × 30 mL). The combined organic layer was dried over Na2SO4, 

filtered, and concentrated under vacuum. The crude product was purified by column 

chromatography (5% MeOH in CH2Cl2) to yield BTTA (190 mg, 0.58 mmol, 58 %) as a white 

solid.  1H NMR (500 MHz, CDCl3) δ 7.67 (s, 2H, CH), 3.86 (s, 4H, CH2), 3.39 (d, 2H, CH2), 2.28 

(t, 1H, CH), 1.66 (s, 18H, CH3). The BTTA was reacted with 2-azidoacetic acid (1 equiv.) using 

the same CuAAC procedure to yield BTTAA (purified by column chromatography 10% MeOH 

in CH2Cl2) as a white solid (233 mg, 0.52 mmol, 90 %). 1H NMR (400 MHz, D2O) δ 8.16 (s, 2H, 

CH), 8.09 (s, 1H, CH), 5.03 (s, 2H, CH2), 4.35(s, 6H, CH2), 1.59 (s, 18H, CH3). 
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General procedure for synthesis of alkynes 

2-phenylethanamine (121 mg, 1 mmol) in DMF (1 ml) was added into a Schlenk tube containing 

K2CO3 (414 mg, 3 mmol). The mixture was stirred for 0.5 h, followed by addition of but-3-yn-1-

yl 4-methylbenzenesulfonate (560 mg, 2.5 mmol). The reaction mixture was heated at 50 oC, 

stirred for 46 h. Saturated NH4Cl was added to quench reaction. Organic layer was separated and 

aqueous layer was extracted with EtOAc x 3. Organic solution was combined and dried over 

Na2SO4. The crude product was further purified via flash chromatography (EtOAc/Hexane=1/15) 

to get 81.4 mg N-(but-3-yn-1-yl)-N-phenethylbut-3-yn-1-amine (36 %) and 79.5 mg N-

phenethylbut-3-yn-1-amine (46 %) as light yellow oils. 

N-phenethylbut-3-yn-1-amine (48.8 mg, 0.282 mmol) in MeCN (1 ml) was added into a Schlenk 

tube containing K2CO3 (47 mg, 0.341 mmol). The mixture was stirred for 0.5 h, followed by 

addition of propargyl bromide (36.7 μL, 0.338 mmol, 80% in Toluene) in an ice bath. The 

reaction mixture was then warmed up to room temperature and stirred for 20 h. Saturated NH4Cl 

was added to quench reaction. Organic layer was separated and aqueous layer was extracted with 

EtOAc x 3. Organic solution was combined and dried over Na2SO4. The crude product was 

further purified via flash chromatography (EtOAc/Hexane=1/15) to get 48.1 mg N-phenethyl-N-

(prop-2-yn-1-yl)but-3-yn-1-amine as light yellow oil (yield 81%). 

 

1H-NMR (500 MHz, CDCl3) δ 7.33 – 7.11 (m, 5H, aryl), 2.78 (t, 4H, CH2CH2CCH), 2.75 (s, 4H, 

CH2CH2aryl), 2.32 (td, 4H, CH2CH2CCH), 1.97 (t, 2H, CH2CH2CCH). 13C NMR (126 MHz, 

CDCl3) δ 140.3, 128.9, 128.5, 126.2, 83.0, 69.3, 55.9, 52.7, 34.2, 17.5. 
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1H-NMR (500 MHz, CDCl3) δ 7.34 – 7.18 (m, 5H, aryl), 3.51(d, 2H, NCH2CCH), 2.79 (t, 6H, 

CH2CH2aryl & CH2CH2CCH), 2.37 (td, 2H, CH2CH2CCH), 2.22 (t, 1H, CH2CCH), 2.00 (t, 1H, 

CH2CH2CCH). 13C-NMR (126 MHz, CDCl3) δ 140.2, 128.8, 128.5, 126.2, 82.7, 78.5, 73.3, 69.3, 

55.5, 52.4, 42.2, 34.3, 17.8. 

 

1H NMR (400 MHz, CDCl3) δ 7.56 – 6.96 (m, 5H, aryl CH), 3.66 (s, 2H, PhCH2), 2.75 (t, 4H, 

CH2CH2CH), 2.34 (td, 4H, CH2CH2CH), 1.95 (t, 2H, CH2CH2CH). 13C-NMR (101 MHz, CDCl3) 

δ 139.3, 128.7, 128.4, 127.2, 83.0, 69.2, 58.3, 52.5, 17.4. 

 

1H-NMR (400 MHz, CDCl3) δ 7.42 – 7.16 (m, 5H, aryl), 3.84 (q, 1H, CHCH3), 2.82 – 2.63 (m, 

4H, CH2CH2CCH), 2.28 (td, 4H, CH2CH2CCH), 1.94 (t, 2H, CH2CH2CCH), 1.35 (d, 3H, 

CHCH3). 13C-NMR (101 MHz, CDCl3) δ 144.2, 128.3, 127.6, 126.9, 83.1, 69.1, 59.7, 49.5, 18.5, 

17.2. 

 

1H-NMR (500 MHz, CDCl3) δ 7.33 – 7.13 (m, 5H, aryl), 2.85 (q, 1H, CHCH3), 2.70 (tt, 4H, 

CH2CH2CCH), 2.57 (dq, 2H, CHCH2N), 2.24 (td, 4H, CH2CH2CCH), 1.94 (t, 2H, CH2CH2CCH), 
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1.27 (d, 3H, CHCH3). 13C-NMR (126 MHz, CDCl3) δ 146.0, 128.4, 127.4, 126.3, 83.1, 69.1, 62.1, 

53.2, 38.8, 19.6, 17.4. 

 

1H-NMR (500 MHz, CDCl3) δ 7.40 – 7.12 (m, 4H, aryl), 3.65 (s, 4H, CCH2N), 2.75 (t, 8H, 

CH2CH2CCH), 2.34 (td, 8H, CH2CH2CCH), 1.96 (t, 4H, CH2CH2CCH). 13C-NMR (126 MHz, 

CDCl3) δ 139.3, 129.0, 128.3, 127.5, 83.0, 69.2, 69.2, 58.3, 52.5, 17.4. 

General procedure for synthesis of ligands using CuAAC reaction 

To a 50 mL Schlenk tube was added the alkyne (0.2 mmol), tetra(ethylene glycol) monoazide (87 

mg, 0.4 mmol), and Cu(OAc)2
.H2O (12 mg, 0.06 mmol) under N2. N,N-Diisopropylethylamine 

(26 mg, 0.2 mmol) in MeCN (1 mL) was added and the mixture was stirred for 10 min. A 

solution of sodium ascorbate (40 mg, 0.2 mmol) in H2O (1 mL) was dropped into the above 

solution under N2. The mixture was sealed and stirred at 60oC for 1 h − 41 h. The reaction was 

quenched by addition of an aqueous solution of diethylenetriaminepentaacetic acid pentasodium 

salt (Na5DTPA, 100 mM, 1 mL). The aqueous solution was extracted with CH2Cl2 (3 × 10 mL). 

The combined organic layer was dried over Na2SO4, filtered, and concentrated under vacuum. 

The crude product was purified by column chromatography (10% MeOH in CH2Cl2) to yield the 

products as colorless oil.  

6-1: 1H-NMR (400 MHz, CDCl3) δ 7.47(s, 1H, triazole), 7.41(s, 1H, triazole), 7.18−7.09 (m, 5H, 

aryl), 4.42 (m, 4H, OCH2CH2triazole), 3.84 (s, 2H, NCH2triazole), 3.77 (m, 4H, 

OCH2CH2triazole), 3.55 (m, 24H, OCH2CH2O), 2.81−2.71(m, 8H, NCH2CH2). 13C-NMR (101 
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MHz, CDCl3) δ 145.8, 144.3, 140.4, 128.9, 128.3, 125.9, 124.0, 122.7, 72.6, 72.6, 70.5, 70.5, 70.5, 

70.4, 70.4, 70.4, 70.2, 70.2, 69.5, 69.5, 61.5, 55.2, 53.1, 50.1, 50.0, 48.4, 33.4, 23.6. 

6-2: 1H-NMR (500 MHz, CDCl3) δ 7.37 (s, 2H, triazole), 7.30 – 7.13 (m, 5H, aryl), 4.45 (t, 4H, 

NCH2CH2O), 3.92 (q, 1H, CHCH3), 3.81 (t, 4H, NCH2CH2O), 3.69 (t, 4H, OCH2CH2OH), 3.64 – 

3.51 (m, 20H, OCH2CH2O), 3.14 (br, 2H, OH), 2.80 (m, 8H, NCH2CH2C), 1.33 (d, 3H, CHCH3). 

13C NMR (101 MHz, CDCl3) δ 146.1, 143.9, 128.1, 127.8, 126.8, 122.5, 72.6, 70.6, 70.5, 70.4, 

70.3, 69.6, 61.6, 59.2, 50.1, 49.9, 24.6, 16.5. 

6-3: 1H-NMR (400 MHz, CDCl3) δ 7.44 (s, 2H, triazole), 7.34 – 7.18 (m, 5H, aryl), 4.49 (t, 4H, 

NCH2CH2O), 3.84 (t, 4H, NCH2CH2O), 3.75 – 3.53 (m, 28 H, OEG-H & NCH2-aryl), 2.95 – 2.81 

(m, NCH2CH2C). 13C-NMR (101 MHz, CDCl3) δ 146.1, 139.3, 128.9, 128.2, 126.9, 122.5, 72.6, 

70.5, 70.5, 70.4, 70.2, 69.6, 61.5, 58.4, 53.3, 50.0, 23.7. 

6-4: 1H-NMR (500 MHz, CDCl3) δ 7.46(s, 2H, triazole), 7.33 – 7.12 (m, 5H, aryl), 4.49 (t, 4H, 

NCH2CH2O), 3.84 (t, 4H, NCH2CH2O), 3.72 (t, 4H, OCH2CH2OH), 3.70 – 3.54 (m, 20H, OEG-

H), 2.99 – 2.86 (m, 8H, NCH2CH2C), 2.86 – 2.73 (m, 4H, NCH2CH2-aryl). 13C-NMR (126 MHz, 

CDCl3) δ 146.0, 140.5, 128.8, 128.4, 126.0, 122.7, 72.6, 70.6, 70.5, 70.4, 70.3, 69.6, 61.6, 55.6, 

53.4, 50.1, 33.4, 23.7. 

6-5: 1H NMR (500 MHz, D2O) 2.71 (h, J = 6.8 Hz, 1H), 2.55 (d, J = 10.5 Hz, 9H), 2.42 (dd, J = 

13.1, 6.1 Hz, 1H), 0.93 (d, J = 6.9 Hz, 3H). 1H-NMR (500 MHz, D2O) δ 7.35 (s, 2H, triazole), 

7.14 – 6.89 (m, 5H, aryl), 4.32 (t, 4H, NCH2CH2O), 3.71 (t, 4H, NCH2CH2O), 3.51 (t, 4H, 

OCH2CH2OH), 3.40 (m, 20H, OEG-H), 2.72 (h, 1H, CH2CHCH3), 2.59 – 2.40 (m, 10H, 

CH2NCH2CH2C), 0.94 (s, 3H, CHCH3). 13C-NMR (101 MHz, D2O) δ 146.4, 146.1, 128.6, 127.2, 

126.3, 123.7, 71.7, 69.6, 69.6, 69.4, 68.8, 60.3, 52.8, 49.8, 37.5, 21.7, 20.5. 
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6-7: 1H-NMR (400 MHz, D2O) δ 7.51 (s, 4H, triazole), 7.18 – 7.05 (m, 4H, aryl), 4.33 (t, 8H, 

NCH2CH2O), 3.70 (t, 8H, NCH2CH2O), 3.50 (dd, 12H, CH2OH), 3.45 – 3.24 (m, 40H, 

OCH2CH2O), 2.65 (dd, 16H, NCH2CH2C).
 

13C NMR (101 MHz, D2O) δ 145.9, 137.3, 131.2, 

128.9, 128.6, 123.5, 71.7, 69.6, 69.4, 69.4, 68.7, 60.3, 57.0, 52.1, 49.8, 21.9. 

 

6-6 & 6-10 

NH3 (7 N in MeOH) solution (26 ml, 210 mmol) was added into a high pressure reactor followed 

by addition of but-3-yn-1-yl 4-methylbenzenesulfonate (4.48 g, 20 mmol). The reaction mixture 

was heated to 60oC and allow stirred for 19 h. Excess NH3 and solvent was removed by rotatory 

evaporation. The residue was reserved for next step.  

K2CO3 (8.29 g, 60 mmol) was added to a Schlenk tube filled with N2, but-3-yn-1-aminium 4-

methylbenzenesulfonate (residue of last step) in MeCN (40 ml) was added, followed by addition 

of but-3-yn-1-yl 4-methylbenzenesulfonate (8.96 g, 40 mmol) in MeCN (10 ml). The reaction 

mixture was heated to 80oC and allow stirred for 42 h. Insoluble precipitation was vacuum 
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filtered and rinsed with CH2Cl2 x 2. Filtrate was concentrated under vacuum, diluted with H2O 

and extract with CH2Cl2 x 3. The organic layer was dried over Na2SO4 and concentrated under 

vacuum. Crude product was purified via flash chromatography (Hexane: EtOAc 12:1) to yield the 

tri(but-3-yn-1-yl)amine as yellow liquid (1.62 g, 47%).  

To a 50 mL Schlenk tube was added tri(but-3-yn-1-yl)amine (35 mg, 0.2 mmol), tetra(ethylene 

glycol) monoazide (131 mg, 0.6 mmol), and Cu(OAc)2
.H2O (12 mg, 0.06 mmol) under N2. N,N-

Diisopropylethylamine (26 mg, 0.2 mmol) in MeCN (1 mL) was added and the mixture was 

stirred for 10 min. A solution of sodium ascorbate (40 mg, 0.2 mmol) in H2O (1 mL) was dropped 

into the above solution under N2. The mixture was sealed and stirred at 60oC for 72 h. The 

reaction was quenched by addition of an aqueous solution of diethylenetriaminepentaacetic acid 

pentasodium salt (Na5DTPA, 100 mM, 1 mL). The aqueous solution was extracted with CH2Cl2 

(3 × 10 mL). The combined organic layer was dried over Na2SO4, filtered, and concentrated 

under vacuum. The crude product was purified by column chromatography (40% MeOH in 

EtOAc) to yield 6-6 (81.2 mg, 0.1 mmol, 50 %) as a colorless oil. 6-6: 1H-NMR (500 MHz, 

CDCl3) δ 7.46 (s, 3H, triazole), 4.40 (t, 6H, NCH2CH2O), 3.74 (t, 6H, NCH2CH2O), 3.61 (t, 6H, 

OCH2CH2OH), 3.56 – 3.46  (m, 30H, OCH2CH2O), 2.87 – 2.70 (m, 12H, NCH2CH2triazole).
 
13C-

NMR (126 MHz, CDCl3) δ 145.8, 122.7, 72.6, 72.6, 72.6, 70.5, 70.5, 70.4, 70.3, 70.2, 70.2, 69.5, 

61.4, 53.3, 50.0, 23.5. 

6-10 was synthesized according to the procedure of 6-6. hexa(ethylene glycol) monoazide was 

used instead of tetra(ethylene glycol) monoazide. 1H-NMR (500 MHz, D2O) δ 7.69 (s, 3H, 

Triazole-CH), 4.42 (t, 6H, NCH2CH2O), 3.78 (t, 6H, NCH2CH2O), 3.57 – 3.40  (m, 60H, OEG-H), 

2.85 – 2.68 (m, 12H, NCH2CH2C). 13C NMR (126 MHz, D2O) δ 145.9, 123.8, 71.7, 69.6, 69.6, 

69.5, 69.5, 69.5, 69.5, 69.4, 69.4, 68.8, 60.3, 52.2, 49.9, 21.8.  
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6-8 & 6-9 

To a 50 mL Schlenk tube was added tripropargylamine (262 mg, 2 mmol), tetra(ethylene glycol) 

monoazide (880 mg, 4 mmol), Cu(OAc)2
.H2O (120 mg, 0.6 mmol), N,N-Diisopropylethylamine 

(260 mg, 2 mmol)  and MeCN (5 mL) under N2. A solution of sodium ascorbate (198 mg, 1 mmol) 

in H2O (5 mL) was added into the above solution under N2. The mixture was sealed and stirred at 

room temperature for 22 h. The reaction was quenched by addition of an aqueous solution of 

Na5DTPA (500 mM, 3 mL). The solvent was removed and the crude product was purified by 
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column chromatography (10% MeOH in CH2Cl2) to yield 6-S1 (475 mg, 42 %) as colorless oil. 

Using the same procedure, 6-S1 (1 equiv.) was reacted with 1-azido-2-(2-(2-(2-

azidoethoxy)ethoxy)ethoxy)ethane (0.5 equiv.) to yield 6-8 as colorless oil (276 mg). 1H-NMR 

(500 MHz, D2O) δ 7.85 (s, 4H, triazole), 7.83 (s, 2H, triazole), 4.45 (t, 8H, NCH2CH2O), 4.42 (t, 

4H, NCH2CH2O), 3.80 (t, 8H, NCH2CH2O), 3.74 (t, 4H, NCH2CH2O), 3.61 (s, 8H, NCH2triazole), 

3.60 (s, 4H, NCH2triazole), 3.51 (t, 8H, CH2CH2OH), 3.48 (dd, 8H, CH2CH2OH), 3.45 – 3.37 (m, 

36H, OEG), 3.32 (dd, 8H, OEG).
 

13C-NMR (101 MHz, D2O) δ 143.1, 143.1, 125.6, 125.6, 71.7, 

69.6, 69.5, 69.4, 68.7, 68.7, 60.3, 49.9, 47.1. 

Using the same CuAAC procedure, 6-S1 (1 equiv.) was reacted with 1-azido-2-(2-(2-(2-

azidoethoxy)ethoxy)ethoxy)ethane (1 equiv.) to yield 6-S2, which was further reacted with 6-S3 

(1 equiv.) to generate the final product 6-9 as colorless oil (32 mg).
 
1H-NMR (500 MHz, D2O) δ 

7.86 (s, 2H, triazole-5), 7.83 (s, 1H, triazole-5), 7.68 (s, 2H, triazole-6), 7.64 (s, 1H, triazole-6), 

4.43 (tq, 10H, NCH2CH2O), 4.37 (t, 2H, NCH2CH2O), 3.78(tq, 10H, NCH2CH2O), 3.71 (t, 2H, 

NCH2CH2O), 3.61 (s, 4H, NCH2triazole), 3.59 (s, 2H, NCH2triazole), 3.54 – 3.29 (m, 56H, OEG), 

2.74(br, 12H, NCH2CH2triazole).
 
13C NMR (126 MHz, D2O) δ 145.9, 145.8, 143.1, 143.1, 125.6, 

125.6, 123.8, 123.7, 71.7, 71.6, 69.6, 69.6, 69.6, 69.4, 69.4, 69.4, 68.8, 68.7, 60.3, 60.3, 52.1, 49.9, 

49.9, 49.8, 47.1, 21.8, 21.8. 
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Chapter 7       Feasibility Study on a Mass-Spectrometry-Based 

Method for High-Throughput Screening of Ligands for 

CuAAC Reaction  

7.1 Introduction 

 

Scheme 7-1 Screening of CuAAC ligands by high-resolution mass spectrometry (HRMS). Nu: 

nucleophiles. L1, L2, L3: mono-dentate ligands. 

To develop an efficient ancillary ligand exhibiting both high CuAAC activity and anti-oxidation 

ability, a better choice is to screen a large library of ligands. In Chapter 3, we tethered the tris, bis, 

and mono(triazolylmethyl)amine ligands with an alkyne by a long flexible oligo(ethyleneglycol) 

chain to increase the local concentration of the ligands. The distance between the ancillary ligand 

and the terminal alkyne is approximately 5 nm, i.e., a local concentration of ligand (to the alkyne) 

in millimolar range. If a mixture of alkynes ligated by different types of ligands was diluted to 

below micromolar concentration, according to the rate law, the CuAAC reaction accelerated by 

the ligated ligand can be over 1000 times faster than that accelerated by those unlinked ligands. 

Thus, the CuAAC reaction rate of each alkyne can be correlated to the ligated ligand since the 

interference from other unlinked ligands is neglectable. As shown in Scheme 7-1, to provide a 
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free movement of the ligated ligand, we continued using the highly flexible dodecaethylene 

glycol (EG11) linker. Considering the CuAAC reaction mechanism involving three copper(I) ions, 

we designed a tri-bromide functional group to react with a mixture of nucleophiles for attaching 

three donor ligands, while the other end of the linker was conjugated by an alkyne as reagent. 

Combination of the three substituting arms will generate a library of > 512 ligands in one solution 

mixture, which can be complexed with copper(I) and diluted to sub-micromolar concentration. 

The efficient ligands can catalyze the CuAAC reaction between an azide and its ligated alkyne, 

generating a triazole product with a specific m/z to be identified by high-resolution mass 

spectrometry (HRMS). 

7.2 Reaction Condition Optimization and Reactor Design 

To screen the potential anti-oxidation ligands, the CuAAC reactions can be conducted in air 

because the copper(I) complexes are supposed to be air-stable. However, the ligands exhibiting 

high catalytic efficiency may not all well-protect the copper(I) against oxidation. It is necessary to 

compare the reactivity under inert atmosphere as well. We first optimized the reaction conditions 

for accurate measurement of reaction yield.  

7.2.1 Contamination Control 

Glass vials contain a high level of metal and other contaminations that could be introduced into 

the reaction solution.218 In comparison, quartz and polytetrafluoroethylene (PTFE) are considered 

the cleanest container for trace metal reactions, but they are also the most expensive materials not 

suitable for this study. The plastic tubes are relatively “trace metal clean”, e.g., the ultrapure 

water stored in pre-washed polyethylene (PE) tubes contains <1 ppt copper.219 In trace metal 

analysis, the containers for sample preparation are usually soaked and washed in dilute acid, 

typically using HCl followed by 2% of trace-metal grade HNO3.220 In this work, we chose the 
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polypropylene (PP) tubes as a substitution for the quartz or PTFE tubes. The metal contamination 

from this tubes was determined after washing the tubes with acids. 2% of trace-metal grade HNO3 

solution was put into this tubes and the copper(I) concentration detected by ICP-MS is below 0.05 

ppb (Figure 7-1A, blank).  

7.2.2 Purification and Concentration of Reaction Products 

 
Figure 7-1 A. Copper concentration measured by ICP-MS (see experimental details). B. The drop 

of dissolved oxygen (DO) level in water stirred in an anaerobic chamber (measured by CHEMet 

ampoule). 

The triazole product yield at 0.1−1 nM (1−10 %) concentration is below the detection limit of our 

ion trap mass spectrometer. Therefore, we optimized the purification and concentration procedure 

of products to enhance the accuracy. The reaction solution was concentrated by lyophilization and 

C18 zip-tip (solid phase extraction). The excess copper(I) in the solution was removed before LC-

MS analysis by flashing the zip-tip by a copper(II)-chelating ligand diethylenetriaminepentaacetic 

acid (DTPA, equilibrium constants logKd = 21.5−23.4).221-222 Using the optimized method we 

achieved over 96% recovery of the compounds (e.g., ligand 1), and the purification method was 
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validated by ICP-MS showing a low concentration of copper(I) after the second elution by DTPA 

(Figure 7-1A). 

 

7.2.3 Oxygen Control 

 

Figure 7-2 Schematic Diagram of the Ultra-low Oxygen Reactor for CuAAC Reaction Under 

Sub-micromolar Concentration. 

The Milli-Q water for reaction was stirred in a low-density polyethylene (LDPE) bottle in an 

anaerobic chamber for 24 h in order to reduce the dissolved oxygen to less than 2 ppb (Figure 7-

1B). In order to reduce airborne particulates and get a faster gas exchange rate at the same time, a 

breathable sealing film was covered on top of the uncapped bottle. To further reduce the 

concentration of water-soluble oxygen in normal anaerobic chamber for sub-micromolar reaction 

to proceed, we designed and built an ultralow-oxygen reactor (Figure 7-2). A plastic holder for 

holding 15 mL polypropylene tubes was placed inside the reactor. The solution in each tube can 
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be stirred by magnetic stir bars. The reactor was sealed by an acrylic lid with a hole above one of 

the polypropylene tubes for dispensing the reagents, and a handle attached to the side of the lid 

for turning the hole to directly above a specific tube. In the middle of the lid was inserted a tubing 

for introducing argon gas continuously into the reactor to keep a positive inner pressure. The 

argon gas was filtered by a NANOCHEM® PuriFilter® to keep the oxygen level below 0.1 ppb. 

A stand was designed to hold a gas tight needle for introducing reagent solutions. Taking 

advantage of long needles and gas tight properties, the stock solutions can be added into each 

reaction tubes by various volume. However, using a glass syringe with a metal needle generates 

the risk of introducing metal contaminations. To solve this problem, micropipettes were used for 

charging the solutions. As shown in Figure 7-2, a wide orifice pipette tip was placed inside the 

hole to reduce contamination, in which a long pipette tip was inserted to dispense the reagent. The 

wide orifice tip can be taken out by a pipette. The reactor provided an ultralow-oxygen 

environment, in which the copper(I)-catalyzed ROS generation is largely inhibited and the 

oxidative damage to the EG11 linker of the ligand is neglectable. A major drawback of this reactor 

is the reduced compound recovery caused by the strong compound absorption of PTFE stir bar.  

7.3 Method Validation using CuAAC Reaction of Ligand 1 

Kinetic studies were performed to validate the accuracy of this ligand-screening method under 

sub-micromolar concentration. We employed the extensively studied tris(triazolylmethyl)amine 

ligand system (compound 1) as an example to quantitatively measure CuAAC reaction yield at 10 

nM concentration (Scheme 7-2A), which reached 30% yield within an hour using 2 μM azide (1-

azidobutane), 30 nM CuSO4, and 5 μM ascorbate. The reaction is first order (0.95±0.05) to azide 

(Figure 7-3A), second-order (2.29±0.26) to copper(I) (Figure 7-3B), and a fractional positive 

order (0.7) to sodium ascorbate (Figure 7-3C). In the control experiment, the ligand-free alkyne 

(7-1) was mixed with 1 at 5 nM: 5 nM concentration to determine the interference of unlinked-
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ligand on free alkyne (Scheme 7-2B). In the reaction with azide, no product yield was detected 

for the ligand-free alkyne 7-1 within 1 hour reaction time (Figure 7-3D). 

 

Scheme 7-2 CuAAC Reaction of Ligand-ligated Alkyne and Ligand-free Alkyne under 10 nM 

Concentration. 
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Figure 7-3 Reaction yield (1 hour) vs. concentration plots. A, B, C: yield of 6. A. 10 nM 1; 10, 

20, 30, 40 nM CuSO4; 100 nM−10 μM 1-azidobutane; 5 μM ascorbate. B. 10 nM 1; 10−30 nM 

CuSO4; 1, 1.5, 2 μM 1-azidobutane; 5 μM ascorbate. C. 10 nM 1; 40 nM CuSO4; 2 μM 1-

azidobutane; 2−50 μM ascorbate. D. Yield of 7-2. 5 nM 1; 5 nM 7-1; 40 nM CuSO4; 2 μM 1-

azidobutane; 5 μM ascorbate. 

7.4 Conclusions 

The method tethering ligand to alkyne for screening CuAAC ligands has been validated. No 

interference was observed between the unlinked ligands and the alkyne. CuAAC reaction under 

10 nM concentration showed an over second-order dependence on copper(I), which is in 

agreement with our previous mechanistic study that a tri-copper(I) acetylide complex could be 

involved in the catalytic cycle. Oxidation control is hard to execute under such a low 
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concentration. Therefore, the method is best for air-stable copper(I) complexes such as NHC-

copper(I) complexes. Our ligand screening of tri-podal NHC-copper(I) complexes using this 

method is underway.  

7.5 Experimental Section 

7.5.1 Preparation of Trace Metal Clean Reaction Containers 

The BD Falcon round bottom PP tubes were submerged in 25% HCl (37% AR (ACS) grade HCl 

in Milli-Q water) for one day, and then washed with Milli-Q water three times, submerged in 2% 

HNO3 (67% trace metal grade HNO3 in Milli-Q water) for four days, then washed with Milli-Q 

water three times. The magnetic stir bars were also washed by the same procedure put into the 

reaction solutions.  

7.5.2 Preparation of Deoxygenated Water 

500 mL Milli-Q water was added into a pre-washed 1 L LDPE bottle containing a pre-washed 

PTFE stir bar, capped with LDPE cap with a hole in the middle, stirred for 24 h until the oxygen 

concentration dropped to 0 ppb.  

7.5.3 ICP-MS Detection of Copper Concentration in Selected Solutions 

ICP MS procedure (the numbers in [] are ppb values, 64 ppb=1 μM Cu): 30 μL 70% HNO3 

(Fluka, traceSELECT, for trace analysis) and 970 μL H2O (Milli-Q water) was added into a pre-

washed PP tube 1 [0.049]. 10 μL 100 μM Na5DTPA, 30 μL 70% HNO3 and 960 μL H2O was 

added into tube 2 [0.054]. 10 μL 100 μM ligand 1, 30 μL 70% HNO3 and 960 μL H2O was added 

into tube 3 [0.038]. 10 μL 500 μM Sodium Ascorbate, 30 μL 70% HNO3 and 960 μL H2O was 

added into tube 4 [0.110]. 10 μL MeCN, 10 μL 1 μM CuSO4 and 30 μL 70% HNO3 and 950 μL 

H2O was added into tube 5 [0.634].  
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10 μL 5 mM Na5DTPA, 10 μL 1 mM CuSO4, 10 μL 100 μM ligand 1, 10 μL 5 mM Ascorbate 

and 60 μL H2O was mixed and 10 μL of that solution was dispensed into a tube and stand in air 

for 10 min. A Zip-tip (Pierce™ C18 Tip, 10 µL bed) was used to aspirate and dispense the 10 μL 

solution 20 cycles. Zip-tip was washed with 10 μL 100 μM Na5DTPA 10 times and the washing-

solution was dispensed into a tube each time. 30 μL 70% HNO3 and 960 μL H2O was added into 

each tube for ICP-MS analysis. Eluate 1-10: [1.543, 0.187, 0.069, 0.071, 0.055, 0.089, 0.098, 

0.074, 0.101, 0.084]. Zip-tip was eluted with 10μL MeCN into a tube containing 30 μL 70% 

HNO3 and 960 μL H2O [0.077].  

7.5.4 Kinetic Studies for CuAAC Reaction of Ligand 1 at 10 nM Concentration  

7.5.4.1 Rate Order in Copper(I) 

Pre-leached Perkin Elmer PP ICP-MS auto-sampler tubes were filled with 8700 μL deoxygenized 

H2O. All stock solutions were prepared with the deoxygenized water. 100 μL 1 solution (1 μM), 

100 μL 1-azidobutane (100, 150, 200 μM for assay 1, assay 2, and assay 3), 100 μL Na Ascorbate 

(500 μM) were added into each reaction tube by aspirate and dispense 20 times. 1000 μL CuSO4 

(100−300 nM) was added into each reaction tube by aspirate and dispense 10 times to start the 

reaction. The tubes were capped and shaken for 1 h. The reaction was quenched by 1000 μL 10 

μM air-saturated Na5DTPA and moving out from the anaerobic chamber, frozen in −80oC freezer 

and placed into a CoolSafe freeze-drier to be freeze-dried for 36 h until all tubes were dried. 1 mL 

H2O was added into the tubes and the inner walls were rinsed.  The solutions were purified by a 

combined Zip-tip (1 ml pipette tip capped with 100 μL Zip-tip) by aspirating-dispensing 10 times. 

The Zip-tip was washed with 100 μL 100 μM Na5DTPA x 2, 100 μL water x 5, and eluted with 

100 μL 60%MeCN/H2O into an auto-sampler vial for LC-MS analysis. Each sample was injected 

3 times, % yield was calculated based on calibration curve. 
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7.5.4.2 Rate Order in Azide 

Kinetic studies for rate order in azide was conducted according to the above procedure. 

Concentrations: 100 μL 1 solution (1 μM), 100 μL 1-azidobutane (10 μM−3 mM), 100 μL Na 

Ascorbate (500 μM) were added into each reaction tube by aspirate and dispense 20 times. 1000 

μL CuSO4 (100, 200, 300, 400 nM for assay 1, 2, 3, 4) was added into reaction tube by aspirate 

and dispense 10 times to start the reaction. 

7.5.4.3 Rate Order in Ascorbate  

Kinetic studies for rate order in azide was conducted according to the above procedure. 

Concentrations: 100 μL 1 solution (1 μM), 100 μL 1-azidobutane (200 μM), 100 μL Na 

Ascorbate (200−5000 μM) were added into each reaction tube by aspirate and dispense 20 times. 

1000 μL CuSO4 (400 nM) was added into each reaction tube by aspirate and dispense 10 times to 

start the reaction. 

7.5.4.4 CuAAC Reaction in Alkyne 1 & Alkyne 7-1 Mixture 

Kinetic studies for the CuAAC reaction with alkyne 1 & alkyne 7-1 mixture was conducted 

according to the above procedure. Concentrations: 100 μL stock solution (0.5 μM 1 + 0.5 μM 7-

1), 100 μL 1-azidobutane (200 μM), 100μL Na Ascorbate (500 μM) were added into each 

reaction tube by aspirate and dispense 20 times. 1000 μL CuSO4 (400 nM) was added into each 

reaction tube by aspirate and dispense 10 times to start the reaction. % yield was calculated based 

on calibration curve of 7-1 & 7-2. 

7.5.5 Synthesis Procedure and NMR Spectra 

Alkyne 7-1: 
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To a 25 mL flask was added THF (5 mL), tetra(ethylene glycol) (776 mg, 4 mmol) and propargyl 

bromide (108 μL, 1 mmol, 80% in Toluene) in an ice bath, and the mixture was stirred for 10 min. 

Sodium hydride (29 mg, 1.2 mmol) was added into the above solution. The mixture was sealed 

and stirred at room temperature for 4 h. The reaction was quenched by adding water, concentrated 

under vacuum, and the crude product was purified by column chromatography (EtOAc) to yield 

the products as colorless oil (203 mg, 87%).  1H-NMR (400 MHz, CDCl3) δ 4.20 (d, 2H, 

CH2CCH), 3.74 – 3.63 (m, 14H, OEG), 3.60 (t, 2H, CH2OH), 2.48 (s, 1H, OH), 2.42 (t, 1H, 

CCH).
 

13C NMR (101 MHz, CDCl3) δ 79.6, 74.6, 72.5, 70.7, 70.6, 70.6, 70.4, 70.4, 70.4, 69.1, 

61.8, 58.5, 58.4.  

Triazole 7-2: 

To a 25 mL Schlenk tube was added 7-1 (116 mg, 0.5 mmol), 1-azidobutane (198 mg, 2 mmol), 

Cu(OAc)2
.H2O (10 mg, 0.05 mmol), H2O (2 mL) under N2. A solution of sodium ascorbate (99 

mg, 0.5 mmol) in H2O (1 mL) was added into the above solution under N2. The mixture was 

sealed and stirred at room temperature for 3 h. The reaction was quenched by addition of an 

aqueous solution of Na5DTPA (100 mM, 1 mL). The solvent was removed and the crude product 

was purified by column chromatography (2% MeOH in CH2Cl2) to yield the product as colorless 

oil (140 mg, 0.42 mmol, 84%).
 
1H NMR (400 MHz, CDCl3) δ 7.57 (s, 1H), 4.65 (d, J = 0.4 Hz, 

2H), 4.31 (t, J = 7.2 Hz, 2H), 3.72 – 3.53 (m, 16H), 3.07 (s, 1H), 1.93 – 1.77 (m, 2H), 1.32 (dq, J 

= 14.8, 7.4 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 145.0, 122.6, 72.6, 

70.6, 70.6, 70.5, 70.5, 70.3, 69.7, 64.7, 61.7, 50.1, 32.3, 19.7, 13.5. 
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Chapter 8       Summary 

The highly efficient, orthogonal and versatile CuAAC reaction is a powerful tool in many fields, 

and a variety of protocols have been developed for CuAAC, including the use of ancillary ligands 

to accelerate reaction rate. The long-term goal of this project is to develop copper(I) complexes as 

high-efficient and air-stable CuAAC catalysts for bioorthogonal bioconjugation inside living cells. 

Mechanism of the ligand-free CuAAC reaction has been studied, but the ligand-accelerated 

reaction has not been well clarified, especially for the tris(triazolylmethyl)amine ligands (TL), 

which are one of the most efficient and widely employed ligands. It is difficult to detect and 

isolate reactive intermediates due to the complicated solution equilibria generated by the weakly-

coordinating triazole arms. In order to shed light on the future ligand design, the first objective in 

this project is to understand the detailed mechanism of TL-accelerated CuAAC. 

We designed a ligand tethering the terminal alkyne to the TL ligand to increase the local 

concentration of copper(I) species and to facilitate the detection of reactive intermediates under 

stoichiometric conditions. Reactive intermediates were captured and monitored by direct-infusion 

ESI-MS and further characterized by tandem mass spectrometry (MS/MS) plus isotopic 

distribution analysis. The di-copper and tri-copper-TL-acetylides were successfully detected. 

ESI-MS revealed that tri-copper-acetylide was more stable against protonation than di-copper-

acetylide in neutral aqueous solutions. An unprecedented tri-Cu-TL-triazolide was captured by 

ESI-MS in stoichiometric reaction with an azide and confirmed as a major intermediate produced 

from tri-copper-acetylide via a “tri-copper pathway”. 

Conditions were optimized to enrich individual active copper acetylide complexes to facilitate 

measurement of their reaction kinetics by LC-MS/MS under stoichiometric or catalytic conditions. 

Kinetics studies indicated a higher activity of the di-copper-acetylide than tri-copper-acetylide 
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under stoichiometric condition. Deprotonation of di-copper alkyne was identified as the rate-

limiting step in “di-copper pathway”. Kinetic studies demonstrated a preference of the “tri-copper 

pathway” under catalytic condition, attributed to the difficulty in forming di-copper azide-

acetylide complex. Under catalytic condition, kinetic studies also suggested fractional rate order 

on copper concentration due to the presence of inactive copper(I) species generated by the extra 

alkyne.  

Single crystal X-ray crystallography of the tri-copper-TL-acetylide revealed a planar tri-Cu-

acetylide structure (μ3-η1,1,2) with free coordination sites on copper(I) available for binding with 

an azide. Bond lengths and angles indicated that strong π back bonding from one of the σ-copper 

increased its positive charge for coordination with an azide. The copper complexes in the system 

were studied by NMR, FT-IR, UV-Vis. 

Density functional theory (DFT) was performed in collaboration with Profs. Shereen Ghaoui and 

Thomas A. Albright to obtain the free energies and optimized structures of the proposed 

intermediates. DFT calculations confirmed a lower activation barrier of the “di-copper pathway”. 

In bioconjugation, excessive TL ligand and sacrificing reducing agent (ascorbate) are commonly 

applied to prevent copper(I) from oxidation by air. However, additional TL ligand was found to 

slowdown the reaction, and the ascorbate/Cu(I)/O2/Cu(II) redox cycle generates reactive oxygen 

species that can severely damage delicate biomolecules as a main reason for the cytotoxicity of 

excess copper. The second objective is to develop multi-dentate ligands with both high 

accelerating efficacy and anti-oxidation effect.  

Potential accelerating ligands were designed and synthesized using TL as a template. In a mono-

copper-TL complex, the tertiary amine and triazole nitrogen coordinate to copper(I) by forming 

three five-member metallacycle rings (5,5,5). Accordingly, we synthesized a series of tetra-
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dentate and tri-dentate ligands with ring sizes adjusted from (5,5,5), (5,5,6), (5,6,6) to (6,6,6). The 

donor-acceptor strength was adjusted by changing triazoles to phenyls and steric effect was 

studied by employing α and β-substitution groups. The ligands’ catalytic activities in CuAAC 

reaction were studied by in vitro fluorescent plate reader assays using coumarin azide as the 

fluorescent dye. The inhibitory effect of excess ligands was studied by changing the 

ligand/copper(I) ratio. The anti-oxidation properties of these ligands were characterized by 

ascorbate consumption in air monitored by UV-Vis spectra.  

Chelating ring size was found as the most important factor impacting the catalytic efficiency and 

anti-oxidation properties of these ligands. Generally, enlarged ring size resulted in reduced 

activity but increased anti-oxidation ability, with ligands possessing an unsubstituted (5,5,5) 

structure showing the highest reactivity which was similar to TL. Phenyl substitution group 

offered partial protection of copper(I), but showed poorer activity and anti-oxidation efficiency 

compared to a triazole group which is a stronger ligand. The α-substitution dramatically 

decreased the reaction rate, probably due to the difficulty of forming multinuclear Cu-acetylide 

complexes. Ligands with a larger chelating ring offered more copper(I) protection than TL did, 

thus can be employed at a low ligand/copper(I) ratio. However, an excess amount of these ligands 

largely inhibited the reaction.  

We also developed a high-throughput screening method for a large library of ligands. An alkyne 

was ligated with a mixture of ligands by a long, flexible oligo ethylene glycol chain. In this way, 

an active ligand can be identified under sub-micromolar concentration based on the specific m/z 

of the triazole product detected by high resolution mass spectrometry.  

The insights into the structure and catalytic/anti-oxidation activity relationship of ligands will 

provide important guidance in future ligand design. We will continue this ligand screening project 

in the future to obtain the most efficient ligand. A successful ligand should gather multi-copper(I) 
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at alkyne reaction center without blocking azide access. The next generation of ligands could be 

developed by enhancing the stability and increasing the concentration of di-copper azide-

acetylide species. The ligands with superior anti-oxidation capability can be employed in 

bioconjugation.  
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Appendix A: NMR Spectra 
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1H NMR (500 MHz, Chloroform-d) 

13C NMR (126 MHz, Chloroform-d)         

  



206 

 

1H NMR (400 MHz, Chloroform-d)

 

13C NMR (101 MHz, Chloroform-d)

 



207 

 

1H NMR (500 MHz, Chloroform-d) 

 
13C NMR (126 MHz, Chloroform-d)
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Appendix B: Coordinates and Energies for Ground State and 

Transition State Geometries (in Chapter 5) 

 

Di-Cu Azide-acetylide Complex II’ 

 
 

B3LYP (water) 
Symbol X Y Z 

Cu 0.322839 -0.63176 -0.02577 

O 0.276111 -2.71644 -0.09522 

H 0.356987 -3.12284 -0.96761 
H -0.48464 -3.13846 0.322907 

Cu -2.10727 0.087303 0.009386 

C -0.24824 2.351531 0.04329 
C -0.50484 1.151295 0.021124 

C 0.050999 3.777586 0.071373 

H -0.86949 4.359883 0.174982 
H 0.700054 4.029745 0.914497 

H 0.547046 4.098645 -0.84867 

O -3.83343 -0.87859 0.001336 
H -4.28288 -1.02444 0.843449 

H -4.5098 -0.60923 -0.63308 

N 2.982013 0.587313 -0.09574 
N 3.326764 1.657035 -0.21831 

N 2.476834 -0.53381 0.024423 

C 3.424689 -1.65138 0.272315 

H 2.817662 -2.54483 0.383227 

H 4.105043 -1.77086 -0.57312 

H 3.992186 -1.47622 1.188392 

 

 
B3LYP (gas) 

Symbol X Y Z 
Cu 0.477094 0.617224 0.007059 

O 1.015904 2.655232 -0.92796 

H 1.360239 3.395356 -0.41345 

H 0.259022 3.004673 -1.41368 

Cu -1.40942 -1.17061 -0.241 

C -2.42389 1.378496 0.499773 
C -1.45338 0.690582 0.197341 

C -3.55564 2.213837 0.867844 

H -4.1041 1.785065 1.71087 
H -3.21068 3.207759 1.169177 

H -4.24741 2.338343 0.030429 

O -1.52222 -3.10607 -0.67894 

H -1.73247 -3.79164 -0.034 

H -1.72331 -3.45336 -1.55578 

N 2.727406 -0.87603 0.885424 
N 2.968321 -1.69434 1.620858 

N 2.399059 0.029627 0.091633 

C 3.517067 0.539956 -0.75586 
H 3.090439 1.311828 -1.38905 

H 4.303999 0.967726 -0.13111 

H 3.923965 -0.26293 -1.37398 

 
M06 (water) 

Symbol X Y Z 
Cu 0.253362 -0.68587 -0.06452 

O 0.194423 -2.72226 -0.18361 

H 0.282149 -3.10923 -1.06167 
H -0.56218 -3.15724 0.223716 

Cu -2.05881 0.172477 0.037944 

C -0.03562 2.309493 -0.03661 
C -0.41608 1.145625 -0.01729 

C 0.397859 3.691566 -0.06148 

H -0.4616 4.364247 0.023521 
H 1.076138 3.912398 0.768283 

H 0.915411 3.931501 -0.99542 
O -3.81809 -0.67468 0.083274 

H -4.11913 -1.06419 0.911459 

H -4.56908 -0.20301 -0.29338 
N 2.848414 0.530826 0.0285 

N 3.146539 1.618458 -0.00036 

N 2.37447 -0.60253 0.043891 
C 3.319232 -1.71801 0.227735 

H 2.718238 -2.62446 0.264685 

H 4.017671 -1.77667 -0.61085 

H 3.871424 -1.60893 1.164538 

 

 
M06 (gas) 

Symbol X Y Z 

Cu 0.312442 -0.73429 -0.0659 
O 0.456155 -2.77219 -0.25896 

H 0.838742 -3.16353 -1.05025 

H -0.17129 -3.40691 0.097789 

Cu -2.0784 0.081285 0.048284 

C -0.18552 2.237002 0.021796 

C -0.44887 1.041198 0.013908 
C 0.123227 3.649612 0.032093 

H -0.79262 4.238984 0.1399 

H 0.784661 3.904522 0.865409 
H 0.611473 3.955983 -0.89784 

O -3.88233 -0.70567 0.09393 

H -4.45129 -0.64754 0.86785 
H -4.44724 -0.75613 -0.68336 

N 2.773191 0.703683 -0.12925 

N 2.935775 1.806197 -0.28568 
N 2.443226 -0.47971 0.010362 

C 3.50016 -1.38062 0.504643 

H 3.035606 -2.3524 0.662294 
H 4.305568 -1.48124 -0.22841 

H 3.909222 -1.02619 1.454945 
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Di-Cu Transition State III’ 

B3LYP (water) 
Symbol X Y Z 

C 0.247086 0.960879 0.000265 
C -0.31658 2.090215 -0.00126 

C -0.1478 3.561267 -0.00355 

H 0.911609 3.81962 -0.00413 
H -0.62041 3.998802 -0.88616 

H -0.62013 4.001529 0.87786 

N -2.17743 1.945937 -0.00066 
N -2.6666 0.867798 -0.00031 

N -2.32713 -0.35259 0.000945 

C -3.4204 -1.34136 -0.00122 
H -4.04474 -1.23775 0.8892 

H -4.03752 -1.24196 -0.89717 
H -2.96307 -2.32799 0.002998 

Cu 1.977992 0.137674 0.002443 

Cu -0.36867 -0.84353 0.000844 
O -0.20859 -2.87589 0.000615 

H -0.43622 -3.40232 -0.77537 

H -0.43044 -3.40156 0.77879 
O 3.814662 -0.58378 0.003538 

H 4.411071 -0.36055 0.729526 

H 4.335125 -0.55473 -0.80939 

 

B3LYP (gas) 
Symbol X Y Z 

C -0.28953 0.886973 0.000016 
C 0.223066 2.05033 0.000019 

C -0.12009 3.496278 0.000021 

H -1.20029 3.637401 0.000084 
H 0.307905 3.979752 0.881031 

H 0.3078 3.979722 -0.88106 

N 1.955175 2.059722 0.000052 
N 2.577143 1.049903 0.000026 

N 2.364283 -0.20093 0.000009 

C 3.557397 -1.06927 -0.00014 
H 4.164168 -0.90119 -0.89244 

H 4.164433 -0.90113 0.891976 
H 3.209894 -2.1008 -5.5E-05 

Cu -1.99138 0.036844 -0.00002 

Cu 0.453411 -0.8553 0.000018 
O 0.474971 -2.91473 0.000071 

H 0.563093 -3.47567 0.779206 

H 0.562386 -3.47571 -0.77912 
O -3.86513 -0.61198 -4.8E-05 

H -4.42939 -0.66942 -0.78035 

H -4.42891 -0.6709 0.780483 

 

M06 (water) 
Symbol X Y Z 

C -0.21172 0.987004 -0.00145 
C 0.40045 2.087312 -0.0007 

C 0.30826 3.555269 -0.00125 

H -0.73595 3.871998 -0.00272 

H 0.804725 3.969894 0.881032 

H 0.806993 3.969318 -0.88253 

N 2.215972 1.864203 0.002318 
N 2.651545 0.769397 0.00329 

N 2.277634 -0.42992 0.0015 

C 3.320613 -1.45743 0.007384 
H 3.958848 -1.3764 -0.87672 

H 3.934339 -1.39131 0.91002 

H 2.824056 -2.42692 -0.00758 
Cu -1.93986 0.183088 -0.00171 

Cu 0.318422 -0.83471 -0.00224 

O 0.082759 -2.83287 -0.00874 
H 0.295919 -3.36657 0.763579 

H 0.288448 -3.35861 -0.78851 

O -3.76294 -0.50495 0.002191 
H -4.35844 -0.2753 -0.71958 

H -4.27737 -0.4753 0.816252 

 

M06 (gas) 
Symbol X Y Z 

C 0.278921 0.920224 0.000004 
C -0.25748 2.066939 0.000006 

C 0.015362 3.516009 0.000013 

H 1.088492 3.709286 0.000018 
H -0.43633 3.980716 -0.88096 

H -0.43634 3.980709 0.880985 

N -1.9828 2.01396 -4E-06 
N -2.5531 0.982882 -8E-06 

N -2.31476 -0.2521 -0.00001 

C -3.46529 -1.15978 -1.4E-05 
H -4.07961 -1.01606 0.892877 

H -4.07961 -1.01604 -0.8929 

H -3.07737 -2.17823 -2.8E-05 
Cu 1.960054 0.054415 -2E-06 

Cu -0.40528 -0.83856 0.000004 

O -0.48546 -2.87754 0.000016 
H -0.41768 -3.43942 0.777343 

H -0.41761 -3.43943 -0.77729 

O 3.804816 -0.60305 -1.4E-05 
H 4.36917 -0.6351 0.778747 

H 4.369189 -0.635 -0.77876 

 
Di-Cu Metallacycle Intermediate IV’ 
B3LYP (water) 

Symbol X Y Z 

N 1.924377 2.094524 -0.02781 
C 0.47635 2.002434 0.045035 

C -0.18134 0.867768 0.037207 

Cu 0.423316 -0.88759 0.049968 
Cu -1.92412 0.111769 -0.03194 

O 0.353472 -2.90745 0.163322 

H 0.845438 -3.38016 0.846366 
H 0.391855 -3.44477 -0.63796 

C -0.14791 3.37303 0.125688 

H -1.23381 3.323209 0.190173 
H 0.23828 3.894359 1.005484 

H 0.131068 3.951192 -0.75923 

N 2.23415 -0.15406 -0.10579 
N 2.636446 1.063565 -0.08338 

O -3.7952 -0.49097 -0.09968 

H -4.15281 -0.86782 -0.91373 
H -4.16734 -0.99411 0.6358 

C 3.306621 -1.16853 -0.12285 
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H 3.034065 -1.96686 -0.81298 

H 4.239357 -0.71099 -0.45205 
H 3.443899 -1.59443 0.874457 

 

B3LYP (gas) 
Symbol X Y Z 

N 1.827 2.112872 -0.00034 

C 0.324612 2.014746 0.000115 
C -0.25124 0.849856 0.000192 

Cu 0.483591 -0.86993 0.000189 

Cu -1.96009 0.028659 -6.2E-05 
O 0.525095 -2.92778 0.000133 

H 0.598918 -3.49105 0.779446 

H 0.598687 -3.49107 -0.77919 
C -0.24727 3.402248 0.000371 

H -1.33607 3.39418 0.00075 

H 0.111663 3.938601 0.882219 
H 0.111059 3.938684 -0.88167 

N 2.303226 -0.11412 -0.00036 

N 2.557684 1.136956 -0.00038 
O -3.83302 -0.61876 -0.00028 

H -4.39686 -0.68087 -0.78071 

H -4.39696 -0.68083 0.780092 
C 3.484257 -1.00173 -2.1E-05 

H 3.132111 -2.0318 -0.00061 

H 4.091339 -0.83342 -0.89168 
H 4.090409 -0.83409 0.892403 

 

M06 (water) 
Symbol X Y Z 

N 2.019144 2.017051 0.001659 

C 0.570466 1.994793 -0.01372 
C -0.13494 0.896209 -0.00492 

Cu 0.363313 -0.88827 -0.0106 

Cu -1.88576 0.175149 0.012607 
O 0.190534 -2.8797 -0.05636 

H 0.538689 -3.42587 0.656656 

H 0.335103 -3.35781 -0.87991 
C 0.016022 3.382742 -0.04311 

H -1.07449 3.389037 -0.05064 

H 0.372246 3.933282 0.833 
H 0.383794 3.899525 -0.93488 

N 2.194504 -0.23378 0.020636 

N 2.663648 0.949232 0.017493 

O -3.74321 -0.3948 0.034328 

H -4.11615 -0.84678 -0.73065 

H -4.10671 -0.81462 0.821846 
C 3.182936 -1.31589 0.052454 

H 3.000003 -2.00614 -0.77483 

H 4.18802 -0.90051 -0.03862 
H 3.103958 -1.8684 0.993276 

 

M06 (gas) 
Symbol X Y Z 

N -1.87973 2.058048 -0.08434 

C -0.37186 2.021318 0.062652 
C 0.230562 0.878545 0.065023 

Cu -0.43094 -0.8655 0.056804 

Cu 1.927515 0.062226 -0.0355 
O -0.4438 -2.89036 0.174038 

H -0.39456 -3.50785 -0.56149 

H -0.58548 -3.39651 0.979554 
C 0.115777 3.420775 0.179029 

H 1.200887 3.467686 0.272064 

H -0.20164 3.988719 -0.70055 
H -0.34333 3.891414 1.053634 

N -2.26141 -0.17825 -0.13915 

N -2.55265 1.053696 -0.12962 
O 3.77835 -0.5709 -0.141 

H 4.350431 -0.72608 0.617102 

H 4.331139 -0.50705 -0.92626 
C -3.39804 -1.10592 -0.10998 

H -3.01963 -2.11404 -0.28077 

H -3.9074 -1.07435 0.857555 
H -4.10962 -0.8598 -0.90149 

 

Tri-Cu Azide-acetylide Complex II 

 
M06 (gas) 

Symbol X Y Z 
C -0.46398 -1.22639 -1.89678 

C -0.49616 -0.61978 -0.8204 

C -0.41191 -1.9308 -3.15998 
H -1.25706 -2.618 -3.25327 

H -0.44913 -1.22247 -3.99228 

H 0.514423 -2.5061 -3.23991 
Cu -2.02265 0.511215 -0.36475 

N 3.176555 -0.53318 -0.43362 

N 3.487923 -1.54171 -0.83496 
Cu -0.49504 -1.32859 0.989087 

Cu 0.640122 0.872923 -0.10115 

O 0.654211 2.870491 0.517109 
H -0.01135 3.129996 1.166702 

O -0.5003 -2.09013 2.809762 

H 0.30511 -2.51107 3.137149 
O -3.60234 1.624563 0.053871 

H -4.25937 1.778874 -0.63712 

H 0.614201 3.534585 -0.18309 
H -1.23846 -2.65469 3.073126 

H -4.08902 1.442329 0.867871 

N 2.731935 0.545101 -0.01957 
C 3.742381 1.4928 0.5248 

H 4.457256 1.773139 -0.25083 

H 3.189941 2.369106 0.850187 

H 4.263362 1.047434 1.374232 

 

 
B3LYP (gas) 

Symbol X Y Z 

C 1.678258 0.075438 1.653378 

C 0.931568 0.341418 0.689686 
C 2.478667 -0.07011 2.85993 

H 3.544083 -0.12674 2.62052 

H 2.318765 0.794512 3.511278 
H 2.201974 -0.97313 3.411114 

Cu 0.924189 1.615463 -0.76277 

N -2.81422 -1.29035 -1.15387 
N -2.82534 -1.79111 -2.16097 

Cu 1.640963 -1.39369 -0.06907 

Cu -1.05626 0.254883 0.505623 
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O -2.00756 1.86696 1.682539 

H -2.79636 2.369241 1.442504 
O 2.208978 -3.02296 -1.01269 

H 2.989588 -3.09915 -1.57723 

O 1.076296 2.9759 -2.17208 
H 1.523403 3.827003 -2.0739 

H -1.68681 2.248001 2.509208 

H 1.878134 -3.91627 -0.85094 
H 0.769376 2.909654 -3.08535 

N -2.74471 -0.70989 -0.04659 

C -3.96811 -0.87391 0.804403 
H -4.13973 -1.92898 1.023839 

H -3.77565 -0.33761 1.729157 

H -4.83864 -0.44645 0.303809 

 

 
M06 (water) 

Symbol X Y Z 
C 0.140596 -1.6592 1.55436 

C 0.330613 -0.79302 0.699104 

C -0.08455 -2.66213 2.559365 
H 0.782103 -3.3229 2.65026 

H -0.26356 -2.19226 3.53112 

H -0.9595 -3.26952 2.309238 
Cu 1.907439 0.329805 0.569294 

N -2.97196 -0.57125 0.309762 

N -3.18158 -1.64952 0.560243 
Cu 0.502973 -1.01992 -1.20996 

Cu -0.55149 0.917502 0.194262 

O -0.5036 2.926286 -0.12495 
H 0.150287 3.250583 -0.75387 

O 0.684613 -1.3343 -3.12488 

H -0.07419 -1.675 -3.61193 
O 3.552377 1.382044 0.546813 

H 4.231743 1.196953 1.204844 

H -0.42228 3.484626 0.656426 

H 1.460436 -1.81028 -3.44211 

H 4.003189 1.519593 -0.29366 

N -2.60708 0.578036 0.06073 
C -3.66082 1.54133 -0.31057 

H -4.38165 1.656871 0.502209 
H -3.1606 2.49071 -0.49009 

H -4.17255 1.221367 -1.22133 

 
M06 (gas) 

Symbol X Y Z 
C 0.280072 -1.34849 1.69566 

C 0.402512 -0.54694 0.758487 

C 0.123652 -2.2478 2.80302 
H 1.038143 -2.82279 2.979246 

H -0.10972 -1.68336 3.712857 

H -0.69974 -2.94735 2.623624 

Cu 1.942803 0.569297 0.429814 

N -2.90318 -0.47589 0.583725 
N -3.04431 -1.45911 1.110446 

Cu 0.454376 -1.36511 -0.98828 

Cu -0.58206 0.984279 -0.035 
O -0.56355 2.936103 -0.66051 

H -0.39995 3.283184 -1.54351 

O 0.519765 -2.27819 -2.70785 
H -0.24738 -2.57681 -3.20937 

O 3.63039 1.537534 0.326644 

H 4.193783 1.724448 1.086625 
H -0.73738 3.689682 -0.08586 

H 1.295846 -2.72037 -3.07081 

H 4.090831 1.841715 -0.46291 
N -2.61365 0.584511 0.00955 

C -3.76241 1.426838 -0.40311 

H -4.3283 1.763658 0.468764 
H -3.34492 2.289345 -0.91869 

H -4.41755 0.881372 -1.08619 

 

 
Tri-Cu Transition State III 

B3LYP (water) 
Symbol X Y Z 

C -0.21234 -1.47866 -1.33367 
C 0.172342 -0.4615 -0.65675 

C 0.234675 -2.57793 -2.21493 
H 1.321893 -2.63856 -2.23194 

H -0.1866 -3.52635 -1.87725 

H -0.13427 -2.39593 -3.22801 
Cu 0.737236 -1.18099 1.083376 

N -2.69034 -0.90465 -0.78706 

N -2.02412 -1.71146 -1.34093 
Cu 1.691909 0.738385 -0.73645 

Cu -0.78021 1.007642 0.138104 

O -1.13969 2.77951 1.045926 
H -1.26387 3.558056 0.487461 

O 3.264931 1.918647 -0.89196 

H 3.682984 2.040473 -1.75421 
O 1.295441 -1.85546 2.853701 

H 1.272558 -2.80572 3.024938 

H -0.55495 3.047931 1.766324 
H 3.974501 1.843895 -0.24094 

H 2.108491 -1.51633 3.249371 

N -2.59425 0.163221 -0.13165 
C -3.83633 0.783411 0.370552 

H -4.37387 0.092589 1.022225 

H -3.54497 1.661766 0.940944 
H -4.47569 1.088858 -0.45992 

 

B3LYP (gas) 
Symbol X Y Z 

C -0.00734 1.10763 1.549138 

C 0.277295 0.281922 0.58422 
C 0.647296 1.928931 2.598515 

H 1.727932 1.959561 2.470902 

H 0.2347 2.940255 2.592383 
H 0.405624 1.499273 3.576327 

Cu 0.658586 1.467975 -0.93465 

N -2.47263 0.738247 1.233478 
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N -1.65968 1.352777 1.838332 

Cu 1.748322 -0.97181 0.465325 
Cu -0.86227 -0.95084 -0.37116 

O -1.34836 -2.54572 -1.54262 

H -1.584 -3.42398 -1.21567 
O 3.285186 -2.20103 0.538275 

H 3.942037 -2.36153 -0.1516 

O 1.042496 2.689496 -2.43519 

H 0.462574 3.404552 -2.72948 

H -1.37379 -2.58208 -2.50749 

H 3.563882 -2.68795 1.32551 
H 1.893534 2.804977 -2.87772 

N -2.58047 -0.13767 0.348797 

C -3.93906 -0.57263 -0.06658 
H -4.51563 0.281779 -0.42234 

H -3.81514 -1.28809 -0.87563 

H -4.45055 -1.05194 0.769284 

 

M06 (water) 
Symbol X Y Z 

C 0.303031 1.534592 -1.2691 

C -0.16648 0.466977 -0.74327 

C -0.03553 2.746043 -2.02652 
H -1.11625 2.873311 -2.08898 

H 0.419943 3.622302 -1.55869 

H 0.38122 2.662719 -3.03523 
Cu -0.54154 1.18944 1.026435 

N 2.669595 0.759379 -0.6789 

N 2.09017 1.651849 -1.18335 
Cu -1.75919 -0.60036 -0.67122 

Cu 0.641562 -1.09053 0.007552 

O 0.891369 -2.89936 0.816627 
H 0.751955 -3.67127 0.256334 

O -3.4734 -1.51788 -0.68653 

H -3.90717 -1.71932 0.150184 
O -0.97734 1.798799 2.824851 

H -0.2825 2.191404 3.365203 

H 0.452306 -3.08482 1.654424 
H -3.60072 -2.27933 -1.26355 

H -1.77213 2.327716 2.956911 

N 2.49938 -0.34359 -0.1268 

C 3.667734 -1.08906 0.354222 

H 4.205284 -0.51432 1.111755 

H 3.2965 -2.01147 0.798209 
H 4.335798 -1.33237 -0.47524 

 

M06 (gas) 
Symbol X Y Z 

C 0.121177 -1.33834 -1.45322 

C -0.2533 -0.40769 -0.63472 
C -0.41211 -2.34857 -2.37822 

H -1.49731 -2.42215 -2.31186 

H -0.12105 -2.07783 -3.39989 
H 0.049536 -3.31981 -2.17638 

Cu -1.82163 0.685415 -0.53279 

N 2.503976 -0.74554 -1.06352 
N 1.788675 -1.49399 -1.6244 

Cu -0.47608 -1.2423 1.091672 

Cu 0.714258 1.041812 0.166195 
O 1.099909 2.811988 1.029048 

H 0.907524 3.080294 1.934117 

O -0.72131 -2.14714 2.80176 
H -0.0193 -2.57136 3.308594 

O -3.47907 1.70429 -0.62744 

H -3.80027 2.148125 -1.42133 
H 1.387508 3.598297 0.550871 

H -1.56347 -2.43982 3.168491 

H -4.17372 1.755716 0.038438 
N 2.516855 0.239364 -0.31204 

C 3.803581 0.817019 0.122888 

H 4.306139 1.295104 -0.72101 
H 3.583737 1.562637 0.885358 

H 4.442 0.041419 0.549622 

 

 

 
Tri-Cu Metallacycle Intermediate IV 
B3LYP (water) 

Symbol X Y Z 
C 0.351601 1.360373 1.450675 

C -0.12 0.475132 0.548127 

C -0.54285 2.233796 2.292235 

H -1.59008 2.153558 2.007826 

H -0.43072 1.939574 3.339167 
H -0.21312 3.270323 2.19505 

Cu -1.54556 -0.80625 0.77973 

N 2.622333 0.936734 1.118377 
N 1.708336 1.5861 1.727644 

Cu -0.764 1.168929 -1.13576 

Cu 0.821166 -0.90458 -0.31877 
O 1.245312 -2.55141 -1.39751 

H 0.835949 -2.66238 -2.2654 

O -1.44349 1.876481 -2.84481 
H -2.27695 1.542717 -3.20063 

O -3.00216 -2.0989 1.068672 

H -3.2426 -2.37206 1.963129 
H 1.22484 -3.41476 -0.96469 

H -1.41985 2.826825 -3.01557 

H -3.81747 -2.04729 0.553743 

N 2.456072 0.001326 0.284309 

C 3.685807 -0.55563 -0.31791 

H 3.756198 -1.61649 -0.0756 
H 3.633424 -0.44213 -1.40112 

H 4.551887 -0.02323 0.071656 

 

B3LYP (gas) 
Symbol X Y Z 

C 0.054019 0.835582 1.732845 
C -0.27683 0.271807 0.554175 

C -0.84005 1.522251 2.721984 

H -1.85526 1.657447 2.353916 
H -0.85788 0.928833 3.64201 

H -0.40266 2.489663 2.982565 

Cu -1.81835 -0.86774 0.30275 
N 2.346662 0.300191 1.619455 

N 1.408022 0.821908 2.230235 

Cu -0.35779 1.607071 -0.85904 
Cu 0.788202 -0.92031 -0.48577 

O 1.22045 -2.33888 -1.87787 

H 1.295105 -2.22711 -2.8347 
O -0.47168 3.045842 -2.20012 

H -1.1713 3.178312 -2.85324 

O -3.44279 -1.97559 0.193507 
H -3.74061 -2.5867 0.881053 

H 1.390083 -3.27067 -1.68398 

H 0.089483 3.833052 -2.21114 
H -4.13452 -1.93521 -0.4799 

N 2.389109 -0.38469 0.568976 
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C 3.733618 -0.80982 0.09636 

H 4.157303 -1.52321 0.805198 
H 3.614588 -1.28594 -0.87395 

H 4.386774 0.058054 0.004901 

 

M06 (water) 
Symbol X Y Z 

C 0.470149 -1.36402 -1.47383 

C -0.09237 -0.50663 -0.60337 

C -0.32187 -2.34486 -2.27077 

H -1.36422 -2.39463 -1.95604 
H -0.27999 -2.04933 -3.324 

H 0.141907 -3.33062 -2.18125 

Cu -1.81953 0.322539 -0.4794 
N 2.615573 -0.68833 -1.0563 

N 1.840934 -1.44613 -1.72025 

Cu -0.17616 -1.09477 1.211347 
Cu 0.523283 1.197566 -0.10127 

O 0.741669 3.069793 0.507241 

H 0.176715 3.398024 1.215969 
O -0.28115 -1.68432 3.063315 

H -1.10298 -1.55846 3.550666 

O -3.59442 1.103956 -0.42924 
H -4.04816 1.332572 -1.24823 

H 0.785239 3.763754 -0.16038 

H 0.063674 -2.55161 3.304108 
H -4.25782 0.773721 0.186749 

N 2.245948 0.235856 -0.28951 

C 3.294751 0.935676 0.463911 
H 3.428434 1.939152 0.051742 

H 2.97996 1.023028 1.505456 

H 4.227001 0.373471 0.40188 

 

M06 (gas) 
Symbol X Y Z 

C 0.134031 1.106249 1.629443 

C -0.25952 0.379106 0.580253 

C -0.66713 1.967362 2.533317 
H -1.69653 2.090705 2.197662 

H -0.65553 1.520589 3.534656 

H -0.17784 2.94199 2.627102 
Cu -1.87687 -0.61735 0.370583 

N 2.378372 0.458399 1.468057 

N 1.522297 1.109695 2.051245 
Cu -0.19209 1.381866 -1.05558 

Cu 0.647187 -1.05262 -0.27038 

O 0.998933 -2.72252 -1.3178 
H 0.889246 -2.86682 -2.26428 

O -0.1653 2.498017 -2.65574 

H -0.90361 2.660934 -3.25371 
O -3.58814 -1.54041 0.325889 

H -3.96345 -2.03031 1.067365 

H 1.231539 -3.57089 -0.92216 
H 0.527553 3.135016 -2.86673 

H -4.25478 -1.50529 -0.36944 

N 2.332259 -0.38426 0.552558 
C 3.608355 -0.94243 0.060577 

H 3.95933 -1.71296 0.751934 

H 3.431308 -1.38564 -0.91881 
H 4.355189 -0.15147 -0.02098 

 

 
Tri-Cu Triazolide V 
B3LYP (water) 

Symbol X Y Z 

C 0.013008 -1.58295 -0.81915 
C 0.001688 -0.53085 0.15325 

C -0.00089 -1.50765 -2.31405 

H -0.01252 -0.47477 -2.66053 
H 0.880279 -2.00583 -2.72446 

H -0.88177 -2.01943 -2.70825 

Cu 1.998339 -0.02991 -0.20013 
N 0.043203 -2.57781 1.112794 

N 0.037499 -2.78295 -0.18386 

Cu -0.01611 1.463612 0.130441 
O -0.0859 3.426309 0.067977 

H 0.612231 3.906907 -0.39571 

O 3.923312 0.301024 -0.46672 
H 4.501686 0.303218 0.307227 

H -0.2755 3.916177 0.878738 

H 4.383721 -0.18911 -1.16034 
N 0.023737 -1.28269 1.345921 

C 0.019635 -0.79311 2.726786 

H 0.890096 -0.16153 2.895843 
H -0.89095 -0.22619 2.914054 

H 0.057797 -1.6618 3.379169 

Cu -2.00295 -0.06624 -0.18134 
O -3.94441 0.207726 -0.38887 

H -4.48633 -0.52991 -0.69784 

H -4.25355 0.997019 -0.85217 

 

 

B3LYP (gas) 
Symbol X Y Z 

C -0.12826 -1.53237 -0.77581 
C 0.016961 -0.45359 0.176748 

C -0.13065 -1.51896 -2.27438 

H -0.06356 -0.51032 -2.68486 
H 0.706183 -2.11112 -2.65425 

H -1.03521 -1.99859 -2.65617 

Cu 2.030992 -0.14513 -0.20735 
N -0.17604 -2.4763 1.179222 

N -0.2396 -2.70517 -0.10705 

Cu 0.079084 1.525152 0.108407 
O 0.119579 3.489553 0.072098 

H 0.396444 4.043279 -0.67044 

O 3.969839 -0.08849 -0.52268 
H 4.646932 0.112332 0.137361 

H -0.11099 4.078063 0.80381 

H 4.421049 -0.42473 -1.30895 
N -0.02755 -1.18433 1.393482 

C 0.05888 -0.69818 2.778186 

H 0.993971 -0.15969 2.93157 
H -0.78765 -0.05004 3.006484 

H 0.031633 -1.57276 3.42501 
Cu -2.00891 -0.01797 -0.20759 

O -3.95245 0.167451 -0.43151 

H -4.61398 -0.36975 0.025874 

H -4.41369 0.694655 -1.09726 

 

M06 (water) 
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Symbol X Y Z 

C -0.00084 -1.5655 -0.81218 
C 0.004667 -0.51569 0.154082 

C -0.02637 -1.47624 -2.29319 

H -0.03126 -0.43698 -2.62944 
H 0.847 -1.97946 -2.71746 

H -0.91595 -1.97663 -2.68624 

Cu 1.94701 -0.03948 -0.20298 
N 0.03898 -2.55209 1.111776 

N 0.020423 -2.76037 -0.17869 

Cu -0.01222 1.461817 0.130893 
O -0.08176 3.39682 0.045895 

H 0.647703 3.877391 -0.36152 

O 3.846131 0.257285 -0.50139 
H 4.380172 0.579603 0.233662 

H -0.35647 3.898391 0.821881 

H 4.354913 -0.43517 -0.93828 
N 0.03041 -1.26555 1.342381 

C 0.044198 -0.76013 2.707136 

H 0.922143 -0.12982 2.856307 
H -0.86131 -0.18096 2.894639 

H 0.082783 -1.61792 3.37638 

Cu -1.95 -0.07021 -0.16977 
O -3.86619 0.184257 -0.38794 

H -4.39237 -0.54929 -0.7261 

H -4.18026 0.983589 -0.82573 

 

M06 (gas) 
Symbol X Y Z 

C -0.04064 -1.5366 -0.7704 

C 0.002134 -0.44897 0.172292 

C -0.04775 -1.50667 -2.25431 
H -0.00414 -0.48793 -2.64934 

H 0.797568 -2.07915 -2.64866 

H -0.94609 -1.99893 -2.64011 
Cu 1.968229 -0.10613 -0.20149 

N -0.0553 -2.46582 1.179587 

N -0.07403 -2.70663 -0.10117 
Cu 0.027003 1.515433 0.104192 

O 0.044204 3.455546 0.062308 

H 0.343353 4.006637 -0.67056 
O 3.882566 -0.00337 -0.49845 

H 4.54771 0.208318 0.167109 

H -0.23124 4.041976 0.777038 
H 4.343728 -0.32761 -1.28133 

N -0.01128 -1.17446 1.386963 

C 0.017577 -0.66112 2.753302 
H 0.924699 -0.07512 2.916608 

H -0.8637 -0.04461 2.944264 

H 0.01315 -1.52068 3.423398 
Cu -1.96187 -0.05331 -0.19992 

O -3.87978 0.07273 -0.46634 
H -4.53668 -0.45921 -0.0009 

H -4.3354 0.561721 -1.16119 

 

 
Ligand-stabilized tri-Cu acetylide 

 
Symbol X Y Z 

C 0.862516 -0.94657 -1.08879 

C 2.067 -1.26745 -1.08327 
C 3.412027 -1.80786 -1.24118 

H 3.318955 -2.8667 -1.5114 

H 3.879173 -1.31873 -2.10647 

Cu -0.38971 0.594233 -0.94735 

Cu 1.925087 0.609374 -0.1406 

Cu -0.79843 -1.90331 -0.63582 
O -0.66537 -3.61195 -1.9397 

H -1.01041 -4.49601 -1.7763 

H -0.39322 -3.5879 -2.86266 
N -2.25407 -2.26865 0.492441 

N 0.82742 2.110646 0.141811 

O 3.801844 0.657067 0.259482 
N 0.942927 3.2568 -0.54381 

N 0.126977 4.235056 0.019928 

C -0.50374 1.395992 2.181751 
H 0.01225 5.214016 -0.32307 

N -3.30876 -3.13621 0.223024 

N -4.21688 -3.12799 1.279956 
H -5.10965 -3.66657 1.3222 

C -0.04028 2.399448 1.166795 

C -0.45938 3.660701 1.08177 
H -1.16555 4.15239 1.738254 

C -3.7003 -2.21006 2.230028 

C -2.55567 -1.71837 1.762492 
H -4.17531 -1.95307 3.167793 

C -1.70034 -0.69187 2.449491 

N -2.08857 1.315315 -1.06974 
N -2.68269 1.780786 -2.17998 

C -3.01398 1.531711 -0.02006 

N -3.95136 2.279643 -1.88679 
C -4.11506 2.104409 -0.48873 

H -4.60785 2.722859 -2.56612 

H -4.98668 2.396396 0.082329 
C -2.77139 1.185551 1.416674 

N -1.4924 0.479721 1.579513 

H 0.394719 0.835961 2.523316 

H -0.9319 1.912598 3.072234 

H -2.15346 -0.38899 3.422197 
H -0.725 -1.17997 2.666198 

C 4.639215 -0.27318 0.37367 

N 5.831139 0.003024 0.86888 
H 5.960035 0.976421 1.128694 

C 4.316833 -1.69112 -0.01245 

C 6.943747 -0.91802 1.084178 
H 7.343148 -1.28935 0.13687 

H 7.737185 -0.37498 1.594957 

H 6.646724 -1.7561 1.718374 
H 5.235083 -2.25032 -0.20511 

H 3.845187 -2.16832 0.857826 
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