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Abstract 

Density functional theory (DFT) method B3LYP with a dispersion term 

(B3LYP-D3BJ) has been used to clarify the regioselectivity of zinc mediated 

1,3-dipolar cycloaddition of azides and alkynes. Computational results indicate 

that the dipolar cycloaddition takes place via a concerted five-membered-ring 

transition state, leading to a 1,5-disubstiuted 1,2,3-triazole product, which is 

consistent with the experiment reported by Greaney’s group. The coordination 

of imidazole ligand to zinc is reversible, and the regioselectivity is irrelevant to 

the coordination of imidazole ligand. Moreover, substituent effect of alkynes 

has also been studied. Finally, distortion-interaction analysis along the reaction 

pathways and frontier molecular orbital theory are used to explain the 

reactivity and 1,5-regioselectivity. 
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Introduction 

1,3-Dipolar cycloadditions of azides and alkynes, which are known for 

more than a century,1 represent the most direct route to construct 

1,2,3-triazoles,2 and have been widely applied in biochemistry and material 

science.3 Many efforts have been made to promote the development of this type 

of reaction. During 1950s−1970s, Huisgen and co-workers systematically 

studied the uncatalytic thermal cycloadditions of azides and alkynes.4 In recent 

years, transition metal assisted 1,3-dipolar cycloadditions are emerged as a 

powerful strategy to synthesis 1,2,3-triazoles since the introduction of metal 

could improve the reactivity and control the regioselectivity.5 As shown in 

Scheme 1, when substituted alkynes and azides are employed as reactants, 

either 1,4- or 1,5-disubstituted 1,2,3-triazoles would be formed through 

1,3-dipolar cycloaddition depending on what metal (Cu, Ru or Zn) is added.6 

The copper (I) catalyzed azide-alkyne cycloadditions (CuAAC) to 

selectively yield 1,4-disubstituted 1,2,3-triazoles, which is first reported by 

Meldal,6b Fokin, and Sharpless,6a individually, attract lots of attention due to the 

mild conditions, wide substrate scopes, and vast ranges of triazole application.7 

Kinetic and mechanistic studies of CuAAC suggest that the active species 

contain two copper ions, one or two acetylenes, and one azide.8 Moreover, the π 

complexation of copper acetylide towards another copper ion also plays a 

critical role in positioning the substrates appropriately for the cycloaddition 
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reaction, as well as activating the reacting acetylene towards nucleophilic attack 

by the azide.9 

While Cu (I) catalysis has provided a reliable method for the construction 

of 1,4-disubstituted 1,2,3-triazoles,10 general methods for the synthesis of 

1,5-disubstituted regioisomers are relatively scarce.11 Fokin in collaboration 

with Jia6a,6c reported some Ru (II)-catalyzed azide-alkyne cycloadditions 

(RuAAC) for the generation of 1,5-disubstituted 1,2,3-triazoles in moderate 

yields. Nonetheless, considerable limitations still exist in this approach, due to 

the strong base required, the utilization of alkalis12 or magnesium 

acetylides,10a,13 and the noble metal ruthenium.6c-e 

Recently, Greaney reported a zinc mediated 1,3-dipolar cycloaddition of 

azides and alkynes, which regioselectively generates 1,5-substiuted 

1,2,3-triazoles at room temperature.14 The unique regioselectivity obtained 

under mild condition draws our attention to investigate the detailed mechanism. 

In nowadays chemistry field, density functional theory (DFT) calculation, 

which has been extensively used for the mechanistic study of CuAAC and 

RuAAC,15,6c-d,16 is regarded as a powerful tool to reveal the mechanism of 

1,3-dipolar cycloadditions.17 Herein, we report our DFT calculations towards 

the mechanism and regioselectivity research of this Zn-mediated azide−alkyne 

cycloaddition, including frontier molecular orbital (FMO) theory18 and 

distortion-interaction energy analysis19 to provide interpretation for the 

regioselectivity. 
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Computational methods 

All the DFT calculations were carried out with the Gaussian 09 series of 

programs.20 DFT method B3LYP21 with a standard 6-311+G(d) basis set 

(SDD22 basis set for zinc atom) was used for geometry optimizations. Harmonic 

vibration frequency calculations were performed for all stationary points to 

confirm them as a local minima or transition structure and to derive the 

thermochemical corrections for the enthalpies and free energies. On the other 

hand, the addition of dispersion interaction into B3LYP functional could 

describe the long-range interactions better, thus an atom-atom additive damped 

empirical potential of the form –f(R)C6/R6, which named B3LYP-D3BJ, was 

employed in our work to give more accurate energy information.23 The solvent 

effects were considered by B3LYP-D3BJ method calculated single point 

energies with a standard 6-311+G(d) basis set (SDD basis set for zinc atom) on 

the gas-phase stationary points with a PCM solvation model.24 Furthermore, the 

FMOs for some important intermediates were calculated using the 

B3LYP/6-311+G(d) level of theory. 

Two kinds of free energies are given in the free energy profiles, i. e. the 

G(gas phase)B3LYP and the G(THF)B3LYP-D3BJ, which were obtained by eq. 1 and 

eq. 2, respectively. Gcorrection is the thermochemical corrections for the gibbs 

free energies. E(gas phase)B3LYP is the single point energy calculated at 

B3LYP/6-311+G(d) level in gas phase, and E(THF)B3LYP-D3BJ is the single point 
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energy calculated at B3LYP-D3BJ/6-311+G(d) level in THF based on gas 

phase stationary point. 

 

 

In this work, the intrinsic reaction coordinates (IRCs)25 of the transition 

states for zinc mediate dipolar cycloadditions between ethyl(phenylethynyl)zinc 

and azidobenzene were used to calculate the reaction pathway at the 

B3LYP/6-311+G(d) level of theory. The distortion energy (ΔEdis) was set to the 

energy difference between the energy of distorted ethyl(phenylethynyl)zinc and 

azidobenzene parts along the reaction pathway and the energy of fully 

optimized ethyl(phenylethynyl)zinc and azidobenzene parts by single point 

energy calculations at the B3LYP/6-311+G(d) level of theory. The interaction 

energy (ΔEint) was set to the energy difference between the single point energy 

of the geometry on the reaction coordinate and the energy of the relative 

distorted ethyl(phenylethynyl)zinc and azidobenzene parts. When the distortion, 

interaction, and total energies are plotted, the distance between the center of the 

two neutral nitrogen atoms in azidobenzene and the center of two reacting 

carbon atoms in ethyl(phenylethynyl)zinc is used to represent the reaction 

coordinate. 

 

Results and Discussion 
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The uncatalytic 1,3-dipolar cycloadditions between azidobenzene and 

phenylacetylene are initially put forward. Computational results (Figure 1) 

suggest that the activation free energy of corresponding transition state 5-ts is 

30.1 kcal/mol, which is consistent with Fokin's result calculated at 

B3LYP/6-311G(2d,2p) level of theory.8b In another case, the barrier for the 

generation of 1,5-disubstituted 1,2,3-triazole via transition state 3-ts is 27.8 

kcal/mol, which is 2.3 kcal/mol lower compared with 1,4-disubstituted one. 

As shown in Figure 2, ethyl(phenylethynyl)zinc 7, which could be easily 

formed from phenylacetylene and diethylzinc due to the higher acidity of 

phenylacetylene comparing with generated ethane, is chose as the reactant to 

study the reactivity of zinc mediated 1,3-dipolar cycloaddition. Coordination of 

7 to the neutral nitrogen of azidobenzene 2 forms intermediate 8 with 4.5 

kcal/mol endothermic. The 1,3-dipolar cycloaddition to form 

1,5-diphenyl-4-(ethyl)zinc-1,2,3-triazole 10 takes place irreversibly via a 

concerted transition state 9-ts with an overall activation free energy of 26.6 

kcal/mol. The geometry information of transition state 9-ts is shown in Figure 6. 

The two forming carbon-nitrogen bond lengths are 1.96 Å and 2.35 Å, 

respectively. The distance between nitrogen and zinc is 2.90 Å, which indicates 

none direct interaction between azidobenzene and zinc. In another case, 

coordination of the nucleophilic nitrogen atom of azidobenzene with 7 forms 

intermediate 11 with 11.0 kcal/mol endothermic. The corresponding 

cycloaddition to form 1,4-regioisomer could occur via transition state 12-ts 

Page 6 of 21RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



with an overall barrier of 30.6 kcal/mol. Intrinsic reaction coordinate (IRC) 

calculation of transition state 9-ts and 12-ts have proved it is the accurate 

transition state which connect the reactant and product. The nitrogen-zinc bond 

length of 2.22 Å in transition state 12-ts (Figure 6) shows that when the neutral 

nitrogen-carbon bond is forming, the nucleophilic nitrogen still coordinates 

with zinc. The calculations indicate that when azidobenzene reacts with 

ethyl(phenylethynyl)zinc 7, the forming rate of 1,5-diphenyl-1,2,3-triazole is 

fast compared with the formation of 1,4-regiomer. 

In the experiment, N-methylimidazole is added as a co-catalyst for 

zinc-mediated cycloaddition. Therefore, the ligand effects of 

N-methylimidazole towards reactivity and regioselectivity are considered 

theoretically. As shown in Figure 3, The coordination of one molecular 

N-methylimidazole to ethyl(phenylethynyl)zinc 7 results in 0.7 kcal/mol 

exothermic, and forms intermediate 15. Subsequently, intermediate 16 or 19 

would be formed by the coordination of azidobenzene 2 with neutral or 

nucleophilic nitrogen atom with 6.3 kcal/mol or 5.4 kcal/mol endothermic, 

respectively. 1,5-disubstituted product 18 could be formed via transition state 

17-ts with a barrier of 26.5 kcal/mol. The relative free energy of transition 17-ts 

is 0.1 kcal/mol lower than that of transition state 9-ts, which indicates that the 

cycloaddition for the formation of 1,5-diphenyl-1,2,3-triazole cannot be 

assisted by the coordination of one N-methylimidazole ligand. As contrast, the 

activation energy of transition state 20-ts for the formation of 1,4-disubstituted 
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regioisomer 21 is 29.6 kcal/mol, which is 3.1 kcal/mol higher comparing with 

that of transition state 17-ts. According to this data, the ratio of 1,5-substiuted 

1,2,3-triazole to 1,4-regioisomer should be 99:1. Therefore, the generation of 

1,4-disubstituted regioisomer 21 is unfavorable, which is consistent with the 

experiment results. Theoretical calculations indicate that the regioselectivity is 

irrelevant to the coordination of N-methylimidazole ligand. The geometry 

information of transition state 20-ts is shown in Figure 6. The nitrogen-zinc 

bond length of 2.39 Å in transition state 20-ts, which is 0.17 Å longer than the 

corresponding bond length in transition state 12-ts, indicates that the 

coordination of N-methylimidazole would weaken the interaction between zinc 

and azidobenzene in transition state. 

Moreover, two equivalent N-methylimidazole involved pathway was also 

calculated. As shown in Figure 4, the coordination of second 

N-methylimidazole ligand is 5.6 kcal/mol endothermic. Although the barrier of 

dipolar cycloaddition via transition state 23-ts is only 23.8 kcal/mol from 

intermediate 22, the overall activation free energy for the formation of complex 

24 is 29.4 kcal/mol, which is 2.2 kcal/mol higher than that for transition state 

17-ts. The activation free energy for the generation of relative 1,4-regioisomer 

with two ligands is 30.6 kcal/mol, which is 1.2 kcal/mol higher than that for the 

formation of 1,5-disubstituted product due to the endothermic coordination of 

second ligand. Consequently, when dipolar cycloaddition of 
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ethyl(phenylethynyl)zinc and azidobenzene to form 1,4- or 1,5-diphenyltriazole 

takes place, at most one N-methylimidazole ligand coordinates with zinc. 

Substituent effects have also been considered in the theoretical study. As 

shown in Figure 5, ethylhexynylzinc complex 27 is chosen to investigate the 

reactivity and regioselectivity of alkyl substituted alkynes instead of aryl 

substituent. The concerted 3+2 cycloaddition to form 1,5-disubstituted product 

30 could take place via transition state 29-ts with an overall barrier of 24.6 

kcal/mol. In another case, the barrier for the formation of 1,4-disubstituted 

product 34 via transition state 33-ts is 25.2 kcal/mol, which is 0.6 kcal/mol 

higher than that for the formation of 1,5-regioisomer. The B3LYP-D3BJ 

calculations indicate that the reactivity of alkyl substituted alkynes is similar 

with aryl substituted substrate, while the regioselectivity of alkyl substituted 

alkynes is lower, which is consistent with experimental observations. 

The distortion-interaction energy analysis, which is reported as a powerful 

model to explain reactivity trends for bimolecular reactions,26 is employed to 

study this 1,3-dipolar cycloaddition. As shown in Figure 7, the total activation 

energy (ΔE‡) is decomposed into the sum of distortion energy (ΔEdis) and 

interaction energy (ΔEint) between distorted reactants. 

Table 1 shows the distortion energies and interaction energies of the 

transition states 9-ts, 12-ts, 17-ts, 20-ts, 23-ts, and 25-ts. Comparing with 

transition states 9-ts and 12-ts, the distortion energy of transition state 12-ts is 

11.0 kcal/mol higher than that of transition state 9-ts, however the interaction 
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energy of transition state 12-ts is 10.7 kcal/mol lower due to the coordination of 

nucleophilic nitrogen atom with zinc. Therefore, the relative energy of 

transition state 12-ts is 2.3 kcal/mol higher than that of transition state 9-ts. The 

coordination of one imidazole ligand decreases the binding energy of nitrogen 

with zinc in six-membered transition state, therefore the distortion energy of 

transition state 20-ts is 1.3 kcal/mol lower than that of transition state 12-ts. 

Moreover, the distortion energy of transition state 17-ts is 1.9 kcal/mol lower 

than that of 9-ts because of the stronger frontier molecular orbital interaction, 

which will be discussed later. Therefore, the overall activation energy of 

transition state 17-ts is 3.1 kcal/mol lower than that of transition state 20-ts. 

Comparing with five-membered-ring type transition states 23-ts and 25-ts, the 

higher distortion energy of 25-ts leads to a higher activation energy. 

To further shed light on the regioselectivity for the cycloaddition of 

ethyl(phenylethynyl)zinc and azidobenzene with one imidazole ligand, the 

distortion and interaction energies along the reaction pathways for the 

formation of 1,5-disubstituted product 18 and the corresponding 

1,4-regioisomer 21 have been calculated,27 using the distances between dipole 

and dipolarophile as a reaction coordinate.28 As shown in Figure 8, as long as 

the distance between ethyl(phenylethynyl)zinc and azidobenzene are longer 

than 2.6 Å, the distortion energies for the two pathways are essentially the same. 

As the distance decreases below 2.6 Å, the distortion energy of the pathway for 

the formation of 1,4-disubstituted product climbs higher than for the formation 
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of 1,5-regioisomer, because when the six-membered-ring transition state 20-ts 

is forming, ethyl(phenylethynyl)zinc part should be folded. For the formation of 

1,4-disubstituted product 21, When the distance decreases below 2.1 Å, the 

six-membered-ring type geometry begins to transfer to five-membered-ring. 

Therefore, the gradient of distortion energy is decreased. Comparing with the 

red line and blue line, the relative energy of 20-ts is higher than that of 17-ts 

due to the higher distortion energy because of the stronger distortion of 

ethyl(phenylethynyl)zinc. 

FMO theory is employed to further investigate the interaction between 

ethyl(phenylethynyl)zinc and azidobenzene.17b,27a The molecular orbitals and 

orbital energies of dipole 2, and phenylethynylzinc 7, 15, and 22 are shown in 

Figure 9. The energy levels of highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) for the ground state of 

azidobenzene 2 is -14.5 eV and -1.4 eV, respectively. The gap between the 

HOMO of phenylethynylzinc 7 and the LUMO of azidobenzene 2 is 7.3 eV 

lower than that between the HOMO of azidobenzene 2 and LUMO of 

phenylethynylzinc. Therefore, in the transition state of dipolarcycloaddition 

between ethyl(phenylethynyl)zinc and azidobenzene, the reactivity and 

regioselectivity are majorly depending on the orbital interaction between the 

HOMO of azidobenzene 2 and LUMO of phenylethynylzinc. When 

phenylethynylzinc 7 is coordinated with one or two imidazole ligands, the 

energy level of HOMO is increased due to the electron-donating effect of 
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additional ligands, consequently, the reactivity is increased. However, the 

endothermic for the coordination of second imidazole leads to a higher overall 

barrier for this type reaction. The weight of the atomic orbitals in the ground 

state molecular orbitals also has been calculated to explain the selectivity. In 

azidobenzene 2, the weight of LUMO on N3 atom is higher than that on N1 

atom. In one imidazole coordinated phenylethynylzinc 15, the weight of 

HOMO on C2 atom is higher than that on C1 atom. Therefore, when 

azidobenzene 2 reacts with phenylethynylzinc 15, 1,5-disubstituted 

1,2,3-triazole is supposed to be the major product. 

 

Conclusions 

The DFT method B3LYP with a dispersion term (B3LYP-D3BJ) has been 

used to clarify the regioselectivity for the synthesis of 1,5-substiuted 

1,2,3-triazoles through zinc mediated 1,3-dipolar cycloaddition. Computational 

results suggest that only one N-methylimidazole ligand coordinates to the metal 

center during the reaction between ethyl(phenylethynyl)zinc and azidobenzene. 

1,5-substiuted 1,2,3-triazole is formed through a five-membered-ring transition 

state with a lower activation free energy compared with the generation of 

1,4-regioisomer via a six-membered-ring transition state. Moreover, substituent 

effect of alkynes has also been considered. B3LYP-D3BJ calculations show 

that alkyl substituted ethynylzinc owns the same reactivity as 

ethyl(phenylethynyl)zinc, while the regioselectivity is lower, however, B3LYP 
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gives a higher regioselectivity, which is consistent with experimental 

observation. Beside, distortion-interaction analysis along the reaction pathways 

provides explanation for the reactivity and regioselectivity. The lower distortion 

energy in transition state leads to a lower activation energy for the generation of 

1,5-substiuted product. Furthermore, FMO analysis reveals the coordination of 

N-methylimidazole ligand towards zinc would increase the HOMO of 

ethyl(phenylethynyl)zinc, thereby improving the reactivity. 
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Scheme 1. Zinc-mediated azide-alkyne ligation to 1,5-disubstituted 1,2,3-triazoles 

 

 

Figure 1. Free energy profiles for the uncatalytic cycloaddition of phenylacetylene 

and azidobenzene. The values given by kcal/mol are the relative free energies 

calculated by B3LYP-D3BJ method in THF solvent. The values in parentheses are the 

free energies given by B3LYP in gas phase 

 

 

Figure 2. Free energy profiles for the cycloaddition of ethyl(phenylethynyl)zinc and 

azidobenzene. The values given by kcal/mol are the relative free energies calculated 

by B3LYP-D3BJ method in THF solvent. The values in parentheses are the free 

energies given by B3LYP in gas phase 
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Figure 3. Free energy profiles for the cycloaddition of ethyl(phenylethynyl)zinc and 

azidobenzene with one N-methylimidazole ligand. The values given by kcal/mol are 

the relative free energies calculated by B3LYP-D3BJ method in THF solvent. The 

values in parentheses are the free energies given by B3LYP in gas phase. 

 

 

Figure 4. Free energy profiles for the cycloaddition of ethyl(phenylethynyl)zinc and 

azidobenzene with two N-methylimidazole ligands. The values given by kcal/mol are 

the relative free energies calculated by B3LYP-D3BJ method in THF solvent. The 

values in parentheses are the free energies given by B3LYP in gas phase 
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Figure 5. Free energy profiles for the cycloaddition of ethylhexynylzinc and 

azidobenzene with one N-methylimidazole ligand. The values given by kcal/mol are 

the relative free energies calculated by B3LYP-D3BJ method in THF solvent. The 

values in parentheses are the free energies given by B3LYP in gas phase 

 

 

Figure 6. B3LYP optimized geometries of transition structures 9-ts, 12-ts, 17-ts, 20-ts, 

23-ts and 25-ts. The values of bond length are given by Å 

Page 19 of 21 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

Figure 7. Relationship between the activation, distortion, and interaction energies. 

 

 

Figure 8. Distortion, interaction, and total energies along the reaction pathways of the 

dipolar cycloadditions between ethyl(phenylethynyl)zinc and azidobenzene with one 

imidazole ligand. The solid lines are the reaction energies. The dotted lines are the 

distortion energies. The dashed lines are the interaction energies. The values given by 

kcal/mol are the relative free energies calculated by B3LYP-D3BJ method in THF 

solvent. 

Page 20 of 21RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

Figure 9. Frontier molecular orbitals calculated for the model complex 2, 7, 15, and 

22. The orbital energies have been provided in eV. The values for the proportions 

represent the weight of the atomic orbitals in the ground state molecular orbitals 

 

Table 1. The distortion (ΔEdis), interaction (ΔEint), and reaction (ΔE‡) energies of the 

9-ts, 12-ts, 17-ts, 20-ts, 23-ts, and 25-ts transition states. ΔEdis = ΔEdis(azide) + 

ΔEdis(alkyne); ΔE‡ = ΔEdis + ΔEint. Values are given in kcal/mol. 

 

 Edis Eint E‡ G‡ 

9-ts 29.9 -14.6 15.3 26.6 

12-ts 40.9 -23.9 17.0 30.6 

17-ts 28.0 -14.6 13.4 26.5 

20-ts 39.6 -24.9 14.7 29.6 

23-ts 25.7 -14.7 11.0 28.7 

25-ts 29.6 -17.0 12.6 29.9 
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