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ABSTRACT: We have used density functional theory to explore the copper(I)-catalysed 

reaction between a mesyl azide and a terminal alkyne that leads to a ketenimine whose 

interaction with nucleophilic water produces an amide. It is well reported in the literature that 

a cuprated triazole intermediate is formed during the course of such a catalytic cycle. In this 

contribution, we investigated the stability of this key intermediate by varying the R substituent 

on the azide and found that electron withdrawing R substituents make this intermediate more 

reactive toward ring opening/N2 elimination; an electron withdrawing R substituent facilitates 

this process by weakening the N-N bond being cleaved. We also rationalised why the 

cycloaddition step in this class of click reaction is required to proceed via a binuclear 

mechanism. The copper(I) acetylide intermediate formed during the catalysis gains extra 

stability upon scavenging a second Cu complex, resulting in the cycloaddition step occurring 

with a lower activation barrier. We also noticed that, similar to the ring closure step, inclusion 

of a second Cu complex may accelerate the ring opening/N2 elimination process. It was shown 

the ketenimine needs to coordinate to a copper centre via its nitrogen atom in order to be 

activated toward hydrolysis. 
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INTRODUCTION 

Enormous interest is focussed on the experimental study of the copper(I)-catalysed 

cycloaddition of azides and terminal alkynes (CuAAC) to give triazoles,1 due to the fact that 

the practical application of triazoles can encompass materials science, bioconjugation and drug 

discovery.2,3,4 Many investigations propose that the catalytic cycle of CuAAC reactions should 

be initiated by π-coordination of the terminal alkyne to copper.5 This coordination significantly 

increases the acidity of alkyne's hydrogen, promoting its deprotonation by an appropriate base, 

thereby producing copper(I) acetylide I and baseH+ (Scheme 1).6 This process is continued via 

addition of another copper to generate the binuclear complex II.7 Addition of an azide to this 

binuclear complex affords cuprated triazole intermediate IV, preceded by the release of the 

second copper complex. Finally, IV is protonated by baseH+, affording V and regenerating the 

copper catalyst.8 

Scheme 1. Catalytic cycle proposed for the reaction of azides with terminal alkynes 

through CuAAC catalysis 

 

It should be noted that, for different substrates under specific conditions, products other than 

the triazole can be obtained.9,10 For instance, when sulfonyl or phosphoryl azides are used, 

instead of formation of triazole (V), a N2 molecule is liberated from the cuprated triazole 

intermediate IV and thus ketenimine VIII is obtained.11 This result suggests that the identity 

of R substituent on an azide determines which product is preferentially achieved.12 When R is 

of an electron donating character, triazole V is formed, whereas for electron withdrawing R 

substituents, N2 elimination occurs and VII is produced.7a Eventually, addition of a nucleophile 

(Nu-H) to either VII or VIII forms product IX and leads to regeneration of the copper catalyst. 
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In the original report in this field, Chang et al. showed that amides are synthesized if a terminal 

alkyne, a sulfonyl azide, and water react with each other in the presence of CuI (eq 1). 

According to this experiment, water acts as the nucleophile (Nu-H).13  

 

Electron withdrawing R-substituents are thought to decrease the stability of copper complex 

IV, which in turn facilitates N2 elimination.1e,7a The first objective of this investigation is to 

address why this occurs. In other words, we want to better understand how the ring-opening 

rearrangement of cuprated triazole intermediate (IV) is promoted by electron withdrawing R 

substituents. 

As illustrated in Scheme 1, the CuAAC reaction (cycle 1) was proposed to take place via a 

binuclear mechanism. Although this assertion has been proven for complexes with electron 

donating R groups, there is yet computational evidence to clearly show that this is also true for 

R groups with electron withdrawing character. In this study, we investigate a model CuAAC 

catalytic cycle with R = SO2Me (methylsulfonyl/mesyl), with the aim of extending the scope 

of the explanation as to why, regardless of R identity, CuAAC reactions always prefer a 

binuclear mechanism and not a mononuclear one.   

As discussed above, complex IV is a branching point for two competitive pathways. This 

complex can either stay on cycle 1 and react with BaseH+ to give V or enter cycle 2 by 

undergoing a ring opening process followed by N2 liberation. As discussed earlier, cycle 2 is 

expected to take place for electron withdrawing R groups. We will investigate these 

possibilities for R = mesyl and demonstrate that cycle 2 becomes favoured over cycle 1 when 

a second copper complex is incorporated into the N2 elimination step. 

At the end, by investigating the detailed mechanism for the reaction given in eq. 1, we intend 

to elucidate which intermediate (VII or VIII) is responsible for yielding product IX where 

water is considered as the nucleophile (Nu-H). We will indicate that intermediate VIII is far 

more reactive than VII albeit if it is activated by a copper catalyst.    

RESULTS AND DISCUSSION 

Effect of different R groups on the ease of ring opening/N2 elimination. In the present study, 

a DFT-based analysis was carried out to investigate the effect of different R substituents with 
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various electronic properties (R = CH3SO2, CF3, Ph, CH3, para-NO2-Ph, para-NH2-Ph) on the 

reactivity of cuprated triazole intermediates toward ring opening/N2 elimination. Table 1 

summarizes our findings in this regard by considering CuI as the copper(I) catalyst. In accord 

with the previous studies,11 the ring opening is anticipated to occur with the cleavage of the 

N1-N2 bond in cuprated triazole A via passing through transition structure TSA-B (see the profile 

given above Table 1). The dinitrogen is subsequently evolved from B and then C is formed via 

TSB-C.   

Table 1. Relative energy of different stationary points during the ring opening/N2 

elimination process based on the energy profile given below, the N1-N2 bond distance and 

second order perturbation energy between the lone pair on N1 and the N2-N3 π* orbital 

(E2) in structure A 

 

Entry 

 
R 

ΔG (kcal/mol) N1- N2 (Å) 

in A 

E2 (lpN1→π* N2=N3) 

kcal/mol TSA-B B TSB-C C 

1 CH3SO2 12.9 9.3 17.3 -33.6 1.381 33.3 

2 CF3 13.9 11.7 20.1 -31.6 1.379 36.8 

3 para-NO2-Ph 19.8 18.3 24.4 -25.8 1.379 39.2 

4 Ph 23.4 22.0 30.2 -23.0 1.372 42.2 

5 para-NH2-Ph 25.0 23.8 32.2 -21.7 1.372 43.1 

6 CH3 29.9 28.4 39.3 -17.1 1.360 46.3 

Expectedly, the activation barrier to dinitrogen elimination increases as the R substituent 

becomes more electron donating. We found that, the stability of B relative to A is an important 

factor influencing the ease of the process; as the energy value of B increases, the energy values 

of transition structures TSA-B and TSB-C both increase. The above statement finds support from 

linear correlations between the energy values of B and TSA-B (R2 = 0.99) and of B and TSB-C 

(R2 = 0.97) (Figure S1 and S2, respectively). Indeed, a dinitrogen molecule is more easily 

evolved from complex A if the energy difference between A and B is small. 
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We claim that the stability of a triazole against ring opening is correlated with the N1-N2 bond 

nature. Table 1 lists the N1-N2 bond lengths for complex A with various R substituents. Results 

obtained from calculations indicate that the N1-N2 bond distances are shorter for electron 

donating R groups (e.g., CH3) than for electron withdrawing ones (e.g., CH3SO2). To establish 

any possible correlation, we created a plot between the N1-N2 bond length and the relative 

energy of B. Interestingly, a good linear correlation (R2 = 0.87) between those two variables 

was found (Figure S3), suggesting that the N1-N2 bond strength may have a significant effect 

on the stability of A. The natural bond orbital (NBO) analysis demonstrates that the second-

order perturbation interaction between the N1 lone pair (lpN1) and π*N2=N3 in A is markedly 

increased if R is an electron donating group. Furthermore, a plot of the relative potential energy 

of B versus the interaction energy between lpN1 and π*N2=N3 gave a regression line with an R2 

value of 0.98 (Figure 1). According to these findings, it can be concluded that when R is of an 

electron donating character, the interaction between lpN1 and π*N2=N3 increases, thereby 

enhancing the contribution of the lower resonance structure given in Figure 1, resulting in 

strengthening of the N1-N2 bond and an enhanced resistance of complex A toward ring opening.   

 

Figure 1. Plot of the potential energy of structure B (ΔEB) versus the second order perturbation 

energy of interaction between lpN1 and π*N2=N3 in structure A for six different R substituents. 

 

Mechanism of CuI-catalysed azide-alkyne cycloaddition where the R group is mesyl.  We 

now focus our attention on the mechanism of Cu-catalysed azide-alkyne cycloaddition by 

considering R = mesyl as a representative of the electron withdrawing groups. Scheme 2 

compares the stability of different copper adducts that may form by coordination of a 

substrate/base to CuI. According to this calculation, complex 2 was assigned as the most stable 
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adduct with a Gibbs free energy of -25.6 kcal/mol, leading us to set the energy of complex 2 

as the reference point in our calculations.  

Scheme 2. Relative energies (kcal/mol) of different adducts resultant from trapping of 

CuI by various reactants. The relative Gibbs and electronic energies (in parentheses) 

calculated at the B3LYP-D3BJ-CPCM/BS2//B3LYP-CPCM/BS1 level in chloroform are 

given in kcal/mol 

 

As outlined in Figure 2, the first step of the reaction is surmised to be coordination of a terminal 

alkyne to NMe3CuI. This coordination leads to formation of three-coordinate intermediate 7 

which lies 1.7 kcal/mol above the reference point. Liberation of NMe3 from 7 via transition 

structure TS7-8 affords intermediate 8 in which NMe3 is stabilized by a hydrogen bond with the 

terminal hydrogen of the coordinated alkyne. Subsequently, intermediate 9 is generated upon 

deprotonation of the terminal alkyne by NMe3. The transformation 2 + 6 → 9 is calculated to 

be endergonic by 7.7 kcal/mol and requires an overall activation free energy of 14.2 

kcal/mol.The endergonicity of this process mainly comes from the loss of amine binding 

energy. In other words, although NMe3 serves as an appropriate base for deprotonation, it is 

also a strong coordinating ligand, rationalising why formation of the key acetylide complex 9 

is an endergonic process. The outer sphere complex 9 is stabilized by the cation-anion 

interaction between NMe3H
+ and ICuCCPh-. The separation process 9 → NMe3H+ + ICuCCPh- 

is calculated to be endergonic by 22.4 kcal/mol, showing that the corresponding interaction is 

strong enough to force the NMe3H
+ cation to remain in proximity to the anionic copper 

complex.14  
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In order for the alkynyl−azide cycloaddition to occur, the azide needs to be activated via its 

coordination to the copper centre. Our calculations show that the azide weakly interacts with 

the copper centre in 10 as evidenced by the endergonicity of the reaction 9 + MeSO2N3 → 10 

(ΔG = 3.6 kcal/mol) and the long Cu-N1 distance (3.338 Ǻ). The low coordination ability of 

the azide mainly arises from the electron withdrawing character of the mesyl substituent which 

decreases the availability of the nitrogen (N1) lone pair. Outer sphere complex 10 is expected 

to be in equilibrium with 11, an intermediate which is a proper starting point for the 

cycloaddition process.   

 

Figure 2. Calculated energy profile for formation of 11 starting from the resting state catalyst 

2. The relative Gibbs and electronic energies (in parentheses) calculated at the B3LYP-D3BJ-

CPCM/BS2//B3LYP-CPCM/BS1 level in chloroform are given in kcal/mol. 

The cycloaddition can occur through either a mononuclear or a binuclear pathway. Figure 3 

compares the energy profile calculated for these alternatives. In the mononuclear pathway, the 

ring closure takes place via six-membered ring transition structure TS11-12. The IRC calculation 

revealed that, in contrast to previous studies,11 this transition structure directly yields cuprated 

triazole 12 without any intermediate in between; efforts to locate 12ʹ were unsuccessful. The 
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overall barrier to cycloaddition via the mononuclear pathway is computed to be as high as 29.9 

kcal/mol. This barrier seems too high to be accessible at room temperature. Thus, we anticipate 

that, in agreement with experimental observations, the operation of the mononuclear 

mechanism is improbable.    

The binuclear mechanism initiates from coordination of a second copper complex to 11 via 

transition structure TS11-13. This coordination leads to formation of a gem-dicuprated complex 

13 from which the cycloaddition takes place via transition structure TS13-14 to give 14. The 

resultant intermediate is highly reactive toward C-N coupling, forming 15 in a barrierless 

process. All attempts to obtain a transition structure connecting 14 to 12 were unsuccessful, a 

claim which is supported by a relaxed potential energy surface scan (Figure S4).  The gem-

dicuprated complex 15 is suggested to be in equilibrium with 12 via dissociation of the 

ICuNMe3 complex. Starting from 13, the binuclear pathway with an activation barrier of 15.4 

kcal/mol is predicted to be 14.5 kcal/mol lower in energy than the mononuclear one (Figure 3). 

 

Figure 3. Calculated energy profile of mononuclear and binuclear pathways for azide–alkyne 

cycloaddition. The relative Gibbs and electronic energies (in parentheses) calculated at the 

B3LYP-D3BJ-CPCM/BS2//B3LYP-CPCM/BS1 level in chloroform are given in kcal/mol. 
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The favourability of the binuclear mechanism has been explained by two complimentary 

rationales as follows: (1) coordination of the second Cu complex reduces the ring strain in TS11-

12 as compared with that in TS13-14.5b (2) involvement of the second Cu-complex increases the 

stability of the nascent Cu(III) in TS13-14 by occupying its fourth coordination site.5a However, 

it becomes obvious from Figure 3 that the contribution of these two parameters to the energy 

difference between TS11-12 and TS13-14 (14.5 kcal/mol) is only ΔG‡
1 - ΔG‡

2 = 5.1 kcal/mol. 

Another critical contribution which has not been reported previously for this process,15 is the 

high exergonicity of transformation 11 + CuI(NMe3) → 13 (ΔG = -9.4 kcal/mol). This result 

suggests that once the copper acetylide species is formed, it acts as a copper scavenger and 

immediately coordinates to another copper complex. The coordination of the second copper 

complex increases the stability of the key intermediate responsible for the cycloaddition step, 

resulting in the binuclear mechanism becoming highly favoured. 

A competitive alternative for formation of 13 is coordination of CuI(NMe3) to 8 followed by 

deprotonation and then coordination of mesyl azide. Our calculations for this alternative predict 

that the CuI(NMe3) coordination with an overall activation energy of 13.2 kcal/mol should be 

the slowest step (Figure S5). Such a result suggests that 13 might be formed through this 

alternative without any necessity for the intermediary of the σ-acetylide complex 11.     

Mechanistic details of ring opening/N2 elimination from the cuprated triazole 

intermediate.  As shown in Figure 4, starting from cuprated triazole intermediate 12, two 

distinct pathways are capable of competing with each other: (i) protodecupration and (ii) ring-

opening/N2 elimination.   
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Figure 4. Calculated energy profile comparing protodecupration and ring opening/N2 

elimination precesses starting from cuprated triazole intermediate 12. The relative Gibbs and 

electronic energies (in parentheses) calculated at the B3LYP-D3BJ-CPCM/BS2//B3LYP-

CPCM/BS1 level in chloroform are given in kcal/mol. 

Protodecupration is the pathway that gives triazole 17. The overall activation barrier for this 

pathway is calculated to be 15.9 kcal/mol (Figure 4). The alternative pathway corresponds to 

ring-opening/N2 elimination which has been previously discussed (see Table 1). It is apparent 

from Figure 4 that TS18-19 is higher in energy than TS12-18. This is consistent with early 

theoretical studies, which suggest that the N2 elimination step is more energy demanding than 

the ring-opening one.11 However, in this section, we will show that this is not a correct 

statement.  

Figure 4 shows that TS16-17 lies 1.0 kcal/mol below TS18-19 and so 12 is expected to 

preferentially involve in the protodecupration process. This is at odds with experimental 

observations that demonstrated the intermediacy of ketenimines in such a catalytic reaction.1 

In such a case, the N2 elimination step possibly proceeds through an alternative mechanism 

with a lower energy barrier. 
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Interestingly, we found that similar to the cycloaddition reaction, if a second copper complex 

participates in the process, the N2 elimination step accelerates. By that logic, intermediate 18 

serves as a bidentate chelating ligand and binds to a CuI(NMe3) complex through transition 

structure TS18-20 to give 20 in an exergonic fashion with ΔG = -3.0 kcal/mol (Figure 5). The 

ensuing intermediate is further activated toward N2 elimination and undergoes it via TS20-21. 

As a result, coordination of CuI(NMe3) lowers the N2 release barrier by 4.4 kcal/mol (see 

energy difference between ∆G3
‡
 and ∆G4

‡  in Figure 5).  

The bonding in these compounds (20 and 18) can be described in terms of a resonance hybrid 

between the two extreme structures D and E (Figure 6a). We should note that the ease of N2 

elimination depends on the contribution of form E. The elimination is triggered by the 

interaction of the Cu-C1 σ orbital with the C2-N2 σ* orbital, as depicted in Figure 6a. 

Coordination of the second copper to 18 increases the contribution of E, causing the N2 

elimination to occur with a lower barrier. This claim is evident from shortening of the C1-C2 

bond and lengthening of the C1-N1 and C2-N2 bonds upon moving from 18 to 20 (Figure 6b). 

The elongation of the C1-N1 and C2-N2 bonds in 20 can also be explained in terms of the 

distortion imposed by the Cu coordination.  
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Figure 5. Calculated energy profile for N2 elimination step, with and without using a second 

copper complex. The relative Gibbs and electronic energies (in parentheses) calculated at the 

B3LYP-D3BJ-CPCM/BS2//B3LYP-CPCM/BS1 level in chloroform are given in kcal/mol. 

 

Figure 6. (a) Resonance hybrid for complex 18 described by two extreme structures D and E. 

(b) Optimized structures with selected structural parameters (bond lengths in angstroms) for 18 

and 20 (H atoms omitted for clarity). 

 

Plausible mechanism for reaction of water with the cuprated ketenimine intermediate.  

There are two conceivable pathways for the reaction of water with cuprated ketenimine 19, as 

discussed in the introduction. Figure 7 compares the energy profiles for these two pathways 

where a water dimer was considered as the nucleophile. Pathway A (Brønsted acid activation 

mode) starts with isomerisation of 19 to 22 in which the ketenimine is activated toward water 

nucleophilic attack through hydrogen bonding between the ketenimine’s nitrogen and NMe3H
+.  

Subsequently, (H2O)2 attacks the internal carbon of the ketenimine via transition structure TS22-

23′ and affords 23′. The pathway B (Lewis acid activation mode), on the other hand, starts with 

a protodecupration process via TS19-23.  The resultant intermediate (23) then undergoes an 

isomerisation to a more stable species (24) in which the ketenimine is activated toward 

nucleophilic attack via coordination of the copper complex.  The nucleophilic attack in this case 

leads to intermediate 25 via transition structure TS24-25. It follows from Figure 7 that TS24-25 

lies 11.9 kcal/mol lower in energy than TS22-23′ suggesting that the nucleophilic attack on the 

ketenimine is most likely to be accessed through Lewis acid activation. 



13 

 

The unfavourability of pathway A might be attributed to the presence of the Cu-C σ bond in 

the vicinal position to the carbon which is attacked by nucleophilic water. Indeed, the 

interaction of the Cu-C σ orbital with the N=C π* orbital in 22 increases the electron density 

in the pz orbital of the internal carbon and therefore makes it less available to nucleophiles 

(Scheme 3). Our NBO calculations show that the second order perturbation energy for this 

orbital interaction (σCu-C→π*N=C) is very significant (67.5 kcal/mol). 

 

 

 

Figure 7. Calculated energy profile for the hydrolysis of 19 through two possible mechanisms. 

The relative Gibbs and electronic energies (in parentheses) calculated at the B3LYP-D3BJ-

CPCM/BS2//B3LYP-CPCM/BS1 level in chloroform are given in kcal/mol. 

Scheme 3. Interaction of the Cu-C σ orbital with the N=C π* orbital in 22  
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The energy profile outlined in Figure 8 shows how intermediate 25 is converted to final product 

(prod). The conversion starts with a proton transfer from H3O
+ to the nitrogen atom by crossing 

transition structure TS25-26 to form the enol intermediate 26. The required activation energy for 

this reaction is computed to be only 10.0 kcal/mol. The resulting enol intermediate gains further 

stability by tautomerising into a ketone form. We found that this tautomerisation is accelerated 

when a base (like NMe3) is involved in the process. Addition of NMe3 to 26 immediately gives 

ketone 27 in which a σ bond is formed between the copper and the substrate. Once NMe3 

deprotonates the O-H bond, the electrons in the C=C double bond of the enol 26 are polarized 

toward the Cβ and stabilised by the copper complex. From intermediate 27, the final product is 

formed via cleavage of the Cu-C(sp3) bond through the proton transfer from NMe3H
+ to the Cβ 

with an activation energy of 11.0 kcal/mol.   
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Figure 8. Calculated energy profile for conversion of intermediate 25 to final product. The 

relative Gibbs and electronic energies (in parentheses) calculated at the B3LYP-D3BJ-

CPCM/BS2//B3LYP-CPCM/BS1 level in chloroform are given in kcal/mol. 

Proposed mechanism derived from DFT calculation.  A detailed catalytic cycle derived 

from DFT calculations for the Cu-catalysed click reaction between an electron deficient azide 

(mesyl azide) and a terminal alkyne, leading to a cuprated ketenimine intermediate prone to be 

trapped by a water nucleophile is summarized in Scheme 4.  

Scheme 4. Catalytic cycle derived from DFT calculation 
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The catalytic cycle is initiated by coordination of a terminal alkyne to a Cu complex, acidifying 

the alkyne hydrogen and making it labile to be deprotonated by a mild base like an amine to 

give XI.  The resultant σ-acetylide complex is a highly efficient scavenger of a second Cu 

complex which gives XII in the presence of mesyl azide. A competitive alternative for 

formation of key intermediate XII is coordination of the Cu complex to X followed by 

deprotonation and then coordination of mesyl azide (intermediacy of Xʹ). This dicuprated 

complex is reactive toward cyclisation to yield XIV, preceded by the release of the second Cu 

complex from XIII.  Complex XIV is a branching point for two competitive pathways (i) 

protodecupration (ii) ring opening/N2 elimination. We found that the latter is more favourable 

if it involves a second Cu for the N2 elimination step i.e. transformation XV → XVI → XVII.  

For cuprated ketenimine XVII to react with water as a nucleophile, it first needs to undergo 

protodecupration to give intermediate XVIII. Coordination of a Cu complex to the nitrogen 

atom in this intermediate activates the ketenimine toward nucleophilic attack by water to afford 
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XIX.  The oxygen bonded hydrogen in intermediate XX is so acidic that it can be deprotonated 

by a base results in intermediate XXI.  Finally the catalytic cycle is complete through 

protodecupration which converts XXI to prod. 

CONCLUSION 

DFT calculations were used to study the Cu(I)-catalysed click reaction involving a ketenimine 

as the key intermediate in reaction with nucleophilic water. Our results provide a better 

understanding of the copper-catalysed click reaction mechanism, a rationale for the effects of 

the azide nature on the reaction mechanism, and an explanation for why one pathway is 

preferred over another. Several points have emerged from our investigation:  

(1) It is well established that in this class of catalysis, a cuprated triazole intermediate (A in 

Table 1) is formed whose stability against N2 elimination is determined by the nature of its R 

substituent. We found that the stability of cuprated triazoles is sensitive to the nature of the N-

N bond being cleaved. Electron withdrawing R substituents reduce the strength of the N-N 

bond, thus facilitating the N2 elimination. 

(2) The cycloaddition step of these catalytic reactions is postulated to proceed through a 

binuclear mechanism. We found that the binuclear mechanism is preferred because once the 

copper(I) acetylide intermediate (11 in Figure 3) is formed, it operates as an efficient copper(I) 

scavenger. Formation of the binuclear Cu complex further stabilises the system, making the 

cycloaddition step accessible with a much lower activation barrier.   

(3) The cuprated triazole intermediate is a branching point for two competitive pathways: (i) 

protodecupration and (ii) ring opening/N2 elimination (Figure 4). We conclude from our 

calculations that, for the mesyl azide model substrate, the N2 elimination step is accelerated if 

it involves a second copper complex. In the absence of the second copper complex, 

protodecupration is calculated to have a lower activation barrier than N2 elimination.  This is 

in disagreement experimental findings for which the protodecupration product is rarely 

reported. 

(4) When the ring opening/N2 elimination step is complete, a ketenimine intermediate is 

produced (23 in Figure 7). This intermediate reacts easily with water only if it is activated by 

a Cu complex coordinating to its nitrogen. We discovered that the cuprated ketenimine 

intermediate itself (19 in Figure 7) is unlikely to be directly involved in a hydrolysis process.  

 

COMPUTATIONAL DETAILS  
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  Gaussian 09 16 was used to fully optimize all the structures reported in this paper at the B3LYP 

level of density functional theory (DFT)17 in chloroform using the CPCM18 solvation model. 

The effective-core potential of Hay and Wadt with a double-ξ valence basis set (LANL2DZ)19 

was chosen to describe Cu and I. The 6-31G(d) basis set was used for other atoms.20 

Polarization functions were also added for Cu (ξf =3.525) and I (ξf = 0.289).21 This basis set 

combination will be referred to as BS1. Frequency calculations were carried out at the same 

level of theory as those for the structural optimization. Transition structures were located using 

the Berny algorithm.  Intrinsic reaction coordinate (IRC)22 calculations were used to confirm 

the connectivity between transition structures and minima. To further refine the energies 

obtained from the B3LYP/BS1 calculations, we carried out single-point energy calculations for 

all of the structures with a larger basis set (BS2) in chloroform using the CPCM solvation 

model. BS2 utilizes the def2-TZVP basis set23 on all atoms. An effective core potential 

including scalar relativistic effect was used for iodine atom. The B3LYP-D3BJ24 calculations 

were used to overcome the deficiency of the B3LYP level in incorporating long-range 

correlation for dispersion forces. To estimate the corresponding enthalpy, ΔH, and Gibbs 

energies, ΔG, the corrections were calculated at the B3LYP/BS1 level and finally added to the 

single-point energies. The potential and Gibbs free energies obtained from the B3LYP-

D3BJ/BS2//B3LYP/BS1 calculations in chloroform are used for interpreting the obtained 

results. 

To investigate how sensitive the relative energies are to the nature of the employed basis sets, 

we replaced BS2 with BS3; the latter uses def2-QZVP for the Cu and I atoms and 6-

311+G(2d,p) for other atoms; an effective core potential including scalar relativistic effect was 

used for iodine atom. We found that basis set dependence for such a system is not very 

significant. For example, using the B3LYP-D3BJ-CPCM/BS2//B3LYP-CPCM/BS1 level, the 

relative Gibbs energies of TSA-B, B, and TSB-C where R = CH3SO2 (Table 1) are calculated to 

be 12.9, 9.3, and 17.3 kcal/mol, respectively, while using the B3LYP-D3BJ-

CPCM/BS3//B3LYP-CPCM/BS1 level, those are calculated to be 13.2, 9.4, and 17.3 kcal/mol, 

respectively.  
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Cartesian coordintes of all calculated species (XYZ) 
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