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Abstract 

The iodobenzene-catalyzed oxidative cyclization of a δ-alkynyl β-ketoester has been investigated by density 

functional theory (DFT) calculations at the CPCM(acetonitrile)/B3LYP/6-311++G(d,p)//B3LYP/SDD(I) levels. Three 

different mechanisms were considered for this process, and of the three, activation of the alkyne by a 

hypervalent iodine species followed by cyclization was found to be the most likely pathway based upon our 

computational results.  
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Introduction 

 

Hypervalent iodine chemistry has enjoyed significant attention in recent years and many studies have been 

reported over the last decades.1-4 In particular, a plethora of new reactions and modes of reactivity have been 

uncovered, including examples of catalysis and enantioselective transformations. Hypervalent iodine species 

can effect transformations that would otherwise require transition metal catalysts or heavy metal oxidants but 

without the cost, supply or toxicity issues. Our collective understanding of these hypervalent iodine mediated 

processes has also increased, however there are still many mechanistic peculiarities that are poorly 

understood. In this regard, several computational studies have been described that have finally shone light on 

some of the intriguing mechanisms mediated by hypervalent iodine species.5-8 In 2015, we reported that 

hypervalent iodine species can induce cyclization of N-allylbenzamides to give 2-oxazolines.9 Subsequently, we 

reported our computational and kinetic experiments that suggested that this process proceeded through 

alkene activation (Scheme 1a).10 Intriguingly, our studies on the cyclization of N-allylbenzamide 1 suggested 

that a molecule of trifluoroacetic acid is necessary, alongside the iodine(III) species, for efficient cyclization to 

occur. We also demonstrated that 2-iodoanisole is a superior catalyst to iodobenzene with a 1.7 kcal.mol-1 

difference in activation energy, which supported our experimental observations. We did not consider this 

mechanism to be particularly contentious, although we did rule out an alternative mechanism involving amide 

activation by the iodine(III) followed by attack of the alkene. In 2011, we reported the cyclization of δ-alkynyl 

β-ketoesters, e.g. 3, to cyclopentanes, e.g. 4, for which more than one reasonable mechanism can be 

proposed (Scheme 1b).11 In this case, a C-C bond is formed which is relatively uncommon by hypervalent 

iodine reagents.12  
 

 
 

Scheme 1. (a) Our previous work demonstrating the iodoarene-catalyzed cyclization of an amide onto a 

pendent alkene. (b) Iodobenzene-catalyzed cyclization of a δ-alkynyl β-ketoester. 
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Results and Discussion 
 

In our initial report of the cyclizations of δ-alkynyl β-ketoesters, we proposed that the alkyne activation, i.e. 

5a, was most likely, followed by cyclization by attack of the enol (Figure 1). Alternatively, formation of α-

iodonium species 6a could occur followed by syn-addition to the alkyne. A third possibility is the formation of 

iodonium bound enolate 7a followed by nucleophilic attack of the alkyne. Functionalizations of 1,3-dicarbonyls 

using hypervalent iodine reagents have been proposed to proceed through formation of intermediates similar 

to 613 and 7a.14 In order to determine the mode of activation of 3, we set out to model the reaction using DFT 

calculations.  

 

 
 

Figure 1. Three possible mechanisms of cyclization of the δ-alkynyl β-ketoester. 

 

Initial results suggested that a mechanism proceeding through intermediate 7a was unlikely as its 

calculated energy was significantly higher than that for 5a and 6. Balanced equations for formation of 5a, 6 

and 7a are shown in the Supplementary Material. In addition, computed values with a hydroxy ligand on the 

iodine rather than the tosylate were higher (details in the Supplementary Material). 

Based on these initial findings, we decided to focus our efforts on cyclization occurring through 

intermediates 5a and 6 (Figure 2). Starting from Koser’s reagent 8, which is formed under the reaction 

conditions, loss of hydroxide occurs to form cationic 9a. This species can either coordinate to the alkyne of 3’ 

or bond to the carbon between the two carbonyls. In solution, the β-ketoester 3 prefers to exist in its 

tautomeric form 3’.  

Experiments to connect acyclic 6 to cyclic 10a by insertion of the alkyne into the C-I bond were 

unsuccessful. However, the cyclization of the activated alkyne intermediate 5a was found to be possible in 

both a syn- and an anti-fashion. Moreover, it was found that the anti-addition is far lower in energy than the 

syn-addition (12.7 versus 23.9 kcal.mol-1). It is notable that this cyclization is particularly facile, especially 

compared to the cyclization of 1 where ΔGǂ = 25.1 kcal.mol-1 (with iodobenzene derived mediator). 

Subsequent loss of iodobenzene generates carbocation 11 followed by addition of water and tautomerization 

to furnish the final product 4. Efforts to connect 10b to 4 without formation of the carbocation 11 were not 

fruitful. The major diastereomer of the final product, 4, is 3.2 kcal.mol-1 more stable than the minor 

diastereomer 13. 
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Figure 2. Calculated potential energy profile for the Koser’s reagent 8 mediated cyclization of alkyne 3’. Free 

energies are reported in kcal.mol−1. 

 

The structures in the mechanism have been connected through forward and reverse IRC calculations and 

the optimized geometries of all intermediates and transition states were as expected (Figure 3). In our 2011 

report, we noted that deprotonation of 4 was not possible under a variety of conditions. We hypothesized 
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that the α-proton to the ketone was not aligned with the carbonyl π* orbital. Our present study supports this 

hypothesis as the H-C-C-O angle is 173° in the optimized structure. 

 

 
 

Figure 3. Optimized geometries for intermediates and transition state. All the bond lengths are given in 

Angstroms. 
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Conclusions 
 

The mechanism of the cyclization of a δ-alkynyl β-ketoester with hypervalent iodine has been shown to 

proceed though activation of the alkyne by DFT modelling. Hypervalent iodine mediated formation of C-C 

bonds is relatively uncommon compared to the construction of C-X bonds. We hope that the mechanistic 

details revealed in this study help to inspire creativity in synthetic chemistry. 

 

 

Experimental Section 
 

Quantum chemical calculations were performed using Gaussian 16,15 and GaussView was used for molecular 

modelling.16 The geometry optimizations were performed in the gas phase under standard conditions using 

DFT17-19 in combination with the 6-31+G(d,p)20 basis set for all atoms except iodine, for which the SDD  

(Stuttgart/Dresden) effective core potential was used.21 Exhaustive conformation search was carried out on all 

the species described and only the lowest energy conformation is presented in the mechanistic scheme. All 

the bond lengths are given in Angstroms. Vibrational frequency calculations were performed in order to 

determine the imaginary frequencies for the respective molecules. The imaginary frequencies verified 

whether the stationary points are minima, having no imaginary frequencies, or transition states, possessing 

one imaginary frequency. The connectivity of the transition states was confirmed by computing IRC (intrinsic 

reaction coordinate) from the transition-state geometry towards both the reactant and product.22,23    

Solvent effects were taken into account using the conductor-like polarizable continuum model (CPCM).24 

Single-point calculations on the gas-phase optimized geometries were performed to estimate the change in 

energy in the presence of the solvent, acetonitrile. The triple-zeta quality 6-311++G(d,p) basis set along with 

SDD for I was used to account for the solvent effects. The Gibbs free energy values provided in the text are 

Gibbs energy in solution, Gsol, which was calculated by adding the thermochemistry corrections, G-E, to the 

refined single point energies, Esol, i.e., Gsol = Esol + G – E. The sums of the electronic and thermal free energies 

(G) for reactants and transition states were obtained by the standard procedure in the framework of the 

harmonic approximation. The ΔGǂ of the reactions was calculated from the differences in the G values of the 

transition states and the reactants. 
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