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ABSTRACT OF THE DISSERTATION 

 

The Mechanism and Origins of Reactivities and Selectivities in Transition-metal-catalyzed and 

Organocatalyzed Cycloadditions 

by 

 

Xin Hong 

Doctor of Philosophy in Chemistry  

University of California, Los Angeles, 2014 

Professor Kendall N. Houk, Chair 

 

A preeminent goal of organic synthesis is to achieve structural complexity with functional value 

in a step, atom, and time economical fashion. Cycloadditions, as exemplified by the Diels-Alder 

reaction, represent uniquely powerful processes to achieve this goal. Most of widely-used 

cycloadditions require transition metal or organic catalysts to achieve the desired control of 

reactivity and selectivity, which rely on mechanistic understandings at the molecular level. Modern 

density functional theory (DFT) calculations provide the foundation to achieve such level of 

understanding, and my PhD research focuses on studying the mechanism and selectivities of a series 

of important transition-metal-catalyzed and organocatalytic cycloadditions through DFT 

calculations. 
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The first part of the thesis includes my studies on the mechanism and selectivities of transition-

metal-catalyzed cycloadditions. Chapter 1 focuses on the mechanism and origins of selectivities in 

Ru(II)-catalyzed intramolecular (5+2) cycloadditions and ene reactions of vinylcyclopropanes and 

alkynes. The favored mechanism involves an initial ene-yne oxidative cyclization to form a 

ruthenacyclopentene intermediate, which is different from that found earlier with rhodium catalysts. 

Based on this new mechanism, solvent effect, chemoselectivity, diastereoselectivity and 

regioselectivity are explained. Chapter 2 includes the study of mechanism and ligand-controlled 

selectivities in [Ni(NHC)]-catalyzed intramolecular (5+2) cycloadditions and homo-ene reactions 

of vinylcyclopropanes and alkynes. The reaction mechanism of nickel catalysts is similar to that of 

ruthenium catalysts, which involves the alkyne-alkene cyclization to form a metallacyclopentene 

intermediate. The selectivity between the (5+2) and homo-ene products is determined in the 

subsequent competing reductive elimination and -hydride elimination steps. The anisotropic steric 

environments of SIPr and ItBu ligands are the major reasons for the reversed selectivity of these 

two similar-sized ligands. Chapter 3 emphasizes the study of terminal methyl effects in Rh(I)-

catalyzed intermolecular (5+2) cycloadditions of vinylcyclopropanes and allenes. A competitive 

allene dimerization is found to irreversibly sequester the rhodium catalyst. This explains the 

necessity of methyl substituents on the reacting double bond of allenes to achieve the desired 

cycloadditions. 

The second part of the thesis focuses on my studies of the organocatalyzed cycloadditions. 

Chapter 4 illustrates the explorations of the mechanism and controlling factors of the 

organocatalyzed carbonyl-olefin metathesis. In the (3+2) cycloadditions between hydrazonium and 

alkenes, the distortion of reactants controls the reactivities. In the subsequent cycloreversions, the 
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strain-release of the five-membered ring intermediates determines the reaction barriers. For these 

two reasons, the cyclopropene derivatives are found to be the most reactive in experiments. Chapter 

5 discusses the distortion-acceleration effect of alkynyl substituents in the stepwise hexadehydro-

Diels-Aleder (HDDA) Reaction. The HDDA reaction follows a stepwise mechanism with a 

diradical intermediate. The alkynyl substituent dramatically accelerates the HDDA reaction mainly 

by decreasing the distortion energy required to achieve the diradical transition state. Chapter 6 

focuses on the mechanism and selectivity of N-triflylphosphoramide catalyzed (3++2) cycloaddition 

between hydrazones and alkenes. The protonation of hydrazones by Brønsted acid catalysts are 

found to be crucial for the facile (3++2) cycloaddition. This explains the acidity-dependent catalytic 

activities of this reaction. Based on the mechanism, we have also explained the origins of 

enantioselectivities when a chiral N-triflylphosphoramide catalyst is employed. Chapter 7 includes 

the study of mechanism and origins of switchable chemoselectivity of Ni-catalyzed C(aryl)-O and 

C(acyl)-O activation of aryl esters with phosphine ligands. For aryl esters, nickel with bidentate 

phosphine ligands cleaves C(acyl)-O and C(aryl)-O bonds via three-centered transition states, and 

this cleavage favors the weak C(acyl)-O bond. However, when monodentate phosphine ligands are 

used, the five-centered C(aryl)-O cleavage transition state makes C(aryl)-O activation favorable. In 

the case of aryl pivalates, nickel with bidentate phosphine ligands still favors the C(acyl)-O 

activation, but the subsequent decarbonylation requires very high barrier and the alternative C(aryl)-

O activation occurs. 
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Chapter 1. The Mechanism and Origins of Selectivities in Ru(II)-catalyzed Intramolecular 

(5+2) Cycloadditions and Ene Reactions of Vinylcyclopropanes and Alkynes 

1.1 Abstract 

The mechanism, solvent effects and origins of selectivities in Ru(II)-catalyzed intramolecular 

(5+2) cycloaddition and ene reaction of vinylcyclopropanes (VCP) and alkynes have been studied 

using density functional theory. B3LYP/6-31G(d)/LANL2DZ optimized structures were further 

evaluated with the M06 functional, 6-311+G(2d,p) and LANL2DZ basis sets and the SMD solvent 

model. The favored mechanism involves an initial ene-yne oxidative cyclization to form a 

ruthenacyclopentene intermediate. This mechanism is different from that found earlier with 

rhodium catalysts. The subsequent β-hydride elimination and cyclopropane cleavage are 

competitive, determining the experimental selectivity. In trans-VCP, the cyclopropane cleavage is 

intrinsically favored and leads to the (5+2) cycloaddition product. Although the same intrinsic 

preferences occur with the cis-VCP, an unfavorable rotation is required in order to generate the 

cis-double bond in seven-membered ring product, which reverses the selectivity. Acetone solvent 

is found to facilitate the acetonitrile dissociation from the precatalyst, destabilizing the resting state 

of the catalyst and leading to a lower overall reaction barrier. In addition, the origins of 

diastereoselectivities that allylic hydroxyl group is trans to the bridgehead hydrogen are found to 

be the electrostatic interactions. In the pathway that generates the favored diastereomer, the oxygen 

lone pairs from the substituent are closer to the cationic catalyst center and provide stabilizing 

electrostatic interactions. Similar pathways also determine the regioselectivities that whether the 

more or less substituted C-C bond of cyclopropane is cleaved. In the trans-1,2-disubstitued 

cyclopropane substrate, the substituent from the cyclopropane is away from the reaction center in 
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both pathways and low regioselectivity is found. In contrast, the cleavage of the more substituted 

C-C bond of the cis-1,2-disubstituted cyclopropane has steric repulsions from the substituent and 

thus higher regioselectivity is found. 

 

1.2 Introduction 

Seven-membered carbocycles are presented in many natural products and drugs and have 

been targets for a number of synthetic studies (Scheme 1.1).1 The synthesis of seven-membered 

rings often requires ring-closing bond formation or ring expansion reactions.2 These 

transformations typically need multi-step synthesis of precursor and thus difficult to achieve atom 

and step economy as well as application in total synthesis of fused ring systems. 

Scheme 1.1. Representative natural products and drug molecules that contain seven-membered 

rings. 

Although the synthesis of seven-membered ring still lags behind that for smaller rings (especially 

for catalytic and intermolecular reactions), remarkable progress has been made.3 As a homolog of 

the Diels-Alder (4+2) cycloaddition, transition-metal-catalyzed (5+2) cycloaddition of 

vinylcyclopropanes (VCPs) and 2π components provides a practical and efficient way for 

functionalized seven-membered ring formation (Scheme 1.2).4 In 1995, the Wender group reported 

the first examples of intramolecular (5+2) cycloaddition of VCPs catalyzed by [Rh(Cl)(PPh3)3] 
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and successfully applied this methodology with various catalysts, VCPs and substrates.5 The (5+2) 

cycloaddition has also provided a conceptual foundation and led to the application in total 

synthesis6 and the discovery of many new cycloaddition reactions such as (5+2+1),7 (5+1+2+1),8 

(3+2),9 and (5+1)10 reactions. 

Scheme 1.2. General transition-metal-catalyzed intramolecular (5+2) cycloaddition of 

vinylcyclopropane and alkyne. 

There are two general mechanisms proposed for the transition-metal-catalyzed (5+2) 

cycloaddition (Scheme 1.3). One involves the formation of a metallacyclohexene intermediate 

followed by the 2π insertion and reductive elimination. The other proceeds through the oxidative 

cyclization followed by the cyclopropane cleavage and reductive elimination. Our previous 

theoretical studies have revealed that the metallacyclohexene pathway is preferred with rhodium 

catalysts and the rate-determining step is the 2π insertion to form the metallacyclooctadiene 

intermediate.11  Later experimental and theoretical collaborations demonstrated a delicate 

electronic and steric control of regioselectivities in Rh(I)-catalyzed (5+2) cycloadditions.12 
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Scheme 1.3.  Proposed mechanisms for transition-metal-catalyzed (5+2) cycloadditions. 

Inspired by the Rh(I)-catalyzed (5+2) cycloaddition and Ru(II)-catalyzed Alder-ene 

reaction,13 Trost proposed a Ru(II)-catalyzed (5+2) cycloaddition involving a ruthenacyclopentene 

intermediate (Scheme 1.4).14 By replacing the terminal methyl group of the alkene with 

cyclopropane, a ruthenacyclopentene intermediate could be generated and lead to a seven-

membered ring product by ring expansion. This chemical transformation was indeed achieved by 

[CpRu(CH3CN)3PF6] catalyst, the same complex that catalyzes the alkene-alkyne coupling.15 

Later, Trost et al. systematically studied the scope of this reaction including the functional group 

tolerance, the type and length of the tether between alkyne and VCP, and the substituent effects on 

the regio- and diastereoselectivities.14(d) 

Scheme 1.4. Ru(II)-catalyzed Alder-ene reaction and (5+2) cycloaddition. 
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The preliminary experimental studies of mechanism pointed to the metallacyclopentene 

intermediate, and the discovery of the β-hydride elimination side product also supported the 

hypothesis of the ruthenacyclopentene intermediate (Scheme 1.5).14(d) The β-hydride elimination 

product is quite common in Ru(II)-catalyzed (5+2) cycloaddition if the internal alkene carbon of 

VCP contains a substituent with α-hydrogen, and the selectivity between (5+2) cycloaddition and 

ene reaction relies heavily on the substrates. The trans-VCP favors the (5+2) cycloaddition and 

the cis-VCP favors the ene reaction (Scheme 1.5). Although the metallacyclopentene intermediate 

is achievable with ruthenium catalysts, the same ruthenium catalyst is also known to catalyze the 

vinylcyclopropane cleavage under similar conditions.16 Therefore, the ruthenacyclohexene 

intermediate might still compete with the ruthenacyclopentene intermediate. To understand the 

detailed mechanism of Ru(II)-catalyzed (5+2) cycloaddition was a principal goal of this work. 

 

Scheme 1.5. Selectivity between Ru(II)-catalyzed intramolecular (5+2) cycloaddition and ene 

reaction of trans- and cis-VCP.  

In addition to the questions of mechanism, distinct solvent effect was found experimentally: 

the reaction requires a polar solvent, and acetone was found especially effective.14(d) Does acetone 

just provide a polar solvent environment that facilitates the catalytic transformation or is the 
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acetone acting as a ligand? Is acetone stabilizing the rate-determining transition state or 

destabilizing the resting state to lower the overall reaction barrier? Although solvent effect is very 

crucial and common in transition-metal-catalyzed reactions, there is not a thorough understanding 

of such effects.  

Diastereo- and regioselectivities are also intriguing: (1) the stereochemistry of allylic 

substituents in the tether strongly affects the created bridgehead stereogenic center. In all 

investigated cases, the allylic hydroxyl group is trans to the bridgehead hydrogen and 

disubstitution on allylic position increases the diastereoselectivities (Scheme 1.6). (2) the trans-

1,2-disubstituted cyclopropane has a small preference to cleave the less substituted C-C bond and 

the regioselectivity increases dramatically in the cis-disubstituted cyclopropane (Scheme 1.7). 

What are the origins of the diastereo- and regioselectivities? In order to understand the above 

questions, we used density functional theory (DFT) calculations to explore the mechanism, solvent 

effects and the origins of selectivities involved in Ru(II)-catalyzed intramolecular (5+2) 

cycloaddition and ene reaction between vinylcyclopropanes and alkynes.  
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Scheme 1.6. Selected examples of diastereoselectivities of Ru(II)-catalyzed intramolecular (5+2) 

cycloaddition.  

 

 

Scheme 1.7. Selected examples of regioselectivities of Ru(II)-catalyzed intramolecular (5+2) 

cycloaddition.  
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1.3 Computational Details 

Geometry optimizations, frequencies, and thermal energy corrections were performed with 

the B3LYP functional, 6-31G(d) basis set for all main group elements and LANL2DZ basis set for 

ruthenium implemented in Gaussian 09.17 Energies were evaluated with the M06 method,18 the 6-

311+G(2d,p) basis set for all main group elements and LANL2DZ basis set for ruthenium. All 

reported free energies involve zero-point vibrational energy corrections and thermal corrections to 

Gibbs free energy at 298 K. The solvation free energy corrections were computed with SMD model 

on gas-phase optimized geometries and acetone was chosen as the solvent for consistency with the 

experiment. Computed structures are illustrated using CYLVIEW drawings.19 

 

1.4 Results and Discussion 

1.4.1 Metallacyclohexene Pathway vs. Metallacyclopentene Pathway 

To study the feasibility of metallacyclohexene and metallacyclopentene pathways, we first 

calculated the free energy profiles of both pathways starting from the substrate coordinated 

complex to the seven-membered ring product coordinated complex (atom labeling is shown in 

Scheme 1.8, detailed free energy profiles are provided in Figure 1 and optimized structures are 

shown in Figure 1.2 and 1.3). 
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Scheme 1.8. Metallacyclohexene and metallacyclopentene intermediates in Ru(II)-catalyzed (5+2) 

cycloaddition. 
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Figure 1.1. Free energy profiles of metallacyclohexene and metallacyclopentene pathways in 

Ru(II)-catalyzed (5+2) cycloaddition. 

Complex 1 can undergo the metallacyclopentene pathway with an initial ene-yne oxidative 

cyclization via TS2 (13.4 kcal/mol). From intermediate 3 (12.1 kcal/mol), the cyclopropane 

cleavage could occur with a 2.2 kcal/mol barrier (TS4) to give the ruthenacyclooctadiene 

intermediate 5 (1.3 kcal/mol). The overall barrier of ruthenacyclopentene pathway from complex 

1 is 14.3 kcal/mol, and the rate determining step is the cyclopropane cleavage step with TS4. This 

conclusion is consistent with the studies of the alkene-alkyne coupling where formation of the 

ruthenacyclopentene is reversible and the product determining step is the -hydrogen insertion.13 
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Alternatively, the metallacyclohexene pathway can occur with an initial cyclopropane 

cleavage (Figure 1.1). The cyclopropane cleavage can proceed with or without the intramolecular 

alkyne coordination. With alkyne coordination, ruthenacyclohexene intermediate 11 (3.4 

kcal/mol) can be formed via TS13 (11.4 kcal/mol). Alternatively, the alkyne can dissociate from 

ruthenium first to give the intermediate 8 (6.8 kcal/mol). Then the electron-deficient ruthenium 

catalyzes the cyclopropane cleavage through TS9 (11.1 kcal/mol) to give the post-intermediate 10 

(8.9 kcal/mol). Subsequently, the alkyne can coordinate to ruthenium again to generate the same 

ruthenacyclohexene intermediate 11. Complex 11 will further undergo 2π insertion via TS12 (16.5 

kcal/mol) to give the same ruthenaoctadiene intermediate 5. The metallacyclohexene pathway 

requires a 16.5 kcal/mol barrier and the rate-determining step is the 2π insertion of alkyne. 

Consistent with the Trost’s experimental studies, the metallacyclopentene pathway is 

preferred by 2.2 kcal/mol. The two complexes, 1 (0.0 kcal/mol) and 11 (3.4 kcal/mol), are 

somewhat different in energy but have more similar reaction barriers (14.3 kcal/mol for 1 and 13.1 

kcal/mol for 11). Thus, the relative stabilities of 1 and 11 mainly lead to the small preference for 

the metallacyclopentene pathway, 1 to TS2. The preference to metallacyclopentene pathway is in 

contrast to the rhodium catalyst, which significantly favors the metallacyclohexene pathway. The 

major difference between ruthenium and rhodium catalysts is the barrier difference between the 

2π insertion of metallacyclohexene intermediate (11 to TS12) and ene-yne oxidative cyclization 

of substrate coordinated complex (1 to TS2). With the rhodium catalyst,10(a) the 2π insertion step 

has a much lower barrier than the oxidative cyclization, while the two steps have very similar 

barriers to those of the ruthenium catalyst. The origins of the barrier difference may be due to 

differences in the redox potentials of different transition-metal catalysts. The oxidation state of the 
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transition metal increases in the metallacycle formation, but remains the same in the 2π insertion. 

Therefore, the metal complex that has a lower oxidation potential should favor the ene-yne 

oxidative cyclization.20  

 

Figure 1.2. Optimized structures of intermediates and transition states in metallacyclohexene and 

metallacyclopentene pathways of Ru(II)-catalyzed (5+2) cycloaddition (All species have one 

positive charge). 
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Figure 1.3. Optimized structures of intermediates and transition states in metallacyclohexene and 

metallacyclopentene pathways of Ru(II)-catalyzed (5+2) cycloaddition (All species have one 

positive charge). 
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1.4.2 Acetonitrile Coordination and Solvent Effects 

The possibility of acetonitrile coordination to the ruthenium catalyst was also studied. Figure 

1.4 shows the free energy profiles for the reaction with only Cp as the ligand (black) and with 

additional acetonitrile coordination (blue). The optimized structures are provided in Figure 1.5. 

All the acetonitrile coordinated intermediates and transition states either have higher energies than 

in the absence of acetonitrile or cannot be located (TS6A)21. In addition, the acetone coordination 

is even less favorable than the acetonitrile coordination. Because the DFT calculations tend to 

overestimate the energy contribution from solvation entropy, the relative stabilities between 1 and 

1A is not conclusive based on the 4.4 kcal/mol free energy difference. Although the real structure 

of substrate coordinated complex is still in question, we believe the reaction will follow the 

pathway with only Cp as the ligand because of the large energy difference between TS4 and TS4A. 

Therefore, all three acetonitriles in the precatalyst will dissociate to achieve the reaction. 

There are strong ruthenium-acetonitrile bonds in the optimized structures (the bond distances 

varies between 2.08Å to 2.23Å) and acetonitrile coordination is favorable in the gas phase. Scheme 

1.9 gives an analysis of the thermodynamics of acetonitrile coordination at equilibrium. Because 

the pre- and post-coordination complexes have similar polarities, the difference of solvation 

energies between 1 (52.4 kcal/mol) and 1A (50.1 kcal/mol) is only 2.3 kcal/mol. The major 

contributor to the equilibrium preference between the gas phase and solvent comes from the 

solvation energy of acetonitrile (6.8 kcal/mol). The solvation energy of acetonitrile is very strong 

in acetone and alters the complexation equilibrium and the reaction barriers. Therefore, we also 

calculated the free energy profiles with acetonitrile coordinated ruthenium complex in the gas 

phase (shown in Figure 1.6). 
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Figure 1.4. Free energy profiles of metallacyclopentene pathway with (blue) and without 

acetonitrile coordination (black) in Ru(II)-catalyzed intramolecular (5+2) cycloaddition with VCP 

and alkyne (in acetone). 
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Figure 1.5. Optimized structures of intermediates and transition states with additional acetonitrile 

coordination in metallacyclopentene pathways of Ru(II)-catalyzed intramolecular (5+2) 

cycloaddition (All species have one positive charge). 

 

 

 

 



 

17 

 

Scheme 1.9. Thermodynamic equilibrium of acetonitrile coordination of ruthenium complexes 

that involved in the Ru(II)-catalyzed intramolecular (5+2) cycloaddition in gas phase and solution. 

In the gas phase, acetonitrile coordination is favorable and the intermediates are more 

stabilized than the transition states. The reaction pathway without the acetonitrile coordination 

requires a 16.7 kcal/mol overall barrier, which is similar to the barrier in acetone. With the 

acetonitrile coordination, the barrier increases to 23.4 kcal/mol (from 7A to TS4A) due to the 

significant stabilization of the resting state 7A. Comparing the acetone solvent, the gas phase can 

be considered as an extreme of nonpolar solvent, and the difference of free energy profiles between 

gas phase and acetone solvent explains the origin of the superior solvent effect of acetone in this 

reaction. The polar solvent acetone facilitates the acetonitrile dissociation from the precatalyst, 

which destabilizes the resting state and lowers the overall reaction barrier. In a nonpolar solvent, 

the acetonitrile coordination is favorable and stabilizes the resting states of the catalytic cycle, 

resulting in a higher reaction barrier and lower efficiency.  
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Figure 1.6. Free energy profiles of metallacyclopentene pathway with (blue) and without 

acetonitrile coordination (black) in Ru(II)-catalyzed (5+2) cycloaddition (gas phase). 

 

1.4.3 Selectivity of Cycloaddition and Ene Reaction with the Trans-VCP 

As noted earlier, the trans-VCP substrate gives mainly (5+2) cycloaddition involving the ring-

opening of the cyclopropane (Scheme 1.5). The cis-VCP produces mainly ene product, but some 

of the (5+2) product is formed as well. This seems obvious from the structure of substrate, but it 

should be noted that the intermediates involved from the trans vs cis substrates are diastereomeric. 
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In order to explore the origins of such selectivity in more detail, we first calculated the free energy 

profiles for both (5+2) cycloaddition and ene reaction with trans-VCP (shown in Figure 1.7).  

The ruthenacyclopentene intermediate 3 (12.1 kcal/mol) can undergo the cyclopropane 

cleavage via TS4; this requires only a 2.2 kcal/mol barrier. The ruthenacyclooctadiene 

intermediate 5 (1.3 kcal/mol) then generates the seven-membered ring product through a facile 

reductive elimination via TS6 (2.0 kcal/mol). Alternatively, a β-hydride elimination can occur in 

the intermediate 3 initiated by an agostic intermediate 15 (13.5 kcal/mol) via TS14 (17.2 kcal/mol). 

Then the β-hydride elimination through TS16 gives the intermediate 17 (15.7 kcal/mol). Finally, 

the diene complex 19 can be formed via C-H reductive elimination. For the β-hydride elimination, 

both TS14 and TS16 are rate-determining and require 5.1 kcal/mol barriers from the intermediate 

3.  

The calculations predicts a preference for (5+2) cycloaddition in trans-VCP, as is found 

experimentally. The difference between TS4 and TS14 explains the origins of selectivity; these 

transition structures are shown in Figure 1.8. The cyclopropane cleavage (TS4) is favored 

intrinsically. To achieve the Ru1-H10 bond interaction and form an agostic intermediate, the methyl 

group must rotate to a larger degree in TS14, resulting in an unfavorable distortion and higher 

energy of TS14 compared to TS4. 
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Figure 1.7. Free energy profiles of reductive elimination (blue) and β-hydride elimination (pink) 

in Ru(II)-catalyzed (5+2) cycloaddition with trans-VCP. 
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Figure 1.8. Free energies and structures of selectivity determining transition states in trans-VCP 

(The Cp ligand is hidden for clearance and all species have one positive charge). 

1.4.4 Selectivity of Cycloaddition and Ene Reaction with the Cis-VCP 

Subsequently, the origin of selectivity of cis-VCP was also studied. Here, β-hydride 

elimination has a lower barrier, and the ene product is preferred (free energy profile is shown in 

Figure 1.9). The key difference between trans- and cis-VCP is the position of the cyclopropyl 

group. The favored conformation of ruthenacyclopentene intermediate 22 in the cis-VCP requires 

rotation of the cyclopropyl group in order to form a cis-double bond in the cycloheptadiene (shown 

in Scheme 1.10). This rotation is not necessary for β-hydride elimination. Therefore, for the cis-
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VCP, the (5+2) cycloaddition and ene reaction start from different intermediates (20 and 20-C2 in 

Scheme 1.8 and Figure 1.9).  

The ene reaction pathway of the cis-VCP is similar to that of the trans-VCP. The rate-

determining step is TS23 to form the agostic intermediate 24 which requires an overall barrier of 

15.7 kcal/mol. To the (5+2) cycloaddition, the intermediate 20 has to adopt an unfavorable 

conformation, 20-C2, in order to generate the cis-double bond in the cycloheptadiene. After 

oxidative cyclization, the formed intermediate, 22-C2 (19.7 kcal/mol), is much less stable than the 

favored conformation 22 (12.3 kcal/mol).22 This instability is due to the steric repulsions between 

the formed five-membered ring and the cyclopropyl group, which are shown by the H-H distance 

and the Newman projection of C5-C6 (Figure 1.10). Therefore, although the cyclopropane 

cleavage still has a lower intrinsic barrier (1.9 kcal/mol from 22-C2 to TS29) compared to β-

hydride elimination (3.4 kcal/mol from 22 to TS23), the relative stabilities of 22 and 22-C2 

overruled the intrinsic barrier differences and lead to the β-hydride elimination and ene product 

eventually.  
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Scheme 1.10. Key intermediates of (5+2) cycloaddition and ene reaction with cis-VCP substrate 

(The carbons in one of the cis-double bonds of cycloheptadiene are labeled in red). 

.  
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Figure 1.9. Free energy profiles of reductive elimination (blue) and β-hydride elimination (pink) 

in Ru(II)-catalyzed (5+2) cycloaddition with the cis-VCP. 
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Figure 1.10. Optimized structures, Newman projection of C5-C6 and relative Gibbs free energies 

of intermediate 22 and 22-C2 (S stands for the methyl group, M stands for the formed five-

membered carbocycle and L stands for the ruthenium). 

 

1.4.5 Origins of Diastereoselectivities 

As noted earlier, the stereochemistry of allylic substituents in the tether strongly affects the 

formed bridgehead stereogenic center. The allylic hydroxyl group is trans to bridgehead hydrogen 

and disubstitution on allylic position dramatically increases the diastereoselectivities (Scheme 

1.6). In order to explore the origins of the diastereoselectivities, we studied the reaction pathways 

that generate the diastereomeric (5+2) cycloadducts.  
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Scheme 1.11. Reaction pathways that generate the trans- and cis-diastereomers of Ru(II)-

catalyzed (5+2) cycloaddition. 

Scheme 1.11 shows the key intermediates and transition states that generate the 

diastereoselectivities. From enantiopure substrate 32, substrate-catalyst complex 33 undergoes the 

oxidative cyclization to form the bicyclic post-intermediate 34 with the substituent R trans to the 

bridgehead hydrogen. The subsequent irreversible cyclopropane cleavage via TS35 generates the 

eight-membered ring intermediate 36 and eventually the (5+2) cycloadduct with R trans to the 

bridgehead hydrogen. In the cis-pahtway, the diastereomeric substrate-catalyst complex 37 

generates the post-intermediate 38 with the allylic substituent R cis to the bridgehead hydrogen. 

Subsequent cyclopropane cleavage produces the eight-membered ring intermediate 40 through the 

TS39 and eventually the (5+2) cycloadduct with R cis to the bridgehead hydrogen. 

Table 1.1 shows the free energies of the intermediates and transition states from Scheme 1.11 

with various allylic substituents. In the case that allylic position is mono-substituted by methyl 

group, the trans-cycloadduct is disfavored by 1.4 kcal/mol (Table 1.1, entry 1). Because the 

cyclopropane cleavage barriers are very similar in trans- and cis-pathways (1.8 kcal/mol from 34-
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1 to TS35-1 and 2.0 kcal/mol from 38-1 to TS39-1), the relative stabilities of 34-1 and 38-1 

determine the diastereoselectivity. As shown in Figure 1.11, 34-1 has the steric repulsions between 

the methyl substituent and its β-hydrogen from the double bond while such repulsions are not 

presented in 38-1 (shown in Figure 1.11). Therefore, the steric effects lead to the preference to the 

cis-(5+2) cycloadduct when there is one allylic methyl substituent.  

In contrast, the trans-cycloadduct is favored with allylic hydroxyl substituents. The predicted 

preference is consistent with the experimental diastereoselectivities. When substituted with one 

hydroxyl group, 34-2 (12.3 kcal/mol) is 0.6 kcal/mol less stable than 38-2 (12.9 kcal/mol) (Table 

1.1, entry 2). The origins of the reversed stabilities and diastereoselectivities are electrostatic 

interactions. The oxygen in 34-2 is closer to the cationic catalyst center and thus the electrostatic 

stabilization from oxygen lone pairs makes the 34-2 more stable. Furthermore, when the allylic 

position is disubstituted with methyl and hydroxyl groups, both electrostatic and steric interactions 

favor the trans-(5+2) cycloadduct and produce a higher diastereoselectivity. In 34-3, the oxygen 

lone pairs provide similar stabilization as in 34-2, and the methyl substituent has no significant 

steric repulsions. However, the same methyl substituent in 38-3 has steric repulsions with its β-

hydrogen from the double bond. Therefore, the combined electrostatic and steric effects generate 

the higher diastereoselectivity observed in experiments. 
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entry 

 

 trans  cis 

ΔΔG(TS35-TS39) 

 33 34 TS35  37 38 TS39 

1 R1=Me;R2=H  0.0 14.6 16.4  3.0 13.0 15.0 +1.4 

2 R1=OH;R2=H  0.0 12.3 14.5  2.3 12.9 15.0 -0.5 

3 R1=OH;R2=Me  0.0 10.9 13.8  4.1 13.3 16.1 -2.3 

 

Table 1.1. Gibbs free energies of key intermediates and transition states that generate the trans- 

and cis-diastereomeric cycloadducts in Ru(II)-catalyzed (5+2) cycloadditions with various allylic 

substituents. 
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Figure 1.11. Optimized structures and relative Gibbs free energies of diastereomeric oxidative 

cyclization post-intermediates with various allylic substituents in Ru(II)-catalyzed (5+2) 

cycloaddition. 

 

1.4.6 Origins of Regioselectivities 

The origins of regioselectivities are also studied. The reaction pathways that generate the 

regioselectivities are very similar to the reaction pathways that generate the diastereoselectivities 
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(Scheme 1.12). From trans-1,2-disubstituted cyclopropane substrate 41, substrate-catalyst 

complex 42 undergoes the reversible oxidative cyclization to form the bicyclic post-intermediate 

43. The subsequent cyclopropane cleavage via TS44 produces the eight-membered ring 

intermediate 45 and eventually the (5+2) cycloadduct with the less substituted C-C bond cleaved 

(Cleavage A). Alternatively, the substrate-catalyst complex 46 can undergo similar pathway to 

have the more substituted C-C bond cleaved (Cleavage B) and the determining transition state is 

TS48. 

 

Scheme 1.12. Reaction pathways that cleave the more and less substituted C-C bond of 

cyclopropane in 1,2-disubstitued cyclopropane of Ru(II)-catalyzed (5+2) cycloaddition. 

Table 1.2 shows the free energies of the intermediates and transition states from Scheme 1.12 

with trans- and cis-1,2-disubstitution. With trans-disubstitution (Table 1.1, entry 1), the cleavage 

A and B have very similar barriers and the experimental regioselectivity is low (Scheme 1.7). 

Figure 1.12 showed the optimized structures of the regioselectivity-determining transition states. 

In TS44-1 and TS48-1, the methyl substituent has no significant steric repulsions and is away from 
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reaction center in both cases and thus the cleavage A and B have very similar barriers and the 

regioselectivity is low. In contrast, the cis-disubstituted cyclopropane favors the cleavage A 

dramatically. The methyl substituent in TS44-2 is still away from the reaction center and the 

cyclopropane cleavage barrier of cleavage A is low (3.0 kcal/mol). However, the methyl 

substituent in TS48-2 is in a much sterically hindered position and close to the reaction center. 

Therefore, the steric repulsions from methyl substituent increase the cleavage barrier of cleavage 

B to 5.3 kcal/mol and generate the higher regioselectivity in cis-1,2-disubstituted cyclopropane.  

 

entry substrate 

 Cleavage A  Cleavage B 

ΔΔG(TS44-TS48) 

 42 43 TS44  46 47 TS48 

1 

 

 0.0 14.1 17.4  2.4 14.0 16.8 +0.6 

2 

 

 0.0 16.6 19.6  6.4 16.9 22.2 -2.6 

 

Table 1.2. Gibbs free energies of key intermediates and transition states that undergo the cleavage 

A and cleavage B pathways in Ru(II)-catalyzed (5+2) cycloadditions with trans- and cis-1,2-

disubstituted cyclopropanes. 
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Figure 1.12. Optimized structures and relative Gibbs free energies of cyclopropane cleavage 

transition states in Ru(II)-catalyzed (5+2) cycloaddition with trans- and cis-1,2-disubstituted 

cyclopropanes (For clearance, cyclopentadienyl ligand is hidden and TS44-1, TS44-2 are the 

mirror images of their real structures). 

 

 

1.5 Conclusions 

The mechanism and solvent effects of Ru(II)-catalyzed intramolecular (5+2) cycloaddition 

and ene  reaction have been studied theoretically. The favored catalytic cycle involves an initial 
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oxidative cyclization to produce a metallacyclopentene intermediate. Subsequent cyclopropane 

cleavage and C-C reductive elimination yield the (5+2) seven-membered ring product, while the 

-hydride elimination and C–H reductive elimination gives the ene product. The acetone solvent 

is found to facilitate the acetonitrile dissociation from the precatalyst and destabilize the resting 

state, resulting in a lower reaction barrier. Quite noteworthy is the complementary mechanisms for 

the (5+2) cycloaddition between rhodium and ruthenium catalysis.  Such a mechanistic 

dichotomy offers the opportunity to modulate the selectivity and reactivity for any given substrate 

by simply changing the metal catalyst which highlights the power of transition metal catalysis. 

The origins of the reversed selectivity between (5+2) cycloaddition and ene reaction with 

trans- and cis-VCP were also revealed. In trans-VCP, the intrinsic lower barrier of cyclopropane 

cleavage leads to the seven-membered ring major product. The cis-VCP requires an unfavorable 

rotation of cyclopropyl group in order to generate the cis-double bond in the seven-membered ring 

product.  This unfavorable rotation reverses the selectivity.  

The origins of the diastereo- and regioselectivities have also been discovered. When the allylic 

position is substituted by hydroxyl group, the oxygen lone pair provides stabilizing electrostatic 

interactions with the cationic catalyst center in one diastereomer, and the favored diastereomer has 

the hydroxyl group trans to the bridgehead hydrogen. The origins of regioselectivities are from 

steric repulsions. In the trans-1,2-disubstituted cyclopropane, both the cleavages of more and less 

substituted C-C bond of the cyclopropane have no significant steric repulsions from the 

substituent. In contrast, the methyl substituent of the cis-1,2-disubstituted cyclopropane causes 

much steric repulsion in the transition state that cleaves the more substituted C-C bond, and thus a 

higher regioselectivity is found. 
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2.1 Abstract 

The mechanism and origins of selectivities in [Ni(NHC)]-catalyzed intramolecular (5+2) 

cycloadditions and homo-ene reactions of vinylcyclopropanes (VCPs) and alkynes have been 

studied using density functional theory. The preferred mechanism involves oxidative alkyne-

alkene cyclization to form a metallacyclopentene intermediate, in contrast to cyclopropane 

cleavage pathway in the reaction with Rh(I) catalysts. The selectivity between the (5+2) and homo-

ene products is determined in the subsequent competing reductive elimination and -hydride 

elimination steps. Two similar-sized N-heterocyclic carbene (NHC) ligands, SIPr and ItBu yielded 

reversed product selectivity, favoring the (5+2) and homo-ene products respectively. This is 

attributed to the anisotropic steric environment of these NHC ligands, which position the bulky 

substituents on the ligand to different directions and leads to distinct steric control in the reductive 

elimination and -hydride elimination transition states. 

 

 

 

2.2 Introduction 

As a structural core in a large number of biologically important natural products, 

functionalized seven-membered rings are targets for numerous synthetic studies. Among the 

current methodologies, transition-metal-catalyzed (5+2) cycloadditions of vinylcyclopropanes 

(VCPs) with 2π components such as alkynes, alkenes, and allenes provide a step-economical 
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methodology for the synthesis of functionalized cycloheptadienes.1 Since the first report using 

Rh(I) catalyst by Wender et al,2 various transition metal catalysts including rhodium,3 ruthenium,4 

nickel,5 and iron6 have shown promising catalytic activities in this methodology. The (5+2) 

reaction also led to the discovery of (5+1), (5+2+1) and other cycloadditions employing 

vinylcyclopropane or its analogues as building blocks.7 

In contrast to the vast aspects of experimental investigations on this reaction, computational 

studies have only been focused on Rh-catalyzed reactions to date.8 The effects of metal catalysts 

on the mechanism and selectivity are still not clear. Especially, although all (5+2) cycloadditions 

are likely to occur via a metallacyclooctadiene intermediate (7, Scheme 2.1), the mechanism 

leading to the formation of this intermediate may be different when different metal catalysts are 

employed. Previous computational studies indicated that the cycloadditions with Rh catalysts 

occur via cleavage of the cyclopropane to form the metallacyclohexene intermediate 5 followed 

by alkyne insertion to form intermediate 7 (Step A, Scheme 2.1). The alternative mechanism 

involving oxidative cyclization of alkyne and the alkenyl group on VCP to form the 

metallacyclopentene intermediate 6 (Step B) is not favorable with Rh. Since vinylcyclopropane is 

a widely used synthon, whether it behaves as a 2C or 5C component at the initial step with different 

transition metal catalysts not only directly relates to the mechanism in the (5+2) cycloadditions 

but also impacts the synthetic utility of VCPs in other transition-metal-catalyzed reactions.  

In addition to the uncertainty of the initial steps in the mechanism, the metal catalysts may 

also affect the mechanism in the subsequent steps after formation of the metallacyclooctadiene 

intermediate. Unique among all metal catalysts for (5+2) cycloadditions, nickel shows strong 

ligand control on the selectivity of the (5+2) cycloaddition product (3) and a homo-ene product 
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(2).9 Using the SIPr (1,3-bis(2,6-diisopropylphenyl)imidazolidene) ligand, the selectivity between 

the cycloheptadiene product 3 and homo-ene product 2 depends upon the nature of the terminal 

alkyne substituent. In contrast, the reaction with the ItBu ligand gives only the homo-ene product 

2 regardless of the terminal alkyne substituent (Scheme 2.2). In addition, the tether between the 

VCP and 2π component has no significant effect on the selectivity.10  

 

Scheme 2.1. Postulated mechanisms for transition metal-catalyzed (5+2) cycloadditions. 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=pcsubstance&term=%22(1%2c3%2dBis(2%2c6%2ddiisopropylphenyl)imidazolidene)%20(%203%2dchloropyridyl)%20palladium(II)%20dichloride%22%5bSynonym%5d%2016218286%5bstandardizedcid%5d
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Scheme 2.2. Nickel-NHC catalyzed intramolecular (5+2) cycloaddition and homo-ene reaction of 

alkyne and VCP. 

Apparently, the selectivity between the cycloheptadiene and the homo-ene products is 

controlled by the preference for the -hydride elimination and the reductive elimination pathways 

after the formation of the metallacyclooctadiene intermediate. Controlling the competition 

between reductive elimination and β-hydride elimination to prevent side reactions11 and catalyst 

decomposition12 is a persistent challenge in many transition metal-catalyzed C–C bond formation 

reactions. In order to achieve better synthetic utility, great efforts have been made to control these 

competitive steps by optimization of substrate,13 counterion,14 and especially the type and size of 

ligand.15 Since SIPr and ItBu are both electron-rich NHC ligands, their steric properties are most 

likely controlling the selectivity. Based on the widely applied “buried volume” (%Vbur) model,16 

which describes the average bulkiness of the ligand, ItBu (35.5%Vbur)
15e and SIPr (35.7%Vbur)

16e 

have almost identical steric bulk. Why do these two NHC ligands with similar steric and electronic 

properties lead to reversed selectivity between β-hydride elimination and reductive elimination? 

Here we report DFT calculations on the transition states of the competing pathways and analyze 

the effects of the shape of NHC ligands, i.e. the orientation of the bulky substituents, with the steric 

contour model. We17 and Cavallo18 have employed the steric contour model to highlight the 

importance of the anisotropic steric environment of NHC ligands in determining regio- and 
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stereoselectivities. In this report, we present the first example that the shape and orientation of the 

NHC ligand affects the mechanism and prevents β-hydride elimination from the metallacycle. 

 

2.3 Computational Details 

Geometry optimizations, frequencies, and solvation energy calculations were performed 

with the B3LYP functional implemented in Gaussian 09.19 The Stuttgart/Dresden effective core 

potential (SDD) was used for nickel. For all other atoms, the 6-31G(d) basis set was employed in 

geometry optimizations and the 6-311+G(2d,p) basis set was employed for all other atoms in single 

point solvation energy calculations. All reported free energies involve zero-point vibrational 

energy corrections, thermal corrections to Gibbs free energy at 298 K, DFT-D3 dispersion 

corrections,20 and solvation free energy corrections computed by single point CPCM calculations 

on gas-phase optimized geometries. Toluene was used in the CPCM calculations for consistency 

with experiment. The molecular cavities were built up using the United Atom Topological Model 

(UAHF) and extra sphere was added on transferred hydrogen of TS25 and TS29. Figures 2.2, 2.4, 

2.6, and 2.7 were prepared using CYLView.21  
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2.4 Results and Discussion 

2.4.1 Mechanism of Formation of the Metallacyclooctadiene Intermediate 

 

Figure 2.1. Gibbs free energies for [Ni(NHC)]-catalyzed cycloaddition from substrate coordinated 

complex to metallacyclooctadiene intermediate. The favored oxidative cyclization pathway is 

shown in blue, while the black and red indicate the cyclopropane cleavage pathway with alkyne 

coordination before (black) or after (red) VCP cleavage. Energies are given in kcal/mol.22  

 

The possible pathways of the transformation of the substrate coordinated complex 10 to 

the metallacyclooctadiene intermediate 14 are computed and summarized in Figure 2.1. The 
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structures of selected intermediates and transition states are shown in Figure 2.2. A model NHC 

ligand, 1,3-dimethylimidazolidine,  was employed in the investigation of mechanisms. 

To form the metallacyclooctadiene intermediate, formation of one C–C bond and two Ni-

C bonds are the fundamental steps, and the order of these steps determines whether the oxidative 

cyclization mechanism via the metallacyclopentene intermediate 12 or the cyclopropane cleavage 

mechanism via the metallacyclohexene intermediate 18 is involved.23 In the oxidative cyclization 

mechanism (highlighted in blue in Figure 2.1), complex 10 initially undergoes C-C bond formation 

via transition state TS11 (20.1kcal/mol) to give the metallacyclopentene intermediate 12 (8.6 

kcal/mol). Subsequent cleavage of the cyclopropane is more facile with a 1.6 kcal/mol barrier to 

give the stable metallacyclooctadiene intermediate 14 (-6.6 kcal/mol). On the other hand, initial 

cleavage of the cyclopropane to give the metallacyclohexene intermediate 18 (29.4 kcal/mol) is 

very different. The cyclopropane cleavage can occur in two ways.24 Figure 2.1 shows that whether 

the alkyne is coordinated to the metal in the TS or not (TS20 and TS16, respectively), the reaction 

requires a much higher barrier than the oxidative cyclization (TS11). Although [Ni(NHC)] can 

promote the rearrangement of vinylcyclopropane to cyclopentene via cyclopropane cleavage,24 it 

is not likely to occur in this reaction. The main reason is the strong intramolecular coordination 

with alkyne. The dissociation of alkyne from the catalyst resting state 10 requires 24.1 kcal/mol. 

This contributes to the high barrier of cyclopropane cleavage transition state TS16.  The 

cyclopropane cleavage transition state involves coordination of the alkyne (TS20) requires even 

higher activation energy than TS16. This is attributed to the formation of unstable intermediate 

(18) in this pathway. Thus the most preferred pathway in [Ni(NHC)] catalyzed (5+2) 

cycloadditions initiates via oxidative alkyne-alkene cyclization to form the metallacyclopentene 

intermediate 12.25 This is contrast to the Rh(I) catalyst from our previous theoretical studies. 8 In 

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=pcsubstance&term=%22(1%2c3%2dBis(2%2c6%2ddiisopropylphenyl)imidazolidene)%20(%203%2dchloropyridyl)%20palladium(II)%20dichloride%22%5bSynonym%5d%2016218286%5bstandardizedcid%5d
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[Rh(CO)2Cl]2 catalyzed intermolecular (5+2) cycloadditions of VCP and acetylene, the 

cyclopropane cleavage pathway is preferred by 7.8 kcal/mol. This reversed preference arises from 

two parts. First, the electron-rich NHC ligand stabilizes the 14 electron oxidative coupling 

transition states TS11 dramatically with only 20.1 kcal/mol barrier. In [Rh(CO)2Cl]2, this step 

requires a barrier of 29.7 kcal/mol in intermolecular reaction. Also, the relative stability between 

intermediate 10 and 15 are very different between nickel and rhodium complexes. From the 

triangular geometry 15, the rotation of cyclopropane will not provide any favorable agostic 

interaction to replace alkyne coordination as in rhodium complex. Therefore, rhodium and nickel 

have different preference between metallacyclohexene and metallacyclopentene pathways. 
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Figure 2.2. Optimized structures and bond distances of selected intermediates and transition states 

in Figure 2.1. 
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2.4.2 Mechanism of Formation of (5+2) Cycloaddition and Homo-Ene Products 

 

 

Figure 2.3. Gibbs free energies of the [Ni(NHC)]-catalyzed (5+2) cycloaddition and homo-ene 

reaction from the metallacyclooctadiene intermediate 14. The (5+2) cycloaddition pathway is 

shown in black and the homo-ene pathway is shown in blue. Energies are given in kcal/mol. 

 

From the metallacyclooctadiene intermediate 14 (-6.6 kcal/mol with respect to the reactant 

complex 10), there are two different pathways. First, direct C-C reductive elimination could occur 

via transition state TS21 (7.9 kcal/mol), leading to the cycloheptadiene product 22 (-26.5 

kcal/mol). Then diene isomerization occurs via transition state TS29 (-12.1 kcal/mol), generating 

an allyl nickel(II) hydride intermediate 30 (-28.2 kcal/mol). From 30, reductive elimination occurs 

via TS31 (-19.2 kcal/mol), leading to a more stable conjugated diene product complex 32 (-28.1 
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kcal/mol). The overall barrier for cycloheptadiene generation is only 14.5 kcal/mol (14 to TS21).  

Alternatively, β-hydride transfer could occur through TS23 (5.6 kcal/mol), forming a 

tetracoordinated nickel(II) hydride complex 24 (-2.6 kcal/mol).  This relatively unstable 

intermediate undergoes C-H reductive elimination to form the triene product 26 (-26.8 kcal/mol) 

via transition state TS25 (2.7 kcal/mol). A possible alkene insertion transition state TS27 (7.7 

kcal/mol) from 24 was also located, generating a nickel hydride complex 28. In principle, 28 can 

further undergo C-H reductive elimination and generate the intermediate 22 and eventually the 

seven-membered ring product. Therefore, TS21 and TS27 are very competitive with the model 

ligand and further calculations with the experimental ligand SIPr were conducted to determine the 

favored pathway for cycloheptadiene formation. TS21-SIPr is 4.6 kcal/mol more stable than 

TS27-SIPr, suggesting that C-C reductive elimination and β-hydride elimination pathways (TS21 

and TS23) are the selectivity-determining steps for (5+2) cycloaddition and homo-ene reaction.  
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Figure 2.4. Optimized structures and bond distances of selected intermediates and transition states 

in Figure 2.3. 
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2.4.3 The Catalytic Cycle 

 

Figure 2.5. Gibbs free energies of preferred mechanism for [Ni(NHC)]-catalyzed (5+2) 

cycloaddition (black) and homo-ene reaction (blue). Energies are Gibbs free energies given in 

kcal/mol. 

The full catalytic cycles for [Ni(NHC)]-catalyzed (5+2) cycloaddition and homo-ene reaction 

are shown in Figure 2.5. The substrate coordinated nickel complex 10, is the most stable 

intermediate in both catalytic cycles and the resting state. Complex 10 undergoes alkyne-alkene 

cyclization to form a metallacyclopentene intermediate 12. Subsequent cyclopropane cleavage of 

12 leads to metallacyclooctadiene intermediate 14. From intermediate 14, the reductive elimination 

produces the cycloheptadiene complex 22 or β-hydride elimination occurs through transition state 

TS23 to eventually give triene complex 26. The isomerization from 22 is facile and further 

produces the observed cycloheptadiene coordinated complex 32. The liberation of the product 
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from product complexes 32 and 26 to regenerate the Ni-reactant complex 10 are both highly 

exothermic. The predicted barrier of 20.1 kcal/mol is consistent with experimental conditions.26 

 

2.4.4 Selectivities between (5+2) and Homo-Ene Products with SIPr Ligand 

When the SIPr ligand is employed, the preference for the formation of 2 or 3 relies on the 

terminal alkyne substitutent in the substrate (Table 2.1).5 When the alkyne substituent is small, e.g. 

methyl or ethyl, the major product is triene 2. With a bulky substituent, such as isopropyl or 

tertiary-butyl, cycloheptadiene 3 is formed. The catalytic cycles (shown in Figure 2.5) indicated 

the selectivity of the triene (2) and cycloaddition (3) products is determined by the energy 

difference between TS23 and TS21. The transition states in reactions with the SIPr ligand and 

substrates with various alkyne substituents were computed.  

Table 2.1 shows the computational and experimental selectivities between 2 and 3. 

Computations predicted the same trend of selectivity as the experiment. In the reactions with the 

SIPr ligand, bulkier alkyne substituents (e.g. R = t-Bu or TMS, entries 4 and 5) prefer the 

cycloaddition product 3, while in the reaction with the ItBu ligand, the triene product 2 is favored 

(entry 6). In cases where moderate selectivities were observed experimentally (entries 2 and 3), 

computation showed a greater preference for 3 than experiment. 
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Table 2.1. Theoretical and experimental selectivities between triene 2 and cycloheptadiene 3 with 

SIPr and ItBu ligands and substrates with various terminal substituents.a Energies are in kcal/mol. 

 

a M06 method also produces the same trend with a small preference to (5+2) cycloaddition, 

detailed results are listed in SI.  

b The selectivity between pathways leading to products 2 and 3 is calculated from the activation 

free energy difference between TS23 and TS21.  

c Replacing the oxygen by NTs in the tether changed the G‡(2-3) to 0.2 kcal/mol. Detailed 

results are listed in the SI.  

Figure 2.6 shows the transition states in the reactions with Me and TMS substituted 

substrates and the SIPr ligand. For each reaction, both the reductive elimination transition state 

(TS21) leading to the (5+2) cycloaddition product and the -hydride elimination transition state 

entry R Ligand G‡(2-3)b      2:3theo     2:3exp 

 1c Me SIPr -0.8 85:15 100:0 

2 Et SIPr 2.0 5:95 60:40 

3 i-Pr SIPr 2.6 1:99 33:67 

4 t-Bu SIPr 3.5 0:100 0:100 

5 TMS SIPr 6.1 0:100 0:100 

6 t-Bu ItBu -1.2 90:10 100:0 



 

52 

 

(TS23) leading to the homo-ene product are shown. The conformation of the metallacycle in TS21 

and TS23 are similar, while the orientations of the SIPr ligand are noticeably different. In the 

reductive elimination transition state (TS21), the imidazolidine ring is in the same plane with the 

Ni and the forming carbon–carbon bond. In contrast, in the -hydride elimination transition state 

(TS23), the imidazolidine ring is perpendicular to the plane of Ni and the two -carbon atoms. To 

illustrate the different orientations of the NHC ligands, 2D contour maps of the van der Waals 

surface of the SIPr ligand in transition states TS21 and TS23 are generated and shown in Figure 

2.6. The red region in the contour plot indicates the ligand is closer to the substrate and the blue 

region indicates the ligand is farther away from the substrate. The “R” marks the α-positions of 

the terminal alkyne substituent. In the -hydride elimination transition state (TS23), the alkyne 

substituent (R) is placed adjacent to two i-Pr groups. In contrast, in the reductive elimination 

transition state (TS21), the alkyne substituent (R) is placed under the phenyl rings and the distances 

between R and i-Pr groups are greater than those in TS23. In reactions with bulky alkyne 

substituents, the -hydride elimination transition state is disfavored due to steric repulsions with 

the i-Pr groups on the ligand. For example, in TS23-SIPr-TMS (R = TMS), the shortest H-H 

distance between TMS and i-Pr groups is only 2.10 Å. In TS21-SIPr-TMS, the distance between 

TMS and i-Pr become longer, the shortest H-H distance is 2.28 Å. Thus, -hydride elimination 

(TS23-SIPr-TMS) is disfavored by 6.1 kcal/mol. When the alkyne substituent is small (e.g. R = 

Me), the steric effects are diminished and -hydride elimination becomes favorable over reductive 

elimination.27  
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Figure 2.6. Optimized transition structures of Me and TMS substituted TS21 (reductive 

elimination in the (5+2) pathway) and TS23 (-hydride elimination in the homo-ene pathway) 

with the SIPr ligand. Steric contour plots of the SIPr ligand are shown for both TSs and illustrate 

the different orientations of the NHC ligand in TS21 and TS23. Ni is located at the origin of the 

coordinate system in the contour plots. Contour line of zero is defined as in the same plane of the 

Ni atom. Negative distance (red) indicates the ligand is closer to the substrate; positive distance 

(blue) indicates the ligand is farther away from substrate. Distances are in Å. 
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2.4.5 Selectivities between (5+2) and Homo-Ene Products with ItBu Ligand 

The buried volume of the ItBu ligand (35.5%) is almost identical to that of SIPr (35.7%). 

This suggests the overall bulkiness of these ligands is similar. However, the reaction with the ItBu 

ligand gives reversed selectivity compared to the SIPr ligand (entries 6 and 4, Table 2.1). The -

hydride elimination transition state TS23-ItBu-tBu is favored by 1.2 kcal/mol, leading to the 

homo-ene product, while in the reaction with SIPr ligand, -hydride elimination is disfavored by 

3.5 kcal/mol. The optimized transition structures of reductive elimination and -hydride 

elimination with the ItBu ligand are shown in Figure 2.7. Ligand steric contour plots for these 

transition states are also illustrated. The ligand contour plots indicated the shape of the ItBu ligand 

is very different from the SIPr ligand, although their buried volume and overall bulkiness are 

similar. The most bulky regions on the ItBu ligand are the two t-Bu groups located in the same 

plane with the imidazolylidene ring. In the -hydride elimination transition state (TS23-ItBu-tBu), 

the orientation of the ItBu ligand is the same as the SIPr ligand (TS23-SIPr-Me and TS23-SIPr-

TMS, Figure 2.6) and the smaller model ligand SIMe (TS23, Figure 2.4): the alkyne substituent 

(marked with a red “R” in the contour plot) is placed perpendicular to the imidazolylidene ring, 

and thus no obvious steric repulsions with the ligand are observed. In the reductive elimination 

transition state (TS21-ItBu-tBu), the ItBu ligand adopts a different orientation from those in the 

reductive elimination with the SIPr and SIMe ligands (TS21-SIPr-Me and TS21-SIPr-TMS, 

Figure 2.6 and TS21, Figure 2.4). Steric repulsions with the t-Bu groups in the imidazolylidene 

plane forced the ItBu ligand to rotate almost 90º to place the alkyne substituent perpendicular to 

the imidazolylidene. The distance between the alkyne substituent and the t-Bu groups on the ligand 

is shorter in the reductive elimination TS than that in the -hydride elimination TS.  
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Figure 2.7. Optimized transition structures of t-Bu substituted TS21 (reductive elimination in the 

(5+2) pathway) and TS23 (-hydride elimination in the homo-ene pathway) with the ItBu ligand. 

Steric contour plots of the ItBu ligand are shown for both TSs and illustrate the orientations of the 

NHC ligand in TS21 and TS23. Ni is located at the origin of the coordinate system in the contour 

plots. Contour line of zero is defined as in the same plane of the Ni atom. Negative distance (red) 

indicates the ligand is closer to the substrate; positive distance (blue) indicates the ligand is farther 

away from substrate. Distances are in Å. 

 

 

 

2.5 Conclusions 
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The mechanism and selectivities of [Ni(NHC)]-catalyzed (5+2) cycloadditions and homo-

ene reactions were studied theoretically. The origins of the selectivity of the cycloaddition and 

homo-ene products in reactions with different alkyne substituents and ligands were elucidated. The 

preferred catalytic cycle involves oxidative cyclization to form a metallacyclopentene 

intermediate, followed by cyclopropane cleavage to yield a metallacyclooctadiene intermediate. 

Subsequent direct C–C reductive elimination leads to the cycloheptadiene product, while -

hydride elimination and C–H reductive elimination lead to the homo-ene product. The selectivity 

is controlled by the shape and orientation of the NHC ligand. With the SIPr ligand, larger terminal 

alkyne substituents destabilize the -hydride elimination transition state, leading to the (5+2) 

cycloaddition product. This is attributed to the steric repulsions with the i-Pr groups located 

perpendicular to the imidazolidine ring. With the ItBu ligand, the -hydride elimination transition 

state leading to the homo-ene product is preferred. 
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Chapter 3. The Terminal Methyl Effects in Rh(I)-catalyzed Intermolecular (5+2) 

Cycloadditions of Vinylcyclopropanes: Origins of Substituent Effects on Reactivity and 

Chemoselectivity of Allenes 

 

3.1 Abstract 

Allenes constitute one of the four major classes of pi-reactive building blocks in organic 

synthesis. They engage as 2-carbon components in a wide range of metal-catalyzed reactions. 

Wender and co-workers discovered that the methyl substituents of terminal allene double bond are 

critical for reactivities of allenes in [Rh(CO)2Cl]2-catalyzed intermolecular (5+2) cycloadditions 

with vinylcyclopropanes (VCPs). Such terminal methyl effects also present in Rh(I)-catalyzed 

intermolecular (4+2) cycloadditions of allene-enes and alkenes. This unique reactivity of allene 

contrasts many reported Rh(I)-catalyzed intramolecular (m+n) and (m+n+o) cycloadditions 

because both substituted and unsubstituted allenes generally work well. Through density 

functional theory (DFT) calculations and experiment, we explored the enigmatic reactivity and 

selectivity of allenes in [Rh(CO)2Cl]2-catalyzed intermolecular (5+2) cycloadditions with VCPs. 

The apparently low reactivity of terminally unsubstituted allenes is due to a competing allene 

dimerization that irreversibly sequesters rhodium. With terminally substituted allenes, steric 

repulsions between the terminal substituents significantly increase the barrier of allene 

dimerization while the barrier of (5+2) cycloaddition is not affected, and thus the cycloaddition 

prevails. Computations also revealed the origins of chemoselectivities of (5+2) cycloadditions with 

allene-ynes. Although simple allene and acetylene have similar insertion barriers, intermolecular 
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(5+2) cycloadditions of allene-ynes occur exclusively at the terminal allene double bond. The 

terminal double bond is more reactive due to the enhanced d  π* backdonation from rhodium to 

the conjugated enyne. At the same time, addition to the internal double bond of allene-yne has a 

higher barrier as it would break the π conjugation. Substituted allenes are easier to distort into the 

transition state geometry than substituted alkynes. This leads to the greater reactivity of the allene 

double bond than the alkynyl group in allene-ynes. 

 

3.2 Introduction 

A preeminent goal of organic synthesis is to achieve structural complexity with functional 

value in a safe, simple, environmentally acceptable and step, atom, and time economical fashion.1 

As exemplified by the Diels-Alder reaction, cycloadditions represent uniquely powerful processes 

to achieve this goal. They proceed in one operation with the convergent assembly of often 

commercially or readily available small molecule components and produce a new ring system with 

generally up to four new stereocenters, enabling a rapid build up of target relevant complexity. 

Prompted by the exceptional and growing importance of natural and designed targets based on 

seven-membered rings,2 such as tumor promoting phorbol esters and latency activating prostratin 

analogs, the latter leads for HIV/AIDS eradication,3 Wender et al. reported in 1995 the first 

examples of transition-metal-catalyzed (5+2) cycloadditions of vinylcyclopropanes (VCPs) and π-

systems.4 Due to contributions from several groups in recent years, the (5+2) cycloaddition has 

advanced impressively and become a versatile, practical, and efficient route to various 

functionalized seven-membered rings.5,6 Among the current transition metal catalysts, rhodium 
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complexes are found to exhibit high catalytic activity and provide often exceptional chemo-, regio- 

and enantioselectivity. Rhodium catalysts are thus far the only systems to effect intermolecular 

(5+2) cycloadditions. 

Allenes, one of the most common components in cycloadditions, have been widely 

employed in Rh(I)-catalyzed intramolecular (m+n) and (m+n+o) cycloadditions.7 For example, 

Wender and co-workers discovered the Rh(I)-catalyzed intramolecular (4+2) cycloadditions of 1, 

3-dienes and allenes, affording the 6,5-, 6,6-, and 6,7-fused ring systems in an efficient fashion 

(Scheme 3.1a).8  The same group also discovered the Rh(I)-catalyzed intramolecular (5+2) 

cycloadditions of VCPs and allenes (Scheme 3.1b).9 The reaction works with mono-, di-, and 

trisubstituted allenes, producing the seven-membered ring products with an exocyclic double bond 

that cannot otherwise be accessed through the corresponding cycloaddition of alkenes or alkynes. 

In addition, Brummond,10 and Mukai11 and Wender12 have independently studied the Rh(I)-

catalyzed intramolecular Pauson-Khand type (2+2+1) cycloadditions with allenes, providing 

effective routes to functionalized cyclopentanones and cyclopentenones (Scheme 3.1c).13  
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Scheme 3.1. Selected examples of Rh(I)-catalyzed intramolecular (m+n) and (m+n+o) 

cycloadditions with allenes. 

In 2005, Wegner, de Meijere and Wender reported the first [Rh(CO)2Cl]2-catalyzed 

intermolecular (5+2) cycloadditions of VCPs and allenes with alkynyl, alkenyl, cyano, and 

cyanoalkyl substituents.5j In this work, the sterically encumbering methyl substituents on terminal 

allene double bond were found necessary to achieve the intermolecular (5+2) cycloaddition, while 

terminally mono- and unsubstituted allenes produce the cycloadduct much less efficiently (Scheme 

3.2a). More importantly, this “terminal methyl effect” not only presents in the Rh(I)-catalyzed 

intermolecular (5+2) cycloadditions, it also exists in Rh(I)-catalyzed intermolecular (4+2) 

cycloadditions of allene-enes and alkenes (Scheme 3.2b).14 The methyl substituents on terminal 

allene double bond are necessary for the desired (4+2) cycloadditions, while terminally mono- and 

unsubstituted allene-enes have much lower reactivities. Such enigmatic methyl effect limits the 

usage of allenes and contrasts many reported Rh(I)-catalyzed intramolecular (m+n) and (m+n+o) 
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cycloadditions because both substituted and unsubstituted allenes generally work well.  Our DFT 

calculations also indicated that allenes with or without terminal methyl substituents have similar 

activation barriers of (5+2) cycloaddition (see discussion below). Therefore, it was surmised that 

methyl substituents on allene might promote the (5+2) cycloadditions and other cycloadditions via 

preventing side reactions or catalyst inhibition.  

 

Scheme 3.2. Examples of terminal methyl effects on allene reactivities in Rh(I)-catalyzed 

intermolecular cycloadditions. 

Allene dimerization has been reported under similar reaction conditions. For example, 1, 

1-dimethyl allene slowly dimerizes under mild conditions to form cyclobutane derivatives.15 

Johnson’s calculations show that the dimerization of simple allene occurs via a stepwise 

mechanism with an activation barrier of 34.5 kcal/mol (Scheme 3.3).16 More interestingly, 
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rhodium complexes have been found to catalyze several processes related to allene dimerization. 

In 1973, Ingrosso discovered that addition of pyridine ligand induces the allene dimerization in 

[(Acac)Rh(C3H4)3] complex to form [(Acac)Rh(C6H8)(pyridine)2], which has been characterized 

by X-ray crystallography (Scheme 3.4a).17  Murakami recently reported Rh(I)-catalyzed 1:2 

coupling between aldehydes and allenes (Scheme 3.4b).18 Himo’s computational study confirms 

that the reaction occurs via an initial dimerization of allene with rhodium catalyst.19 Alexanian 

discovered a Rh(I)-catalyzed ene-allene-allene (2+2+2) cycloadditions which proceeds through 

allene dimerization and alkene insertion, giving direct access to stereochemically rich six-

membered carbocycles (Scheme 3.4c).20 Also, Ma reported [Rh(CO)2Cl]2, the same catalyst used 

in the (5+2) cycloaddition, catalyzes intramolecular dimerization of allene, followed by β-hydride 

elimination to yield a seven-membered ring product (Scheme 3.4d).21 Based on these previous 

studies on Rh(I)-catalyzed cycloadditions and allene dimerizations, we propose that the allene 

dimerization could be a hidden catalyst-poisoning pathway in the Rh(I)-catalyzed intermolecular 

(5+2) cycloadditions and possibly many other (m+n) and (m+n+o) cycloadditions. 
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Scheme 3.3. Experimental and theoretical studies of uncatalyzed thermal dimerization of allenes, 

Gibbs free energies in kcal/mol. 

 

Scheme 3.4. Selected examples of Rh(I)-catalyzed dimerization of allenes and derived 

methodologies. 

The competing (5+2) cycloaddition and allene dimerization pathways with allene-ynes are 

described in Scheme 3.5. From the precatalyst [Rh(CO)2Cl]2 (1), the (5+2) cycloaddition pathway 

occurs with the active catalyst [Rh(CO)Cl] (2). Initial cyclopropane cleavage gives a 

metallacyclohexene intermediate 3, and subsequent allene insertion produces a 

metallacyclooctadiene intermediate 5. From 5, C-C reductive elimination gives the seven-
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membered ring product. Alternatively, the [Rh(CO)xCl] (x = 1, 2) active catalyst 6 can catalyze 

the allene dimerization. The dimerization produces rhodium complex 8 which could be very stable 

and thus poison the rhodium catalyst.  

 

Scheme 3.5. Proposed competing mechanisms for the Rh(I)-catalyzed (5+2) cycloaddition and 

allene dimerization with allene-ynes. 

Besides the unique reactivity observed for the (5+2) cycloaddition of VCPs with variously 

substituted allene-ynes, the chemoselectivity is also intriguing. Although alkynes are typically 

more reactive than allenes in (5+2) cycloadditions as documented in all prior work, reactions with 

conjugated allene-ynes occur exclusively at the terminal double bond of allene (Scheme 3.6). To 

understand the origins of the unique reactivity and selectivity of these allene-based reactions, a 

subject pertinent to many other metal catalyzed reactions of allenes, we initiated DFT calculations 

and experimental studies on the contrasting behavior of allenes in intermolecular Rh(I)-catalyzed 

(5+2) cycloadditions with VCPs.  
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Scheme 3.6. Chemoselectivity of [Rh(CO)2Cl]2-catalyzed intermolecular (5+2) cycloaddition of 

VCP 9 and allene-yne 10.  

3.3 Computational Details 

Geometry optimizations, frequencies, and thermal energy corrections were performed with 

the B3LYP functional, 6-31G(d) basis set for all main group elements and SDD basis set for 

rhodium implemented in Gaussian 09.22 Energies were evaluated with the M06 method,23 the 6-

311+G(2d,p) basis set for all main group elements and SDD basis set for ruthenium. All reported 

free energies involve zero-point vibrational energy corrections and thermal corrections to Gibbs 

free energy at 298 K. The solvation free energy corrections were computed with CPCM model on 

gas-phase optimized geometries and dichloroethane was chosen as the solvent for consistency with 

the experiment.  
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3.4 Results and Discussion 

3.4.1 Reactions with Terminally Unsubstituted Allene 

We first studied the (5+2) cycloaddition and allene dimerization pathways with allene-yne 

12, which lacks the terminal allene substituents and experimentally yields no (5+2) cycloaddition 

product (Scheme 3.7). The 2-methoxylethoxy group on the VCP was replaced with a methoxy 

group in the calculations. With the [Rh(CO)Cl] active catalyst, the (5+2) cycloaddition of 1-

methoxyl-1-vinylcyclopropane and 12 gives the seven-membered ring product 13. Alternatively, 

the [Rh(CO)xCl] (x =1, 2) complex can catalyze the dimerization of 12 and form the 

rhodacyclopentane complex 14. The calculated free energy surface for both pathways is shown in 

Figure 3.1 and optimized structures of selected intermediates and transition states are shown in 

Figure 3.2. 

 

Scheme 3.7. The computational model of Rh(I)-catalyzed (5+2) cycloaddition and dimerization 

of the terminally unsubstituted allene-yne. 

 

 



 

73 

 

 

Figure 3.1. Free energy surface of favored pathways of [Rh(CO)2Cl]2-catalyzed (5+2) 

cycloaddition and allene dimerization with terminally unsubstituted allene-yne 12. Free energies 

(298 K) with respect to 15 are shown in kcal/mol.    

Based on previous computational studies,24 the active catalyst for (5+2) cycloaddition is 

[Rh(CO)Cl], which is formed via dissociation of the dimeric [Rh(CO)2Cl]2 precatalyst and 

elimination of CO. From the [Rh(CO)Cl]-VCP complex 15, cyclopropane cleavage occurs to give 

a metallacyclohexene intermediate 16, and subsequent exergonic coordination of allene-yne 

produces π complex 17. Insertion of the terminal double bond of allene-yne via TS18 requires an 

activation barrier of 15.4 kcal/mol with respect to 17 and produces a metallacyclooctadiene 

intermediate 19. Insertion of the internal allene double bond or the alkyne requires a higher barrier 

(see later for discussions on chemoselectivity).The subsequent reductive elimination via TS20 

gives the product-coordinated complex 21. Therefore, the 2π insertion of allene-yne via TS18 is 

the rate-determining step of the (5+2) cycloaddition pathway. 

Because the exact mechanism of allene dimerization is still unclear, we computed both 

mechanisms involving [Rh(CO)2Cl] or [Rh(CO)Cl] as the active catalyst (shown in solid and 
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dashed black lines respectively in Figure 3.1). If the [Rh(CO)Cl] complex is the active catalyst, 

substitution of VCP coordination by two allene-ynes converts 15 to intermediate 22. From 22, the 

oxidative cyclization of allene-ynes via TS23 requires a 17.7 kcal/mol barrier and the formed 

intermediate 24 is very stable. Alternatively, oxidative cyclization of allene-ynes with 

[Rh(CO)2Cl] occurs from intermediate 25. Although 25 is less stable than 22, TS26 is more 

favorable than TS23. This indicates that allene dimerization occurs more rapidly with 

[Rh(CO)2Cl]. The resultant intermediate 27 is very stable compared to the Rh-allene complex 25, 

making the allene dimerization irreversible.25 Comparing the two reaction pathways, the overall 

barrier of allene dimerization (TS26) is only 0.8 kcal/mol higher than (5+2) cycloaddition (TS18). 

These calculations indicates that the (5+2) cycloaddition and allene dimerization pathways are 

competitive with terminally unsubstituted allene-ynes. Therefore, the competitive and irreversible 

allene dimerization pathway poisons the rhodium catalyst, preventing its participation in the 

desired (5+2) cycloaddition. 
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Figure 3.2. Optimized structures of selected intermediates and transition states in the favored 

pathways of [Rh(CO)2Cl]2-catalyzed (5+2) cycloaddition and allene dimerization with terminally 

unsubstituted allene-yne 12 (only the α-carbon of phenyl group is shown for simplicity).   
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3.4.2 Terminal Methyl Effects on Allene Dimerization 

We also studied the (5+2) cycloaddition and allene dimerization pathways with terminally 

dimethyl-substituted allene-yne 10. The computed free energy surface is shown in Figure 3.3. 

From the [Rh(CO)Cl]-VCP complex 15, cyclopropane cleavage gives the metallacyclohexene 

intermediate 16 and subsequent endergonic allene-yne coordination produces intermediate 29. The 

2π insertion of terminal double bond of allene-yne occurs via TS30, and the formed 

metallacyclooctadiene intermediate 31 undergoes a facile C-C reductive elimination to generate 

the product-coordinated complex 33. Similar to the unsubstituted allene-yne 12, the rate 

determining step of (5+2) cycloaddition pathway with methyl-substituted allene-yne 10 is 2π 

insertion and the overall barrier is 15.5 kcal/mol. The overall barriers of (5+2) cycloaddition 

pathway with allene-ynes are not affected by the terminal methyl substituents (15.4 kcal/mol with 

allene-yne 12 and 15.5 kcal/mol with methyl-substituted allene-yne 10). Despite their similar 

reactivities in (5+2) cycloaddition, the methyl-substituted allene-yne 10 has a much higher barrier 

for allene dimerization. The dimerization transition state TS35 is 3.7 kcal/mol higher in free energy 

than the 2π insertion transition state TS30. Therefore, the competing allene dimerization pathway 

in this case is disfavored relative to the experimentally observed (5+2) cycloaddition. 
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Figure 3.3. Free energy surface of [Rh(CO)2Cl]2-catalyzed (5+2) cycloaddition and allene 

dimerization with dimethyl-substituted allene-yne 10. All energies are Gibbs free energies at 298K 

with respect to complex 15.  

In order to understand the terminal methyl effects on the allene dimerization reactivity, all 

possible dimerization transition states are located and shown in Figure 3.4. Allene-ynes have a 

terminal double bond and an internal double bond, so there are three possible dimerization 

transition states. For allene-yne 12, it can dimerize with both the terminal double bonds via TS26, 

one terminal and one internal double bond via TS37, or both the internal double bonds via TS38. 

Calculation indicates that TS26 is the most favorable transition state. Dimerization with the 

internal double bond (TS37 and TS38) will break the conjugation with the alkynyl group and raises 

the activation barrier. Therefore, the dimerization of allene-yne 12 occurs with the two terminal 

double bonds and requires an activation barrier of 12.4 kcal/mol compared to the [Rh(CO)Cl]-

VCP complex 12. 
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For the dimethyl-substituted allene-yne 10, the preference between the three possible 

dimerization transition states is altered by the steric repulsions with methyl substituents (Figure 

3.4). The dimerization with the two terminal double bonds via TS39 is no longer favored and the 

barrier is 25.2 kcal/mol. On the other hand, dimerization of one terminal and one internal double 

bond via TS35 is now the most favorable transition state and the activation barrier is 16.5 kcal/mol. 

Still, steric repulsions with the methyl substituents lead to higher barrier for dimerization compared 

to the unsubstituted allene-yne (TS37, 14.4 kcal/mol). These results indicate the high barrier of 

dimerization of terminally substituted allenes are due to steric repulsions with the terminal allene 

substituents and the rhodium catalyst. 
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Figure 3.4. Transition states of [Rh(CO)2Cl]-catalyzed dimerization of allene-ynes 12 and 10 

(only the α-carbon of phenyl group is shown for simplicity). 
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3.4.3 Origins of Chemoselectivities  

Although allene-ynes have three possible π-bonds that could engage in a (5+2) 

cycloaddition, the reaction occurs exclusively with the terminal double bond of allene. The 

chemoselectivity is determined in the 2π insertion step, which is rate-limiting and irreversible. We 

calculated the three possible insertion transition states with allene-yne 10. The most favorable TS 

isomers in each pathway and their activation barriers are shown in Scheme 3.8. Consistent with 

the experiment, the insertion of terminal double bond via TS31 requires a barrier of 12.8 kcal/mol 

relative to the [Rh(CO)Cl]-VCP complex 15. The 2π insertion of the internal double bond via 

TS41 requires a 17.2 kcal/mol barrier and the insertion of triple bond via TS42 requires a 17.9 

kcal/mol barrier, both are much higher than the 2π insertion barrier of terminal double bond. 

Therefore, the (5+2) cycloadditions occur exclusively with the terminal double bond of allene-

ynes. 
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Scheme 3.8. Possible 2π insertion transition states in the (5+2) cycloaddition pathway with allene-

yne 10. 

In order to understand the origins of chemoselectivity, we calculated the insertion barriers 

of simple allene and acetylene and explored the steric and electronic effects of substituents on the 

insertion barriers with different π bonds (Scheme 3.9). Scheme 3.9a shows the substituent effects 

on the reactivity of terminal double bond of allene-yne. The insertion with simple allene requires 

a 14.3 kcal/mol barrier via TS43 with respect to the [Rh(CO)Cl]-VCP complex 15. The terminal 

double bond in allene-yne 12 is more reactive in 2π insertion than simple allenes. In TS18, the 

phenylalkynyl substituent on allene-yne 12 lowers the 2π insertion barrier by 2.7 kcal/mol. This is 

presumably due to the increased dπ* back donation from rhodium to the conjugated * orbital 

of the allene-yne. Interestingly, the terminal methyl substituents show only moderate steric 

repulsions around the forming C–C bond in 2π insertion. TS30 is only 1.2 kcal/mol higher in 
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energy than the unsubstituted TS18. This indicates the terminal allene substituents prevent the 

substrates from dimerization but have only minor effects on the rates of (5+2) cycloadditions.  

In constrast to the activation of terminal double bond, a conjugated alkynyl group leads to 

higher 2π insertion barrier in reactions with the internal allenyl double bond (Scheme 3.9b). The 

2π insertion with internal double bonds of allene-ynes via TS44 and TS41 requires about 3 

kcal/mol higher barriers than the insertion of simple allene via TS43. The low reactivity of the 

internal double bond of allene-yne is due to the π conjugation between the allene and the alkyne. 

Insertion into the internal double bonds breaks the conjugation and raises the barrier dramatically.  

Although acetylene and simple allene have similar 2π insertion barriers (15.0 kcal/mol, 

TS45 versus 14.3 kcal/mol, TS43), substituted alkynes in general have a much higher barrier for 

2π insertion. The 2π insertion with the triple bond of allene-yne 12 requires 17.9 kcal/mol (TS42, 

Scheme 3.9c), which is comparable to that of 2-butyne (18.7 kcal/mol, TS46). The lower reactivity 

of internal alkynes in 2π insertion is because the two Csp–C bonds are more difficult to distort than 

the Csp–H bonds of acetylene.  

In summary, the terminal double bond of allene-yne is selectively activated in the 2 

insertion step due to the electronic effects of the conjugated alkynyl group, while the internal 

double bond and triple bond are deactivated. This leads to the exclusive formation of (5+2) 

cycloadduct with terminal double bond of the allene-ynes.  
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Scheme 3.9. 2π insertion barriers (5+2) cycloaddition pathway with different allenes, alkynes and 

allene-ynes. 

 

3.5 Conclusions 

DFT calculations have revealed the mechanism and origins of substituent effects on 

reactivity and chemoselectivity of allene-ynes in Rh(I)-catalyzed intermolecular (5+2) 

cycloadditions with VCP. The Rh(I)-catalyzed (5+2) cycloaddition and allene dimerization are 

found to be competitive when allene-ynes lack methyl substituents on the terminal double bond. 

The competing allene dimerization is irreversible, generating a very stable rhodium complex, 
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thereby effectively poisoning the rhodium catalyst and shutting down the desired (5+2) 

cycloaddition. With the terminal methyl substituents, the barrier for allene dimerization of allene-

ynes increase significantly while the (5+2) cycloaddition pathway is not affected, so the allene-

ynes with the terminal methyl substituents are able to undergo the (5+2) cycloaddition. The hidden 

allene dimerization pathway explains the enigmatic reactivities of allenes in Rh(I)-catalyzed inter- 

and intramolecular cycloadditions and provide mechanistic insights to many other Rh(I)-catalyzed 

(m+n) and (m+n+o) cycloadditions. 

The chemoselectivity that (5+2) cycloaddition occurs exclusively on the terminal double 

bond of allene-ynes are also studied. The rate-limiting 2π insertion step with the terminal double 

bond of allene-yne requires much lower barrier than the barriers with the internal double bond or 

triple bond. Comparing to the insertion of a simple allene, the insertion of the terminal double bond 

of allene-yne has a stronger d-π* interaction between rhodium and the enyne from allene-yne, so 

the insertion barrier is lower. On the other hand, the internal double bond of allene-yne is 

conjugated with the alkynyl group, the insertion of this π-bond breaks its conjugation and 

significantly increases the barrier. In addition, the insertion of the triple bond of allene-ynes 

requires the distortion of two Csp-C bonds, which is more difficult than the distortion of two C-H 

bonds of acetylene. Therefore, the substituent effects differentiate the similar intrinsic reactivities 

of simple allene and acetylene, leading to the exclusive (5+2) cycloaddition with the terminal 

double bond of allene-ynes. 
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Chapter 4. Distortion-accelerated Cycloadditions and Strain-Release-Promoted 

Cycloreversions in the Organocatalytic Carbonyl-Olefin Metathesis 

4.1 Abstract 

The mechanism of hydrazine-catalyzed carbonyl-olefin metathesis relying on a 

novel (3+2) strategy is studied by density functional theory (DFT) calculations. The 

origins of the special reactivity of cyclopropene in this transformation are revealed, and 

the reactivities of different alkenes in the (3+2) cycloadditions and cycloreversions are 

compared. It is found that the ease of distortion of reactants accelerates cycloadditions, 

and that the strain release is the controlling factor for cycloreversions. 

 

4.2 Introduction 

The carbonyl-olefin metathesis relying on various (2+2) cycloaddition/cycloreversion 

strategies (Scheme 4.1a) has been established for decades, but these reactions usually 

require photochemical promotion1 or stoichiometric amounts of transition-metal reagents.2 

The catalytic and thermally allowed carbonyl-olefin metathesis has recently become reality 

through the experimental elaboration of a new (3+2) cycloaddition/cycloreversion strategy 

(Scheme 4.1b) from one of our laboratories.3 The new route involves the ring-opening 

metathesis of cyclopropenes with aldehydes using a simple hydrazine organocatalyst.4 Here 

we have determined the origins of the special reactivity of cyclopropene5 and quantitated 

the reactivities of different alkenes in the (3+2) cycloadditions and cycloreversions. We 

show that the ease of distortion of reactants accelerates the cycloaddition, while the strain 

release of cycloadducts is the key to a facile retro-(3+2) reaction. 
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Scheme 4.1. The (2+2) and (3+2) strategies for carbonyl-olefin metathesis. 
 

In the previous experimental study,3 the ring-opening metathesis of cyclopropenes 3 

with aldehydes 2 under the catalysis of the bis HCl salt of hydrazine 1 gave products 4 with 

complete E-olefin selectivity in moderate to good yields (Scheme 4.2). Mechanistically, 

the protonated azomethine imine 5 rather than the 1,3-dipolar azomethine imine was found 

to be a key intermediate in the catalytic cycle, which is supported by the preparation of 

putative intermediate and 1H NMR observations.3 As shown in Scheme 4.2, the catalytic 

cycle starts from the condensation of aldehyde 2 with hydrazine catalyst 1, and then the 

reactive intermediate E-5 undergoes cycloaddition with cyclopropene 3. After the 

conversion of cycloadduct 6 to 7 by proton transfer, the orthogonal (3+2) cycloreversion 

of 7 produces hydrazonium 8. The subsequent hydrolysis of 8 liberates the metathesis 

product 4 and regenerates catalyst 1. Cyclopropenes work well, but norbornene and stilbene 

among other olefins do not undergo metathesis with aldehydes under the same conditions.3 

To gain mechanistic insights into this novel (3+2) cycloaddition/cycloreversion metathesis 

strategy, especially the origins of differing reactivities of various olefin substrates, we have 

conducted a density functional theory (DFT) study of this process. 
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Scheme 4.2. Catalytic carbonyl-olefin metathesis between aldehydes and cyclopropenes 

and the proposed mechanism. 

 

4.3 Computational Details 

Geometry optimizations, frequencies, and thermal energy corrections were performed with 

the M062X functional,6,7 6-31G(d) basis set for all elements implemented in Gaussian 09. Energies 

were evaluated with the M062X method, the 6-311+G(d,p) basis set for all elements.8 All reported 

free energies involve zero-point vibrational energy corrections and thermal corrections to Gibbs 

free energy at 298 K. The solvation free energy corrections were computed with CPCM model on 

gas-phase optimized geometries and dichloroethane was chosen as the solvent for consistency with 

the experiment.  
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4.4 Results and Discussion 

4.4.1 The Mechanism of Organocatalytic Carbonyl-Olefin Metathesis 

The Gibbs free energies for the catalytic cycle proposed in Scheme 4.2 are shown in 

Figure 4.1. From the cationic catalyst 9, the condensation with benzaldehyde is exergonic 

by 8.1 kcal mol-1 in dichloroethane, giving protonated azomethine imine Z-10. Compared 

to its isomer E-10, the Z-10 is more stable by 1.7 kcal mol-1, which is consistent with the 

experimental isolation of Z-10.3 Although azomethine imine is a well-known 1,3-dipole in 

the 1,3-dipolar cycloaddition, its cationic species (hydrazonium, such as E-10 and Z-10) is 

also a good 4π component for cycloadditions.9 From Z-10 and E-10, there are eight possible 

(3+2) cycloaddition transition states with cyclopropene 11. Calculations indicate that the 

transition state E-TS12 generated from the less stable intermediate E-10 is the most 

favorable one with an activation free energy of 21.6 kcal mol-1. The formation of the (3+2) 

cycloadduct 13 is highly exergonic, making the cycloaddition step irreversible. The 

subsequent proton transfer converts 13 into the retro-(3+2) cycloaddition precursor 14. The 

cycloreversion step via transition state TS15 (Figure 4.2) is facile, requiring an activation 

free energy of 18.8 kcal mol-1 to form another protonated azomethine imine 16. The 

hydrolysis of 16 to liberate the metathesis product E-17 and to regenerate catalyst 9 is 

endergonic by 12.1 kcal mol-1, suggesting that the resting state of the catalytic cycle is the 

hydrazonium 16. The overall barrier for the catalytic ring-opening metathesis of 

cyclopropene 11 with benzaldehyde is 27.3 kcal mol-1, which arises from: (1) the 4.0 kcal 

mol-1 exchange energy of reactant benzaldehyde and product aldehyde E-17 with catalyst 

9, (2) the 1.7 kcal mol-1 isomerization energy from hydrazonium Z-10 to E-10, and (3) the 

21.6 kcal mol-1 activation free energy of the (3+2) cycloaddition between E-10 and 
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cyclopropene 11. The DFT-computed free energy barrier (27.3 kcal mol-1) for the whole 

reaction in dichloroethane is consistent with the experimental reaction temperatures of 75-

90 °C (Scheme 4.2). 

Complete E-selectivity is observed in the experiments (Scheme 4.2). Computational 

results show that the lowest-energy pathway for the generation of Z-olefin metathesis 

product is through the (3+2) cycloaddition of hydrazonium Z-10 with cyclopropene 11 via 

Z-TS12 (Figure 4.2). The free energy of transition state Z-TS12 from Z-10 is 3.4 kcal mol-

1 higher than that of transition state E-TS12 leading to the E-olefin metathesis product (30.7 

versus 27.3 kcal mol-1, Figure 4.1).10 This predicts an E-/Z-olefin ratio of more than 100:1, 

in agreement with the experimental observation. In the transition state Z-TS12, to avoid 

steric clashes between the phenyl group of Z-10 and the substituent on cyclopropene 11, 

the dihedral angle of the methoxymethyl group at the 3-position of cyclopropene increases 

to 43.7°, which is 33.4° larger than the corresponding value in E-TS12 (Figure 4.2). This 

greatly increases the distortion energy of cyclopropene 11, making transition state Z-TS12 

unfavourable. 
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Figure 4.1. DFT-computed Gibbs free energies for the ring-opening metathesis of 

cyclopropene 11 with benzaldehyde using catalyst 9 (MOM = methoxymethyl). 
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Figure 4.2. The (3+2) cycloaddition transition states E-TS12 and Z-TS12 and the 

cycloreversion transition state TS15 (Distances are in Å; atoms distant from the observer 

are “fogged out”). 

4.4.2 The Distortion Control of Cycloadditions 

We further explored the origins of reactivity of different olefin substrates. For the current 

hydrazine-catalyzed carbonyl-olefin metatheses involving different olefins, the free energy 

difference between the resting state and the reactive hydrazonium E-10 should be similar (about 6 

kcal mol-1), so the overall reaction rate depends on the barriers of the (3+2) cycloaddition and 

cycloreversion. We have investigated the (3+2) cycloadditions of various alkenes with E-10 and 

the corresponding retro-(3+2) cycloadditions (Figure 4.3). The computational results are 

summarized in Tables 4.1 and 4.2. We also analyzed the activation barriers of the (3+2) 

cycloadditions using the distortion/interaction model.11 This model relates the activation energy to 

the distortion energy required for the geometrical deformation of the reactants to achieve their 
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transition-state conformations, and to the interaction energy arising from the interactions between 

the two distorted reactants in the transition state. 

 
Figure 4.3. Optimized transition-state structures of the (3+2) cycloadditions of various 
alkenes with E-10 and the corresponding retro-(3+2) cycloadditions (Distances are in Å; 
atoms distant from the observer are “fogged out”). 
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Table 4.1 shows that the (3+2) cycloadditions of hydrazonium E-10 with various 

alkenes are all exergonic by more than 10 kcal mol-1 with the activation barriers varying 

from 18.3 to 26.0 kcal mol-1. The activation free energies correlate poorly (r2 = 0.20) with 

the strain release from these reactions (Figure 4.4).12 Trans-cyclooctene is the most reactive 

olefin, but the strain release is moderate. Therefore, the strain release is not the main factor 

promoting the (3+2) cycloaddition. The transition-state distortion energies play a 

predominant role in the cycloaddition reactivity. Figure 4.5 shows a good correlation (r2 = 

0.84) between activation barriers and reactant distortion energies. Trans-cyclooctene is 

highly pre-distorted toward its cycloaddition transition-state geometry, and cyclopropene 

has very easy distortion of the C-H bonds out of the C=C bond plane,13 which is a prominent 

distortion in the transition state. Consequently, they are the two most reactive olefins in the 

(3+2) cycloaddition step. 
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Table 4.1. Activation free energy (Gact) and reaction free energy (Grxn) for the (3+2) 

cycloadditions of hydrazonium E-10 with various alkenes in dichloroethane, the strain 

release (Estrain) from the alkene to the corresponding alkane, and the transition-state 

distortion energy (Edist) 

 

Entrya Alkene Gact Grxn Estrain Edist 

1 
 

21.6 34.0 26.4 19.7 

2  24.4 18.9 3.7 23.2 

3  25.0 13.8 0.4 23.3 

4 
 

24.0 20.3 9.6 19.9 

5 
 

18.3 21.3 6.7 16.8 

6 
 

26.0 13.6 1.0 25.9 

a All energies are in kcal mol-1. 

 
Figure 4.4. Plot of activation free energy Gact for cycloadditions versus strain release 
Estrain (Gact = 0.13Estrain + 24.22, r2 = 0.20). See Table 4.1 for meaning of symbols. 

 



 

102 

 

 

Figure 4.5. Plot of activation free energy Gact for cycloadditions versus distortion energy 

Edist (Gact = 0.79Edist + 6.23, r2 = 0.84). See Table 4.1 for meaning of symbols. 

 

4.4.3 The Strain-Release Control of Cycloreversions 

Table 4.2 provides the energetics for the cycloreversion step, which may also control the 

overall rate of reactions. For most substrates (Table 4.2, entries 3-6), the (3+2) 

cycloreversion is thermodynamically disfavored, and the activation barrier is very high. 

This indicates that the retro-(3+2) cycloaddition is the bottleneck for this carbonyl-olefin 

metathesis using other olefins. For instance, the activation barrier for the (3+2) 

cycloreversion of the substrate generated from norbornene is 35.3 kcal mol-1 (Table 4.2, 

entry 4), which is 8.0 kcal mol-1 higher than the overall barrier for the carbonyl-

cyclopropene metathesis (27.3 kcal mol-1, Figure 4.1). This explains why norbornene 

cannot undergo metathesis with aldehydes under the same conditions. The strain release of 

the alkane moiety from the alkene is the key factor controlling the cycloreversion reactivity, 

as demonstrated by the good correlation (r2 = 0.89) between activation barriers and released 
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strain energies (Figure 4.6).12 For the carbonyl-cyclopropene metathesis, the retro-(3+2) 

cycloaddition is accompanied by the energy release of 28.1 kcal mol-1 from the highly 

strained cyclopropane skeleton. This is the driving force for the cycloreversion step as well 

as the whole reaction. 

 

 

Figure 4.6. Plot of activation free energy Gact for cycloreversions versus strain release 

Estrain (Gact = 0.72Estrain + 41.71, r2 = 0.89). See Table 4.2 for meaning of symbols. 
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Table 4.2 Activation free energy (Gact) and reaction free energy (Grxn) for the (3+2) 
cycloreversions in dichloroethane and the strain release (Estrain) of the alkane moiety from 
the alkene 

 

Entrya Substrate Gact Grxn Estrain 

1 

 

18.8 -5.0 -28.1 

2 

 

23.9 -3.6 -26.9 

3 

 

33.7 9.3 -7.2 

4 

 

35.3 11.2 -10.4 

5 

 

38.8 8.4 -10.0 

6 

 

40.3 5.5 0.0 

a All energies are in kcal mol-1. 

 

4.5 Conclusions 

We have studied the mechanism of hydrazine-catalyzed carbonyl-olefin metathesis 

using density functional theory (DFT) calculations. Through comparing the reactivities of 

different alkenes in the (3+2) cycloadditions and cycloreversions, we explain the origins of 

the special reactivity of cyclopropene in this transformation. The ease of distortion of 

reactants (cyclopropene has very easy distortion of the C-H bonds out of the C=C bond 



 

105 

 

plane) can accelerate cycloadditions, and the strain release (cyclopropane skeleton has a 

high strain energy) is the controlling factor for cycloreversions. To achieve both is the key 

to a successful carbonyl-olefin metathesis with hydrazine catalyst. Further computation-

guided designs of new catalysts and reactions in the field of carbonyl-olefin metathesis are 

ongoing in our laboratories. 
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Chapter 5. Distortion-Acceleration Effect of Alkynyl Substituents in the Hexadehydro-

Diels-Alder Reaction 

5.1 Abstract 

The intramolecular hexadehydro-Diels-Alder (HDDA) reactions between 1,3-diynes and 

alkynes produce highly reactive benzynes under thermal conditions without catalysts or other 

reagents. Experiments show that the substituents, especially the alkynyl group, on the yne moiety 

have a dramatic influence on the HDDA reactivity. Density functional theory (DFT) calculations 

and the distortion/interaction analysis show that, for the activated substrates, the stepwise diradical 

pathway is more favorable than the concerted [4+2] process. The mechanism for the synthetically 

useful HDDA reactions differs from the concerted mechanism favored by most conventional DA 

reactions. The alkynyl substituent dramatically accelerates the HDDA reaction mainly by 

decreasing the distortion energy required to achieve the diradical transition state. However, this 

distortion-acceleration effect does not exist in the concerted DA reactions. 

 

5.2 Introduction 

The Diels-Alder (DA) reaction mechanism has a long history of controversy.1 The parent 

reaction of butadiene and ethene is concerted,1a and the concerted mechanism is more favorable 

for most DA reactions employed in organic synthesis.2 The cycloaddition between butadiyne and 

ethyne to generate benzyne is the most highly oxidized DA variant, which is named the 

hexadehydro-Diels-Alder (HDDA) reaction.3a,4 The reverse process of this reaction is believed to 

play an important role in combustion chemistry of aromatic compounds.5 According to the high-

level ab initio computations, the concerted retro-HDDA route from benzyne to butadiyne and 
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ethyne is consistent with the experimental observations.5a However, it was also pointed out that 

the competitive stepwise route through a singlet diradical intermediate awaits elucidation.5a In 

2011, Johnson and co-workers reported the (U)CCSD(T)//M05-2X computational results for the 

cycloaddition of butadiyne with ethyne.6 It was found that the concerted and stepwise routes to 

benzyne have very similar energetics, with only a 0.5 kcal mol-1 advantage for the concerted one.6 

The power of the intramolecular hexadehydro-Diels-Alder (HDDA) reaction in synthetic 

chemistry was greatly expanded through the recent discovery by Hoye and co-workers.3a As shown 

in Scheme 5.1a, a 1,3-diyne undergoes the [4+2] cycloaddition with an alkyne to produce the 

benzyne intermediate, which can be trapped in situ to give structurally complex benzenoid 

products in an atom- and step-economical fashion.7 Experimental explorations by the Hoye,3 

Johnson,8a and Lee9 groups indicated that the substituents on the yne moiety affect the HDDA 

reactivities dramatically. Four representative HDDA substrates with their reaction conditions are 

given in Scheme 5.1b. The unactivated diyne-yne [4+2] cycloaddition requires harsh conditions 

(600 °C, 0.01 torr) to occur.8a When the alkyne is activated by the ester group, the reaction 

temperature is decreased to 110 °C.3a The use of alkynyl substituted diynophile further lowers the 

temperature required for the HDDA reaction to 90 °C.9b The combination of alkynyl and carbonyl 

activation makes the reaction occur even at room temperature.3a 
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Scheme 5.1. a) Formation of benzynes through the HDDA reactions and subsequent trapping 

reactions to generate various benzene derivatives. b) Representative substrates and conditions for 

the HDDA reactions. 

For normal electron demand Diels-Alder (DA) reactions between diene and dienophile, the 

use of strong electron-withdrawing groups to activate the dienophile is a well-known strategy to 

lower the reaction temperature (Scheme 5.2a).10,11 This strategy also works well when the 

diynophile is activated by the ester group in the HDDA reaction (Scheme 5.1b). Dramatic 

activation by an alkynyl group is also observed (Scheme 5.1b). However, the alkynyl activation is 

not observed in the DA reactions of cyclopentadiene. As shown in Scheme 5.2b-c, the DA 

reactivity of enyne with cyclopentadiene is much lower than that of acrylate,12 and additional 

alkynyl substitution does not improve the reactivity of propiolate.13,14 These phenomena are 

significantly different from the observations for HDDA reactions (Scheme 5.1b). To better 

understand the mechanism and substituent effects of the HDDA reaction, especially the origins of 

the unique activation by alkynyl groups, we conducted a density functional theory (DFT) study of 

this intriguing process.15-17 Here we have found that, for the synthetically useful HDDA reactions, 

the stepwise diradical mechanism is more favorable than the concerted mechanism. The alkynyl 

substituent dramatically accelerates the HDDA reaction mainly by decreasing the distortion energy 

required to achieve the diradical transition state. 
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Scheme 5.2. Effects of the ester and alkynyl groups on the DA reactivities of dienophiles with 

cyclopentadiene. 

5.3 Computational Details 

Geometry optimizations were performed with the (U)M062X functional, 6-311+G(d,p) basis 

set for all elements implemented in Gaussian 09. Energies were evaluated with the (U)M062X 

method, the 6-311+G(d,p) basis set for all elements. Computed structures are illustrated using 

CYLVIEW drawings. 

 

5.4 Results and Discussion 

Figure 5.1 shows the transition-state structures TS1-4-s for the formation of diradical 

intermediates from butadiyne and four diynophiles with different reactivities (ethyne, methyl 

propiolate, butadiyne, and methyl pentadiynoate). This step is rate-determining in the stepwise 

HDDA reactions. The transition-state structures TS1-4-c for the concerted reactions are also 

shown in Figure 5.1. The DA reactions of butadiene with ethene and cyclopentadiene with five 
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dienophiles(ethene, methyl acrylate, butenyne, methyl propiolate, and methyl pentadiynoate) via 

transition states TS5-10-c were investigated for comparison (Figure 5.2).18 We also analyzed the 

activation barriers using the distortion/interaction model19 (or activation strain model20). This 

model relates the activation energy (Eact) to the distortion energy (Edist) required for the geometrical 

deformation of the reactants to achieve their transition-state conformations and the interaction 

energy (Eint) arising from the interactions between two distorted reactants in the transition state.21 

All of these results are summarized in Table 5.1. 

 

Figure 5.1. (U)M06-2X/6-311+G(d,p)-optimized transition-state structures for the stepwise or 

concerted HDDA reactions of butadiyne with diynophiles (distances in Å, angles in deg). 

 

 



 

113 

 

 

Figure 5.2. M06-2X/6-311+G(d,p)-optimized transition-state structures for the concerted DA 

reactions of butadiene with ethene and cyclopentadiene with dienophiles (distances in Å, angles 

or dihedral angles in deg). 
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Table 5.1. (U)M06-2X/6-311+G(d,p)-computed activation, distortion, and interaction energies (in 

kcal mol-1). 

Entry TS Eact Edist-  Edist-  Edist Eint 

1 TS1-s 35.2 14.6 12.9 27.5 7.7 
2 TS2-s 28.8 18.8 10.7 29.5 -0.7 
3 TS3-s 28.4 11.6 11.6 23.2 5.2 
4 TS4-s 25.7 14.2 10.1 24.3 1.4 
5 TS1-c 36.0 14.0 29.3 43.3 -7.3 
6 TS2-c 32.4 17.2 26.7 43.9 -11.5 
7 TS3-c 35.4 16.1 27.9 44.0 -8.6 
8 TS4-c 31.6 20.4 24.9 45.3 -13.7 
9 TS5-c 19.6(33.0[a]) 7.3 18.7 26.0 -6.4 
10 TS6-c 16.1(29.7[a]) 7.4 16.2 23.6 -7.5 
11 TS7-c 10.1(26.0[a]) 8.1 15.2 23.3 -13.2 
12 TS8-c 14.0(28.8[a]) 8.8 15.8 24.6 -10.6 
13 TS9-c 14.0(28.4[a]) 10.5 15.2 25.7 -11.7 
14 TS10-c 13.3(27.7[a]) 13.1 12.7 25.8 -12.5 

[a] Activation free energy in the gas phase at 298 K. 

The formation of benzyne from butadiyne and ethyne requires activation energies of 35.2 and 

36.0 kcal mol-1 for the stepwise and concerted reactions via transition states TS1-s and TS1-c, 

respectively (Table 5.1, entries 1 and 5). This suggests that the stepwise and concerted pathways 

are very competitive for the unactivated diyne-yne [4+2] cycloaddition, in accordance with the 

conclusion from the (U)CCSD(T)//M05-2X computations by Johnson and co-workers.6,22 The 

barrier for the generation of cyclohexene from butadiene and ethene via concerted transition state 

TS5-c is 19.6 kcal mol-1 (Table 5.1, entry 9). Interestingly, this reaction is 9.7 kcal mol-1 less 

exothermic than the HDDA reaction of butadiyne and ethyne (-47.6 versus -57.3 kcal mol-1). This 

shows that the much higher barrier for the HDDA reaction cannot be explained by the reaction 

exothermicity. As shown in Figure 5.1, an enormous deformation for the linear diyne is required 

to achieve the concerted HDDA transition state TS1-c. The bend of two internal bond angles from 

180° to 143° destroys the conjugative stabilization of diyne23 and results in the repulsive orbital 

interactions between two distorted yne moieties. This makes the distortion energy of TS1-c about 
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17 kcal mol-1 larger than that of the DA transition state TS5-c (43.3 versus 26.0 kcal mol-1), while 

the interaction energies are almost identical (-7.3 and -6.4 kcal mol-1; Table 5.1, entries 5 and 9). 

For the stepwise HDDA transition state TS1-s (Figure 5.1), the distortion energy is decreased by 

15.8 kcal mol-1 (27.5 versus 43.3 kcal mol-1; Table 5.1, entries 1 and 5) due to the much smaller 

geometrical change required for the diyne. However, the favorable interaction energy is also 

greatly reduced by 15.0 kcal mol-1 (7.7 versus -7.3 kcal mol-1) because of the smaller orbital 

overlap between diyne and diynophile. 

With activated diynophiles, the stepwise HDDA reactions are found to be more favorable, and 

the barriers are 3.6 to 7.0 kcal mol-1 lower than those for the concerted [4+2] process (Table 5.1, 

entries 2-4 and 6-8). Introducing an ester group on ethyne decreases the activation energy by 6.4 

kcal mol-1 (28.8 versus 35.2 kcal mol-1; Table 5.1, entries 1-2). This is consistent with the much 

lower temperature required in the experiment (Scheme 5.1b). The distortion/interaction analysis 

showed that the reduction in the barrier is due to the elimination of the repulsive interaction energy 

(-0.7 versus 7.7 kcal mol-1). Such an interaction-acceleration effect also exists in the concerted DA 

reactions of cyclopentadiene with methyl acrylate and ethene: the methoxycarbonyl substituent 

increases the interaction energy by 5.7 kcal mol-1 (Table 5.1, entries 10-11). These results indicate 

that the strong electronegativity of the ester group enhances the favorable interactions from the 

electron donor (diene or diyne) to acceptor (dienophile or diynophile) regardless of the mechanism 

(concerted or stepwise). 

Experimentally, the alkynyl substituent improves the HDDA reactivity dramatically (Scheme 

5.1b), and calculations reproduce this phenomenon. The stepwise HDDA reaction between two 

butadiynes has an activation barrier of 28.4 kcal mol-1 (Table 5.1, entry 3), 6.8 kcal mol-1 lower 

than that for the reaction between butadiyne and ethyne (35.2 kcal mol-1; Table 5.1, entry 1). This 
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suggests that the alkynyl substituent accelerates the HDDA reaction by about 5 orders of 

magnitude. The much higher reactivity of the diyne-diyne cycloaddition mainly comes from the 

lower distortion energy (23.2 versus 27.5 kcal mol-1; Table 5.1, entries 1 and 3). Previous study 

showed that an ethynyl group stabilizes the methyl radical by 12.1 kcal mol-1.[24] This is consistent 

with our calculations that the isodesmic reaction of butenyne with the vinyl radical is exothemic 

by 9.0 kcal mol-1. Therefore, much less distortion is required for the diyne to reach its conformation 

in the diradical transition state TS3-s (Figure 5.1). Besides the distortion-acceleration effect, the 

alkynyl substituent, as a weak electron-withdrawing group, enhances the interaction energy by 2.5 

kcal mol-1 (5.2 versus 7.7 kcal mol-1; Table 5.1, entries 1 and 3). 

For the reaction between butadiyne and methyl pentadiynoate, the activation energy via 

diradical transition state TS4-s is 25.7 kcal mol-1, about 10 kcal mol-1 lower than that required for 

the unactivated HDDA reaction (Table 5.1, entries 1 and 4). This dramatic reduction in the barrier 

results from both decrease of distortion energy and increase of interaction energy, accounting for 

the very mild conditions for the intramolecular HDDA reaction with both alkynyl and carbonyl 

activation (Scheme 5.1b). 

Notably, calculations show that the distortion-acceleration effect by the alkynyl group does not 

exist in the concerted HDDA reactions (Table 5.1, entries 5-8). The reactivities are controlled by 

the interaction energy. As the electronegativity of the alkynyl group is much smaller than that of 

ester, the reactivity of butadiyne is much lower than that of propiolate (35.4 versus 32.4 kcal mol-

1), and adding an alkynyl substituent slightly improves the reactivity of propiolate (31.6 versus 

32.4 kcal mol-1). This is inconsistent with the experimental results (Scheme 5.1b), showing that 

the concerted mechanism does not operate in the activated diyne-yne [4+2] cycloadditions. For the 

DA reactions of cyclopentadiene with dienophiles, the alkynyl activation is not observed (Scheme 
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5.2b-c). This is in agreement with the computational results that there is no reduction in the 

distortion energy by alkynyl substituents in the concerted transition states (Table 5.1, entries 10-

14). Therefore, the effects of the alkynyl substituent are closely related to the reaction pathway. 

 

5.5 Conclusion 

We have found that the HDDA reactions of the activated diynophiles occur through the stepwise 

diradical mechanism. This differs from the concerted mechanism favored by most conventional 

DA reactions. The alkynyl substituent accelerates the HDDA reaction by about 5 orders of 

magnitude mainly by decreasing the distortion energy required to achieve the diradical transition 

state. This is because the alkynyl group stabilizes the developing vinyl radical in the transition 

state. The distortion-acceleration effect of the alkynyl group does not exist in the concerted DA 

reactions. 
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Chapter 6. The Mechanism and Selectivity of N-triflylphosphoramide Catalyzed (3++2) 

Cycloaddition between Hydrazones and Alkenes 

6.1 Abstract 

Brønsted acid catalyzed (3+2) cycloadditions between hydrazones and alkenes provide a 

general approach to pyrazolidines. The acidity of Brønsted acid is crucial for the catalytic 

efficiency: the less acidic phosphoric acids are ineffective, while the highly acidic N-

triflylphosphoramides are very efficient and can promote highly enantioselective cycloadditions. 

The mechanism and origins of catalytic efficiencies and selectivities have been explored with 

density functional theory (DFT) calculations. Protonation of hydrazones by N-

triflylphosphoramide produces hydrazonium-phosphoramide anion complexes. These ion-pair 

complexes are very reactive in (3++2) cycloadditions with alkenes, producing pyrazolidine 

products. The alternative 1, 3-dipolar (3+2) cycloaddition pathway with azomethine imine is much 

less favorable due to the endergonic isomerization from hydrazone to azomethine imine. Only a 

small distortion of the ion-pair complex is required to achieve its geometry in the (3++2) 

cycloaddition transition state. In contrast, the weak phosphoric acid is not able to protonate the 

hydrazone, and only a hydrogen-bonded complex is formed. A larger distortion energy is required 

for the hydrogen-bonded complex to achieve the “ion-pair” geometry in the cycloaddition 

transition state, and a significant barrier is found. Based on the mechanism, we have also explained 

the origins of enantioselectivities when a chiral N-triflylphosphoramide catalyst is employed.  

 

6.2 Introduction 
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Pyrazolidines are very important and valuable compounds for their widespread natural 

occurrence, impressive biological properties,1 and application in material science2. The 1, 3-

dipolar cycloaddition between hydrazones and alkenes provides an atom- and step-economic 

access to pyrazolidines,3 and extensive efforts have been devoted to the development of 

enantioselective catalysts for this transformation.4,5 For example, Kobayashi discovered the chiral 

zirconium/binol complexes as efficient enantioselective Lewis acid catalysts for both inter- and 

intramolecular (3+2) cycloaddition between hydrazones and alkenes (Scheme 6.1a).4a,4c In 

addition, Leighton and Tsogoeva individually reported that chiral silanes could serve as an 

alternative enantioselective Lewis acid for similar reactions (Scheme 6.1a).4d,5c Rueping and co-

workers recently discovered a general and highly enantioselective N-triflylphosphoramide catalyst 

for the intermolecular (3+2) cycloaddition between various hydrazones and alkenes, affording the 

pyrazolidine derivatives with the Brønsted acid catalyzed approach (Scheme 6.1b).6 

The acidity of Brønsted acid catalysts is crucial for cycloadditions between hydrazones and 

alkenes. Less acidic phosphoric acids (pKa = 13-14 in acetonitrile) give low yields of product 

irrespective of the reaction conditions, while the more acidic N-triflylphosphoramide7 (pKa = 6-7 

in acetonitrile) are much more reactive catalysts with good to excellent enantioselectivities.6,8 In 

addition, Rueping and co-workers find that the same catalyst is also effective for the 

enantioselective intramolecular cycloadditions. The cycloadditions occur smoothly between 

various N-benzoylhydrazones and alkenes with broad substrate scope and good to excellent 

enantioselectivities (Scheme 6.1c). 
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Scheme 6.1. Lewis acid and Brønsted acid facilitated enantioselective (3+2) cycloadditions 

between hydrazones and alkenes (LA: Lewis acid; BA: Brønsted acid). 

Because of the necessity of highly acidic Brønsted acid catalysts, we surmise that 

phosphoramides may not play a role like the classical Lewis acid catalysts in activating the 1, 3-

dipole.4e,9 Instead, the Brønsted acid catalyst could protonate hydrazone and form an ion-pair 

complex A (Scheme 6.2). The ion pair complex A has a reactive monopolar hydrazonium and a 
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chirality-controlling phosphoramide anion. This makes the subsequent (3++2) cycloaddition mild 

and selective via TSB, generating the pyrazolidine-phosphoramide complex C. Subsequently, 

complex C releases the pyrazolidine product, regenerating the complex A with another molecule 

of hydrazone. Although the monopolar (3++2) cycloadditions with hydrazonium cations have been 

documented since the 70s, the synthetic applications and especially the catalytic reactions are 

rare.10 Does the N-triflylphosphoramide really protonate the hydrazones and catalyze the (3++2) 

cycloadditions with alkenes? How does the chiral phosphoramide control the regio- and 

enantioselectivity? In order to answer the above questions and provide the mechanistic basis for 

designing future Brønsted acid catalyzed (3++2) cycloadditions with hydrazones, we have carried 

out density functional theory (DFT) calculations to explore the mechanism and selectivity of the 

N-triflylphosphoramide catalyzed (3+2) cycloadditions between hydrazones and alkenes.  

 

Scheme 6.2. Proposed monopolar (3++2) pathway of Brønsted acid catalyzed cycloaddition 

between hydrazones and alkenes. 
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6.3 Computational Details 

All density functional theory (DFT) calculations were performed with Gaussian 09. Geometry 

optimization of all the minima and transition states involved was carried out at the M062X level 

of theory with the 6-31G(d) basis set. The vibrational frequencies were computed at the same level 

to check whether each optimized structure is an energy minimum or a transition state and to 

evaluate its zero-point vibrational energy (ZPVE) and thermal corrections at 298 K. The single-

point energies and solvent effects in chloroform were computed at the M062X level of theory with 

the 6-311+G(d,p) basis set, based on the gas-phase optimized structures. Solvation energies were 

evaluated by a self-consistent reaction field (SCRF) using the CPCM model (UFF Radii). 

Fragment distortion and interaction energies and bond dissociation energies were computed at the 

M062X/6-311+G(d,p) level using the B3LYP/6-31G(d) geometries in the gas phase. Extensive 

conformational searches for the hydrazone, phosphoramide, and hydrazone-

phosphoramide/phosphate complexes have been conducted, and only the most stable conformers 

and isomers are discussed.  

 

6.4 Results and Discussion 

6.4.1 Complexation between Hydrazone and Phosphoramide 

We first studied various complexes between the model hydrazone 1 and the achiral model 

phosphoramide 2. The optimized structures and Gibbs free energies of these complexes are shown 

in Figure 6.1. The complexation between hydrazone and phosphoramide can occur with or without 

proton transfer. When proton transfer occurs, there are three possible hydrogen-bonding 

complexes, and these complexes (3, 4 and 5) are shown in Figure 6.1. The N-H distances of 
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hydrazonium in the ion-pair complexes are generally smaller than 1.1 Å, and the distances between 

phosphoramide anion and hydrogens from hydrazonium are at least 1.6 Å. The proton transfer 

complexes support the hypothesis that the Brønsted acid facilitates the (3++2) cycloaddition by 

generating the hydrazonium cation. Alternatively, only hydrogen-bonding complexation occur in 

complex 6.11 The N-H distances are similar to those of the separate hydrazone and phosphoramide. 

Although the ion-pair and hydrogen-bonded complexes are quite different, the complexation are 

all exergonic, and the four complexes have similar stabilities. 
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Figure 6.1. Optimized structures and Gibbs free energies of complexes between hydrazone 1 and 

phosphoramide 2. 

The (3+2) cycloaddition between the hydrazone-phosphoramide complexes and ethylene was 

explored, and the optimized structures and Gibbs free energies of transition states (compared to 

the most stable complex 3) are shown in Figure 6.2. TS7, TS8 and TS9 are the transition states 
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with the ion-pair complexes (3, 4 and 5), and TS10 is the transition state with the hydrogen-bonded 

complex 6. The ion-pair complexes are much more reactive than the hydrogen-bonded complex in 

the (3+2) cycloaddition with ethylene. The reaction barriers of the ion-pair complexes (TS7, TS8 

and TS9) are around 30 kcal/mol, while the hydrogen-bonded complex has a significant higher 

barrier via TS10 (51.3 kcal/mol).12 Only the ion-pair complexes are reactive in the (3+2) 

cycloaddition with alkenes, and the ion-pair complexes have similar reactivities to the 

hydrazonium cation we investigated earlier.13 The N-triflylphosphoramide catalyzed cycloaddition 

between hydrazones and alkenes is, indeed, a (3++2) cycloaddition. Among the transition states 

with the ion-pair complexes, TS9 is the most favorable one with 28.6 kcal/mol barrier, while TS7 

and TS8 are at least 2 kcal/mol higher in terms of Gibbs free energy. This suggests that the 

phosphoramide anion uses the two terminal oxygens (one from phosphine, the other from sulfur) 

to bind the hydrazonium cation in the (3++2) cycloaddition transition state.  
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Figure 6.2. Optimized structures and Gibbs free energies of (3+2) cycloaddition transition states 

between the hydrazone-phosphoramide complexes and ethylenes (the free energies changes are 

compared to the most stable complex 3; the phenyl group from hydrazone, and the methyl groups 

and fluorines from phosphoramide are hidden for simplicity). 

We also studied the whole catalytic cycle of the (3++2) cycloaddition and the competing 1, 3-

dipolar (3+2) cycloaddition pathway with the model hydrazone 1 and phosphoramide 2. From 

hydrazone 1, the complexation with phosphoramide 2 is exergonic by 3.9 kcal/mol, giving the ion-

pair complex 3. Subsequent (3++2) cycloaddition with ethylene requires a barrier of 28.6 kcal/mol 

via TS9, giving the pyrazolidine-phosphoramide complex 11. The pyrazolidine product 12 is less 

basic than the hydrazone 1, so the product extrusion from complex 11 to regenerate the ion-pair 

complex 3 is exergonic, making the overall reaction exergonic by 10.6 kcal/mol. The ion-pair 

complex 3 is the resting state of the whole catalytic cycle, and the overall barrier is 28.6 kcal/mol 
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via transition state TS9.14 Alternatively, the hydrazone can isomerize to the less stable azomethine 

imine 13 and undergo the 1, 3-dipolar (3+2) cycloaddition with ethylene. Although the azomethine 

imine is a reactive dipole and the cycloaddition barrier with ethylene is only 26.8 kcal/mol, the 

overall barrier of the 1, 3-dipolar cycloaddition pathway is 38.5 kcal/mol because of endergonic 

isomerization. Therefore, the phosphoramide catalyzed (3++2) cycloaddition pathway is much 

more favorable than the 1, 3-dipolar cycloaddition pathway. 

 

Figure 6.3. Free energy changes of the phosphoramide 2 catalyzed monopolar (3++2) 

cycloaddition pathway and the 1, 3-dipolar cycloaddition pathway between hydrazone 1 and 

ethylene. 
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6.4.2 Catalytic Activities of Phosphoramide and Phosphoric Acid 

Recent experiments have shown that the N-triflylphosphoramide is a much more effective 

catalyst than phosphoric acid for the cycloaddition between hydrazones and alkenes. We have used 

DFT calculations to explain the different catalytic activities of the two Brønsted acids, and the 

results are shown in Figure 4. As described above, the N-triflylphosphoramide catalyzed (3+2) 

cycloaddition between hydrazone 1 and ethylene requires a 28.6 kcal/mol barrier via TS9. In 

contrast, the same reaction catalyzed by the less acidic phosphoric acid, modeled by the dimethyl 

phosphate 15, is much more difficult. From the hydrazone 1, the complexation with phosphate is 

exergonic by 4.4 kcal/mol, generating the hydrazone-phosphate complex 16. The subsequent (3+2) 

cycloaddition with ethylene via TS17 requires a barrier of 36.8 kcal/mol, which is substantially 

higher than the barrier of N-triflylphosphoramide catalyzed pathway.  

In order to understand the different catalytic efficiencies of phosphoric acid and N-

triflylphosphoramide, we applied the distortion/interaction model on the cycloaddition transition 

states (TS9 and TS17). Both transition states are separated into two fragments (the distorted 

complex and ethylene), followed by single point energy calculations on each distorted fragment. 

The energy differences between the distorted structures and optimized ground state structures are 

the distortion energy of the ion pair complex (ΔEdist-cpx) and ethylene (ΔEdist-ethylene), respectively. 

The interaction energy (ΔEint) is the difference between the activation energy and the total distortion 

energy (ΔEdist-cpx + ΔEdist-ethylene).  
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We find that the distortion of complex (ΔEdist-cpx) is the determining factor for the barrier 

differences. Both transition states have similar ΔEdist-ethylene and ΔEint, while the ΔEdist-cpx of 

phosphoric acid (31.5 kcal/mol) is 6.8 kcal/mol higher than that of phosphoramide (24.7 kcal/mol). 

The difference of ΔEdist-cpx is the major contribution to the 10.1 kcal/mol difference of the electronic 

barriers (11.3 kcal/mol of TS9 and 21.4 kcal/mol of TS17). The high ΔEdist-cpx with 

dimethylphosphate means that the ground state structure of phosphoric acid complex is very 

different to its structure in the transition state (TS17), and a large energy penalty is required for that 

structural change. The large structural difference arises from the low acidity of phosphoric acid. In 

the hydrazone-dimethylphosphate complex 16, the hydrazone is not protonated, and the O-H bond 

of dimethylphosphate is 1.02 Å. Thus the complex 16 is a hydrogen-bonded complex, instead of an 

ion-pair complex. While in TS17, in order to undergo the facile (3++2) cycloaddition, the complex 

is distorted to a “ion pair” structure and the same O-H bond of dimethylphosphate is stretched to 

1.61 Å (Figure 6.4). Therefore, significant distortion is required for the hydrazone-phosphoric acid 

complex to achieve its structure in the (3++2) cycloaddition transition state with alkenes. 

Different from the phosphoric acid, N-triflylphosphoramide is acidic enough to protonate the 

hydrazone. Spontaneously, it requires much less energy to distort the ion-pair complex 3 to the 

similar geometry in the transition state TS9, and a smaller barrier is found. In addition, to directly 

compare the acidity of the model phosphoric acid and N-triflylphosphoramide, we also calculated 

the free energy change of proton transfer from the N-triflylphosphoramide 2 to dimethylphosphate 

anion. The reaction is exergonic by 11.7 kcal/mol, which is consistent with the difference of ΔEdist-
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cpx as well as the experimental pKa difference of similar compounds measured by Rueping and 

coworkers.8  

 

Figure 6.4. Free energy changes and distortion/interaction analysis of transition states of 

phosphoramide (2) and phosphoric acid (dimethylphosphate) catalyzed (3+2) cycloadditions 

between hydrazone 1 and ethylene (the phenyl group from hydrazone, the methyl groups and 

fluorines from phosphoramide, and the methyl groups from phosphate are hidden for simplicity). 
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6.4.3 Origins of Regioselectivity 

The chiral N-triflylphosphoramide 21 gives high regio- and enantioselectivity in experiment. 

We employed the achiral phosphoramide 2 and chiral phosphoramide 22 to explore the regio- and 

enantioselectivity computationally (Scheme 6.3).  

 

Scheme 6.3. Experimental results and computational models of selectivities of chiral 

phosphoramide 21 catalyzed cycloaddition between hydrazone 19 and α-methylstyrene 20. 

With the model phosphoramide 2, we have studied the regioselectivity of cycloaddition 

between hydrazone 1 and α-methylstyrene 20 (Figure 6.5). TS23 has the phenyl group of α-

methylstyrene proximal to the forming C-N bond, generating the product that has been found in 

experiment. Computationally, we also find that TS23 is 12.7 kcal/mol more stable than TS24. The 
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regioselectivity mainly arises from the different orbital interactions between the hydrazonium and 

alkene in the transition states. The hydrazonium is electrophilic and styrene is nucleophilic, thus 

stronger interaction can be generated when the more electrophilic terminus (carbon) of hydrazonium 

is proximal to the more nucleophilic terminus (terminal carbon) of styrene. The preference can also 

be rationalized by FMO theory, the major HOMO-LUMO interaction is from the HOMO of styrene 

to the LUMO of hydrazonium, and TS23 allows the most favorable interaction.    

 

Figure 6.5. Transition states and relative Gibbs free energies of phosphoramide 2 catalyzed 

cycloaddition between hydrazone 1 and α-methylstyrene 20. 

 

6.4.4 Origins of Enantioselectivity 

We also studied the enantioselectivity of (3+2) cycloaddition between hydrazone 1 and α-

methylstyrene 20 with the model chiral N-triflylphosphoramide 22 (Scheme 6.3). Anion 25 has three 

major conformations by rotating the substituents of sulfur (Figure 6.6). The 25-C1 has the CF3 group 
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pointing away from the two bulky 2, 4, 6-(iPr)3C6H2 substituents, and this conformer is the most 

stable. The other two conformers (25-C2 and 25-C3) have the CF3 group closer to the bulky aryl 

substituents, and are higher in energy.  

As discussed above, we showed that the phosphoramide anion uses the two terminal oxygens 

to bind the hydrazonium in the (3+2) cycloaddition transition state with alkenes. Using the same 

binding mode, we studied the ion-pair complexes with the three conformers of 25 (Figure 6.6). From 

25-C1, only one pair of oxygens (with the distance of 3.51Å) are possible to form a stable complex 

with hydrazonium because of the distance between the oxygens, and the formed complex is 26-C1. 

Similarly, 26-C2 and 26-C3 are found with the corresponding conformers of 25. Interestingly, all 

the three conformers of ion-pair complex (26-C1 to 26-C3) have only one face available for alkenes 

to approach. 26-C1 has the top of hydrazonium protected by the bulky aryl substituent, and alkene 

can only approach from the bottom. 26-C3 also has the bottom face available, thus 26-C1 and 26-

C3 give the same cycloaddition product. Alternatively, 26-C2 has the bottom of the hydrazonium 

hindered, and this conformer leads to the minor enantiomer in experiment. Because the binding 

between hydrazonium and phosphoramide anion is very similar in the three conformers, 26-C1 is 

the most stable. 

The (3+2) cycloaddition transition states between the three conformers of ion-pair complex and 

α-methylstyrene were located, and the computational selectivity is consistent with the experimental 

results (Figure 6.7). We find TS27-C1 is more favorable than TS27-C2, and the preference is similar 

to the relative stabilities of the corresponding conformers of ion-pair complex (26) and 
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phosphoramide anion (25). Therefore, the two bulky aryl substituents of the chiral N-

triflylphosphoramide differentiate the stabilities of the anion conformers, and the ion-pair 

complexation with hydrazonium transfers the chirality of catalyst to the cycloaddition transition 

state, generating the enantioselectivity.  
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Figure 6.6. Optimized structures and relative stabilities of chiral N-trfilylphosphoramide 22 anion 

and anion-hydrazonium complex.  
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Figure 6.7. Optimized structures and relative stabilities of chiral N-trfilylphosphoramide 22 

catalyzed (3+2) cycloaddition transition states between hydrazone and α-methylstyrene.  
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6.5 Conclusions 

The mechanism and origins of catalytic efficiencies and selectivities of chiral N-

triflylphosphoramide catalyzed (3+2) cycloaddition between hydrazones and alkenes have been 

studied through DFT calculations.  The acidic N-triflylphosphoramide protonates the hydrazone, 

and a hydrazonium-phosphoramide anion complex is formed. The ion-pair complex is very reactive 

in the subsequent (3++2) cycloaddition with alkenes, generating the pyrazolidine product. The 

alternative 1, 3-dipolar (3+2) cycloaddition pathway with azomethine imine is less favorable 

because of the endergonic isomerization from hydrazone to azomethine imine. The Brønsted acid 

catalyzed (3+2) cycloaddition with hydrazone is essentially a (3++2) cycloaddition with 

hydrazonium, thus the protonation of hydrazone by the Brønsted acid is crucial for the catalytic 

efficiency. The less acidic phosphoric acid is not able to protonate the hydrazone, and a hydrogen-

bonded complex is formed. This leads to a large distortion for the hydrogen-bonded complex to 

achieve the “ion-pair” geometry in the (3+2) cycloaddition transition state, resulting in a significant 

reaction barrier. In addition, we have explained the origins of enantioselectivities when the chiral 

bulky N-triflylphosphoramide is employed. The steric-demanding substituents of phosphoramide 

catalyst is able to differentiate the stabilities of the conformers of hydrazone-chiral phosphoramide 

complex. The most favorable conformer only has one face of the hydrazonium available for the 

alkene to approach, which transfers the chirality of the catalyst to the (3++2) cycloaddition transition 

state, generating the enantioselectivity. 
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(14) In experiment, more reactive cyclopentadiene and styrene derivatives are used, and the 

calculated cycloaddition barrier between hydrazone 1 and α-methylstyrene is 22.2 kcal/mol, which 

is consistent with the experimental conditions (RT, 18h).  
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Chapter 7. The Mechanisms and Origins of Switchable Chemoselectivity of Ni-catalyzed 

C(aryl)-O and C(acyl)-O Activation of Aryl Esters with Phosphine Ligands 

7.1 Abstract 

Many experiments have shown that nickel with monodentate phosphine ligands favors the 

C(aryl)-O activation over the C(acyl)-O activation for aryl esters. However, Itami and co-workers 

recently discovered that nickel with bidentate phosphine ligands can selectively activate the C(acyl)-

O bond of aryl esters of aromatic carboxylic acids. The chemoselectivity with bidentate phosphine 

ligands can be switched back to C(aryl)-O activation when aryl pivalates are employed. To 

understand the mechanisms and origins of this switchable chemoselectivity, density functional 

theory (DFT) calculations have been conducted. For aryl esters, nickel with bidentate phosphine 

ligands cleaves C(acyl)-O and C(aryl)-O bonds via three-centered transition states. The C(acyl)-O 

activation is more favorable due to the lower bond dissociation energy (BDE) of C(acyl)-O bond, 

which translates into a lower transition-state distortion energy. However, when monodentate 

phosphine ligands are used, a vacant coordination site on nickel creates an extra Ni-O bond in the 

five-centered C(aryl)-O cleavage transition state. The additional interaction energy between the 

catalyst and substrate makes C(aryl)-O activation favorable. In the case of aryl pivalates, nickel with 

bidentate phosphine ligands still favors the C(acyl)-O activation over the C(aryl)-O activation at the 

cleavage step. However, the subsequent decarbonylation generates a very unstable tBu-Ni(II) 

intermediate, and this unfavorable step greatly increases the overall barrier for generating the 
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C(acyl)-O activation products. Instead, the subsequent C-H activation of azoles and C-C coupling 

in the C(aryl)-O activation pathway are much easier, leading to the observed C(aryl)-O activation 

products. 

7.2 Introduction 

Transition-metal-catalyzed cross-coupling reactions have become important tools for 

laboratory and industrial carbon-carbon and carbon-heteroatom bond formation because of the 

efficiency and broad applicability of such reactions.1 Despite the great success of cross-couplings 

using aryl halides and palladium catalysts,2 extensive efforts toward environmentally friendly 

electrophiles and low-cost catalysts have led to the discovery of nickel-catalyzed C(aryl)-O 

activation.3 In 2008, Garg and Shi independently reported the first nickel-catalyzed C(aryl)-O 

activation using aryl esters,4 and other carbon electrophiles, such as carbamates,5 sulfamates,6 

phosphates,7 and even phenolates,8 have seen increased use over the past few years. In addition, the 

design of nucleophiles for the C(aryl)-Ni intermediate has enabled not only C-C but also C-N and 

C-H bonds formation (Scheme 7.1).5g,6c,7b,9 
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Scheme 7.1. Representative Reactions Involving Ni-Catalyzed C(aryl)-O Activation. 

Among the developed methodologies of Ni-catalyzed C-O activation of aryl esters using 

monodentate phosphine ligands, only the cleavage of C(aryl)-O bond occurs (Scheme 7.2a). 5f,9a,10 

In addition, Itami and co-workers reported that nickel with a bidentate phosphine ligand, 1,2-

bis(dicyclohexylphosphino)ethane (dcype), can also favor the C(aryl)-O activation of aryl pivalates 

(Scheme 7.2b).11 However, they later discovered that the same catalyst can achieve an unexpected 

C(acyl)-O activation and decarbonylation when aryl esters of aromatic carboxylic acids are 

employed (Scheme 7.2c).12 Based on this strategy, a wide variety of heteroaromatic esters were 

smoothly coupled with azoles to generate bis(heteroaryl) scaffolds in a straightforward fashion.13 
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Scheme 7.2. Chemoselectivity of Ni-Catalyzed C-O Activation of Aryl Esters with Phosphine 

Ligands 

There are two possible catalytic cycles for the Ni/dcype catalyzed C-O activation of aryl esters 

(Scheme 7.3). For the pivalic ester, the C(aryl)-O activation occurs to give intermediate A. 

Subsequent azole C-H activation generates intermediate B, which undergoes the Csp2-Csp2 reductive 

elimination to produce the observed cross-coupling product. Alternatively, aromatic ester undergoes 

the C(acyl)-O activation to give intermediate C. Subsequent decarbonylation generates the aryl-

nickel intermediate D. After the azole C-H activation, intermediate E undergoes reductive 

elimination to produce the cross-coupling product. Although the proposed mechanisms are plausible, 

the resting states, rate-determining steps, and especially the origins of chemoselectivity are not 

known. Therefore, we have used density functional theory (DFT) calculations to explore the 

mechanisms and origins of switchable chemoselectivity of Ni-catalyzed C(aryl)-O and C(acyl)-O 

activation of aryl esters with phosphine ligands. 
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Scheme 7.3. Proposed Mechanisms for Ni-Catalyzed C-O Activation of Aryl Esters and Subsequent 

C-C Coupling with Azoles. 

 

7.3 Computational Details 

All density functional theory (DFT) calculations were performed with Gaussian 09.14 Geometry 

optimization of all the minima and transition states involved was carried out at the B3LYP level of 

theory15 with the SDD basis set16 for nickel and the 6-31G(d) basis set17 for the other atoms 

(keyword 5D was used in the calculations). The vibrational frequencies were computed at the same 

level to check whether each optimized structure is an energy minimum or a transition state and to 
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evaluate its zero-point vibrational energy (ZPVE) and thermal corrections at 298 K. The single-

point energies and solvent effects in 1,4-dioxane were computed at the M06 level of theory18 with 

the SDD basis set for nickel and the 6-311+G(d,p) basis set for the other atoms, based on the gas-

phase optimized structures. Solvation energies were evaluated by a self-consistent reaction field 

(SCRF) using the SMD model.19 Fragment distortion and interaction energies and bond dissociation 

energies were computed at the M06/6-311+G(d,p)-SDD level using the B3LYP/6-31G(d)-SDD 

geometries in the gas phase. 

 

7.4 Results and Discussion 

7.4.1. Aryl Esters of Aromatic Carboxylic Acids: Origins of Ligand-Controlled 

Chemoselectivity of C-O Activation 

Using phenyl benzoate and benzoxazole as model reactants, we first explored the mechanism 

of Ni/dcype catalyzed C-O activation of aromatic esters and subsequent C-C couplings with azoles. 

The free energy profile is shown in Figure 7.1, and optimized structures of selected intermediates 

and transition states are shown in Figure 7.2. From the substrate coordinated complex 1, the C(acyl)-

O activation via TS2 requires an activation free energy of 19.1 kcal/mol to generate the C(acyl)-Ni 

intermediate 3. For the C-O activation, three possible pathways were explored, and the origins of 

preferences are discussed in detail later. After the C(acyl)-O activation, dissociation of one 

phosphine ligand from nickel is necessary to provide a coordination site for the carbonyl migration 
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through transition state TS5. The loss of one phosphine ligand is endergonic by 20.7 kcal/mol, and 

this contributes to the high overall barrier (28.8 kcal/mol) for carbonyl migration. After carbonyl 

migration, a barrierless decarbonylation occurs to produce the tetracoordinated nickel complex 7. 

From 7, the substitution of phenoxide by benzoxazole gives the N-coordinated nickel intermediate 

8. This step is endergonic by 13.9 kcal/mol. The following deprotonation of benzoxazole using 

phenoxide as base via TS9 is facile, requiring an activation free energy of only 4.7 kcal/mol. Besides 

TS9, two additional transition states of four-centered σ-bond metathesis, TS13 and TS14, are also 

located (Figure 7.2). Comparing TS13 with TS14, TS13 is significantly more stable because it 

maintains the bidentate coordination of dcype ligand. However, the σ-bond metathesis pathway via 

TS13 is disfavored by 11.7 kcal/mol in terms of free energy than the stepwise deprotonation 

pathway via TS9 (40.2 versus 28.5 kcal/mol). The similar preference was also reported in previous 

studies of Pd-catalyzed C-H activation of oxazoles and thiazoles.20 After the C-H activation, 

intermediate 10 undergoes a Csp2-Csp2 reductive elimination to give the product coordinated complex 

12. Subsequent product extrusion from 12 to regenerate substrate coordinated complex 1 is 

endergonic by 2.7 kcal/mol, suggesting that 12 is the resting state of the catalytic cycle. Therefore, 

the overall barrier for this reaction is 31.2 kcal/mol, which is consistent with the experimental 

conditions.12 
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Figure 7.1. DFT-computed Gibbs free energies for the Ni/dcype-catalyzed decarbonylative C-C 

coupling of benzoxazole and phenyl benzoate. 
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Figure 7.2. DFT-optimized structures of selected intermediates and transition states for the 

Ni/dcype-catalyzed decarbonylative C-C coupling of benzoxazole and phenyl benzoate. 

Besides the C(acyl)-O activation of aryl esters of aromatic carboxylic acids, the competing 

C(aryl)-O activation was also explored. The free energy profile is shown in Figure 7.3. There are 

two possible C(aryl)-O activation pathways with dcype acting as either a mono- or bidentate ligand. 

When dcype acts as a bidentate ligand, nickel migrates to the oxygenated phenyl group in 15 in 

order to undergo the C(aryl)-O bond cleavage via TS19. The migration is endergonic by 6.3 
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kcal/mol, and the C(aryl)-O bond cleavage requires an activation free energy of 25.4 kcal/mol, 

resulting in an overall barrier of 31.7 kcal/mol. If dcype acts as a monodentate ligand, the 

coordination of acyl oxygen leads to the five-centered transition state TS17. Although the barrier 

for the cleavage step from intermediate 16 is only 11.5 kcal/mol, the formation of 16 is very 

endergonic, making the overall barrier as high as 38.8 kcal/mol. Therefore, compared with the 

C(aryl)-O activation via TS17 or TS19, the Ni/dcype catalyst significantly favors the C(acyl)-O 

activation via the three-centered transition state TS2 (19.1 kcal/mol, Figure 7.3). 

 

Figure 7.3. DFT-computed Gibbs free energies for the Ni/dcype-catalyzed C(acyl)-O and C(aryl)-

O activation pathways of phenyl benzoate. 
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To gain insights into the origins of chemoselectivity of Ni/dcype-catalyzed C-O activation of 

aryl esters, we analyzed the C(acyl)-O and C(aryl)-O activation transition states using the 

distortion/interaction model,21-23 as shown in Figure 7.4. Each transition structure was separated into 

two fragments (the distorted catalyst and substrate), followed by single point energy calculations on 

each distorted fragment. The energy differences the distorted structures and optimized ground-state 

structures are the distortion energy of Ni(dcype) catalyst (ΔEdist-cat) and aryl ester substrate (ΔEdist-

sub), respectively. The interaction energy (ΔEint) is the difference between the activation energy and 

the total distortion energy (ΔEdist-cat + ΔEdist-sub). 

For the C(aryl)-O activation transition states, TS17 and TS19, the distortion energy of the 

Ni(dcype) catalyst, ΔEdist-cat, causes TS19 to be lower in energy. Although the interaction energy, 

ΔEint, is larger in TS17 because of the extra Ni-O(acyl) bond, the loss of one phosphine coordination 

from nickel results in a very high distortion energy of catalyst (30.5 kcal/mol, Figure 7.4) and makes 

the five-centered transition state TS17 unfavorable for the C(aryl)-O activation. Comparing the 

three-centered C(acyl)-O and C(aryl)-O activation transition states, TS2 and TS19, they have 

similar ΔEdist-cat and ΔEint, but very different distortion of substrate, ΔEdist-sub. The lower ΔEdist-sub of 

TS2 (35.4 versus 51.3 kcal/mol, Figure 7.4) leads to the preference for the C(acyl)-O activation. 

The computed homolytic dissociation energy of C(aryl)-O bond of phenyl benzoate is 101.3 

kcal/mol, and the value of C(acyl)-O bond is 78.2 kcal/mol. This indicates that the C(acyl)-O bond 

is much weaker than the C(aryl)-O bond. The weaker C(acyl)-O bond requires less distortion of the 
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substrate in the three-centered C-O cleavage transition state. Therefore, the C(acyl)-O activation is 

favorable using nickel catalysts with bidentate phosphine ligands. 

 

Figure 7.4. The distortion/interaction analysis of the C(aryl)-O and C(acyl)-O activation transition 

states involving the Ni/dcype catalyst (Only the α-carbon of cyclohexyl group is shown for 

simplicity; energies are in kcal/mol). 

We also investigated the possible C-O activation pathways with the Ni/PCy3 catalyst. The free 

energy profile is shown in Figure 7.5. From the substrate coordinated complex 20, the C(acyl)-O 

cleavage via TS22 requires an activation free energy of 19.3 kcal/mol. The subsequent 

decarbonylation gives a relatively unstable intermediate 26 for transmetalation. For the C(aryl)-O 

activation, the three-centered transition state TS30 is much less stable than the five-centered 

transition state TS28. The overall barrier for the C(aryl)-O activation pathway via TS28 is 18.2 

kcal/mol, which is 1.1 kcal/mol lower than that of the C(acyl)-O activation with the monodentate 
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PCy3 ligand(TS22: 19.3 kcal/mol, Figure 7.5).24 In addition to the preference for the C(aryl)-O 

activation transition state, the different stabilities of the generated intermediates, 26 (16.1 kcal/mol) 

and 29 (-17.0 kcal/mol), could lead to even larger preference for the C(aryl)-O activation pathway 

when the subsequent transformations are not facile. A previous computational study by Liu and co-

workers showed that the transmetalation of boron reagents could have an barrier of over 30 

kcal/mol.10 In this case, the preference to the C(aryl)-O activation mainly arises from the much 

better stability of intermediate 29. 

The distortion/interaction analysis revealed the origins of the reversed chemoselectivity with 

the monodentate phosphine ligand (Figure 7.6). Comparing the three-centered transition states TS30 

and TS22, the weaker C(acyl)-O bond leads to the lower ΔEdist-sub in TS22 (13.5 versus 23.6 

kcal/mol, Figure 7.6) and a 9.2 kcal/mol preference to break this bond. However, in the case of five-

centered C(aryl)-O cleavage transition state TS28, the Ni(PCy3) catalyst does not require as much 

distortion energy as the Ni(dcype) catalyst in TS17 (30.5 kcal/mol, Figure 7.4), and thus the larger 

ΔEint from the additional Ni-O bond (-87.0 kcal/mol, Figure 7.6) overrides the distortion penalty 

and leads to the overall preference to the C(aryl)-O bond activation with the Ni/PCy3 catalyst. 
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Figure 7.5. DFT-computed Gibbs free energies for the Ni/PCy3-catalyzed C(acyl)-O and C(aryl)-O 

activation pathways of phenyl benzoate. 
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Figure 7.6. The distortion/interaction analysis of the C(aryl)-O and C(acyl)-O activation transition 

states involving the Ni/PCy3 catalyst (Only the α-carbon of cyclohexyl group is shown for simplicity; 

energies are in kcal/mol). 

7.4.2. Aryl Pivalates: Origins of Substrate-Dependent Chemoselectivity of C-O Activation 

Unlike the Ni/dcype catalyzed C(acyl)-O activation of aryl esters of aromatic carboxylic acids, 

the C(aryl)-O activation of aryl pivalates was observed with the same catalyst (Scheme 7.2c). Using 

phenyl pivalate and benzoxazole as the model reactants, we studied the mechanism and origins of 

chemoselectivity of the Ni/dcype-catalyzed C-C couplings between azoles and aryl pivalates. The 

free energy profile is shown in Figure 7.7, and optimized structures of selected intermediates and 

transition states are shown in Figure 7.8. From the substrate-coordinated complex 31, the C(aryl)-

O activation via TS32 requires an activation free energy of 25.5 kcal/mol. This step is exergonic by 

21.3 kcal/mol, suggesting that the resulting intermediate 33 is very stable. Then intermediate 33 
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undergoes a six-centered concerted metalation-deprotonation (CMD) pathway through transition 

state TS34 to realize the benzoxazole C-H activation. The subsequent Csp2-Csp2 reductive 

elimination is facile with a barrier of 10.6 kcal/mol, giving the product coordinated complex 12. 

The product extrusion from 12 is endergonic by 9.9 kcal/mol. For the whole catalytic cycle, both 

the C(aryl)-O activation and the benzoxazole C-H activation have high barriers, and the overall free 

energy span is 35.5 kcal/mol. 

 

Figure 7.7. DFT-computed Gibbs free energies for the Ni/dcype-catalyzed C-C coupling between 

benzoxazole and phenyl pivalate. 
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Figure 7.8. DFT-optimized structures of selected intermediates and transition states for the C(acyl)-

O and C(aryl)-O activation pathways of the Ni/dcype-catalyzed C-C coupling between benzoxazole 

and phenyl pivalate. 

Very recently, Itami and co-workers reported an experimental mechanistic study of the same 

reaction.25 They found that the stoichiometric reaction of naphthalen-2-yl pivalate with 

Ni(cod)2/dcype gives an arylnickel(II) pivalate complex 33-n (Scheme 7.4), which is proved an 
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isolatable intermediate in the catalytic cycle. This is in good agreement with our computational 

results (Figure 7.7). Furthermore, kinetic studies reveal that the C-H activation of benzoxazole is 

the rate-determining step in the reaction using naphthalen-2-yl pivalate.25 For a direct comparison, 

we also studied the C(aryl)-O activation pathway of naphthalen-2-yl pivalate (Scheme 7.4). It was 

found that naphthalen-2-yl pivalate is more reactive toward oxidative addition. The C(aryl)-O 

activation barrier is now 22.7 kcal/mol, which is 2.8 kcal/mol lower than the corresponding value 

for phenyl pivalate (25.5 kcal/mol, Figure 7.7). On the other hand, the C-H activation barrier is not 

affected by switching the phenyl group (35.5 kcal/mol, Figure 7.7) to the naphthalen-2-yl group 

(35.4 kcal/mol, Scheme 7.4). Therefore, the rate-determining step of the reaction using naphthalen-

2-yl pivalate is the C-H activation of benzoxazole. 
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Scheme 7.4. DFT-Computed Gibbs Free Energies for Reaction Using Naphthalen-2-yl Pivalate 

The possible C(acyl)-O activation and subsequent decarbonylative C-C coupling were also 

studied. The free energy profile is shown in Figure 7.9, and optimized structures of selected 

intermediates and transition states are shown in Figure 7.8. From the substrate coordinated complex 

31, the C(acyl)-O activation via TS35 is very facile, requiring an activation free energy of 13.7 

kcal/mol. The generated intermediate 36 is exergonic by only 6.8 kcal/mol, suggesting that the 

C(acyl)-O activation step is reversible. The dissociation of one phosphine ligand from nickel 

provides an open coordination site for carbonyl migration via TS38. Subsequent decarbonylation 

generates an unstable intermediate 40. From 40, the further transformation with benzoxazole would 

lead to a very high-energy transition state TS42 (38.7 kcal/mol, Figure 7.9). Comparing the two C-
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O activation transition states of phenyl pivalate, TS32 (25.5 kcal/mol, Figure 7.7) and TS35 (13.7 

kcal/mol, Figure 7.9), the preference for the C(acyl)-O activation with bidentate phosphine ligands 

(Figure 7.4) still exists. However, the following C-H activation process requires an overall activation 

free energy of 45.5 kcal/mol (from 36 to TS42, Figure 7.9), which is 10.0 kcal/mol higher than that 

of the C-H activation after the C(aryl)-O bond cleavage shown in Figure 7.7. Therefore, when aryl 

pivalates are employed, the decarbonylative C-C coupling products are not observed.11 

 

Figure 7.9. DFT-computed Gibbs free energies for the Ni/dcype-catalyzed decarbonylative C-C 

coupling of benzoxazole and phenyl pivalate. 

We further studied the origins of different barriers for the C-H activation processes after the 

C(acyl)-O bond cleavage of aromatic and pivalic esters. In the case of phenyl benzoate, the overall 

barrier is 30.0 kcal/mol and includes two parts shown in Scheme 7.5a: the reaction free energy of 
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decarbonylation from intermediate 3 to 7 (11.4 kcal/mol) and the barrier for the deprotonation of 

benzoxazole from intermediate 7 to transition state TS9 (18.6 kcal/mol). Similarly, the 45.5 

kcal/mol barrier in the case of phenyl pivalate also includes these two parts (Scheme 7.5b), and the 

major difference comes from the reaction free energy of decarbonylation. For phenyl pivalate, this 

step is endergonic by 23.2 kcal/mol, significantly higher than that for phenyl benzoate (11.4 

kcal/mol, Scheme 7.5a). When using a less steric demanding ligand, 1,2-

bis(dimethylphosphino)ethane (dmpe), the decarbonylation is still endergonic by 11.4 kcal/mol for 

phenyl benzoate (Scheme 7.5c), while the reaction free energy for phenyl pivalate is 19.5 kcal/mol 

(Scheme 7.5d), 3.7 kcal/mol lower as compared to using the dcype ligand. This suggests that the 

steric repulsion between the bulky phosphine ligand and the tBu group in intermediate 40 

contributes to part of the difference between benzoate and pivalate. The electronic effect is the major 

reason for the extremely unfavorable decarbonylation in the case of pivalic esters. For both benzoate 

and pivalate, there are strong dNi-π*acyl interactions26 in the C(acyl)-O activation products 3, 36, 44, 

and 46. After the decarbonylation, the phenyl group in intermediates 7 and 45 is a weak π acceptor, 

and the dNi-π* interaction decreases, making this step endergonic by 11.4 kcal/mol (Scheme 5, a and 

c). However, the tBu group in intermediates 40 and 47 are unlikely to accept the d electrons from 

nickel, and the lack of the d-π* interaction leads to much more endergonic decarbonylations 

(Scheme 7.5, b and d). 
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Scheme 7.5. Comparisons of Reaction Free Energies of Decarbonylation Involving Benzoate and 

Pivalate. 

7.5 Conclusions 

Mechanisms and origins of the switchable chemoselectivity of the Ni-catalyzed C(acyl)-O and 

C(aryl)-O activation of aryl esters with phosphine ligands are revealed through DFT calculations. 

For aryl esters of aromatic carboxylic acids, the nickel with the bidentate dcype ligand cleaves the 

C-O bonds via three-centered transition states. The lower BDE of the C(acyl)-O bond leads to the 

lower distortion energy in the cleavage transition state, making the C(acyl)-O activation more 

favorable. After the facile C(acyl)-O activation, the endergonic dissociation of one phosphine ligand 

from nickel provides a coordination site for decarbonylation. Subsequently, the deprotonation of 

azoles by aryloxide realizes the C-H activation process. The following Csp2-Csp2 reductive 

elimination generates the cross-coupling product. When the monodentate PCy3 ligand is used with 

aryl esters, a vacant coordination site on nickel creates an extra Ni-O bond in the five-centered 

C(aryl)-O cleavage transition state. This additional interaction energy overrides the distortion 

penalty and makes the C(aryl)-O activation preferred. 
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For aryl pivalates, the bidentate phosphine ligand still favors the C(acyl)-O cleavage. However, 

the subsequent decarbonylation generates a highly unstable tBu-Ni(II) intermediate due to the lack 

of d-π* interaction between nickel and the tBu group as well as the steric repulsion between the 

bulky phosphine ligand and the tBu group. This very unfavorable step significantly increases the 

overall barrier for generating the C(acyl)-O activation products. Instead, the C-H activation of azoles 

and C-C coupling after the C(aryl)-O activation are much easier, leading to the observed C(aryl)-O 

activation products. 
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benzoate, and the results are shown below. It was found that the C(aryl)-O activation for naphthalen-

2-yl benzoate (TS28-n: 16.3 kcal/mol) is easier than that for phenyl benzoate (TS28: 18.2 kcal/mol, 

Figure 5). The C(acyl)-O activation barriers for these two benzoates are nearly identical. 
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