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9 Summary 

This thesis deals with theoretical studies on oxidative insertion reactions of catalyti-

cally active palladium compounds into archetypal bonds of model substrates. Oxida-
tive insertion is the first and usually rate-determining bond activating step in the (No-

bel Prize winning) cross-coupling reaction, which is an important tool in transition 

metal mediated organic synthesis. The focus is on understanding trends in activation 
barriers upon variation of either the catalyst or substrate structure.  

The approach adopted to investigate the mechanism of these bond activations is 

the activation strain model, employed by means of Density Functional Theory (DFT) 
calculations with the ADF program. This model allows us to analyze the geometry and 

energy of the transition states, but also the behavior along the reaction path, from the 

perspective of the original reactants. As these reactants approach each other, they will 
start to interact and thus deform. The total energy and, in particular, the activation 

energy can thus be divided into contributions from the deformation of the reactants 

(the strain energy) and their mutual interaction (the interaction energy). The interac-
tion energy, analyzed with the ADF energy decomposition analysis, comprises stabiliz-

ing orbital interactions, electrostatic interactions and destabilizing Pauli repulsion.  

It is essential to consider both the strain and interaction energy along the entire po-
tential energy surface because, due to their mutual interplay, changes in one or both of 

the terms leads in general to a shift in the location of the transition state along the 

reaction path. This is exactly where the activation strain model plays an important and 
clarifying role. 

The third chapter of this thesis deals with the 'steric nature of the bite angle'. The 

size of the ligand-metal-ligand bite angle is often considered an important parameter 
for the determination of catalytic activity. A smaller bite angle usually translates to 

lower activation barriers, a behavior traditionally ascribed to an electronic mechanism 

in which the back-donation from the "4d"" orbital increases as it is pushed up in en-
ergy at smaller bite angles. In contrast with this, our analyses show how the bite angle 

has a primarily steric origin: by bending the catalyst a priori, e.g., in chelate complexes, 

one avoids unfavorable nonbonded interactions with the substrate, which cause the 
catalyst to deform and build up strain. In a sense, our steric model comes down to 

"taking away" destabilizing strain (i.e., catalyst deformation due to steric repulsion 
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with substrate) from the reaction profile by building it, right from the beginning, into 

the catalytically active transition metal complex.  

Our results also show how electronic effects can modulate the activity in a selec-
tive manner. For example, the introduction of electron-pushing substituents on the 

phosphine ligands reinforces the back-donation, and this stabilizing effect is especially 

strong for C–H activation, where the intrinsic catalyst–substrate interaction is large. 
On the other hand, for the more sterically crowded C–C activation, the destabilizing 

steric bulk of substituents will be often the dominant factor. But the relative impor-

tance of such electronic and steric factors also depends on other parameters, such as, 
indeed, the bite angle: small bite angles make electronic effects relatively more impor-

tant whereas larger bite angles lead to a more dominant role of the steric effects of 

substituents. This type of behavior, where the effect of ligands is influenced by the 
intrinsic reactivity towards different bonds, is seen throughout this thesis across a 

wide range of substrates and structural motifs in the catalyst. 

Chapters 4 and 5 address the effect of steric bulk in the substrate on the activation 
of alkane C–H and C–C bonds, respectively. Although the bonds become weaker 

upon increased substitution by bulky methyl groups, the barriers for their activation 

increase. The fully substituted bonds have the highest barriers, because a methyl group 
hinders an effective interaction of the catalyst with the bond. The substrate has to de-

form before a favorable, stabilizing interaction can be established. The catalyst has 

increasing difficulty to approach the bond. Such a delay in the catalyst–substrate inter-
action results in a raise of the barrier height. Another weakening of the interaction 

energy is caused by less favorable back-bonding from Pd to the bond. The reason for 

this is that the energies of the &* LUMO orbitals in the more bulky substrates de-
crease less fast along the reaction path. 

Chapters 6 and 7 deal with a series of hydrogen–element and carbon–element 

bonds in H–AHn and CH3–AHn (AHn = CH3, NH2, OH, and F), covering two series 
of increasingly polar bonds along the second period. Chapter 6 investigates the trends 

in bond strengths for these substrates and describes how the CH3 moiety behaves dif-

ferently compared to the other second period bonds, due to the bending of the methyl 
radical into the umbrella shape that it acquires in the overall molecule. The main dif-

ference with the other H–AHn and CH3–AHn bonds is that, instead of A–H bonds, 

they have lone pairs on A which can not be bent away by moving back a hydrogen 
nucleus. The result is lower Pauli repulsive interactions, making the bonds involving 
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the methyl moiety stronger than would be expected on the basis of electronegativity 

differences.  

Chapter 7 investigates the activation of these series of increasingly polar bonds. 
The bond strengths along the series are dominant in determining the trends in rising 

activation barriers for these bonds by bare palladium. The effect of the trends in bond 

dissociation energies is to some extent counteracted by an increase of back-donation 
capability into the lower-lying &* LUMO of the more polar bonds. Regarding the 

cases where AHn = CH3, we can conclude that the more sterically demanding methyl 

group always induces higher strain than would be expected based on the bond 
strength. This behavior, when moving to a fully substituted moiety induces a sharp 

increase in the strain energy, is similar to that of going to the fully substituted alkane 

bonds as seen in chapters 4 and 5.  
Chapter 8 deals with a series of differently hybridized bonds, and looks at the acti-

vation of C(sp3)–X, C(sp2)–X, and C(sp)–X bonds in X–substituted ethane, ethylene, 

and acetylene, respectively, with X = H, CH3, and Cl. In this series, we observe a 
steady decrease in barrier heights for their activation by palladium, despite the fact 

that the bonds become stronger. There are two important reasons for this behavior: 1) 

in going from sp3 to sp hybridization, back-donation is increased due to lower lying 
&*C–X LUMO orbitals on the substrate, and to a lesser extent, due to interactions with 

the "C–C and "*C–C orbitals; 2) decreased steric repulsion as the activated C–X bond 

becomes sterically less shielded in going towards sp hybridization. 
 




