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Summary 
 
 The importance of computational methods in chemical research to explain 
fundamental concepts has seen significant growth in the last couple of decades. In this 
thesis we have used a method based on Density Functional Theory (DFT) to 
computationally study one of the most fundamental reactions in chemistry: the 
bimolecular nucleophilic substitution (SN2) reaction. Despite its long history of being 
known and large amount of attention it received, there are still gaps in the general 
understanding of this class of reactions. The focus in our research has been on closing 
some of these gaps related to SN2 reactions at phosphorus centers (SN2@P), which 
received much less attention than the textbook examples of nucleophilic substitution at 
carbon and, to lesser extent, silicon centers (SN2@C, Si). Particularly, we want to give an 
explanation for the phenomenon of the disappearance of the reaction barrier when going 
from archetypal SN2@C to SN2@P (and SN2@Si) reactions and study how this barrier 
and the shape of the potential energy surface (PES) can be modulated with the type of 
substituents, nucleophiles, leaving groups and reaction conditions. The results give an 
overview and better understanding of SN2 reactions in general and, particularly, of the 
intrinsic reactivity of phosphorus as the central atom under nucleophilic attack, a reaction 
of interest due to its occurrence in various organic and biological processes.  
 
 Chapter 1 gives an overview of the basic, often textbook concepts of this class of 
reactions and puts the research described in this thesis in perspective of what is 
considered known. In Chapter 2 a short summary is given of the theory behind the 
method used to compute energies, geometries and other properties: DFT. A method that is 
validated by extensive benchmarking through comparison with advanced ab initio 
methods. Further computational concepts used in this thesis to explain the nature of 
barriers, the activation-strain model, and to take solvent effects into account, COSMO, 
are briefly explained too. 
 Chapter 3 starts with a systematic investigation of elementary symmetric SN2@C, 
SN2@Si and SN2@P reactions, where it is shown how increasing the coordination number 
of the central atom as well as the substituents' steric demand shifts the SN2@P mechanism 
stepwise from a single-well potential (with a stable central transition complex, TC) that is 
common for substitution at third-period atoms, via a triple-well potential (featuring a pre- 
and post-transition state, TS, before and after the central TC), back to the double-well 
potential (in which pre- and post-barrier merge into one central TS) that is well-known for 



 

 

substitution reactions at carbon. Thorough analysis via energy decomposition along the 
reaction coordinate verifies the steric reason for the reappearance of reaction barriers in 
intrinsically barrierless SN2@P reactions. This process can be inverted, while preserving a 
constantly high steric demand of the substituents, by strengthening the bonding 
capabilities of the nucleophile and leaving group. The results highlight the steric nature of 
the SN2 barrier, but they also show how electronic effects modulate the barrier height. 
 Chapters 4 and 5 elaborate further on the reactions discussed in Chapter 3, with 
addition of asymmetric variants, that is, different nucleophile and leaving group, and, in 
Chapter 5, additional substituents. In Chapter 4 reactions with one-atom substituents H, F 
and Cl are covered, where the competition between backside and frontside pathways in 
the model systems is studied as well as their dependence on the conformation of the 
reactants. This leads to various parallel, closely related pathways in competition with the 
backside paths as discussed in Chapter 3. Also, the previously encountered triple-well 
potential energy surface is observed for asymmetric SN2@P reactions now too. Chapter 5 
covers reactions with multiple-atom substituents Me, OH and OMe. What is of particular 
interest is how in certain model reactions, the Walden inversion can, as opposed to the 
usual concerted motion, proceed in a stepwise fashion in which the individual substituents 
of the ‘umbrella’ flip, consecutively, from the reactant to the product conformation via 
separate barriers on the reaction profile. Furthermore, the changing nature of the 
pentavalent transition structure and the existence of configurationally different parallel 
reaction channels are discussed.  
 
 Up to here our study has been focused on reactions in the gas phase to reveal the 
intrinsic reactivity of these systems. In reality most chemistry takes place in solution, 
what is known to often change reaction profiles. In Chapter 6 we have studied how 
solvation affects the shape of the PES of the archetypal Cl-symmetric nucleophilic 
substitution reactions at carbon, silicon and phosphorus from Chapter 3. The main effect 
of solvation is to turn the PESes of the SN2@C but also of SN2@Si and SN2@P reactions 
into unimodal reaction profiles which lead from the reactants via one single barrier to the 
products. The results are discussed in terms of differential solvation of reactants and 
transition states. While solvation energy of transition states is in general weaker than the 
solvation energy of the reactants, variations in solvation energy of the transition state are 
found to be larger than those of the reactants, resulting in a change of trend compared to 
the gas-phase barriers. 
 In the final Chapter 7, the studied systems are increased with two additional phosphate 
groups to a biologically interesting triphosphate chain under attack by organic 
nucleophiles in solution. We address the effects on the PES of the degree of protonation 
of nucleophile and phosphate chain and how magnesium counterions influence these 
effects, inspired by suggested mechanisms for biologically relevant systems like the DNA 
replication. Addition of Mg2+ counterions turns out to be crucial when the triphosphate 
chain gets deprotonated. The negative charge in the chain as a result of the removal of 
protons, resulting in large SN2 reaction barriers, is effectively counteracted by the Mg2+ 



 

 

ions, lowering the barriers back to feasible heights. This study further reveals the 
generally favored situation of a deprotonated, charged nucleophile and how in these small 
systems Mg2+ ions are more effective when counteracting the negative charge in the chain 
as opposed to the charge of the nucleophile. All systems were found to have a labile 
central transition state for the SN2 attack. 
 
 Overall, this systematic exploration has lead to a better general understanding of SN2 
reaction barriers and profiles. Phosphorus is found to intrinsically have a single-well 
potential energy surface in SN2 reactions, which can adapt a variety of shapes with 
various numbers of barriers by altering nucleophile, leaving group, substituents and 
reaction conditions. This study shows that, under physiological conditions, SN2@P 
reactions proceed via a reaction profile with a central, labile transition state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


