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Abstract 

This chapter describes the general theoretical approach used throughout this thesis. 
Firstly, an overview is given of the underlying DFT quantum-mechanical approach 

and the computational details of the level of theory employed for the calculations. 

After this, the activation strain model is described, which is an analysis tool used ex-
tensively in all chapters of this thesis. Examples of the application of the activation 

strain model on oxidative insertion reactions are given, with an emphasis on best prac-

tices and the proper choice of a reaction coordinate. Finally, the PyFrag program is 
introduced; a small program that helps to easily perform a proper activation strain 

analysis along the reaction path. 
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2.1 Density Functional Theory 

Density functionally theory (DFT)40-42 is a widely used approach adopted in order to 

calculate the electronic structure, and thus energies and other properties, of chemical 
systems. The main advantage of the method lies in the fact that the calculations are 

relatively cheap, especially when compared to higher-level methods. A drawback is 

that it still has an approximation-based character, making the results inherently rela-
tively inaccurate. This thesis focuses on utilizing the calculations as a means to im-

prove our understanding of chemical processes and will therefore not treat the under-

lying computational methods in detail. What follows is a short introduction to the 
principles of DFT. There are of course many excellent textbooks to be found that 

provide far more thorough accounts.40-42 

The basis of DFT is the expression of the ground state energy as a function of the 
electron density: E = E[!]. Kohn and Sham developed a practical application of this 

theory. They postulated a reference system of N non-interacting electrons, moving in 

an effective potential. By construction, the density of this non-interacting system 
equals the real, interacting system. Thus, according to the Kohn-Sham theorem, the 

exact energy functional can be expressed as 

E[!(r )] = TS[!(r )] + Ene[!(r )] + EC[!(r )] + EXC[!(r )] (2.1) 

in which the exact electron density can be expressed as a linear combination of the 

Kohn-Sham orbital densities: 
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In equation 2.1, TS[!(r )] represents the kinetic energy of the electrons of the non-
interacting reference system. Ene[!(r )] is the electrostatic attraction between the elec-

trons and the nuclei, and EC[!(r )] is the classical Coulomb repulsion of the electron 

cloud with itself. EXC[!(r )] is the so-called exchange-correlation energy, which ac-
counts for the self-interaction correction, exchange and Coulomb correlation between 

electrons, but also includes a correction for the fact that TS[!(r )] differs from the exact 

kinetic energy T[!(r )]. 
The orbitals "i are obtained from the one-electron Kohn-Sham equations: 
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The Kohn-Sham potential vS(r ), which the reference electron experiences, com-

prises the attractive potential, vne(r ), of the nuclei and the classical Coulomb repulsion, 

vC[!(r )], with the electron density !(r ), as well as the self-interaction correction and all 
exchange correlation effects contained in the so-called exchange-correlation potential, 

vXC[!(r )]. The latter is not known exactly and is usually ‘simply’ defined as the func-

tional derivative of EXC[!] with respect to !. The terms vC and vXC actually depend on 
the density which they are meant to calculate. This issue is resolved by using the self-

consistent field (SCF) procedure in which a ‘guess’ of the density is made to calculate 

the potential v and solve the Kohn-Sham equations. This yields a set of orbitals !i 
from which a better density can be constructed using equation 2.2, which is used as a 

new ‘guess’ density. This scheme is repeated until the density converges compared to 

the previous iteration and this results in the Kohn-Sham orbitals for which the energy 
reaches its lowest value via equations 2.2 and 2.3. 

The exact form of the exchange-correlation potential, vXC[!(r )], is not known and a 

large number of approximations to this term have been developed. The main types of 
functionals that approximate the exchange-correlation potential are the local density 

approximation (LDA), generalized gradient approximation (GGA), meta-GGA, and 

hybrid DFT methods. Generally, the approximations used are simple denoted as 
‘functionals’ and usually carry short acronyms such as for example the BLYP (Becke-

Lee-Yang-Parr) functional that is used in this thesis.43-45 

2.2 Computational details 

All calculations in this thesis are based on density functional theory (DFT)40-42,46,47 and 

have been performed using the Amsterdam Density Functional (ADF) program.48,49 

The specific approach as outlined in the next couple of paragraphs has been validated 
for the palladium oxidation reactions by previous research in our group. Specifically, 

the BLYP functional (which is used throughout this thesis) was thoroughly bench-

marked against high-level coupled-cluster calculations and shown to be the best func-
tional for the type of reactions covered in this thesis.50-54 The limitations of using DFT 

are of course obvious, but it should be emphasized that this thesis does not aim to 

give quantitative exact numbers for the reaction paths described. The DFT method 
applied, however, does give us a reasonably accurate basis to discuss the trends in en-

ergies encountered in comparing different reactions. 

MOs were expanded in a large uncontracted set of Slater-type orbitals (STOs).55 

The basis is of triple-" quality and has been augmented with two sets of polarization 
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functions: 2p and 3d on hydrogen, 3d and 4f on carbon, nitrogen, oxygen, fluorine, 

chlorine, oxygen, and phosphorus, 4d and 4f on bromine, 5d and 4f on iodine, and 5p 

and 4f on palladium. The core shells of carbon, nitrogen, oxygen, and fluorine (1s), 
phosphorus and chlorine (up to 2p), bromine (up to 3p), iodine (up to 4p), and palla-

dium (up to 3d) were treated by the frozen-core approximation.56 An auxiliary set of s, 

p, d, f, and g STOs was used to fit the molecular density and to represent the Coulomb 
and exchange potentials accurately in each SCF cycle.57 

Geometries and energies were calculated using the generalized gradient approxima-

tion (GGA). Exchange is described by Slaters’ X# potential, with nonlocal corrections 
due to Becke.43,44 Correlation is treated in the Vosko-Wilk-Nusair (VWN) parameter-

ization using formula V,58 with nonlocal corrections due to Lee, Yang and Parr.45 This 

is the BLYP functional, where the local correlation (LDA VWN) is included in the 
LYP correlation functional. Scalar relativistic effects were taken into account by the 

zeroth-order regular approximation (ZORA).59-61 Taking into account the relativistic 

effects is important for the accuracy of the results, as demonstrated in earlier work.62 
All stationary points were additionally obtained (with complete geometrical optimiza-

tion) including water solvent effects by making use of the conductor-like screening 

model (COSMO),63-65 as implemented in the ADF program.66 Settings can be found in 
previous work.67 The activation strain analyses employed in this thesis (see the next 

section) can also be extended to incorporate these solvent effects.68 For some station-

ary points, the QUILD code was used, which is an advanced user option built in the 
ADF package.69 

Through vibrational analysis,70 all energy minima and transition state structures71 

were confirmed to be equilibrium structures (no imaginary frequencies) or a transition 
state (one imaginary frequency). The character of the normal mode associated with the 

imaginary frequency was analyzed to ensure that the correct transition state was 

found. Where computationally feasible, intrinsic reaction coordinate (IRC)72-76 calcula-
tions were performed to obtain the potential energy surfaces (PES) of the reactions. 

Otherwise, TV-IRC approximations (explained in paragraph 2.7) to the true IRC were 

made.77 Vibrational energy effects (in particular, zero-point vibrational energy) and 
entropy effects are generally not considered in this thesis. The values of these effects 

can be found in the supporting information of the articles that form the basis for this 

thesis. However they usually have only a small influence on the energies obtained and 
never change the trends in barriers. Where they are used, enthalpies at 298.15 K and 1 
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atmosphere ($H298) were calculated from electronic energies ($E) and our frequency 

computations using standard statistical-mechanics relationships for an ideal gas.78 

2.3 Activation strain model 

The activation strain model of chemical reactivity provides the ingredients required 

for a thorough understanding of chemical reactivity and trends therein in terms of the 

properties of the reactants.79,80 In the first place, it relates the height of the activation 
energy to the rigidity of the reactants and the geometrical deformation that is associ-

ated with (and characteristic for) the reaction pathway under consideration. This as-

pect of geometrical distortion (by definition destabilizing) is expressed in an energy 
term dubbed the strain energy. The second quantity in this model is related to the 

bonding capabilities and mutual (potentially destabilizing) interactions between the 

increasingly deformed reactants along the same pathway, as explained below. 
As indicated briefly above, 

the activation strain model is a 

fragment-based approach to 
understanding chemical reac-

tions and the associated barri-

ers. The starting point is the 
two separate reactants, which 

approach from infinity and be-

gin to interact. In the case of 
the oxidative insertion reaction 

mechanism, this embodies the 

substrate undergoing the bond 
addition, and a palladium catalytic complex that is oxidized during the process. As the 

reaction progresses the reactants increasingly deform each other in order to achieve 

the overall geometry in the activated complex. In this model, the activation energy 
$E‡ of the transition state (TS) is decomposed into the strain energy $E‡strain and the 

interaction energy $E‡int: 

$E‡ = $E‡strain + $E‡int = !E‡strain[sub] + !E‡strain[cat] + !E‡int (2.5) 

The activation strain $E‡strain is the energy associated with deforming the reactants 

from their equilibrium geometry into the geometry they acquire in the activated com-

plex. One can achieve this by simply calculating the electronic energy of the molecule 

 
Figure 2.1 Illustration of the activation strain model 
applied on oxidative insertion into the C–H bond. 
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in the deformed state, and comparing it to the equilibrium energy. The strain can be 

divided into a contribution stemming from the catalyst (!E‡strain[cat]) and the substrate 

(!E‡strain[sub]) in the case of catalytic bond activation. The TS interaction $E‡int is the 
actual interaction energy between the deformed reactants as they are brought together 

in the geometry they assume in the activated complex. 

The model can be extended to incorporate the entire reaction path (see Figure 
2.1).39,62,77,79,81-83 The decomposition of the energy $E(") into strain $Estrain(") and 

interaction $Eint(") is carried out along the reaction coordinate ", i.e., from reactants 

via TS to products. The reaction coordinate, ", is usually obtained as the intrinsic reac-
tion coordinate (IRC) calculation.72-76 The IRC method yields the minimum energy 

path connecting reactants and products via the paths of steepest descent from the 

associated transition state. The minimum energy path resulting from the IRC has been 
successfully used in many studies as a basis of reaction path analysis.84 This reaction 

path, or potential energy surface (PES)85, may then be projected onto a critical geo-

metrical parameter, such as the bond that is broken during a bond-activation process. 
For ADF, the PyFrag program was developed, which acts as a wrap-around for ADF 

and streamlines performing the activation-strain analysis on, among others, IRC calcu-

lations.86 More information on PyFrag can be found in section 2.8. 

 
Figure 2.2 Schematic illustration of activation strain analyses for arbitrary reactions A, B and 
C. (a) From reaction A to B, the interaction energy becomes more stabilizing, which lowers the 
TS (indicated by a dot) and shifts it towards the educt side, at the left. (b) From reaction A to 
C, the strain energy becomes more destabilizing, which raises the TS and shifts it towards the 
product side, at the right. 

The values of $E‡strain and $E‡int at the TS must be carefully interpreted, since the op-

timized TS structure is the result of a balance of the components $Estrain(#) and 
$Eint(#). Along the reaction coordinate, the strain $Estrain(#) increases, in general, be-

cause the substrate becomes increasingly deformed (see Figure 2.2). At the same time, 

the interaction $Eint(#) becomes more stabilizing in most cases. The net result is the 
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total energy profile !E(#) which achieves its maximum (i.e., the TS) at the point along 

the reaction coordinate where d$Estrain(#)/d# = -d$Eint(#)/d#. 

This highlights the importance of taking into account the behavior of the two 
components along the reaction coordinate, especially their slopes. A single-point 

analysis at the TS only, yields values that can be misleading, as can be seen from the 

activation strain diagrams in Figure 2.2. For example, going from reaction A to reac-
tion B in Figure 2.2a decreases the barrier. A single-point analysis at the respective TSs 

indicates that this is due to a lower activation strain, not because of a more stabilizing 

TS interaction. This suggests that the mutual bonding capability of the reactants in 
reaction B is reduced, but that the barrier is nevertheless lower because of a lower ri-

gidity or a less distortive character of the reaction as compared to reaction A. How-

ever, the more complete analysis in Figure 2.2a shows that this is obviously incorrect. 
The interaction !Eint of reaction B is more stabilizing at any given point along the reaction 

coordinate than !Eint of reaction A. The fact that this seems to be reversed in the single-

point analyses is because the TS structures of A and B occur at different locations 
along the reaction path. An equivalent reasoning also applies when going from reac-

tion A to reaction C (Figure 2.2b), where the interaction energy is similar along the 

entire path, an observation easily overlooked at the TSs only. This important issue is 
treated in more detail in section 2.5. 

Note that in the activation strain diagrams in Figure 2.2, all energy curves start, on 

the reactant side, at zero kcal mol–1. However, reactions often proceed from a reactant 
complex that is formed prior to traversing the transition state. Such a precursor com-

plex is then conveniently used as the starting point for the activation strain analysis. 

Therefore, in practice, the energy curves of an activation strain analysis start at a point 
in the diagram where the reaction coordinate # is already slightly larger than zero (re-

actant complex formation) and the reactants do already (weakly) interact and deform 

each other, i.e., $E(#), $Estrain(#), and $Eint(#) may already slightly deviate from zero 
(see for example Figure 2.6). 

The interaction !Eint between the deformed reactants can be further analyzed in 

the conceptual framework provided by the Kohn-Sham molecular orbital model.47 
Thus, !Eint(#) is further decomposed into three physically meaningful terms using a 

quantitative energy decomposition scheme developed by Ziegler and Rauk.87,88 Al-

though the decomposition into $Estrain(#), and $Eint(#) as described earlier can be per-
formed by any quantum mechanical computational program, this is not the case for 

the interaction energy decomposition analysis, which is only implemented in ADF. 
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!Eint(#) = !Velstat(#) + !EPauli(#) + !Eoi(#) (2.6) 

These three terms allow a thorough assessment of the interaction between the de-

formed reactants. The term !Velstat corresponds to the classical electrostatic interac-
tion between the unperturbed charge distributions of the deformed reactants and is 

usually attractive. The Pauli repulsion !EPauli comprises the destabilizing interactions 

between occupied orbitals and is responsible for the steric repulsion. The orbital in-
teraction !Eoi accounts for charge transfer (interaction between occupied orbitals on 

one moiety with unoccupied orbitals on the other, including the HOMO–LUMO in-

teractions) and polarization (empty–occupied orbital mixing on one fragment due to 
the presence of another fragment). The basis of this approach is, in essence, a molecu-

lar orbital approach using the (in principle exact) molecular orbitals that originate 

from the Kohn-Sham DFT calculations of the fragments. It is thus appropriate to 
view the interaction terms from this perspective, as schematically depicted in Figure 

2.3. For the description of the oxidative insertion process, especially the Pauli repul-

sion, donation, and back-donation terms are important. 

 
Figure 2.3 Schematic representation of a number of elementary types of 
interaction between fragments A and B in the Kohn–Sham MO model. 

In addition to studying reactions that proceed via energy barriers, the activation strain 

model can also be applied to simple, barrier-free bond formation reactions: A + B % 

A–B. The stability and length of emerging A–B bond are again a result of an interplay 
between stabilizing and destabilizing forces, very similar to the situation described 

above for the energy of the TS and its position along the reaction coordinate. Thus, 

the same precautions should be taken if one attempts to reveal the origin of the 
strength and length of bonds in stable molecules based solely on the basis of a single-

point analysis at the equilibrium geometry. It is always more complete (and often even 
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crucial) to carry out the analysis along the "reaction coordinate", i.e., as a function of 

the bond distance under consideration.89,90 Chapter 6 of this thesis deals with such 

analyses across a range of bonds. 
A note of caution lies in the analysis of these bond formation reactions, which in-

herently should use open-shell fragments if an electron-pair bond is formed. In the 

energy decomposition analysis, open-shell fragments are treated with the spin-
unrestricted formalism, but, for technical (not fundamental) reasons, spin polarization 

is not included. This error causes an electron-pair bond to become too strong in the 

order of a few kcal mol–1. This is the case in chapter 6 of this thesis. However, this 
small difference does not in any way affect the qualitative discussion concerning the 

values of the energy decomposition.  

Finally, the activation strain model has evolved from studying bimolecular reac-
tions. It can however also be applied to unimolecular processes, for example, the in-

ternal rotation of ethane91 and biphenyl.92 Note that, in the case of unimolecular reac-

tions, one has to make an explicit choice of fragments within the reorganizing species 
(e.g., the two methyl fragments that rotate with respect to each other in ethane) 

whereas for bimolecular reactions these fragments are by default the two reactants. 

2.4 Example of previous activation strain work 

The activation strain model has been 

thoroughly applied to the oxidative ad-

dition step in catalytic bond activation. 
1,2,39,62,68,82,83,93-98 In this section, an ex-

ample of the activation strain model to 

an oxidative insertion reaction is given, 
taken from earlier work on extending 

the activation strain model.83 

Oxidative insertion is essentially a (metal-mediated) bond-breaking process, where 
the strength of the bond is of obvious importance. The energy related to the bond 

breaking is reflected by the strain term of the substrate. The bond-breaking process is 

facilitated by a back-donation interaction of metal d orbitals into the empty !* anti-
bonding orbital of the activated bond in the substrate (see Figure 2.4). Another con-

tributing factor is the donation from the filled substrate’s ! bonding orbital into the 

empty 5s orbital on palladium. This donation further weakens the bond, but the effect 
of back-donation is usually the dominant factor. 

 
Figure 2.4 Schematic representation of back-
donation and donation in the insertion of 
bare palladium into the methane C–H bond. 

 



 

 24 

An interesting example of 

strain effects on the substrate 

is the insertion into the C–C 
bond in cyclopropane (see 

Figure 2.5). Compared to the 

C–C bond in ethane, one 
may expect a relatively easy 

insertion process due to the 

weak C–C bond in the highly 
strained ring system. Indeed, 

this insertion proceeds with-

out any barrier (except for a 
small barrier upon breaking 

free from the reactant complex prior to the insertion). This is a radical change com-

pared to the 18 kcal mol–1 barrier for the insertion into the ethane C–C bond. The 
activation strain model can straightforwardly show that this decrease in bond strength 

lowers the insertion barrier because of the lower strain energy term. 

 
Figure 2.6 Activation strain analyses for oxidative insertion of Pd into (a) the ethane C–C 
(dashed lines) and cyclopropane C–C bond (solid lines); (b) the ethane C–C (dashed lines) and 
methane C–H bond (solid lines). 

However, the activation strain analyses reveal more features responsible for the lower 

barrier. Besides the decrease in the strain energy, it appears that the strained system 

also allows for easier access of the palladium to the C–C bond. In the ethane oxidative 
insertion, the hydrogens on the methyl groups have to bend away in order to allow 

contact of palladium with the C–C bond. The interaction with the bond is thus greatly 

reduced due to steric shielding of the methyl groups. In cyclopropane this bending 
away of the hydrogens is already built into the geometry of the substrate, thus allow-

 
Figure 2.5 Schematic depiction of the oxidative insertion 
of palladium into the strained C–C bond in cyclopropane. 
Also shown are the TS structure of the ethane C–C inser-
tion, the cyclopropane insertion progressed to a compara-
ble C–C length, and the C–H insertion TS structure. 
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ing for stronger interaction early along the reaction path. Both effects can be clearly 

recognized in Figure 2.6a: both the strain and interaction terms are stabilized for oxi-

dative insertion into cyclopropane (solid lines) as compared to the situation for ethane 
(dashed lines). The geometries in Figure 2.5 also illustrate this behavior quite clearly. 

It is interesting to compare this with the corresponding oxidative insertion into the 

methane C–H bond, shown in Figure 2.6b. The methane C–H activation barrier is 
some 14 kcal mol–1 lower despite the fact that this bond is much stronger than the C–

C bond. The reason for the low C–H activation barrier is similar to that for the ethane 

C–C bond in cyclopropane: there is very little steric shielding on the side of the hy-
drogen, so interaction with the C–H bond proceeds easily, right from the beginning. 

At variance, the C–C bond is shielded on both ends by the methyl groups which pre-

vent the palladium atom to approach and "electronically touch" the C–C bond for 
some time.32,99 Only after the C–C bond has been sufficiently elongated and the 

methyl groups have tilted away, there is room for the metal atom to come closer and 

build up overlap between its d orbitals and the $*C–C acceptor orbital. The initial delay 
in metal–substrate interaction !Eint in the case of the ethane C–C activation can be 

clearly seen in Figure 2.6b: compare green dashed (C–C) and green solid (C–H) 

curves. 

2.5 Proper analysis along the reaction coordinate 

The basis of the activation strain model is simple and appealing, and the result of an 

analysis can give clear and simple insights. With the help of the PyFrag program (sec-
tion 2.8), it is easy to quickly apply analyses to a large number of reaction paths. How-

ever, one still has to be careful when performing an activation strain analysis, espe-

cially when the location along the reaction path becomes an issue. 
It is important not to take the results of an analysis of a stationary point such as 

the TS at face value, as expressed in Figure 2.7. Furthermore, even along the entire 

reaction path one most be careful not to over-interpret the numerical results obtained 
from an ‘as it is’ analysis. The fact is that there will always be some geometrical relaxa-

tion effects that can differ between two different reactions, which can change the re-

sult of the analysis. This is related to the fact that, at each point on the reaction pro-
file, the geometry is the result of a balance of opposing forces. And this balance can 

differ within a set of interacting systems. For example, larger steric interactions can 

push two molecular moieties apart, which can counter-intuitively lead to a case where 
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the actual Pauli repulsion between the moieties is smaller, due to the more pro-

nounced separation of the moieties. 

 
Figure 2.7 Schematic illustration of an activation strain analysis; the energy profile $E of 
two arbitrary reactions is decomposed along reaction coordinate " into the strain energy 
$Estrain of the increasingly deformed reactants plus the interaction energy $Eint between 
these reactants. The strain curves for the two reactions are identical. The fact that the 
PES and the transition state (indicated with a bullet) of the reaction represented with the 
red curves is higher than those of the reaction with the black curves is, in this example, 
entirely due to the weaker interaction in the case of the former. However, decomposition 
in the TSs alone would erroneously suggest the opposite (see dashed lines). 

To circumvent the above problem, one can perform additional analyses with fixed 

geometries. Using this method, which is applied throughout this thesis, one can elimi-

nate the changing geometrical effects and focus on the exact differences between the 
substrates or catalysts. After this step, which provides important insights, one can re-

turn back to the full reaction path analyses, which then becomes more understand-

able.  
We have treated the aspect of geometrical relaxation in activation strain analyses in 

detail in a response to a paper by Fernández, Frenking and Uggerud.100-102 In this pa-

per100 they conclude that not steric hindrance but reduced electrostatic attraction and 
reduced orbital interactions are responsible for the SN2 barrier, in particular in the case 

of more highly substituted substrates, e.g., F– + C(CH3)3F. We disagree with this con-

clusion, which is the result of neglecting geometry relaxation processes that are in-
duced by increased Pauli repulsion in the sterically congested SN2 transition state.101 

Although these analyses do not focus on the oxidative insertion mechanism, the fol-

lowing hopefully will be an enlightening example of the potential pitfalls related to 
neglecting geometrical relaxation processes. 
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The paper in question proclaims the "Myths of steric hindrance" in connection 

with the reaction barrier associated with SN2 substitution, i.e., X– + CH3Y % XCH3 + 

Y–. Based on energy decomposition analysis of several SN2 potential energy surfaces, 
FFU arrive at a new interpretation of the factors that govern the course of these reac-

tions. In particular, they conclude that "In contrast with current opinion, energy decomposition 

analysis shows that the presence of bulky substituents at carbon leads to the release of steric repulsion 

in the transition state. [...] It is rather the weakening of the electrostatic attraction, and in particular 

the loss of attractive orbital interactions, that are responsible for the activation barrier." This con-

clusion of FFU is somewhat misleading since the geometrical relaxation processes 
were not considered. The latter are induced by an increasing steric (Pauli) repulsion, 

between nucleophile and substituents at the substrate, as the SN2 reaction proceeds 

towards the sterically crowded, five-coordinate transition state. It is therefore crucial 
to be aware that the overall effect of steric hindrance (e.g., in equilibrium structures 

and in transition states) is contained not only in the steric or Pauli repulsion term but 

also in the changes in other energy terms that are caused by the aforementioned geo-
metric relaxation processes. 

In the first place, we have a look at the results of FFU.100 They have partitioned 

the SN2 reaction system into a dianionic fragment consisting of the nucleophile and 
the leaving group, [X---Y]2–, plus a fragment consisting of the central CH3+ cation, 

and then analyze the interaction !Eint between these fragments along the SN2 reaction 

coordinate. The work of FFU concludes with the observation that in the SN2 transi-
tion state the interaction between [X---Y]2– and CH3+ has become less stabilizing be-

cause electrostatic attraction and bonding orbital interactions have become less stabi-

lizing, not because the steric (Pauli) repulsion has become more destabilizing.  
Although this observation is as such correct, it does, at variance to the interpreta-

tion of FFU, not imply a minor role for (let alone the absence of) steric hindrance. On 

the contrary, the observed behavior of the energy terms is the direct consequence of 
increased steric congestion in the five-coordinate SN2 transition state. In that connec-

tion, we must ask the question, not addressed by FFU, why the Pauli repulsion de-

creases in the SN2 transition state. After all, the latter is sterically more congested (five-
coordinate C) than the reactant (four-coordinate C). All previous analyses103-105 point 

to the same conclusion: in the SN2 transition state [X-CH3-Y]–, the five substituents 

around carbon are in direct steric contact. Pushing these substituents in a numerical 
experiment further together leads to a sharp increase in steric repulsion. Or, putting it 

the other way around, if the substituents are constrained to preserve the somewhat 
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shorter bond distances of the four-coordinate CH3Y fragment while simultaneously 

forcing the reaction system of X– + CH3Y along its SN2 reaction coordinate, there is a 

enormous increase of the total energy and thus the reaction barrier because of a truly 
dramatic increase of the steric (Pauli) repulsion. 

 
Figure 2.8 Analyses of the potential energy surfaces, !!E, for the SN2 reactions of F– + CH3F 
(blue curves) and F– + C(CH3)3F (red curves) along the internal reaction coordinate (a, b) and 
along a constrained reaction coordinate (c, d) projected onto the nucleophile F––C distance, 
using the partitioning of FFU into an F22– fragment interacting with a CR3+ fragment. Energies 
are computed at OLYP/TZ2P relative to the situation of separate reactants. 

The earlier results are based on two ways of partitioning the reaction system: (i) into 
the original reactants;103,105 and (ii) into the central atom plus the ("box" of) five sub-

stituents.104 The former approach is the activation strain model, which is particularly 

intuitive as it relates all energy changes along the reaction coordinate directly to the 
original reactants, i.e., without using an external standard. But also if we use the 

aforementioned partitioning of FFU into one dianionic fragment [X---Y]2–, consisting 

of both the nucleophile and leaving group, plus the cation CH3+, we arrive at the same 
result. To this end, we have carried out new analyses at OLYP/TZ2P for two of the 
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reactions of FFU, namely, F– + CH3F and F– + C(CH3)3F, using the same approach as 

FFU (see Figure 2.8). Thus we follow the energy !E along the reaction coordinate 

given as $E = $Eint + $Estrain = $Eint + $Estrain(F22-) + $Estrain(CR3+), where $Eint is 
the interaction between F22- and CR3+ (R = H, Me),  $Estrain(F22-) is the repulsive inter-

action between F– and F–, and $Estrain(CR3+) is the deformation energy of CR3+ rela-

tive to the planar equilibrium geometry of this cation. 
In Figure 2.8, energies are displayed along the SN2 reaction path (constructed by a 

series of optimizations at constrained nucleophile–carbon distances) projected onto 

the separation r(F––C) between nucleophile F– and substrate CR3F; these energies are 
taken relative to the situation of infinite separation. As we can see in Figure 2.8a, the 

reaction profile !!E of F– + C(CH3)3F (red curves) features a somewhat deeper well 

for the reactant complex and a clearly higher barrier associated with reaching the tran-
sition state, as compared to that of F– + CH3F (blue curves; see Figure 2.8a). Note 

that the correct value and shape of !!E differs from the interaction !$Eint because 

the strain terms are not zero and have the effect of somewhat reducing the barrier 
height. Nevertheless, it is the interaction !$Eint that sets the trend for !!E and 

causes a reaction barrier to occur. And the energy decomposition, in Figure 2.8b, re-

veals that !$Eint becomes less stabilizing near the transition state because the electro-
static attraction !!Velstat and orbital interaction !!Eoi get less stabilizing, not because 

of reduced Pauli repulsion !!EPauli that indeed becomes less repulsive. This is also 

what FFU have found. 
But why is Pauli repulsion reduced as a fifth substituent is approaching the central 

carbon atom? The answer is that there is in fact more Pauli repulsion at any given ge-

ometry of the substrate as the nucleophile is approaching. However, the substrate 
CR3F reacts to the approach of this fifth substituent F– through geometrical relaxation 

processes [mainly planarization of CR3 and C–F(leaving group) bond lengthening] 

which relieve this steric (Pauli) repulsion. Thus, a new equilibrium between repulsive 
and attractive forces (or energy components) is achieved in which the Pauli repulsion 

!EPauli drops even below its value in the isolated substrate. Note that this occurs at the 

expense of making the attractive terms !Velstat and !Eoi less stabilizing. The observed 
weakening of the latter two is thus also a consequence of the geometric relaxation [in 

particular, the carbon–F(leaving group) bond lengthening] induced by the initially in-

creased Pauli repulsion. The result is that !!E is less destabilized than without such 
geometric relaxation but it is still higher in energy than in the absence of the nucleo-

phile. Very recently, Schwarz and co-workers published an excellent discussion of this, 
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may be somewhat counterintuitive but quite general phenomenon that increasing the 

repulsion (or another parameter) in an equilibrium system may shift the equilibrium to 

a new situation in which this repulsion (or other parameter) adopts a smaller 
value.106,107 

The above picture emerges from numerical experiments and analyses in which we 

artificially suppress the geometric relaxation of the substrate which then retains the 
equilibrium of isolated CR3F during the approach of the nucleophile (see Figure 2.8c). 

Under these circumstances, the Pauli repulsion !!EPauli steadily increases as the nu-

cleophile F– approaches, and it "explodes" near the transition state. At the same time, 
the electrostatic attraction and bonding orbital interactions become more stabilizing, 

in particular close to the transition state. Note that these are the exact opposite trends 

if compared to the systems following the regular (unconstrained) SN2 reaction paths 
(see Figure 2.8b). The reason is that by suppressing geometric relaxation, the C–R 

groups cannot bend away anymore and the leaving group cannot begin to leave a little 

in the transition state, leading to very close contacts and thus high Pauli repulsion. As 
a result, the corresponding constrained reaction profiles show dramatically increased 

fictitious barriers if compared to the unconstrained reaction profiles (compare Figure 

2.8d with Figure 2.8a). 
In this section we have shown that increased steric congestion around the five-

coordinate central atom causes the barrier in the SN2 reaction of F– + CR3F. There is 

more Pauli repulsion at any given geometry of the substrate if the fifth substituent 
(i.e., the nucleophile) approaches. Importantly, however, this increased Pauli repulsion 

causes the system to geometrically relax toward a new equilibrium between bonding 

and repulsive forces at which the Pauli repulsion is eventually less than in the original 
reactants, although at the expense of reduced electrostatic attraction and orbital inter-

action. The latter behavior should always be included to arrive at a physical under-

standing of the final emerging values of the decomposition analysis. Because of this, it 
is often necessary to include this type of ‘fictitious’ analysis presented in this section 

(and use throughout this thesis) to come to a full, complete picture and to explain why 

it adopts a particular equilibrium geometry. The final response by FFU102 explicitly 
argues against the inclusion of this type of analysis; we think the reasons stated here 

convincingly show their vital importance in the full activation strain analysis.  
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2.6 Choosing the reaction coordinate 

It is of vital importance to choose the right reaction coordinate, on which to plot the 

results of the energy decomposition analysis as the reaction progresses. The choice of 
reaction coordinate, for any type of reaction, is critical for zooming in on the impor-

tant stage of the reaction and for revealing the origin of trends along series of reac-

tions. Some criteria for a good reaction coordinate are: (i) a large amplitude in coordi-
nates that define the overall reaction, e.g., the C–X bond into which a metal oxida-

tively inserts; (ii) a large amplitude in the transition vector, i.e., the normal mode asso-

ciated with a negative force constant that leads from the TS to the steepest descent 
paths; and (iii) preservation of this amplitude over a sufficiently long interval along the 

reaction path before and after the TS. In the case of the oxidative additions, the opti-

mal choice is, as mentioned before, the C–X bond stretch of the activated bond in the 
substrate. In the following section we will put our choice of the reaction coordinate 

on a more solid basis by examining three perspectives on the reaction profiles (see 

Figure 2.9): (a) the IRC itself; (b, c) two different projections of the IRC on simple 
geometry parameters. In all cases, the reaction profiles run from the reactant complex 

at the left to the product at the right. The substrates used here, ethane C–C bonds 

with an increasing number of methyl group substituents, will be examined in more 
detail in Chapter 5. 

 
Figure 2.9 Comparison of three reaction coordinates for representing the PES of the oxida-
tive insertion (OxIn) of Pd into the central C–C bond of ethane (black, eth), propane (blue, 
prop), methylpropane (red, mp) and dimethylpropane (green, dmp): (a) IRC distance (mass-
weighted a.u.) starting from the reactant complex; (b) bond angle C–Pd–C (in degrees); (c) C–
C bond stretch relative to substrate (in Å). 

In Figure 2.9a, the reaction profiles are plotted as functions of the IRC itself as the 
reaction coordinate. Note that we display the progress of the reaction relative to the 

reactant complex (RC) and not, as is often done, relative to the transition state which 

technically is the starting point of an IRC calculation. The reason is that for our pur-
pose, namely, understanding the progress of a reaction and the height of the barrier in 
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terms of the reactants, it is essential to take these reactants or the precursor complex 

as the point of reference. The reaction profiles based on the IRC as the reaction coor-

dinate vary rather chaotically from one reaction to the other. This behavior can be 
explained by the geometry changes along the reaction path. For example, in the case 

of propane, the TS peak is shifted towards the product side, i.e., to a higher value of 

the reaction coordinate. The origin of this apparent "irregularity" is that one methyl 
group rotates freely over large parts of the reaction, thus creating a large coordinate 

distance in the IRC while influencing the total energy only very little. This also illus-

trates the main problem: the IRC traces all movements of all the nuclei in the reaction 
whether this is intrinsic to the actual process of bond breaking and insertion or just a 

derivative of the latter. Although there is some information to be gathered from these 

graphs they are not really suitable to catch (the trends in) the essence of the various 
reactions. A more detailed discussion of this issue can be found elsewhere.108 

Next, in our quest for reaction coordinates that uncover the systematic trends in 

the oxidative insertion process, we examine projections of the IRC onto simple ge-
ometry parameters. We recall that the reaction coordinate should have significant am-

plitude in (and correlate with) the IRC-defined reaction path, such that it is a reliable 

measure of the progress of the reaction. Also, the reaction coordinate should provide 
us with insight into when and how the underlying features in the electronic structure 

(e.g., metal–substrate donation and back-donation orbital interactions) are active and 

decisive in determining the shape of the PES, in particular, the geometry of the TS 
and its energy. Two geometry parameters emerge as good candidates for a reaction 

coordinate: (i) the C–Pd–C angle which increases as palladium approaches and the C–

C bond expands; and (ii) (the stretch in) the C–C distance. This is of course not en-
tirely unexpected in view of the fact that: (i) the C–C bond breaking is an essential 

geometrical deformation which defines the oxidative insertion reaction; and (ii) the C–

Pd–C angle strongly correlates with the C–C distance on a large part of the PES. 
Figure 2.9b shows the reaction profile as a function of the C–Pd–C angle as the 

reaction coordinate. It is immediately clear that the resulting reaction profiles (Figure 

2.9b) behave much more systematically than in the previous representation. From eth-
ane to propane to methylpropane, there is a systematic and gradual change in the reac-

tion profiles: they all start more or less at the same point but become higher in energy 

along this series. Furthermore, the TS shifts stepwise to the right, i.e., to the product 
side. But the reaction profile for dimethylpropane is different, in particular at lower 

bond angles or, in other words, near the reactant complex. This is because palladium 
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coordinates in a %3 manner to the C–H bonds of three different methyl groups of di-

methylpropane, as compared to the %2 coordination with ethane (see Figure 2.10), 

such that it is from the beginning closer to the C–C bond into which it inserts. There-
fore, it has to reorient (and "travel") less in order to reach the TS, as can also be seen 

in the reaction profile based directly on the IRC as the reaction coordinate (see Figure 

2.9a). The C–Pd–C bond angle is a reaction coordinate that magnifies differences in 
the reactant-complex region, i.e., in early stages of the reaction. The height of the bar-

rier is however determined beyond the RC, at a more advanced stage of the reaction. 

Figure 2.9c shows the reaction profile as a function of the C–C bond stretch (rela-
tive to the reactants) as the reaction coordinate. The reaction profiles vary very sys-

tematically from one reaction to another one. Now, they all start at the same point (in 

the reactants, the C–C bond is not yet stretched) and there is both a systematic in-
crease in barrier height and a systematic shift to the right of the transition states. The 

systematic increase in energy and position along the C–C reaction coordinate is inti-

mately connected with how the strain energy of the substrate varies and how the 
bonding capabilities of the substrate with the metal evolve. This has been previously 

pointed out in an Activation Strain analysis of C–H and C–C bond activation, and 

explains the very systematic and smooth change in reaction profiles along the four 
reactions. A more detailed examination of the geometrical changes along the C–C re-

action coordinate shows that this reaction coordinate magnifies the region along the 

IRC reaction path where the TS is located, i.e., where the height of the barrier is de-
termined, whereas the very early stage near the RC is more compressed. This is due to 

the fact that during the first part of the reaction, the C–C bond does not change 

much, whilst the geometry of the reactant complex can change significantly due to 
migration of the metal from the optimal coordination site towards the point where it 

starts to insert into the C–C bond. 

Next, we compare the oxida-
tive insertion reactions of palla-

dium into the C–H, C–C, C–F, 

and C–Cl bonds in methane, eth-
ane, fluoromethane and chloro-

methane, respectively.  The result-

ing PESes are again displayed as a 
function of the IRC as well as pro-

jections thereof onto the C–Pd–X 

 
Figure 2.10 %2 and %3 coordination in reactant 
complexes of Pd with ethane and dimethylpropane. 
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angle and onto the C–X bond stretch relative to the reactant complex (see Figure 

2.11). In addition to the energy of the reaction system (i.e., the PES), we plot here also 

the VDD atomic charge109 of palladium and the population of the substrate's C–X 
anti-bonding $*C–X acceptor orbital that becomes occupied in the course of the reac-

tion. 

 
Figure 2.11 Comparison of three reaction coordinates for representing the PES and other 
properties of the oxidative insertion of Pd into the methane C–H (black), ethane C–C (blue), 
fluoromethane C–F (green) and chloromethane C–Cl bonds (red): (a, b, c) IRC distance (mass-
weighted a.u.) starting from the reactant complex; (d, e, f) bond angle C–Pd–X (in degrees); (g, 
h, i) C–X bond stretch relative to substrate (in Å). The plots show: (a, d, g) the PES; (b, e, h) 
the population of the &*C–X anti-bonding LUMO; (c, f, i) VDD charge on the Pd atom. 

The two main features in the metal–substrate bonding mechanism are, as has been 
briefly mentioned above: (i) the back-donation of charge from the palladium 4d orbital 

into the $*C–X anti-bonding orbital of the C–X bond that is being broken; and (ii) the 

donation of the $C–X bonding orbital into the 5s orbital of palladium. Charge transfer 
and orbital populations are consequently quantities that are associated with the extent 

of progress of the oxidative insertion reaction on the level of the electronic structure. 

The increasing population of the anti-bonding orbital shows in essence the bond 
breaking process. All these quantities are in the first place dependent on the (stretch 

in) C–X distance in the substrate. This is nicely illustrated in Figure 2.11 which shows 

plots of palladium VDD atomic charges and $*C–X anti-bonding orbital populations 
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for each of the reaction coordinates. It is easily seen that the C–X bond stretch allows 

us to represent the bond breaking process in the most smooth and consistent manner 

(see Figure 2.11g-i). Choosing the IRC on the horizontal axis again leads to more cha-
otic variation along the different C–X bonds because the progress of the reaction, i.e., 

the way in which the energy, atomic charge and orbital population change, is directly 

linked to the C–X stretch and not to all the other geometry parameters that contribute 
to the IRC (see Figure 2.11a-c). The C–Pd–X bond angle yields again a more smooth 

description (see Figure 2.11d-f) but the systematics of the bonding mechanisms un-

derlying the reaction in progress come out best in the plots that are based on the C–X 
stretch. 

Furthermore, the C–X bond stretch is the main (but not the only!) determinant for 

the strain energy !Estrain(#) of the increasingly deformed substrate. Together with the 
metal–substrate interaction !Eint(#), this determines the reaction profile or potential 

energy surface !E(#) = !Estrain(#) + !Eint(#) along the reaction coordinate #. Thus, 

the C–X stretch emerges as the optimal choice for representing the reaction profile 
and underlying features in the electronic structure for oxidative insertion reactions. 

2.7 Transition vector as approximation to IRC 

Vibrational analysis reveals that, for the oxidative insertion reactions the bond stretch-
ing (for example the C–C stretch) also has a large amplitude in the transition vector of 

our oxidative insertion reactions, i.e., the normal mode associated with a negative 

force constant that leads from the saddle point to the steepest descent paths. Thus, 
for very large model reaction systems for which IRC calculations become prohibitively 

expensive (or just impossible), following the path defined by the transition vector 

(TV) may be used as an approximation of that IRC in the region "around the TS". In 
fact, we find that the TV path approximates the IRC path very well over a sufficiently 

long interval to be useful for representing and analyzing the reaction profile of our 

oxidative insertion reactions. Numerical experiments shows that the reaction profile 
of oxidative insertion reactions (as function of the C–C stretch and the C–Pd–C angle 

as the reaction coordinates) generated on the basis of the TV essentially coincides 

with that generated on the basis of the full IRC over an interval of about 0.5 Å of the 
C–C reaction coordinate around the TS (see Figure 2.12a and Figure 2.12b). We des-

ignate this procedure as the TV-IRC approximation. Since TV-IRC calculations typi-

cally require around ten single point calculations only, the computational cost is dra-
matically decreased as compared to the corresponding partial IRC (let alone a full 
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IRC), which would then require several constrained geometry optimizations in a stage 

of the reaction that goes with relatively strong structural reorganization on a shallow 

saddle region of the PES. 

 
Figure 2.12 Comparison of reaction profiles based on the IRC (black/blue, full curves) and 
TV-IRC (red, partial curves): (a) OxIn of Pd + ethane with C–Pd–C angle as reaction coordi-
nate; (b) OxIn of Pd + ethane with C–C stretch as reaction coordinate; (c) SN2 reactions of Cl– 
+ CH3Cl and Cl– + CH3CH2Cl with the C–Cl stretch as reaction coordinate; (d) oxidative in-
sertion versus SN2 mechanism for OxIn of Pd + CH3Cl (note the breakdown of the TV-IRC 
approximation in the case of the latter SN2 mechanism; see text). 

Interestingly, the TV-IRC reaction profile agrees over a longer interval with the IRC 

reaction profile if it is represented as a function of the C–C stretch (agreement over 
roughly one third of the entire reaction interval!) than if it is represented as a function 

of the C–Pd–C angle (agreement over roughly one fifth of the entire reaction interval, 

compare Figure 2.12a with Figure 2.12b). This is consistent with the fact that the C–C 
stretch plays a more important role near the TS and that the reaction profile as a func-

tion of this reaction coordinate zooms in on the region around the TS. This makes the 

TV-IRC approach very useful to do a relatively quick and computationally easy analy-
sis on the most important part of the reaction path. Also, in this way one can use this 

part of the reaction path for activation strain analyses. This eliminates the difficulties 
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of the changes of the position of TS along the reaction coordinate, when an entire 

IRC calculation is not feasible. 

We have also tested the TV-IRC approximation for other classes of reactions. In 
Figure 2.12c, we show the reaction profiles for the SN2 reactions of Cl– + CH3Cl and 

Cl– + CH3CH2Cl as functions of the C–Cl (i.e., carbon–leaving group) stretch. Again, 

the TV-IRC-based reaction profiles coincide with the IRC-based ones over a range of 
some 0.5 Å of the reaction coordinate, that is, roughly one third of the entire reaction 

interval. 

Finally, we also wish to stress the situations in which the TV-IRC approximation 
breaks down. This happens whenever the character of the geometrical deformations 

changes quickly and/or drastically along the reaction path. Typically, this happens 

when different elementary steps merge into one reaction step. An example is the al-
ternative SN2 mechanism for oxidative addition of Pd + CH3Cl. For the oxidative in-

sertion mechanism, as can be seen in Figure 2.12d, the TV-IRC-based reaction profile 

again nicely coincides with the IRC-based one. At variance, for the alternative SN2 
mechanism, the TV-IRC-based reaction profile is valid only in very narrow interval 

around the TS. The reason is that the TV is mainly the migratory movement of the 

expelled chloride leaving group that is hydrogen bonding to one of the C–H bonds.83 
But just before this TS, there is a real SN2 stage in which the IRC has a large compo-

nent of the characteristic Pd–C–Cl asymmetric stretch in combination with the methyl 

umbrella mode while directly after the TS, the SN2 reaction path merges into the regu-
lar oxidative insertion path. 

2.8 PyFrag: streamlining your reaction path analysis! 

PyFrag86 is a program designed to make the 
analysis of a PES with the Amsterdam Density 

Functional (ADF) package more user-friendly 

by performing and bringing together all the 
above-mentioned ADF calculations, for each 

point on the grid of geometries associated with 

the PES, in combination with extracting, inte-
grating and post processing the relevant in-

formation. Thus, PyFrag de facto extends the 

fragment-orientated energy decomposition 
analysis as implemented in the ADF package 



 

 38 

from treating single-points to examining entire potential energy surfaces. The program 

is written in the popular and highly portable Python programming language. The 

name PyFrag is derived from Python and Fragment analysis. 
PyFrag is intended as a ‘‘wrap-around’’ for ADF to facilitate fragment analysis cal-

culations along a set of geometry points. It is controlled by an ADF input file aug-

mented with extra statements understandable by PyFrag. The ADF input script is then 
used as a basis to construct and execute the necessary ADF calculations. The desired 

molecular coordinates can be read from the result files of intrinsic reaction coordinate 

(IRC) or (one- or multidimensional) linear transit (LT) calculations. But, reading Car-
tesian coordinates from an xyz-file containing a series of multiple geometrical struc-

tures is also possible, which can be useful in order to scan a multidimensional PES in 

a series of single point calculations. PyFrag can also generate a series of single-point 
calculations by introducing variable coordinates within a chosen molecular geometry. 

The latter facilitates a quick scan and analysis (!) of the PES along one or more coor-

dinates. This was, for example, done in the bonding analyses of chapter 6. 
As might be clear, a lot of information can be extracted from the ADF fragment 

analysis calculations, the principle data being often the energy decomposition terms. 

These terms will be printed by default into a text-data file. Optional data can be 
printed for each point along the PES, such as atomic charges,109 orbital populations, 

orbital energies, and orbital overlaps. All these quantities can be valuable when trying 

to understand the behavior of a PES, especially if their behavior as a function of the 
reaction coordinate is important, which makes the transparent way in which PyFrag 

structures this data very attractive. The data file can be very easily used in various data 

plotting programs. 
Python is a powerful and highly transferable script language and running PyFrag 

on various operating systems is easily achieved (given that there is a local copy of the 

ADF-package present, of course). Besides Python, no extra modules or programs 
need to be installed to run PyFrag. The output generated by PyFrag can be easily im-

ported into programs such as Excel. It is also possible to generate a file that can be 

read by gnuplot, an often-used and free data-plotting program. The program, released 
as PyFrag2007.01, is freely available. The distribution includes the Python source 

code, documentation and some example scripts and can be downloaded from 

http://www.few.vu.nl/~bickel. 
 


