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The objective of this thesis involves the rational design of efficient and selective iron 

catalysts in cross-coupling reactions. Cross-coupling reactions are widely used in industrial 

applications, such as for the production of fine chemicals and pharmaceuticals. With increasing 

demands for environmentally friendly and cheaper alternatives to the commonly used 

palladium and nickel catalysts, several alternative metals have been evaluated. Among these, 

earth-abundant iron catalysts have proven effective for driving many catalytic transformations 

and, as such, have experienced somewhat of a revival in recent times. Admittedly so, the 

mechanistic picture behind iron-catalyzed cross-coupling reactions is still not entirely 

understood. The number of effective iron catalysts is still relatively small and the scope of 

application is rather limited, at variance with palladium-based catalysts. 

Our computational approach employed through this thesis makes use of the Activation 

Strain Model of chemical reactivity (ASM) based on Density Functional Theory (DFT) 

calculations with the ADF program. The ASM is a fragment-based approach that characterizes 

reactions in terms of simple and intuitive concepts such as the effect of geometrical 

deformations of the reactants and various interaction terms due to changes in the electronic 

structure along the reaction path. This model allows us to analyze the behavior along the 

reaction path, from the perspective of the original reactants. The total energy of a particular 

chemical reaction can be decomposed into contributions from the deformation of the reactants 

(the strain energy) and their mutual interaction (the interaction energy). Analysis of the strain 

and interaction terms along the entire potential energy surface is essential 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. 

Our work, based on the strategy known as Fragment-oriented Design of Catalysts 

(FDC), allows for the construction of catalysts in a stepwise fashion from its functional 

fragments. Based on this strategy, we have firstly compared the characteristic differences 

between simple palladium (Pd) and iron (Fe) model catalysts to understand and rationalize why 

Pd dominates in the field of cross-coupling reactions. Following this, we have employed 

different techniques to mimic the behavior of Pd for Fe-based catalysts in the cross-coupling 

reactions, such as constraining the bite angle with dentate ligands to reduce the stain energy 

and enhancing orbital interactions by tailoring the ligands. In order to improve the efficiency 

of the high-throughput screening of possible catalyst candidates, we have developed the PyFrag 

2019 program. This Python- based program facilitates the automated exploration and analysis 



reaction mechanisms, which is essential for the rational design of new catalysts. 

Thus, after an introduction to the research subject under analysis in Chapter 1 and a 

brief overview in Chapter 2 of the main theoretical methods used, in Chapter 3, we detail our 

quantum chemical exploration into arylic carbon–substituent bond activation via oxidative 

insertion of a palladium catalyst in C6H5X + PdLn model systems (X = H, Cl, CH3; Ln = 

no ligand, PH3, (PH3)2, PH2C2H4PH2). We find that arylic C–X bond activation proceeds 

consistently via lower reaction barriers than the corresponding processes for aliphatic C–X 

bonds. However, trends along bonds or upon variation of ligands are similar. Thus, bond 

activation barriers increase along C–Cl < C–H < C–C and also along Pd < Pd(PH3) or 

Pd(PH2C2H4PH2) < Pd(PH3)2. Activation strain analyses show that the lower reaction barrier 

for arylic as compared to aliphatic C–X bond activation is caused by a stronger, more stabilizing 

catalyst–substrate interaction for the former which can be traced back from more stabilizing 

orbital interactions assisted by stronger electrostatic attraction. The more stabilizing orbital 

interactions originate from a smaller HOMO–LUMO gap because arylic sC–X orbitals are in 

general at lower energy than their aliphatic counterpart. 

In Chapter 4 elucidate the differences between Fe and Pd in cross-coupling reactions. To 

that end, we have systematically explored C–X bond activation via oxidative addition of CH3X 

substrates (X = H, Cl, CH3) to model catalysts mFe(CO)4q (q = 0, –2; m = singlet, triplet) 

and, for comparison, Pd(PH3)2 and Pd(CO)2. We found that closed-shell iron-d8 complexes can 

be excellent candidates for replacing the more classical palladium-d10 systems in catalytic 

cross-coupling reactions. Our proof-of-concept quantum chemical investigation shows that a 

simple model system such as Fe(CO)4 has access to viable, non-radical pathways for C–X bond 

activation that closely mimic the oxidative-addition pathways of PdL2 complexes. The full 

catalytic cycles associated with the cross coupling of chloromethane with the Grignard reagent 

methylmagnesiumchloride catalyzed by our model iron-based catalyst, Fe(PH3)4, and a 

prototypical palladium catalyst, Pd(PH3)2, exhibit similar qualitative features, thus justifying 

the use of the generic Fe(PH3)4 catalyst for our current investigations. Interestingly, the 

oxidative addition is the rate determining step for Pd(PH3)2, while the reductive elimination 

step plays a more important role for Fe(PH3)4. In fact, Fe(CO)4 is even slightly more active in 

closed-shell (i.e., singlet-state) activation of representative C–X bonds than archetypal PdL2 

complexes. There are two major reasons for the good performance of 1Fe(CO)4. One is that 

FeL4 complexes, such as singlet 1Fe(CO)4, have an incomplete valence d8 shell. Consequently, 

they do not only have a high-energy dπ HOMO for effective π-backdonation to the s*C–X 



LUMO of the substrate, a feature they share with the d10-complexes of palladium. In addition, 

the iron complexes possess an empty 3ds orbital, which is at relatively low energy as compared 

to the empty 5s-derived LUMO of palladium systems. This low-energy ds LUMO of the iron 

complex can enter into a stronger, more stabilizing orbital interaction with the occupied sC–X 

orbital of the substrate resulting in a lower reaction barrier. A second reason for the good 

performance of 1Fe(CO)4 is that 1FeL4 complexes adopt the geometry of a "trigonal bipyramid 

missing one equatorial ligand". This gap in the coordination sphere can straightforwardly 

accommodate the incoming substrate without inducing much distortion strain in the catalyst 

complex during the bond activation process. 

Based on the foundations outlined in Chapter 4, we continue, in Chapter 5, to 

develop new, tailor designed, iron catalysts that mimic the behavior of their well-known 

Pd analogs in the bond activation step of cross coupling reactions. First, the steric and 

electronic effects for Fe-mediated CH3–Cl bond activation (X = H, Cl, CH3) to model 

catalyst Fe(CO)4 were explored using relativistic density functional theory at ZORA-

OPBE/TZ2P. Electronic effects were tuned by replacing the CO ligands with other ligands 

with suitable electronic and orbital properties to enhance the stabilizing orbital interaction 

between the iron complex Fe(CO)3(AB) (in our case, AB = BF, BN(CH3)2, PH3) and C–X 

substrates. In this way, the barrier for CH3–H activation could be lowered significantly from 

10.4 to 5.2 kcal mol–1. Similarly, by employing rigid molecular scaffolds, such as bidentate 

ligands PH2(CH2)nPH2, we showcased the ability to reduce the unfavorable strain energy 

that results during the approach and reaction of substrate with the catalyst. The reduction 

of the strain resulted in a lower-energy barrier. For instance, the transition state for CH3–Cl 

activation can be reduced from 25.5 to 19.6 kcal mol–1 and for C–C bond activation from 

48.0 to 44.5 kcal mol–1. Our investigations therefore illustrate the feasibility of the rational 

design of catalysts and provides a systematic way to analyze and design these functional 

molecules based on first principles. 

Finally, Chapter 6 introduces the PyFrag 2019 program and demonstrates its functions 

in the research and analysis of reaction mechanism. This is a substantial update to the PyFrag 

2008 program, which was originally designed to perform an activation strain analysis along a 

provided potential energy surface. The original PyFrag 2008 workflow facilitated the 

characterization of reaction mechanisms in terms of the intrinsic properties of reactants. The 

new PyFrag 2019 program has automated and reduced the time-consuming and laborious task 

of setting up, running, analyzing, and visualizing computational data from reaction mechanism 



studies to a single job. PyFrag 2019 resolves three main challenges associated with the 

automatized computational exploration of reaction mechanisms: 1) the management of 

multiple parallel calculations to automatically find a reaction path; 2) the monitoring of the 

entire computational process along with the extraction and plotting of relevant information 

from large amounts of data; and 3) the analysis and presentation of these data in a clear and 

informative way. The activation strain and canonical energy decomposition results that are 

generated, relate the characteristics of the reaction profile in terms of intrinsic properties 

(strain, interaction, orbital overlaps, orbital energies, populations) of the reactant species. The 

automated activation strain analysis in PyFrag 2019 is compatible with many quantum 

chemical software packages, including ADF, Gaussian, Orca, and Turbomole.  

PyFrag 2019 only requires the user to provide approximate geometries for the 

respective stationary points on the potential energy surface (reactants, transition states, and 

products). The steps of the reaction path workflow involve first running the geometry 

optimizations of stationary points using the supplied coordinates followed by an intrinsic 

reaction coordinate calculation to generate the potential energy surface. Next, an activation 

strain and canonical energy decomposition analysis (when using ADF) is performed. The final 

step of the workflow involves the visualization (plotting/tabulation) of the results. These 

activation strain and energy decomposition results generated from PyFrag 2019 allow the user 

to relate the characteristics of the reaction profile in terms of intrinsic properties (strain, 

interaction, orbital overlaps, orbital energies, populations) of the reactant species. The novel 

workflow implemented in PyFrag 2019 has been extensively parallelized to make efficient 

usage of the available computational resources. We expect PyFrag 2019 to facilitate the 

systematic study of mechanistic features involving the screening, with detailed analyses, of 

large amounts of potential reaction candidates. 

The findings outlined in this thesis lay the theoretical framework for the rational design 

of novel iron-based catalysts that can, hopefully one day, completely replace the precious 

transition metal palladium catalysts. This effectively shifts the challenge now to organic and 

inorganic chemists with the design principles in question as blueprints for the synthesis and 

design of super active and robust iron-based catalysts. 

 


