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1.1 Theoretical Chemistry 

Chemistry is the branch of the natural sciences that investigates the properties, composition 

and transformation of matter. In the past, these investigations were mostly conducted by 

experimental studies. Nowadays, quantum chemistry provides an alternative approach for the 

accurate description and increased understanding of a chemical system of interest. In recent 

decades, significant progress has been made in the field of quantum chemistry,[1,2] especially 

towards the development of density functional theory methods (DFT).[3,4,5] In combination with 

the vast increase in computational resources now available to researchers, computational chemistry 

has become a modern discipline. Indeed, nowadays computational chemistry programs not only 

allow the computational description of a large variety of chemical systems and processes with 

sufficient accuracy,[6,7,8,9] but they also provide a better and more thorough understanding of 

chemical phenomena, based on first principles.[10,11,12]  This insight and understanding of a given 

reaction mechanism can then be used for the systematic optimization of reaction conditions and 

other parameters in the laboratory, thereby enhancing the efficiency of the chemical reaction or 

reducing unwanted side products.[ 13 , 14 ] Computational insight thus greatly enhances the 

capabilities of chemists and provides an additional and often complementary perspective to tackle 

chemical problems with little limitations from experimental conditions.[15,16] 

This thesis focuses on the subject of catalysis, in particular, homogeneous catalysis (where 

the reacting species are dissolved in one medium) in cross-coupling reactions. Although the 

progress to understand catalytic processes is advancing rapidly, chemists throughout the world 

continuously encounter difficulties when attempting to rationalize the reactivity of catalytic agents. 

Even more difficult is the prediction of the reactivity of a proposed catalyst. An important number 

of new catalytic compounds are found by trial and error, although this is, of course, not the most 

desirable way to undertake research. The above is true for many areas of chemistry, but it is 

especially challenging in the field of homogeneous catalysis, in which the role of the various 

versatile ligand systems can become very complicated. Theoretical chemistry can play an 

important role in facilitating this selection process, because it allows systematic variation of one 

parameter at a time, under strictly controlled conditions and without any experimental limitation. 

Simultaneously, the added benefit of available analysis tools allows for an explanation of the 

observed effects and eventually how they interplay. Thus, by means of theoretical chemistry, we 
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expect to gain a better insight into the reaction mechanisms of catalysis. In this way, we hope to 

augment and improve the ‘chemical intuition’ that chemists use to rationalize and design reactivity. 

1.2 Catalyst Design 

A catalyst is defined as a compound that lowers the free energy barrier of a given reaction, 

hence increasing the rate of the transformation, without itself being consumed. Without the 

presence of the catalyst, the activation barrier for the reaction would be too high for the reaction 

to proceed. Adding the catalyst enables a different reaction pathway which lowers the total 

activation energy and facilitates the product formation. The area of catalysis has had an 

immeasurable impact on modern society. There are numerous important processes in chemistry 

that use catalysis as a way to obtain the desired products. The Haber-Bosch process is one of the 

most prominent heterogeneous catalytic processes, fixating nitrogen and hydrogen to produce 

ammonia. From this process, over 500 million tons of fertilizer are produced every year (2004).[17] 

These fertilizers have been estimated to have supported around 27% of the world’s population 

during the past century. The process alone is so important that predictions show that the global 

population in 2008 would have peaked at approximately 3 billion, in the absence of this 

development, instead of 6 billion.[18] 

The coupling reactions are also very common reactions used in small to large scale in fine 

chemical production world-wide today.[19] The importance of this field was acknowledged in 2010 

by the awarding of the Nobel Prize in chemistry to three pioneers in the area of palladium 

catalyzed cross-coupling reactions: Richard F. Heck, Ei-ichi Negishi and Akira Suzuki. These 

reactions are carried out to form carbon-carbon bonds, which are the basis of organic molecules, 

and thereby the very basis of the chemistry of life itself. In these reactions, often a homogeneous 

catalyst is used, meaning that the catalyst is co-dissolved in a solvent together with the reactants. 

Numerous mechanistic studies have been done on cross-coupling reactions,[20] with the aim to gain 

an increased mechanistic knowledge, which is essential for effective method development and 

ligand design and hence a fundamental part of organic chemistry. The most commonly evoked 

catalytic cycle for cross-coupling reactions starts with an oxidative addition, followed by a 

transmetallation, to conclude with a reductive elimination.[ 21 ] Figure 1.1 shows a schematic 

representation of a generic catalytic cycle for a coupling reaction catalyzed by a transition metal 
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complex MLn. The common feature of these processes is a catalytically active species which forms 

reactive intermediates by coordination of an organic ligand and thus decreasing the activation 

energy. Formation of the product should occur with the regeneration of the catalytically active 

species. For efficient regeneration, the catalyst should form only labile intermediates with the 

substrate. This can be achieved by using transition-metal complexes because metal–ligand bonds 

are generally weaker than covalent bonds. Transition metals are characterized with d sub-shell, 

giving rise to the exceptional ability to form a vast variety of complexes,[19] and for this reason, 

they are used as catalysts in organic chemistry to make or break organic bonds. The transition 

metals often exist in different oxidation states with only moderate differences in their oxidation 

potentials, thus offering the possibility of switching reversibly between the different oxidation 

states by redox reactions. Furthermore, their flexible environment also makes it possible to design 

the transition-metal complexes by using ligands which bind to the metal center and change the 

steric bulk and/or the electronic properties of the desired catalyst. 

 

Figure 1.1: General catalytic cycle for a metal-catalyzed cross-coupling reaction. 

The oxidative addition step is usually the first step in the cross-coupling reaction, and of 

crucial importance for both the efficiency and selectivity of the process. It also plays a role in, for 

example, hydroformylations, hydrogenations or [2+2+2] cyclotrimerizations.[19] This reaction step 

has therefore been studied extensively using experimental,[ 22 , 23 ] as well as theoretical 

techniques.[24,25] The catalysts used in practice are typically based on late transition metals, such 

as palladium, to which ligands are attached. The activity of the catalyst complex depends on the 

electronic nature of the metal center, which is affected by the number and type of ligands, as well 

as the structural properties of the catalytic complex.[26,27] Among these structural parameters, the 

bite angle, that is, the ligand–metal–ligand angle, is probably the most relevant parameter that is 
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adjusted in attempts to achieve the desired reactivity.[28,29] 

However, there are several other parameters that influence the characteristics of a catalytic 

complex. Therefore, the reactivity of a catalyst is unfortunately difficult to predict, and selecting a 

catalyst is still too often a process of trial-and-error.[19] The objective of the work presented in this 

thesis is the development of a method for rationally designing efficient and selective catalysts 

based on quantum chemical analyses, a method referred as Fragment-oriented Design of Catalysts 

(FDC).[30,31,32,33,34] The approach adopted implies a gradual increase of insight into the reaction 

mechanisms, thus starting from simple model systems. The basic idea of FDC is to build up the 

catalyst in a stepwise fashion from its functional fragments, that is, the transition metal center M 

and the ligands L. In a first step, the intrinsic reactivity of the bare uncoordinated transition metal 

atom is investigated. This provides insight into the nature of the interactions between the metal 

and the substrate in the absence of ligands. But more importantly, it allows one to understand the 

overall effect of introducing, in a second stage, one or more ligands. In particular, the knowledge 

of how the metal behaves in the absence of ligands and why particular ligands change this behavior 

in a particular manner enables one to design and tune the catalytic activity in a rational manner. 

Eventually, in a third stage, one can also introduce the solvent molecules from the inner solvation 

shell. This allows us to understand the changes in reactivity with relation to the core model system, 

and provide a more rational basis on which to design catalytic compounds to meet specific criteria 

for desired reactivity and selectivity. A significant part of this thesis is therefore dedicated to the 

oxidative addition reaction and the role of the catalyst, with the aim to achieve a fundamental 

understanding of the reactivity of catalyst complexes in the activation of different target bonds. 

Therefore, this FDC method corresponds to the strategy of gradually building up insight into 

catalytic activity, starting from detailed studies on the effect of one variation in small model 

systems and eventually proceeding towards combination of several effects in a more realistic and 

larger systems, with the aim to allow chemists in the future to rationally design catalysts with the 

desired selectivity and optimized efficiency. 

1.3 Iron Catalysts 

Iron has an electronic configuration of [Ar]4s03d8. The most common oxidation states for 

iron are 2 and 3. Moreover, the oxidation states 6, 0, 1 and –2 are of importance. In air, most iron(II) 
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compounds are readily oxidized to their iron(III) analogs, which represent the most stable and 

widespread iron species. For iron(II) complexes ([Ar]4s03d6) a coordination number of six with an 

octahedral ligand sphere is preferred, whereas Iron(III) ([Ar]4s03d5) can coordinate three to eight 

ligands and often exhibits an octahedral coordination. Then, Iron(0) mostly coordinates five or six 

ligands with trigonal bipyramidal and octahedral geometry. Iron(–II) is tetrahedrally coordinated. 

Iron in low oxidation states is most interesting for organometallic chemistry and in particular for 

iron-catalyzed reactions because they can form more reactive complexes than their iron(II) and 

iron(III) counterparts. Therefore, iron(0) and iron(–II) compounds are favored for iron catalysis. 

Iron carbonyl complexes are of special interest due to their high stability with an iron(0) center 

capable of coordinating complex organic ligands, which represents the basis for organoiron 

chemistry. Oxidative additions are frequently observed with transition metal d8 systems such as 

iron(0), osmium(0), cobalt(I), rhodium(I), iridium(I), nickel(II), palladium(II) and platinum(II). 

The reactivity of d8 systems towards oxidative addition increases from right to left in the periodic 

table and from top to down within a triad. The concerted mechanism as shown in Figure 1.2 is 

most important and resembles a concerted cycloaddition in organic chemistry. The reactivity of 

metal complexes is influenced by their ligand sphere. Thus, strong σ-donor ligands and poorer π-

acceptor ligands favor the oxidative addition due to increased electron density at the metal. 

 

Figure 1.2: Concerted mechanism for oxidative addition of iron complex. 

Iron-based complexes constitute one of the most important families in organometallic 

chemistry and have been efficiently applied in catalytic organic synthetic transformations, such as 

hydrogenation and reduction reactions.[35,36,37,38,39,40,41] Several authoritative reviews have been 

devoted to a deeper understanding of the fundamentals in the iron catalysis in organic 

chemistry.[42,43,44] Organoiron chemistry was started by the discovery of pentacarbonyliron in 

1891, independently by Mond and Berthelot.[45] Then, the report of ferrocene in 1951 was a 

milestone.[46] Kochi and coworkers published in 1971 their results on the iron-catalyzed cross-

coupling of Grignard reagents with organic halides,[47,48] and, although scarce with respect to 

catalytic activity and substrate scope, the first mechanistic insight for such iron-catalyzed cross-
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coupling was put forward. It invoked an analogy to the Pd and Ni systems, where a 

coordinatively unsaturated reduced iron complex (of unspecified constitution) sequentially 

undergoes oxidative addition of the organohalide, transmetallation from the organomagnesium 

species, and reductive elimination of the cross-coupling product. (See Figure 1.3) However, 

cross-coupling reactions became popular by using the late transition metals nickel and 

palladium, and the role of iron has been eclipsed for almost 20 years until recently. The 

stressing of modern efficiency criteria has prompted the search for alternative catalysts that 

address the economic and ecological disadvantages associated with the use of palladium and 

nickel catalysts. With an average price of $300 per ounce, palladium is too expensive to be 

extensively used in synthesis, especially in the context of manufacturing at larger scales. On 

the other hand, several toxicity aspects taint the use of nickel-catalyzed processes for 

consumer goods and healthcare products.[49] Furthermore, both palladium and nickel catalysts 

usually require the addition of structurally complex and costly ligands of high molecular 

weight. 

 

Figure 1.3: Proposed mechanism for the iron-catalyzed cross coupling by Kochi et al. 

More recently, the increasing number of reactions using catalytic amounts of iron 

complexes indicates a renaissance of this metal in catalysis. In the early 2000s, Fürstner and 

Leitner reported an optimized protocol for the highly selective iron-catalyzed reaction of aryl 

halides with alkyl magnesiumhalides in the presence of NMP as co-solvent.[50] (Figure 1.4) This 

work inspired a series of forthcoming publications contributing to the development of ever-more-
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efficient and widely applicable protocols. Spurred by the pioneering work by Kochi[47,48,51,52] in 

the early 1970’s, the works of Cahiez,[ 53 , 54 , 55 , 56 ] Fürstner,[50, 57 , 58 , 59 , 60 ] Nakamura and 

Nakamura,[61,62,63,64,65] Hayashi,[66,67,68] and Bedford[69,70,71,72] have proven the viability of iron-

catalyzed cross-coupling reactions for effective C–C and C–X bond formation reactions with a 

wide substrate scope and functional group tolerance. Combinations of iron salts and amine ligands, 

which are the most prevalent type of catalyst systems, allow for mild reaction conditions and a 

large range of applications owing to their high reactivity towards various classes of electrophiles 

and organomagnesium compounds. In particular, several Fe-salen complexes have been 

synthesized: for instance, Fürstner showed how complex 1 (Figure 1.5) can be used, in the presence 

of NMP, in the coupling of secondary alkyl Grignard reagents with activated aryl chlorides;[73] 

whereas Bedford showed that Fe-salen complex 2 (Figure 1.5) can be used in the coupling of aryl 

Grignard reagents with primary and secondary alkyl halides, without the need for added NMP.[74] 

 

Figure 1.4: Cross-coupling of alkyl halides with alkynyl Grignard reagents. 

 

Figure 1.5: Representative iron-salen catalysts. 

A second mechanism occurs in an environment of a high concentration of Grignard 

reagent, in which a formal Fe(MgX)2 species is postulated to act as a catalytically active low-

valent catalyst.[60] This highly nucleophilic species, an “inorganic Grignard compound” with iron 

formally in oxidation state 2, is believed to undergo oxidative addition with aryl halides resulting 

in an aryliron intermediate, which is subject to alkylating transmetallation from the Grignard 

reagent. Subsequent reductive elimination of the two organic moieties releases the cross-coupling 

product and regenerates the catalytically active iron species. (Figure 1.6) 
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Figure 1.6: Proposed mechanism for the iron-catalyzed cross coupling by Fürstner et al. 

However, the design of competent catalysts and reaction conditions for alkyl-alkyl 

cross-coupling is still at an early stage and remains a true challenge. Improvements regarding 

functional group compatibility are clearly needed. Another aspect that is closely linked to the 

use of Grignard reactants revolves around the required operational safety arrangements. The 

hazard potential of organomagnesium halides (e.g., flammable, corrosive, moisture and air-

sensitive) entails additional cost-intensive measures that might limit industrial synthesis at 

larger scales. The overall process should largely benefit from the employment of less-

hazardous organometallic components or alternative in situ Grignard-formation reactions as 

found under direct cross-coupling conditions. It is also important to note that the mechanistic 

details of iron-catalyzed cross-coupling reactions are not fully understood yet. This is largely 

due to the fact that structure and property data of low-valent iron or ferrate complexes are 

scarce. The postulated catalytically active iron species are highly reactive and mostly too 

short-lived for classical direct analytical techniques. Besides, the multitude of oxidation and 

spin states that iron can access can also propose a challenge for the traditional methods, 

including nuclear magnetic resonance spectroscopy (NMR). Thus, extensive and elaborate 

synthetic efforts towards the design of new ligand-stabilized iron complexes that allow for the 

monitoring of catalytic intermediates are necessary. In addition, to obtain a complete set of 

mechanistic information, studies that combine structural characterization, in situ 

spectroscopy, organic product analysis and other techniques are needed. Neidig and 

coworkers recently demonstrated the advantage of the combined inorganic spectroscopy/gas 
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chromatography studies in the understanding the ferric salt-catalyzed cross-coupling 

mechanism.[ 75 ] Computational studies can provide valuable insights into the nature of 

iron−ligand bonding and potential reactivity, based on which, rational design strategies can 

be delicately devised to enhance the reactivity and selectivity or even completely lead to the 

discovery of new chemistry.[76] 

1.4 This Thesis 

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

catalyst in cross-coupling reactions. The present thesis manuscript encloses this first Chapter 1 as 

an introduction to the research subject under analysis, followed by a brief overview in Chapter 2 

of the main theoretical methods used. Next, in Chapter 3 we have quantum chemically explored 

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) using 

relativistic density functional theory at ZORA-BLYP/TZ2P level. In addition to exploring 

reactivity trends and comparing them to aliphatic C–X activation, we aimed at uncovering the 

physical factors behind the activity and selectivity. Our results show that barriers for arylic C–X 

activation are lower, and thus more favorable, compared to those of corresponding 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 along Pd < Pd(PH3) or 

Pd(PH2C2H4PH2) < Pd(PH3)2. Activation strain analyses in conjunction with quantitative 

molecular orbital theory trace these trends back to the rigidity and bonding capability of the 

various C–X bonds, model catalysts, and ligands. 

In Chapter 4, we aimed at developing design principles, based on quantum chemical 

analyses, for a novel type of iron-based catalysts that mimic the behavior of their well-known 

palladium analogs in the bond activation step of cross coupling reaction. To this end, we have 

systematically explored C–X bond activation via oxidative addition of CH3X substrates (X = H, 

Cl, CH3) to model catalysts mFe(CO)4
q (q = 0, –2; m = singlet, triplet) and, for comparison, 

Pd(PH3)2 and Pd(CO)2, using relativistic density functional theory at ZORA-OPBE/TZ2P level. 

We found that the neutral singlet iron catalyst 1Fe(CO)4 activates all three C–X bonds via barriers 

that are lower than those for Pd(PH3)2 and Pd(CO)2. This is a direct consequence of the capability 
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of the iron complex to engage not only into π-backdonation, but also into comparably strong 

σ-donation. Interestingly, whereas the Pd catalysts favor C–Cl activation, 1Fe(CO)4
 shows a 

strong preference for activating the C–H bond, with a barrier as low as 10.4 kcal mol–1. Our 

results suggest a high potential for Fe to feature in Pd-type cross-coupling reactions. 

Next, in Chapter 5 we aimed at developing a systematic approach, based on the 

activation strain model, for the rational design of catalysts using first-principles. To 

demonstrate our approach, we have developed new Fe-based catalysts that mimic the behavior 

of their well-known Pd analogs in the bond activation step of cross coupling reaction. 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 CO by ligands of suitable electronic 

and orbital properties to improve the orbital interaction between the iron complex 

Fe(CO)3(AB) (in our case, AB = CO, BF, BN(CH3)2 and PH3) and C–X substrates. In this 

way, the barrier for CH3–H activation was lowered considerably from 10.4 to 5.2 kcal mol–1. 

Similarly, the employment of molecular scaffolds, such as bidentate ligands PH2(CH2)nPH2, 

was shown to reduce the unfavorable strain energy that results during the approach and 

reaction of substrate with the catalyst. The reduction of the strain leads to 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 performance 

in the research and analysis of reaction mechanisms. We present 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 
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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 thesis is concluded with a summary of the results and the general conclusion. 
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2.1 Quantum Chemistry 

In quantum chemistry, the Schrödinger equation or the Dirac equation if relativistic effects 

are considered, are the fundamental equations.[77] These equations describe the energetics and the 

distribution of the electrons and the nuclei of atoms and molecules. According to the postulates of 

quantum mechanics, the quantum mechanical motions are described by the wavefunction Ψ, which 

contains all information about the state of the system it describes. Thus, the electronic structure 

description of such systems is determined by underlying Schrödinger equation. Researchers often 

are interested in the stationary states of a system which leads to the time-independent Schrödinger 

equation: 

 H E =   (2.1) 

In this equation, the Hamiltonian operator H represents the total energy of a system of 

atomic nuclei and electrons, which includes terms for the kinetic energy of all nuclei N (TN) and 

electrons e (Te), as well as potential energy terms to describe the electrostatic attraction between 

nuclei and electrons (VNe), and the repulsive nucleus-nucleus (VNN) and electron-electron 

interactions (Vee): 

 N e NN Ne eeH T T V V V= + + + +  (2.2) 

Unfortunately, this function can be solved analytically only for a few one-electron 

cases.[78] Most chemical problems, of course, involve many more atoms and electrons, and 

quantum chemistry needs to rely on approximate solution techniques. Among the most 

common methods are the Hartree-Fock method[79] and the density functional theory method.[80, 

81] A common approximation, the Born–Oppenheimer approximation,[82] states that the positions 

of the atomic nuclei can be fixed and only the electronic wave function is to be calculated, due to 

the fact that the mass of a proton is more than 1800 times that of an electron and thus the nuclei 

move much slower than electrons. The resulting electronic Schrödinger equation is then reduced 

into an eigenvalue equation, in which the electronic Hamiltonian Helec, works on the electronic 

wavefunction Ψelec: 

 ( )elec elec e Ne ee elecH T V V = + +   (2.3) 
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The electronic wavefunction Ψelec is usually approximated as an antisymmetric product of 

one-electron wavefunctions, such as in the Hartree-Fock scheme. Using this scheme, it is possible 

to recover roughly 99% of the total energy of the molecular system. In Hartree-Fock theory, a large 

error in Vee stems from the fact that the correlation of the movements of electrons is not completely 

accounted for. Unfortunately, total energies are large quantities and chemists are generally 

interested in energy changes that are of the order of magnitude of 1%, or even smaller. To obtain 

useful predictions it is desirable to compute for example reaction energies with a precision of at 

least 2 kcal mol–1 (8.4 kJ mol–1, chemical precision). More elaborate schemes, such as the 

configuration interaction (CI) or the coupled cluster (CC) post-HF methods, add further corrections 

to Hartree-Fock theory, thus achieving a superior accuracy, although at a much higher 

computational cost. 

2.2 Density Functional Theory 

Besides this wavefunction theory, another commonly used approximated solution is density 

functional theory (DFT)[80,81], on which the entire work presented in this thesis is based. The 

history of density functional theory begins in the 1920s with the notion by Thomas[83] and Fermi[84] 

that the ground state energy of a system of electrons moving in the external potential v(r) of a 

nuclear frame, may be expressed directly and alone in terms of the electron density. But it was not 

until 1964 that Hohenberg and Kohn[85] provided a solid foundation with their fundamental first 

theorem, expressing that indeed the ground state energy E is uniquely determined by the 

corresponding electron density ρ: 

  E E=   (2.4) 

The advantage of DFT compared with wavefunction methods is that the electron density 

is a function of only 3 spatial variables, while wavefunction methods has a functional 

dependence on 3n (n = number of electrons) spatial variables (each electron contains three 

spatial variables), which translates into a considerable reduction in computational cost. 

However, nobody knew how to make this idea come true until Kohn and Sham introduced 

the second theorem,[ 86 ] in which they suggested the concept of a reference system of non-

interacting electrons, moving in an effective potential VS. In this way, this Kohn-Sham potential is 
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constructed such that the density of the reference system equals the density of the real, interacting 

system. Thus, in Kohn-Sham DFT, the electronic wavefunction of the reference system is 

expressed by a single Slater determinant, consisting of one-electron wavefunctions. These 

wavefunctions are the Kohn-Sham orbitals φ, from which the electron density can be 

constructed by taking a linear combination of their densities: 

 ( )
2

i

i

r E =   (2.5) 

The electronic energy is obtained from the density by the energy functional: 

 ( ) ( ) ( )s Ne C XCE r T E E E r  = + + +       (2.6) 

The first term in this expression, TS[ρ(r)], describes the kinetic energy of the electrons in 

the non-interacting reference system. ENe[ρ(r)] represents the electrostatic attraction between the 

electron density and the nuclei. The third term, EC[ρ(r)], is the classical Coulomb repulsion 

between the electrons, that is, the repulsion that each electron experiences from the average field 

due to all electrons, including itself. And the final term, EXC[ρ(r)], is the exchange correlation 

energy, which corrects for the deficiencies of TS[ρ(r)] and EC[ρ(r)]. The kinetic energy of the 

electrons in the Kohn-Sham reference system, TS[ρ(r)], is different from the kinetic energy of the 

real system, T[ρ(r)]. For the third term, EC[ρ(r)], there are no analytical expression. Thus, 

approximations to EC[ρ(r)] have been developed, from the local density approximation (LDA) to 

the generalized gradient approximations (GGA). Nowadays, there is an incredible amount of 

functionals to choose from, whose quality determines the level of density functional theory 

applied. 

The one-electron Kohn-Sham orbitals are determined by 

 ( )21/ 2KS

i s i i ih V = −  +  =    (2.7) 

Where hKS is the one-electron Kohn-Sham Hamiltonian operator, which consists of a 

kinetic energy operator and the Kohn-Sham potential VS. This potential comprises the potential 

due to the charged nuclei, an effective Coulomb potential VC due to the charge density and an 

exchange-correlation potential VXC. The Kohn-Sham operator works on the one electron Kohn-

Sham orbitals φi, and the corresponding result can be interpreted as the orbital energies of εi. The 
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Kohn-Sham equations can be solved by using the self-consistent field (SCF) procedure. 

2.3 Activation Strain Model of Chemical Reactivity 

A number of theoretical models have been developed to analyze different aspects of 

chemical reactions and the associated changes in the chemical bonding. Examples are the frontier 

molecular orbital (FMO) theory,[87,88] Marcus theory,[89,90] and the curve-crossing model in valence 

bond (VB) theory.[91,92] An even more extensive analysis concept is the Activation Strain Model 

(ASM, also known as the distortion/interaction model).[93,94,95] The ASM is a useful 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. Thus, ASM can help to explain how the activation barrier for the 

desired reaction, that is, the energy of the transition state (TS) relative to the reactants change along 

for example, a series of metal centers or ligands, and how one can selectively lower this barrier by 

tuning the catalyst-substrate interaction. For instance, ASM was previously applied the to explore 

how the reaction barrier varies when different bonds are activated by palladium,[96] or how ligands 

can change the activating capability of palladium,[97] or even how and why other metal centers 

perform differently in cross-coupling reactions compared to palladium.[98] The ASM has also been 

successfully applied to understand the quantitative factors governing molecular reactivity in other 

systems like cycloadditions,[99,100,101,102,103,104,105] metallorganic catalysis,[106,107] and substitution 

reactions.[108,109,110] 

The ASM is essentially a fragment-based approach used to understand the character of the 

reaction mechanism and to gain insights into the overall reaction energy profile. Usually, the 

reaction profile is determined by the interplay between two reactants or fragments. The bonding 

energy ∆E is thereby decomposed along a series of points on an energy profile, (obtained by the 

intrinsic reaction coordinate (IRC)[111,112] or other methods) into the strain energy ∆Estrain that is 

associated with the geometrical deformation of the individual reactants as the process takes place, 

plus the actual interaction energy ∆Eint between the deformed reactants: 

 ∆E = ∆Estrain + ∆Eint (2.8) 

The strain energy ∆Estrain is defined as the energy required for the geometrical deformation 
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of the fragments from a reference geometry (often, but not necessarily, their equilibrium geometry) 

to the geometry they acquire at the transition state. It is therefore strongly related to the structural 

rigidity of the fragments. Since the reference geometries are usually not distorted, this term is 

typically destabilizing. It can gain significant values when deformations are large, such as the 

substrate undergoing bond cleavage during oxidative addition. The strain term can be further split 

into separate contributions from each fragment. 

The interaction energy ∆Eint accounts for all chemical interactions as they arise when the 

deformed reactants are brought from infinity to their positions in the transition state geometry. 

This term can be further dissected using an energy decomposition scheme (EDA),[12, 113,114,115] 

based on the conceptual framework of Kohn-Sham molecular orbital (MO) theory.[116,117] 

The activation strain model reveals great insight into relative energies and even entire 

reaction energy profiles, as it provides the very relevant question why and when a reaction barrier 

occurs, that is, where the destabilization from the strain term increases at the same rate as the 

stabilization from the interaction energy term strengthens, namely, d∆Estrain/dζ = –d∆Eint/dζ, the 

derivative of the total energy profile with respect to the reaction coordinate is zero (d∆E/dζ = 0). 

At this point, the energy profile achieves either a maximum (the reaction barrier), where the 

transition state occurs, or a stable minimum. The same ASM analysis can be repeated to further 

understand the reasons behind the changes in strain and interaction energy. As mentioned before, 

the ∆Eint can be decomposed into three physically meaningful terms in the framework of the 

molecular orbitals (MOs) arising from Kohn-Sham DFT: 

 ∆Eint = ∆Velstat + ∆EPauli + ∆Eoi (2.9) 

Assuming there is a complex, namely AB, it is composed by two fragments A and B, which 

have electronic densities ρA and ρB, with corresponding wavefunctions ψA and ψB and energies EA 

and EB, respectively. The first term, ∆Velstat, is the classical electrostatic interaction between the 

fragments as they are brought from infinity to their positions in the complex AB, giving rise to the 

density sum ρA+B = ρA + ρB, and corresponding Hartree product wavefunction ψAψB. It consists of 

the Coulombic repulsion between the nuclei α and β (at positions R, with charges Z) of the 

fragments A and B, respectively, as well as the repulsion between their unperturbed electron 

densities ρA and ρB, and the attractive interactions between the nuclei of one fragment with 

the electron density of the other fragment: 
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( ) ( ) ( ) ( )1 2

1 2

12

AB A B

elstat

A B A B

Z Z Z rZ r r r
V dr dr dr dr

R R r rR r

  

     

  
 = − − +

− −
      (2.10) 

It is known from elementary electrostatics that two interpenetrating charge clouds have a 

repulsion that is smaller than the one between point charges at their centers, which means that 

fragments consisting of electronic densities around positive nuclei will typically experience a net 

attraction. Thus, ∆Velstat is usually attractive for molecular fragments at chemically relevant 

distances. The Pauli repulsion, ∆EPauli, is the energy change that occurs upon going from the 

product wavefunction ψAψB to an intermediate wavefunction ψ0 that, after antisymmetrization by 

an operator A and renormalization by a constant N, properly obeys the Pauli principle: ψ0= NA 

ψAψB. This intermediate state, with density ρ0, has energy E0, such that ∆E0 = E0 – EA – EB = ∆Velstat 

+ ∆EPauli and ∆EPauli = ∆E0 – ∆Velstat. The Pauli repulsion account for the repulsive interaction 

between electrons having the same spin, and is the origin of steric repulsion. It is responsible for, 

for example, the 4-electron destabilizing interactions between doubly occupied orbitals from the 

different fragments, as shown in Figure 2.1. The requirement of antisymmetrization leads to a 

nodal plane in one of the two orbitals formed by two occupied valence orbitals from different 

fragments. The large gradients in this a nodal plane results in a significant increase in the kinetic 

energy. 

In the final step, the system is allowed to relax from ψ0, and corresponding ρ0, to the final 

ψAB and optimized density ρ of the molecular complex AB. The accompanying energy change is 

the orbital interaction term: ∆Eoi = EABE0. This term is by definition stabilizing, because it 

allows the virtual orbitals on the fragments to be mixed. As a result of this mixing, the orbital 

interaction component contains the stabilizing contributions from polarization of the fragments A 

and B, as well as charge transfer between the fragments (Figure 2.1). 

Furthermore, the total orbital interaction energy ∆Eoi can be further decomposed into 

contributions from each irreducible representation (irrep) Γ of the point group of the molecular 

system because, according to group theory, only orbitals of the same symmetry, that is, having the 

same character under the available symmetry operations, can interact and mix. 

 
oi oiE E



 =   (2.11) 

The ASM analysis is performed by using PyFrag program. There are three versions of 
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PyFrag program available for the user to choose from. The original version of PyFrag 2008[118] 

was developed by Willem-Jan van Zeist, Lando P. Wolters, F. Matthias Bickelhaupt and Célia 

Fonseca Guerra at the Theoretical Chemistry Department of the Vrije Universiteit Amsterdam. 

PyFrag 2008 essentially is a ‘wrapper’ for the Amsterdam Density Functional (ADF) 

package[119] and facilitates the extension of the fragment analysis method implemented in 

ADF along an entire potential energy surface. Its purpose is to make analyses of reaction paths 

and other (in principle also multidimensional) potential energy surfaces easier and more 

transparent. PyFrag 2008 also enables a user-friendly analysis of reaction paths in terms of the 

Extended Activation Strain model of chemical reactivity. 

 

Figure 2.1: Schematic representation of a number of elementary types of interaction between fragments A and B in 

the Kohn–Sham MO model. 

Later on, the PyFrag 2016 program was rewritten by Xiaobo Sun and Thomas Soini 

using the PLAMS library in the ADF package and has been included in the script collection 

in ADF 2017 and later version. Compared to the old PyFrag 2008, this new version is more 

compact and easier to be maintained, expanded and upgraded. Also, due to its high 

compatibility with other python library tools developed by SCM, such as Python Library for 
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Automating Molecular Simulations (PLAMS)[120] andQMworks[121], it can be used as a module 

in line with these computational chemistry job management tools to streamline a large flow of 

jobs.  

Finally, the new PyFrag 2019 program[ 122 ] (Chapter 6 in this thesis) has been 

developed to facilitate the analysis of reaction mechanisms in a more efficient and user-

friendly way. PyFrag 2019 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. In cases where the reaction path is already available, PyFrag 2019 is also 

able to import the coordinates and directly proceed with the activation strain analysis workflow 

using either ADF[119], Gaussian,[ 123 ] ORCA,[ 124 ] or Turbomole.[ 125 ] More information of 

PyFrag 2019 can be found in Chapter 6. 

2.4 Computational Details 

All computations within this thesis are based on density functional theory (DFT),[80,81] and 

have been carried out using the Amsterdam Density Functional program, developed by Baerends 

and co-workers and the Quantum-regions Interconnected by Local Descriptions (QUILD) 

program.[119, 126 , 127 , 128 , 129 ] The numerical integration is performed with Becke’s fuzzy cell 

integration scheme.[155] The molecular orbitals (MOs) are expanded in a large uncontracted set of 

Slater-type orbitals (STOs, without Gaussian functions involved). This basis set, denoted as TZ2P, 

is of triple ζ quality for all atoms and has been augmented with two sets of polarization functions. 

The polarization functions are 2p and 3d on H, 3d and 4f on C, N, O, F, P and Cl, 4d and 4f on Br 

and 5d and 4f on I. For the transition metals, the polarization functions are 4p and 4f on Co, Ni, 

Cu, 5p and 4f on Rh, Pd and Ag and 6p and 5f on Ir, Pt and Au. The molecular density was fitted 

by the Zlm fitting scheme.[157] For the work on catalysis, all electrons are included in the vibrational 

treatment, whereas for the work on Fe and Pd, a frozen core approximation is applied.[130] 

Equilibrium structures and transition state geometries are obtained by optimizations 

using analytical gradient techniques.[ 131 ] Geometries and energies are calculated using 

functionals based on the generalized gradient approximation (GGA). For Chapter 3, the 

BLYP functional is used, in which exchange is described by Slater’s Xα potential,[132] with 

nonlocal corrections due to Becke.[133,134] Correlation is treated using the gradient-corrected 
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functional of Lee, Yang and Parr.[135] For Chapter 4 and 5, the OPBE functional is used. Scalar 

relativistic effects are accounted for using the zeroth order regular approximation (ZORA).[136,137] 

These approaches have all been carefully tested and agree well with experimental results or high-

level coupled cluster reference data. 

Energy minima and transition states have been verified through vibrational analysis.[138] 

All minima were found to have zero imaginary frequencies, whereas all transition states have one. 

The character of the normal mode associated with the imaginary frequency has been analyzed to 

ensure it resembles the reaction under consideration. In several cases intrinsic reaction coordinate 

(IRC) calculations have been performed to obtain the potential energy surface (PES) of the 

chemical process. 

Throughout this thesis, the focus lies on the electronic energies of the molecular systems. 

The thermodynamic effects were found to have only a small influence on the energies and do not 

alter any of the encountered trends. It should be noted, however, that small barriers for either the 

forward or backward reactions that are present on the electronic potential energy surface, may 

vanish when thermodynamic effects are taken into account. For clarity, the results are therefore not 

discussed, but available in the supplementary information of the publications corresponding to 

these chapters. 
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Chapter 3: Arylic C–X Bond Activation by 

Palladium Catalysts 

Based on: 

P. Vermeeren, X. Sun, F. M. Bickelhaupt 

Sci. Rep. 2018, 8, 10729–10739. 

Abstract 

We have quantum chemically explored 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) using relativistic density functional theory at ZORA-

BLYP/TZ2P. Besides exploring reactivity trends and comparing them to aliphatic C–X activation, 

we aim at uncovering the physical factors behind the activity and selectivity. Our results show that 

barriers for arylic C–X activation are lower than those for the corresponding 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 along Pd < Pd(PH3) or Pd(PH2C2H4PH2) < 

Pd(PH3)2. Activation strain analyses in conjunction with quantitative molecular orbital theory trace 

these trends to the rigidity and bonding capability of the various C–X bonds, model catalysts and 

ligands.  
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3.1 Introduction 

Catalysis plays a key role in many industrial processes, as well as in the synthesis of various 

biologically active compounds.[19,139,140] An important class of catalytic processes is constituted by 

transition-metal-catalyzed cross-coupling reactions which furnish new carbon–carbon bonds 

(Figure 3.1).[141,142] The first and commonly the rate-determining step in the catalytic cycle of a 

typical cross-coupling reaction is the activation of a carbon–substituent bond (R–X) by oxidative 

addition to a transition metal complex. This reaction step plays an essential role in the selectivity 

and efficiency of the overall catalytic cycle. The oxidative addition can in principle proceed via 

various reaction mechanisms, for instance, the concerted pathway. This pathway is an associative 

substitution reaction in which R–X binds first as a  complex and then undergoes R–X bond 

breaking as a result of strong back donation from the metal d orbitals into the *R–X orbital. 

Another possible pathway proceeds analogously to the well-known bimolecular nucleophilic 

substitution by means of a direct nucleophilic attack of the metal center at the more electropositive 

atom of the R–X bond by donating the catalyst's d electrons into the substrate's * orbital, forming 

an [M–R]+ species and an X– leaving group. 

 

Figure 3.1: Generic catalytic cycle of a transition-metal-catalyzed cross-coupling reaction. 

Due to the importance of the oxidative addition, extensive experimental and theoretical 

research has been committed to this reaction step.[14, 97, 143,144,145,146,147,148,149,150,151,152,153,154] Earlier 

theoretical studies have investigated the oxidative insertion of numerous d10 transition-metal 
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catalysts into various aliphatic C–X bonds. Additionally, several concepts were introduced on how 

bond-activation barriers of d10-metal complexes depend on and can be tweaked through, the 

electronic and steric properties of the metal center and the ligands of the catalyst complex. 

Furthermore, previous studies have shown that solvation does not alter the trends in oxidative 

insertion reactivity and selectivity along various aliphatic bonds and model catalysts compared to 

the gas phase.[147,152,154] 

Herein, we quantum chemically explore and analyze reactivity and selectivity trends in 

arylic carbon-substituent bond activation of C–H, C–Cl, and C–C bonds in benzene, 

chlorobenzene, and toluene to palladium catalysts Pd, Pd(PH3), Pd(PH3)2, and Pd(PH2C2H4PH2) 

(Figure 3.2). Our computations have been performed using relativistic density functional theory 

(DFT) at ZORA-BLYP/TZ2P level of theory,[80,81,116,117,119,131,132,133,135,136,137,155,156,157,158,159,160,161] 

as implemented in the Amsterdam Density Functional (ADF) program. Reactivity trends have been 

analyzed using the activation strain model (ASM) in conjunction with quantitative canonical 

(Kohn-Sham) molecular orbital theory and a matching canonical energy decomposition analysis 

(EDA) that quantifies the various features in the bonding mechanism. First, we compare the 

behavior and trends found for the arylic C–X activation with the previously studied aliphatic C–X 

bonds.[14,152] In the second part, we examine the activation of the C–H bond of benzene, the C–Cl 

bond of chlorobenzene, and the exocyclic C–C bond of toluene by a bare palladium atom. At last, 

we investigate the effect of introducing various phosphine ligands on the different reaction 

pathways. 

 

Figure 3.2: General representation of the arylic C–X bond activation by a palladium catalyst, where X = H, Cl or CH3; 

Ln = no ligand, PH3, (PH3)2, PH2C2H4PH2. 

3.2 Methods 

All calculations are based on Density Functional Theory (DFT),[80,81] and have been 

performed using the Amsterdam Density Functional (ADF) software.[116,117,119] The numerical 



Chapter 3: Arylic C–X Bond Activation by Palladium Catalysts 

 

 
36 

integration is executed with Becke’s fuzzy cell integration scheme.[155] The molecular orbitals 

(MO) are expanded in a large uncontracted set of Slater-type orbitals (STOs). The used basis set, 

denoted TZ2P, is of triple- quality for all atoms and has been improved by two sets of polarization 

functions.[156] The polarization functions are 2p and 3d on H, 3d and 4f on C, P, Cl, and 5p and 4f 

on Pd. The molecular density was fitted by the Zlm fitting scheme.[157] The frozen core 

approximation has been employed using the following frozen shells: 1s for C, [He]2p for Cl, and 

[Ar]3d for Pd. 

Equilibrium structures and transition state geometries have been computed using analytical 

gradient techniques and the BLYP functional.[162] In the latter, the exchange is described by Slater’s 

Xα potential with nonlocal corrections due to Becke added self-consistently,[132,133,158] whereas 

correlation is treated using the gradient-corrected functional of Lee, Yang, and Parr,[135] added 

again in a self-consistent fashion. Scalar relativistic effects are accounted for using the zeroth-

order regular approximation (ZORA).[136,137] This approach was extensively tested against ab initio 

reference benchmarks from hierarchical series up till CCSD(T).[144,146,159,160,161] 

All stationary points have been verified, through vibrational analysis,[163,164,165] to be (local) 

minima (zero imaginary frequencies) or transition states (one imaginary frequency). The character 

of the normal mode associated with the imaginary frequency has been analyzed to ensure it 

resembles the reaction under consideration. To obtain the potential energy surface (PES) of the 

chemical process, intrinsic reaction coordinate (IRC) calculations have been performed.[111,112] The 

potential energy surfaces are analyzed using the PyFrag program.[118] Optimized structures were 

illustrated using CYLview.[166] 

3.3 Results and Discussion 

3.3.1 Reaction Profiles 

Our ZORA-BLYP/TZ2P results are collected in Table 3.1 (relative energies), Table 3.3 and 

Table 3.4 (structural data). A number of general trends can be observed. In the first place, the 

barriers for arylic C–X bond activation in Table 3.1 are 4–9 kcal mol–1 lower than those computed 

earlier for the corresponding aliphatic C–X bonds.[14,152] An exception is Pd(PH3)-induced C–H 

bond activation. In that case, arylic C–H activation proceeds via a slightly higher barrier than 



Chapter 3: Arylic C–X Bond Activation by Palladium Catalysts 

 

 
37 

aliphatic (methane) C–H activation, 17.1 and 15.7 kcal mol–1, respectively. Secondly, the trends in 

reaction barrier, for a given palladium catalyst, along the three C–X bonds is similar for the arylic 

and aliphatic C–X bonds and decreases in the order C–C > C–H > C–Cl.[14,143,145,152] Thus, the 

activation of the ethane and toluene C–C bonds by a palladium catalyst occur with the highest 

barriers, contrarily, the activation of the chloromethane and chlorobenzene C–Cl bonds have the 

lowest barriers. 

Furthermore, we have examined the effect of various phosphine ligands on the reactivity 

of the catalyst, by changing the catalyst from bare palladium to a palladium metal center with 

ligands varying from one phosphine (PH3), to two phosphines ((PH3)2), to the chelating 1,2-

ethanediyldiphosphine (PH2C2H3PH2). These phosphine ligands have both σ-donor and π-acceptor 

properties. Coordinating these ligands to the catalyst increases the reaction barriers of all arylic 

C–X bond activations (Figure 3.4). This is again similar to the trend in reaction barriers that was 

computed for the oxidative addition of aliphatic C–X bonds to palladium-phosphine 

catalysts.[14,152] The reaction barriers of the arylic C–H bond activation, for example, increase 

from –1.6 to 17.1 to 27.4 kcal mol–1
 when the catalyst changes along a bare Pd atom, Pd(PH3), 

and Pd(PH3)2. However, when we coordinate a chelating ligand to the catalyst, i.e., 

Pd(PH2C2H4PH2), the reaction barrier drops to 13.6 kcal mol–1, that is, below the barriers for 

Pd(PH3) and Pd(PH3)2. In the case of C–Cl and C–C bond activation, the barriers for the chelate 

complex Pd(PH2C2H4PH2) also drop below the one of Pd(PH3)2 but not below that for Pd(PH3). 

Thus, the trend in barriers is: Pd < Pd(PH3) or Pd(PH2C2H4PH2) < Pd(PH3)2. 
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Table 3.1 Electronic energies[a] of stationary points relative to separate reactants (in kcal mol–1) for the oxidative 

addition of arylic (C6H5X)[b] and aliphatic (CH3X) C–H, C–Cl, and C–C bonds to various model catalysts. 

  RC  TS  PC 

C–X bond Model catalyst C6H5X (CH3X)  C6H5X (CH3X)  C6H5X (CH3X) 

C–H Pd –21.7 (–6.7)  –1.6 (4.0)  –6.0 (–3.6) 

 Pd(PH3) –14.9 (–7.7)  17.1 (15.7)  16.9 (14.9) 

 Pd(PH3)2 –0.4 (0.0)  27.4 (32.6)  24.2 (27.3) 

 Pd(PH2C2H4PH2) –7.7 (–1.3)  13.6 (18.6)  10.0 (12.6) 

           
C–Cl Pd –19.2 (–12.9)  –8.1 (–0.6)  –33.8 (–33.5) 

 Pd(PH3) –14.4 (–12.9)  –4.4 (2.3)  –23.8 (–26.9) 

 Pd(PH3)2 –0.4 (–0.5)  19.2 (27.1)  –9.6 (–11.6) 

 Pd(PH2C2H4PH2) –8.8 (–6.4)  5.5 (14.3)  –24.9 (–27.1) 

           
C–C Pd –19.7 (–6.7)  11.0 (18.5)  –8.5 (–9.4) 

 Pd(PH3) –15.1 (–7.9)  22.8 (26.3)  14.6 (13.6) 

 Pd(PH3)2 –0.3 (0.0)  45.7 (51.7)  27.1 (26.6) 

 Pd(PH2C2H4PH2) –5.3 (–1.7)  33.7 (38.4)  12.0 (11.3) 

[a] Computed at ZORA-BLYP/TZ2P. [b] This work. 

The reactant complexes (RC) for arylic C–H, C–Cl, and C–C activation by a bare Pd 

atom are all more stable than their aliphatic counterparts (Table 3.1). The higher stability of the 

arylic reactant complexes originates from the relatively favorable η2 interaction of the Pd 

center with the substrate’s aromatic π system at C1 and C2. The aliphatic reactant complexes 

feature a weaker palladium-substrate interaction: η2 with two C–H bonds in the case of methane 

and ethane, and η1 with the chlorine lone pair of the C–Cl bond of chloromethane. Moreover, 

the products of all bond activations by a bare Pd atom are stable relative to the reactants. The 

most stable product is found for the activation of the C–Cl bond, followed by C–C and C–H 

bond activation. 

The introduction of ligands coordinated to the palladium catalyst has the effect of 

weakening reactant complexes and pushing up reaction barriers (Table 3.1). In the case of 

chlorobenzene C–Cl activation, for instance, coordinating one PH3 ligand to Pd destabilizes the 

RC by 5 kcal mol–1, whereas, adding a second phosphine ligand reduces this RC’s stability with 

another 14 kcal mol–1. The substantial reduction of RC stability, when going from a monoligated 

to a bisligated palladium-phosphine catalyst, is due to the loss of the energetically favorable 

η2 interaction between the catalyst and the phenyl ring of the substrate as the steric crowding 
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around the metal center increases. Going from Pd(PH3)2 to Pd(PH2C2H4PH2), the RC becomes 

more stable as there is again sufficient room for entering into a favorable η2 interaction 

between palladium and the substrate's π system at C1 and C2. A similar trend in reactant 

complex stability is found for the activation of the arylic C–H and C–C bonds. 

 

Figure 3.3: Representative geometries of the stationary points (in Å) for the oxidative insertion of Pd into the benzene 

C–H, chlorobenzene C–Cl, and toluene C–C bond, computed at ZORA-BLYP/TZ2P. 
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Figure 3.4: Representative geometries of the transition states (in Å, deg) of the oxidative insertion of Pd(PH3), 

Pd(PH3)2, and Pd(PH2C2H2PH2) into the C–H, C–Cl, and C–C bond of benzene, chlorobenzene, and toluene, computed 

at ZORA-BLYP/TZ2P. 

3.3.2 Activation Strain Analyses of Aliphatic C–X Versus Arylic C–X Bond 

Activation. 

To analyze and compare the reaction pathways of the aliphatic and arylic C–X bond 

activation by a bare Pd atom catalyst, we applied the activation strain model.[94,167] This model is 

based on the idea that the energy of a reacting system, that is, the reaction potential energy surface, 

is described with respect to, and understood in terms of the properties of, the original reactants. It 

considers their rigidity and the extent to which the reactants must deform during the reaction plus 

their capability to interact as the reaction proceeds. Thus, we decompose the total energy, ∆E(ζ), 

into the strain and interaction energy, i.e., Estrain() and Eint(), and projected these values onto 

the bond stretch of the activated C–X bond (Eq. 3.1). 
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 E() = Estrain () + Eint () (3.1) 

In this equation, the strain energy Estrain() is the energy that is necessary to deform 

the reactants from their equilibrium structure to the geometry they adopt in the reaction system 

at point ζ of the reaction coordinate. On the other hand, the interaction energy Eint() accounts 

for all the chemical interactions that occur between the deformed fragments during the reaction. 

Our activation strain analyses reveal that the higher reaction barrier of the activation of 

the aliphatic C–X bond (see Table 3.1) appears to be caused by an initially less stabilizing 

interaction energy compared to the situation for arylic C–C bond activation (see Figure 3.5a). 

The strain energies do not discriminate: they are identical for the activation of aliphatic and 

arylic C–X bonds with equal substituents. Proceeding further along the reaction coordinate the 

difference in interaction energy between the two reaction systems diminishes and eventually 

we end up with comparable total energies at the product side. In other words, reaction energies 

for aliphatic and arylic C–X activation are similar. 

Note that this circumstance, i.e., more stabilizing interactions for arylic than for aliphatic 

C–X activation at the beginning of the reaction and not so different interactions at the end, also 

makes the ∆Eint(ζ) curves shallower for arylic C–X activation. Therefore, from aliphatic to 

arylic C–X activation, the TS shifts slightly to a later stage of the reaction, that is, it becomes 

more product like (see Figure 3.5a). Only the already relatively product–like TS for C–Cl 

activation shifts to a yet earlier point along the reaction coordinate if we go from aliphatic to 

arylic C–X activation. The reason is a subtly steeper rise of the arylic C–X strain curve in the 

very early reaction stage. 

To clarify the difference in interaction energy, we have further decomposed ∆Eint(ζ) into 

three different terms using our canonical energy decomposition analysis (EDA) scheme:[12, 168, 

169,170] 

 Eint() = Velstat() + EPauli() + Eoi() (3.2) 

Herein, ∆Velstat is the classical electrostatic interaction between the unperturbed charge 

distributions of the (deformed) reactants which is usually attractive. The Pauli repulsion ∆EPauli 

comprises the destabilizing interaction between occupied orbitals (more precisely, between 

electrons of like spin) due to the Pauli principle and is responsible for any steric repulsion. The 

orbital interaction energy ∆Eoi accounts for polarization and charge transfer, amongst others, 
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HOMO–LUMO interactions. 

Our energy decomposition analyses show that both the orbital interactions ∆Eoi and the 

electrostatic attraction ∆Velstat are more stabilizing for the arylic C–X activation processes (see 

Figure 3.5b-d). It is their combined action that overrules the trend of the somewhat more 

destabilizing steric (Pauli) repulsion and makes the net interaction ∆Eint systematically more 

stabilizing for the arylic than for the aliphatic C–X activation. 

The characteristic difference in orbital interactions at the beginning of the oxidative 

addition reactions (i.e., the fact that they are less stabilizing for aliphatic than for arylic C–X 

activation) can be ascribed to differences in the bonding mechanisms between the catalyst and 

substrate along the reaction coordinate. The catalyst-substrate interaction for all three aliphatic 

reactant complexes are dominated by the donor-acceptor interaction between the filled σC–X 

orbital of the substrate (or LPCl) in early stages of C–X activation and the empty 5s orbital of the 

palladium catalyst, associated with HOMO–LUMO energy gaps between 5.5 and 3.5 eV. 

When the reaction proceeds further towards the transition state, the backbonding interaction 

between the catalyst 4d and substrate *C–X orbital becomes the most important mechanism. 

At variance, for the arylic reactant complexes, the foremost donor-acceptor interaction 

in the reactant complex is between the filled palladium 4d orbitals and the low lying empty * 

orbital of the phenyl ring, which goes with a smaller HOMO–LUMO gap of 2.7–3.3 eV and 

thus a more stabilizing orbital interaction. Proceeding further along the reaction coordinate, the 

bonding mechanism changes from solely metal–substrate 4d → * "backbonding" to a "forward" 

donation from the occupied aromatic π orbitals into the empty metal 5s. 

As soon as the reaction approaches the transition state, the orbital-interaction mechanism 

becomes, in all cases, predominantly backbonding from catalyst 4d to substrate *C–X orbital, just 

as in the case of the aliphatic C–X activation. Importantly, the *C–X acceptor orbital of the 

aliphatic C–X bond is at higher energy than that of the arylic C–X bond. Consequently, the 

HOMO–LUMO gap associated with the metal 4d to substrate *C–X interaction is larger in the 

case of the aliphatic C–X bond which therefore experiences a less stabilizing catalyst-substrate 

interaction and thus arrives at a higher barrier in the bond activation reaction. 

3.3.3 Variation along C–C, C–H, and C–Cl Bonds. 
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Our activation strain analyses clearly reveal the physical factors that determine the trend 

of a decreasing barrier along the activation of arylic C–C, C–H, and C–Cl (see Figure 3.5a). 

These trends and the physical mechanisms behind them are very similar to those found for the 

aliphatic C–X bond activation reactions (see Table 3.1).[14,143,145,152] The low barrier for C–Cl 

activation is simply the result of the relative weakness of this bond. We compute homolytic 

bond dissociation energies for our arylic C–C and C–H bonds (132.3 and 143.7 kcal mol–1) 

that are significantly higher than that for the arylic C–Cl bond (only 106.9 kcal mol–1). This 

results in a significantly lower strain curve and thus a lower barrier for the activation of the 

arylic C–Cl bond. 

 

Figure 3.5: a) Activation strain diagram comparing the oxidative addition of the aliphatic C–X bond versus the arylic 

C–X bond (X = H, Cl, CH3) by a Pd catalyst, where the transition states are indicated with a dot. Energy decomposition 

analysis terms of the oxidative addition of the aliphatic C–X bond versus the arylic C–X bond (X = H, Cl, CH3) by a 

Pd catalyst: b) Pauli repulsion; c) electrostatic interaction; and d) orbital interaction. Computed at ZORA-BLYP/TZ2P. 
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The fact that arylic C–C activation goes with a higher barrier than arylic C–H activation 

can be traced to a delay, along the reaction coordinate, in building up stabilizing interaction ∆Eint. 

The physical origin consists of the same two factors as those found for the corresponding aliphatic 

C–H and C–C bonds:[14,143,145,152] (i) the methyl C–H bonds shield the C–C bond which first 

has to stretch before the metal can approach sufficiently closely for its dπ orbital to overlap with 

the *C–C; and (ii) the C–C bond also has to stretch in order to move the two nodal surfaces that 

the *C–C orbital has on the carbon nuclei, out of the way of the metal dπ lobes before a favorable 

<dπ|*C–C> overlap can occur. This is schematically illustrated in Figure 3.6a–c whereas the 

quantitative course of the overlap of the <dπ|*C–X> overlaps is shown in Figure 3.6d. Note, in the 

latter, the more continuous increase of <dπ|*C–H> overlap as opposed to the more abrupt rise of 

<dπ|*C–C> after a stretch of approximately 0.3 Å. 

 

Figure 3.6: Schematic representation of the overlap of the filled transition–metal d orbital with the * orbital of a) a 

C–H bond; b) a C–C bond; c) an elongated C–C bond (dashed red lines represent the nodal plane of the carbon 2p 

atomic orbital); and d) overlap integral of the backbonding interaction between Pd 4dπ and the arylic C–X 

antibonding *C–X orbitals along Pd + C6H5–X oxidative addition reactions, computed at ZORA–BLYP/TZ2P. 
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3.3.4 Variation along Model Catalysts 

Finally, we examine how the activity towards activating a particular C–X bond depends on 

the choice of ligands, by varying the model catalyst along Pd, Pd(PH3), Pd(PH3)2, and 

Pd(PH2C2H4PH2) (see Figure 3.7). The principal effect of introducing phosphine ligands is a raise 

of all C–X activation barriers, with major differences between the various ligands as detailed 

below. The selectivity for the three different bonds, however, remains identical, that is, barriers 

decrease in the order C–C > C–H > C–Cl for each of our model catalysts. A more careful inspection 

of reactivity trends shows that C–X activation barriers increase along Pd, Pd(PH3), and Pd(PH3)2, 

and then decrease again from Pd(PH3)2 to Pd(PH2C2H4PH2) (see Table 3.1). These kinetic 

tendencies are mirrored by analogous trends in the reaction energies. These findings are 

reminiscent of the behavior reported earlier for aliphatic C–X activation.[14, 152] Our activation 

strain analyses reveal a clear set of physical mechanisms behind these reactivity trends (see Figure 

3.7). Introducing one phosphine ligand stabilizes the palladium d orbitals which leads to a weaker 

HOMO–LUMO and overall interaction curve ∆Eint and, thus to a higher total energy profile ∆E 

Note that the strain curve is not much affected yet. 

That changes as soon as the second phosphine ligand is introduced: In the linear d10-

Pd(PH3)2 complex, the palladium center has become sterically more congested. Now, it has to 

bend its two ligands away by up to approximately 100° to avoid steric (Pauli) repulsion with, 

in order to make room for, the incoming substrate. This bending goes with a substantial 

enhancement of the unfavorable strain curve ∆Estrain which further raises the reaction barrier 

provided by the total energy profile ∆E (see Figure 3.7) Note that bending is also required to 

achieve a good overlap between the catalyst hybrid d and the substrate *C–X orbital (vide supra). 

In Pd(PH2C2H4PH2), the coordinating sites are pulled towards each other by the short 

dimethylene bridge which causes the catalyst complex to be pre-distorted. Consequently, 

substantially less additional bending is required for coordinating the substrate. This has a major 

effect on the strain curve ∆Estrain which drops markedly (see Figure 3.7). The effect on the 

interaction curve is much less pronounced. Therefore, the barrier lowering and thus rate 

enhancement that goes with chelate ligands and smaller bite angles in catalyst complexes mainly 

originate from the reduction of catalyst bending strain. 
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Figure 3.7: Activation strain diagram comparing the insertion of different catalysts into the a) benzene C–H; b) 

chlorobenzene C–Cl; and c) toluene C–C, where the transition states are indicated with a dot. Computed at ZORA-

BLYP/TZ2P. 

Finally, we wish to point out an interesting detail. Going from the monoligated to the 

bisligated catalyst, one can observe anti-Hammond behavior (see Figure 3.7a,c).[14] Thus, C–H and 

C–C bond activation by Pd(PH3)2 proceeds with a lower activation barrier than Pd(PH3)2. Yet, the 

TS of the former more exothermic reaction is located a later, more product–like point along the 

reaction coordinate, instead of at an earlier, more reactant–like point. The reason is that the 

electron-donating capability of the bisligated catalyst suddenly improves, relative to that of 

Pd(PH3)2, only after the P–Pd–P angle starts bending. The effect of this phenomenon is that the 

resulting hybrid d orbitals are pushed up in energy and oriented more towards the substrate *C–X 

orbital, resulting in a better overlap. Thus, as we proceed along the reaction coordinate for 

oxidative addition to the bisligated metal complex, the interaction curve becomes steeper. This 

enhanced steepness pulls the TS ‘to the left’, that is, to an earlier reactant-like geometry. 

3.4 Conclusion 

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. This follows from our quantum 

chemical exploration of 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, 
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PH2C2H4PH2) using relativistic density functional theory. 

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 C–X orbitals are in general at lower energy than their 

aliphatic counterpart. 

The high reaction barrier for both arylic and aliphatic C–C activation is caused by a delay 

in building up favorable catalyst–substrate interaction in early stages of the reaction. This delay in 

stabilizing interaction originates from the cancelation of metal dπ–substrate *C–X orbital overlap 

with the additional 2p atomic nodal surface in *C–X when X = CH3. This unfavorable situation is 

only overcome after the reaction has proceeded already to some extent and the C–C bond has 

undergone sufficient stretching to allow for a better dπ–*C–C phase match. Coordination of 

phosphine ligands to the catalyst raises the barrier because of the additional catalyst strain that 

occurs upon bending ligands away to accommodate the substrate. 
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Chapter 4: Understanding the Differences 

Between Iron and Palladium in Cross-

Coupling Reactions 

Based on: 

X. Sun, M. V. J. Rocha, T. A. Hamlin, J. Poater, F. M. Bickelhaupt  

Phys. Chem. Chem. Phys. 2019, 21, 9651–9664. 

Abstract 

We aim at developing design principles, based on quantum chemical analyses, for a novel 

type of iron-based catalysts that mimic the behavior of their well-known palladium analogs in the 

bond activation step of cross coupling reaction. To this end, we have systematically explored C–

X bond activation via oxidative addition of CH3X substrates (X = H, Cl, CH3) to model catalysts 

mFe(CO)4
q (q = 0, –2; m = singlet, triplet) and, for comparison, Pd(PH3)2 and Pd(CO)2, using 

relativistic density functional theory at ZORA-OPBE/TZ2P level. We find that the neutral singlet 

iron catalyst 1Fe(CO)4 activates all three C–X bonds via barriers that are lower than those for 

Pd(PH3)2 and Pd(CO)2. This is a direct consequence of the capability of the iron complex to engage 

not only into π-backdonation, but also into comparably strong -donation. Interestingly, whereas 

the palladium complexes favor C–Cl activation, 1Fe(CO)4 shows a strong preference for activating 

the C–H bond, with a barrier as low as 10.4 kcal mol–1. Our results suggest a high potential for 

iron to feature in palladium-type cross-coupling reactions. 

  



Chapter 4: Understanding the Differences Between Iron and Palladium in Cross-Coupling Reactions 

 

 
50 

4.1 Introduction 

Catalysis is ubiquitous in modern synthetic and industrial chemistry, and plays a key 

role in reducing the consumption of energy and feedstock. Yet, "designing" catalysts with a desired 

activity and selectivity is still a formidable task, and to a large extent, an empiric undertaking that 

proceeds through trial and error.[19,142,171] In order to facilitate this process, a fragment-based 

approach, called activation strain model[93,161, 172 ] (ASM, also known as distortion/interaction 

model[95,167]) of chemical reactivity, which will be explained later on, can be used to understand 

how and why a certain combination of metal center, ligands and solvent is able to selectively 

catalyze one particular bond in the substrate. Using this model, our group has performed a series 

of studies to systematically investigate the effect of a specific variation on the reactivity of the 

catalysts, especially for palladium in key steps for cross-coupling reactions.[14,173] For example, 

we have explored not only how the reaction barrier varies when different bonds are activated by 

palladium,[96] or different ligands are attached to palladium,[97] but also how different metal centers 

perform compared to palladium.[153] 

Proceeding from the insights obtained in the above studies, we now aim at a next step: the 

exploration of iron’s potential to take over from palladium in archetypal, closed-shell catalytic 

cross-coupling reactions, as illustrated by the generic catalytic cycle in Scheme 1. There are 

processes known in which iron-centers feature in such pathways (vide infra) although in general 

they react often via radical mechanisms.[174,175,176] Our purpose, here, is not to optimize the latter. 

Instead, we wish to understand how and why FeLn complexes behave in general differently 

from PdLn complexes. In this way, we develop a theoretical framework that facilitates a more 

systematic development of iron-based cross-coupling chemistry. 

 

Scheme 1. Key steps in catalytic cross-coupling model reactions. 
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Cross-coupling reactions constitute one of the most important tools for efficiently creating 

a bond between two carbon atoms, and have been widely investigated, both experimentally and 

theoretically.[224,225] The first and generally rate-determining step in the catalytic cycle of a typical 

cross-coupling reaction is the activation of a bond, such as C–H, C–C and C–X (where X = 

halogen) by oxidative addition to a transition-metal complex. Moreover, activation of these bonds 

is also an important step towards the efficient conversion of abundant and inert compounds into 

more useful products.[174,177,178] While iron plays an important role in other areas of modern 

synthetic chemistry, it has been traditionally eclipsed by other transition metals such as palladium 

in cross-coupling reactions.[179,180] However, the growing concern about environmental damage 

and energy consumption nowadays demands cheap, non-toxic and highly selective catalysts.[181] 

For this reason, iron-based catalysts, started by the pioneering work of Kochi[47,48,51,52] in the early 

1970s’, and later spurred by Cahiez,[53,54,55,56] have quickly become an important tool in the cross-

coupling arsenal. Based on the recent works by Fürstner,[50,57,58,59,60] Nakamura,[61,62,63,64,65] 

Hayashi,[66,67,68] and Bedford[69,70,71,72] new catalysts have been developed, which tolerate both a 

rich manifold of reactivity patterns and various functional groups. However, despite the growing 

number of studies, their applicability in synthesis is still scarce,[171,175] and the mechanism of 

iron-catalyzed cross-coupling reactions is not fully understood yet, at difference with 

Pd.[182,183,184,185,186,187,188,189,190,191,192]  

Here, we wish to explore a different idea: As opposed to developing a separate and 

different iron chemistry, is it possible to "teach" iron to do the trick of palladium? This is a quantum 

chemical proof-of-concept study that requires several questions to be answered: What are the 

major electronic and structural differences between iron and palladium systems? Why, so far, have 

these differences made palladium the most favorite metal in cross-coupling reactions? How 

could iron complexes mimic the behavior of palladium catalysts by carefully choosing suitable 

ligands? To answer these questions, we have systematically explored iron-mediated C–X bond 

activation via oxidative addition of CH3X substrates (X = H, Cl, CH3) to model catalysts 

mFe(CO)4
q

 (q = 0, –2; m = singlet, triplet) as well as selected reactions involving analogous 

palladium model catalysts, using relativistic density functional theory at ZORA-OPBE/TZ2P 

level in combination with the activation strain model and quantitative molecular orbital (MO) 

theory. 

There are several reasons to choose the prototypical iron-carbonyl complexes 
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mFe(CO)4
q as model catalysts in our quest: (i) these model systems have the required simplicity 

to focus on, and uncover, underlying physical factors of their properties and to compare them 

with simple bisligated Pd catalyst complexes; (ii) at the same time, Fe(CO)4 is feasible in the 

lab and extensively explored for its properties and interactions with various species such as 

hydrogen, nitrogen, hydrocarbon and so on;[193,194,195,196,197,198] and (iii) importantly, iron-based 

carbonyl complexes constitute one of the most important families in organometallic chemistry, 

displaying a wealth of structural complexity and chemical reactivity. This stability and diversity 

have their roots in the very nature of the carbonyl ligand: CO has the right orbital electronic 

structure for the balanced σ-donation through the 5σ orbital and π-backdonation through the 

2π orbitals, which is crucial in the formation of stable metal-ligand bonds.[199,200] Furthermore, 

CO can be easily replaced by other ligands, such as BR or PR3, that offer an arsenal of tuning 

possibilities.[201] 

4.2 Methods 

4.2.1 General Procedure 

All calculations were carried out using the Amsterdam Density Functional 

(ADF)[81,111,117,119,128,129,157,163,164] and the quantum-regions interconnected by local descriptions 

(QUILD) programs[126, 127] using relativistic density functional theory at ZORA-OPBE/TZ2P 

level.[132,133,135,136,155,158,202,203,204] The frozen core approximation (small frozen core) was applied 

in all calculations to reduce the computational cost, as relative energies of stationary points 

differ by less than 1 kcal mol–1 if computed with or without frozen core. Our early works and 

extensive benchmarking[159] have proven this approach to be well suitable for the systems of 

interest. In particular, OPBE is suggested by Truhlar[205] and Swart[206] to accurately perform in the 

determination of ground spin state of iron complexes, which is important in answering the tricky 

question as to whether singlet or triplet is the ground state for Fe(CO)4 in our study. Geometries 

were optimized without any symmetry constraint. Through vibrational analysis, all energy minima 

and transition state structures were confirmed to be either equilibrium structures (zero imaginary 

frequencies) or transition states (a single imaginary frequency). The character of the normal mode 

associated with the imaginary frequency was analyzed to ensure that the correct transition state 
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was found. Where computationally feasible, intrinsic reaction coordinate (IRC) calculations have 

been performed to obtain the potential energy surfaces (PES) of the reactions. Throughout this 

paper, our discussion is based on electronic energies of the molecular systems. Notably, Gibbs free 

activation barriers and free reaction energies have also been calculated and trends in reactivity 

remain unchanged. The PyFrag program was used to facilitate the analyses of the potential energy 

surfaces (PESs). All computations, including analysis, were carried out in the gas-phase, as the 

trends in the oxidative insertion potential energy surfaces of iron model catalysts into H3C–X 

bonds (X =H, Cl, CH3) in solution (THF) remained unchanged. 

4.2.1 Activation Strain Model Analysis 

Insight into the overall reaction energies is obtained through activation strain model 

(ASM) analyses.[153] The activation strain model of chemical reactivity is a fragment-based 

approach to understand the energy profile of a chemical process and to explain it in terms of 

the original reactants. This allows an easy assessment of the influence of geometrical 

deformation and electronic structure of catalyst and substrate. Obviously, in the current work, 

our main interest is the interplay between one fragment, the catalyst, and another fragment, 

the substrate. Subsequently, the division of the reaction system into catalyst and substrate is 

used in the PyFrag computation to generate the activation strain profile. Thus, the bonding 

energy ∆E is decomposed along the intrinsic reaction coordinate (IRC) into the strain energy 

∆Estrain that is associated with the geometrical deformation of the individual reactants as the 

process takes place, plus the actual interaction energy ∆Eint between the deformed reactants. We 

project the reaction coordinate on the stretch of the activated C–X bond, which has been shown 

to be a suitable choice.[ 207, 208]  Furthermore, the strain energy ∆Estrain can be readily split into 

contributions from the deformation of the substrate and that of the catalyst (see Eq. 4.1). 

 E = ∆Estrain[substr] + ∆Estrain[cat] + ∆Eint (4.1) 

The interaction energy ∆Eint between the deformed reactants is further analyzed in the 

conceptual framework provided by the Kohn-Sham molecular orbital (KS-MO) model, using 

a quantitative energy decomposition scheme (see Eq. 4.2):[12] 

 Eint = Velstat + EPauli + Eoi (4.2) 
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The term ∆Velstat corresponds to the classical Coulomb interaction between the unperturbed 

charge distributions of the deformed reactants and is usually attractive. The Pauli repulsion energy 

∆EPauli comprises the destabilizing interactions between occupied orbitals on the respective 

reactants and is responsible for steric repulsion. The orbital interaction energy ∆Eoi accounts for 

charge transfer (interaction between occupied orbitals on one fragment with unoccupied orbitals 

on the other fragment, including the HOMO–LUMO interactions) and polarization (empty 

occupied orbital mixing on one fragment due to the presence of another fragment). 

4.3 Results and Discussion 

4.3.1 Model Catalysts 

In the following, we first examine the geometric and electronic structure of our model iron-

catalysts mFe(CO)4
q for: q = 0 with m = singlet or triplet states; and for q= –2 with m = singlet 

state. Also, we address the proof-of-concept character of this study, in particular, the fact that 

model iron-based catalysts of the type we focus on in this study cover all key steps of a full 

cross-coupling catalytic cycle, in the same way as, for example, the palladium-based model 

catalyst Pd(PH3)2. Subsequently, we explore the various reaction pathways for activating C–H, 

C–C and C–Cl bonds via oxidative addition to the model mFe(CO)4
qcomplexes, followed by 

detailed activation strain and bonding analyses that serve to uncover the physical factors that 

are behind the reactivity trends. In the last section, palladium-mediated reactions are included 

to enable the development of design principles for iron-complexes that mimic the bond-

activation behavior of the palladium systems. The results of our ZORA-OPBE/TZ2P 

calculations are collected in Tables 4.1, 4.2 and 4.3 and represented in Figure 4.1–4.8. 

Let us first inspect the three prototypal iron complexes 1Fe(CO)4, 3Fe(CO)4 and 

1Fe(CO)4
–2. Figure 4.1 depicts the frontier MOs of neutral Fe(CO)4 and their occupations in 

the singlet and triplet states, i.e., in 1Fe(CO)4 and 3Fe(CO)4. The triplet state is the ground state. 

Its open-shell nature gives rise to iron’s tendency to react via radical pathways. But, the singlet 

state is only slightly, that is, 0.2 kcal mol–1, higher in energy than the triplet state. Herein, we 

are mainly interested in iron’s less common closed-shell chemistry on the singlet potential energy 

surface (PES) which shows striking similarities and, yet, also characteristic differences with 
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palladium chemistry. 

 

Figure 4.1: Schematic molecular orbital (MO) diagrams of 1Fe(CO)4 (left) and 3Fe(CO)4 (right: α-and β-spin 

levels), computed at ZORA-OPBE/TZ2P. 

Our computed geometries and energies of model iron complex 1Fe(CO)4
–2, singlet 

1Fe(CO)4, and triplet 3Fe(CO)4 agree well with data from previous theoretical and experimental 

studies.[ 209 ,210 ,211 ,212 ,213 ,214 ] While the anionic d10-metal complex 1Fe(CO)4
–2 is tetrahedrally 

coordinated,[171] the neutral d8-Fe(CO)4 complexes, both singlet and triplet, have C2v symmetry 

(see Figure 4.1 and Table 4.1). The larger axial and equatorial OC–Fe–CO angles in 1Fe(CO)4 

makes this system resemble a trigonal bipyramid in which one of the equatorial sites is vacant. On 

the other hand, the geometry of 3Fe(CO)4 approaches more closely a distorted tetrahedron. Later 

on, we will see that the larger OC–Fe–CO angle of 1Fe(CO)4 is responsible for a significantly less 

destabilizing activation strain and, thus, lower barrier for C–X bond activation by this catalyst 

complex. 
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4.3.2 Proof-of-Concept Character of Model Catalytic Cycles 

Next, we address the proof-of-concept character of this study. Whereas the main emphasis 

of our analyses is to obtain an understanding of the differences between iron and palladium-based 

model catalysts in the initial, selectivity-determining step of C–X bond activation, we stress that 

ultimately it is, of course, not only this step, but the entire catalytic cycle that determines whether 

such a process is kinetically feasible. Therefore, we precede these more detailed analyses by a 

helicopter-view exploration of the full catalytic cycle for a representative model cross-coupling 

reaction for both, an iron and an analogous palladium model catalyst. For that purpose, we choose 

the cross coupling of chloromethane with the Grignard reagent methyl-magnesiumchloride leading 

to the formation of ethane, catalyzed by both Fe(PH3)4 and by Pd(PH3)2 (Eq. 4.3). For our purpose, 

Fe(CO)4 is replaced by Fe(PH3)4 to allow for a more direct comparison with the model palladium 

system, Pd(PH3)2. Iron catalysts with carbonyl and phosphine ligands, such as Fe(CO)4, Fe(PH3)4, 

Fe(DPE)2, Fe(DMPE)2 and Fe(CO)2(DPPE) [DPE = H2PCH2CH2PH2, DMPE = 

(CH3)2PCH2CH2P(CH2)2 and DPPE = Ph2PCH2CH2PPh2] have similar yet slightly different 

properties and thus have been applied as models in the exploration of various reactions.[215,216] 

Moreover, use of the simplified and generic model catalysts, Fe(PH3)4 and Pd(PH3)2, allows the 

physical factors governing their activity and selectivity in cross coupling reactions to be directly 

compared and understood. 

 

We have computationally modelled all key steps of the catalytic cycles, involving first 

oxidative addition, then transmetalation, and finally the reductive elimination (see Scheme 1). As 

illustrated in Figure 4.2, the overall potential energy surfaces for catalytic cycles involving 

Fe(PH3)4 and Pd(PH3)2 are qualitatively similar. Note that both model catalysts, Fe(PH3)4 and 

Pd(PH3)2, used to investigate intrinsic properties of “real” catalysts[14,217] go with unfavorable 

energetics for key steps of their respective catalyst cycles. The rate determining step for Pd(PH3)2 

is the oxidative addition,[19] while for Fe(PH3)4, it is the reductive elimination step.[142] The insight 

gained in the model study is to be used, in particular, to tune these unfavorable steps in the model 

processes to achieve the desired (lower) barriers while keeping also the overall energy-span of the 

mechanism small.[218] 
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Figure 4.2: Reaction profiles and key structures (in Å) for cross coupling of chloromethane with methylmagnesium 

chloride, catalyzed by: a) Fe(PH3)4 and b) Pd(PH3)2 (see Eq. 4.3), computed at ZORA-OPBE/TZ2P. 
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A rather unexpected finding is that Fe(PH3)4 has a 10.0 kcal mol–1 lower barrier than 

Pd(PH3)2 in the oxidative-addition step. This points to the enhanced bond activating capability 

for iron-based catalysts compared to the ubiquitous palladium analogs. Other than the 

previously mentioned differences, similar qualitative features emerge when comparing the 

catalytic cycles for Fe(PH3)4 and Pd(PH3)2. Thus, the use of our generic catalysts is justified and 

is a useful tool to understand the fundamental differences between iron-and palladium-based 

model catalysts. 

4.3.3 General Reaction Profiles 

The aim of the present work is to design iron-based catalysts that, as closely as 

possible, mimic the mechanism of bond activation for cross-coupling as performed by 

palladium catalysts. With this in mind, we have chosen three prototypical C–X bond activations 

that feature in palladium-catalyzed cross-coupling mechanisms, namely, that of the methane C–

H, chloromethane C–Cl, and ethane C–C bond, and explored their activation by the three iron 

carbonyl complexes introduced above. The computed energies, relative to reactants, of the 

stationary points along all seven model reactions are collected in Table 4.2. The corresponding 

energy profiles are depicted in Figure 4.3. In addition, geometries and designations of the 

stationary points located for each model reaction are depicted in Figure 4.4. 

Table 4.1 Geometry parameters (in Å and degrees) of singlet and triplet Fe(CO)4, and 1Fe–2(CO)4.a  

 Fe–Cax Fe–Ceq C–Oax C–Oeq Cax–Fe–Cax Ceq–Fe–Ceq Fe–Cax–Oax Fe–Ceq–Oeq 

1Fe(CO)4 1.777 1.732 1.151 1.158 181.7 126.6 178.2 170.5 

3Fe(CO)4 1.810 1.761 1.151 1.154 154.5 96.0 175.8 178.8 

1Fe(CO)4
–2 1.727 1.727 1.201 1.201 109.7 109.7 179.8 179.8 

a Computed at ZORA-OPBE/TZ2P. 
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Table 4.2 Reaction profile (in kcal mol–1) for the oxidative insertion of iron and palladium model catalysts into H3C–

X bonds (X = H, Cl, CH3).a 

  RC TS P 

1Fe(CO)4 C–H –1.3 10.4 0.8 

 C–Cl –9.0 25.5 –15.1 

 C–C 0.0 48.0 10.2 

3Fe(CO)4 C–H 0.0 64.4 45.2 

 C–Cl 0.0 43.3 29.4 

 C–C –0.1 76.9 51.1 

1Fe(CO)4
–2 C–H –2.4 74.1 66.3 

Pd(PH3)2
 C–H –0.2 30.5 28.1 

 C–Cl –0.5 30.6 –8.0 

 C–C –0.3 51.7 29.8 

Pd(CO)2
 C–H –0.0 33.4 31.7 

 C–Cl –0.2 34.7 5.1 

 C–C –0.1 53.9 32.8 

 a Computed at ZORA-OPBE/TZ2P. 1Fe(CO)4 is 0.2 kcal mol–1 above 3Fe(CO)4. 

The oxidative insertions of the iron complexes start from a weakly bound reactant complex 

(RC), at only 0 to –9.0 kcal mol–1 relative to separate reactants, in which CH3–X (X = H, Cl, CH3) 

coordinates via its C–X bond (or via its C–X and a C–H bond) to the iron center (see Table 

4.2 and Figure 4.4). The only RC of a more substantial stability is that of the chloromethane 

C–Cl bond coordinating to the singlet 1Fe(CO)4 (A2a), at –9.0 kcal mol–1. The reactant complexes 

of neutral Fe(CO)4 have a singlet ground state in the case of C–H and C–Cl and a triplet ground 

state for C–C activation; the latter is, however, only 0.2 kcal mol–1 above the singlet state. 

Proceeding from the RC, the catalyst approaches the C–X bond which elongates as we approach 

the transition state (TS) which is a triangular [FeCX] unit involving partially formed Fe–C and 

Fe–X bonds and a partially broken C–X bond. The lowest barriers in all cases occur for the neutral 

singlet-complex 1Fe(CO)4 (see Figure 4.3 and Table 4.2). In the case of the anionic d10-iron 

catalyst, the occurrence of a 20-electron species in the reaction with methane is prevented as one 

CO ligand begins to dissociate. This ligand dissociation also generates extra room for the 

approaching C–H bond. Our activation strain analyses reveal that this metal–ligand bond 

breaking causes a larger strain energy in 1Fe(CO)4
–2 and, therefore, a substantially higher energy 

barrier than in the reactions of the neutral d8-iron complex 1Fe(CO)4: 74.1 vs. 10.4 kcal mol–1 
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(see Figure 4.3b). TS geometries for 1Fe(CO)4 and 3Fe(CO)4 are quite similar (see Figure 4.4). 

Nevertheless, the former goes with significantly lower barriers than the latter: 10.4 vs. 64.4 kcal 

mol–1 for C–C, 25.5 vs. 43.3 kcal mol–1 for C–Cl, and 48.04 vs. 76.9 kcal mol–1 for C–C bond 

activation, respectively. Our activation strain analyses reveal that this increase in barrier height, 

from 1Fe(CO)4 to 3Fe(CO)4, is associated with a more destabilizing catalyst strain associated 

with the necessity of a larger widening of the initially smaller OC–Fe–CO angle in the more 

tetrahedral 3Fe(CO)4 complex (vide infra). 

 

Figure 4.3: Reaction profiles for the oxidative insertion of: a) singlet and triplet Fe(CO)4 into CH3X (X = H, Cl, CH3); 

and b) neutral and dianionic singlet Fe(CO)4 into CH4, computed at ZORA-OPBE/TZ2P. 

The reactions involving the neutral singlet complex 1Fe(CO)4 proceed not only with the 

lowest barrier, but also lead to the most stable products (P): In all cases, this is the direct-insertion 

product, in which the C–X bond has been effectively reduced and broken (see P, in Figure 4.3). 

Reaction energies of 1Fe(CO)4 amount to 0.8, –15.1, and 10.2 kcal mol–1 for C–H, C–Cl, and C–

C activation (see Table 4.2 and Figure 4.3). This has to be compared with the substantially more 

endothermic reaction energies of the triplet complex 3Fe(CO)4 which amount to 45.2, 29.4 and 

51.1 kcal mol–1, respectively. These observations agree with experimental findings by Poliakoff 

and Turner, who suggested that the adduct (CO)4–HFeCH3 has a singlet ground state.[192, 193] The 

associated radical reactions differ in nature from those of the closed-shell reactions of the singlet 

model catalyst. These radical reactions comprise the transfer of one methyl group of the substrate 

to iron under formation of an electron-pair bond while the X-group either leaves (in the case of 

CH3–CH3) or migrates to the carbon of a CO ligand (in the case of CH3–H and CH3–Cl). The most 
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endothermic insertion among our model reactions is C–H activation by the anionic d10-complex 

1Fe(CO)4
–2 with a reaction energy of 66.3 kcal mol–1. Note that the straight oxidative-insertion 

product is not stable for both 3Fe(CO)4 and 1Fe(CO)4
–2: in the former case, an X• radical migrates 

to the carbon of a CO ligand (C–H, C–C) or it dissociates and leaves (C–Cl). In the latter case, that 

is, for 1Fe(CO)4
–2 + CH4, a CO ligand departs (see Figure 4.4). In this way, the formation of an 

unfavorable 20-electron species is avoided. 

In addition to oxidative addition, we have also considered the SN2 reaction path for the 

activation of CH3X substrates (X = H, Cl, CH3) by the anionic iron complex 1Fe(CO)4
–2 It has 

been suggested that Na2Fe(CO)4 (Collman’s reagent) proceeds through a rapid SN2 reaction with 

alkyl bromides.[219] Our calculations indeed find a low barrier for C–Cl activation, but high 

barriers for C–H and C–C activation.  

In conclusion, the kinetically and thermodynamically most favorable pathways proceed 

via oxidative addition on the singlet-state energy surfaces. The associated triplet–singlet 

interconversion of the initial iron-carbonyl complex is a common phenomenon for first row 

transition-metals, especially for those that exhibit multiple spin states, such as iron (cf. spin-

cross reaction).[220,221] 
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Figure 4.4: Structure parameters (the bite angle of OC–Fe–CO, the bond length of Fe–X, Fe–C and C–X in Å) of the 

stationary points along the reaction coordinate for the oxidative insertion of Fe(CO)4 into CH4, CH3Cl and C2H6, 

computed at ZORA-OPBE/TZ2P. Uppercase letters A, B, and C represent Fe(CO)4 in neutral singlet state, neutral 

triplet state and anionic (–2) singlet state, respectively. Numbers 1, 2, and 3 represent the three substrates CH4, CH3Cl, 

and C2H6, respectively. Lowercase letters a, b, and c represent the three stages along oxidative reaction, namely the 

reactant complex, transition state and final product, respectively. 
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4.3.4 Activation Strain Analysis 

Next, we analyze the origin of the trends in reactivity and selectivity for the oxidative 

addition of iron-based catalyst complex Fe(CO)4 to the series of archetypal C–X bonds (X = H, 

Cl, CH3) by means of the activation strain model and Kohn–Sham molecular orbital analyses. A 

comparison with the corresponding palladium-mediated reactions follows, later on. Our activation 

strain analyses show that the reaction barrier increases from C–H to C–Cl activation because of a 

weaker catalyst–substrate interaction whereas the increase from C–Cl to C–C activation arises 

from an increase in destabilizing activation strain. The physical factors behind the variation in 

strain and interaction curves for the three types of bonds are similar to those behind the 

corresponding trends in reactivity of palladium-mediated C–X bond activation, as will be 

explained later on.[222] 

 

Figure 4.5: Activation strain diagrams (ASD) for the oxidative addition of: a) CH3–X bonds (X = H, Cl, CH3: black, 

green, red) to singlet Fe(CO)4; b) CH3–H bonds to singlet and triplet Fe(CO)4 (black and blue); c) CH3–H bonds to 

neutral and dianionic Fe(CO)4 (black and red); and d) decomposition of the total strain energy into catalyst and 

substrate strain. Energy barriers relative to reactants for the TSs are also included (see upper left corner panel) and the 

positions of TS are marked by diamonds. 
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Before we address the catalytic activity of 1Fe(CO)4, we first examine why 3Fe(CO)4 or 

1Fe(CO)4
–2 are not active and thus no viable candidates for designing catalysts for cross coupling 

reactions. The substantial raise in barriers from 1Fe(CO)4 to either 3Fe(CO)4 or 1Fe(CO)4
–2 mainly 

originates from a more destabilizing strain energy. For example, the strain energy is almost 60 kcal 

mol–1 higher for 1Fe(CO)4
–2 than for 1Fe(CO)4 in early stage of addition to C–H bond (Figure 4.5c), 

which pushes up the total energy immediately. The comparison of Figure 4.5b and Figure 4.5d 

shows that this prohibitively high strain mainly comes from the iron complex, which occurs 

because the 3Fe(CO)4 and 1Fe(CO)4
–2 complexes are (near-)tetrahedral and lack an open site for 

docking the incoming substrate, at variance to 1Fe(CO)4 which has an open equatorial position in 

its incomplete trigonal bipyramidal geometry (Figure 4.4). As a consequence, essentially no 

deformation is needed in the case of 1Fe(CO)4 to coordinate the incoming substrate, while 

3Fe(CO)4 and 1Fe(CO)4
–2 must undergo a substantial structural deformation. The axial CO–Fe–CO 

angle for 3Fe(CO)4 is widened from 155° in equilibrium geometries to 165°, 170° and 168° in TS 

for C–H, C–Cl and C–C activation, respectively. The larger expansion of the smaller angle (109°) 

eventually causes the dissociation of one ligand from the metal center in the case of 1Fe(CO)4
–2. 

Note that the bending of the bite angle to make room for the approaching substrate is crucial, to 

avoid otherwise even stronger steric repulsion between catalyst and substrate.[97,223] 

Next, we continue with our analyses of the physical factors behind the selectivity of 

1Fe(CO)towards C–H, C–Cl and C–C activation, followed by the core of our work, that is, a 

comparison of the underlying factors of the similarities and differences in activity between our 

iron model catalyst and archetypal d10-PdL2 model catalysts. 

4.3.5 C–H, C–Cl and C–C Bond Activation by 1Fe(CO)4 

As pointed out above, the barrier for 1Fe(CO)4-mediated bond activation increases from 

10.4 to 25.5 to 48.0 kcal mol-1along C–H, C–Cl and C–C bonds (see Table 4.1). The increase in 

barrier from C–H to C–Cl and C–C activation is caused by two factors. One factor is the delay in 

the interaction curves ∆Eint for the two latter bonds (see Figure 4.5a). In the case of C–H activation, 

the interaction curve ∆Eint becomes steadily more stabilizing, right from the beginning of the 

reaction. This makes the barrier lowest for C–H activation despite a relatively unfavorable strain 

curve which is comparable to that of C–C activation. At variance, in the case of C–Cl and C–C 

activation, the build-up in interaction ∆Eint lags until the C–X bond is stretched sufficiently. Only 



Chapter 4: Understanding the Differences Between Iron and Palladium in Cross-Coupling Reactions 

 

 
65 

then, the ∆Eint curves for C–Cl and C–C gain quickly and eventually catch up with the ∆Eint curve 

for C–H activation (see Figure 4.5a). We come back to the different behavior in interaction curves, 

in a moment. 

 

Figure 4.6: Catalyst–substrate orbital interactions in the TS for the oxidative insertion of 1Fe(CO)4 into the CH4 C–

H bond, with gross Mulliken percentage contributions of FMOs to MOs. 

The second factor behind the trend in C–X bond activation is the higher strain curve for C–

C than C–Cl activation which causes the barrier for C–C activation to be highest. The elongation 

and eventual breaking of the covalent C–X bond is the main source of the strain energy, while the 

bending of the OC–Fe–CO angle contributes only little (see Figure 4.4 and 4.5d).  The more 

destabilizing strain from C–Cl to C–C activation simply reflects the higher bond strength of the 

latter bond. 

To understand why C–Cl and C–C bond activations go with a delayed interaction, we 

further analyzed the bonding mechanism behind the interaction energy profiles by means of Kohn-

Sham molecular orbital analysis. All three C–X bond activations have in common that the basic 

interaction pattern consists mainly of two features: (i) backdonation from the dπ of Fe(CO)4 to the 

σ*
C–X of CH3X; and (ii) donation from the σC–X of CH3X to the dσ of Fe(CO)4. This bonding 

mechanism is depicted in Figure 4.6 for the case of oxidative addition of CH4 to 1Fe(CO)4. The 

remaining three d-type orbitals of Fe are not included since they are involved only very weakly in 
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the bonding, or not at all. Our catalyst–substrate bonding analyses at the transition states reveal 

that the stabilizing electrostatic (∆Velstat) and orbital-interaction (∆Eoi) contributions to the 

interaction energy ∆Eint are of comparable magnitude and, at this stage of the reaction, outweigh 

the Pauli repulsion between occupied orbitals in the activation of all three bonds, C–H, C–Cl and 

C–C (see Table 4.3). Note also that the orbital overlaps, the extent of charge transfer from HOMO 

to LUMO in both π-backdonation and σ-donation, as well as the strength of orbital interactions 

∆Eoi are substantially larger for C–H than for C–Cl and C–C activation. 

Table 4.3 Analysis of transition states for oxidative insertions of 1Fe(CO)4 into H3C–H, H3C–Cl and H3C–CH3 bonds.a 

 CH4 CH3Cl C2H6 

EDA (in kcal mol–1)    

∆Estrain[“Fe”] 6.1  5.2 5.2 

∆Estrain[“X”] 54.4 31.2 57.3 

∆Estrain 60.5 36.4 61.3 

ΔVelstat   –104.9 –47.8 –63.6 

ΔEPauli    151.8 87.8 104.7 

ΔEoi –97.0 –50.9 –54.4 

ΔEint –50.1 –10.9 –13.3 
ΔE 10.4 25.5 48.0 

FMO Energy (in eV)    

“Fe”: dσ –4.6 –4.6 –4.5 

“X”:  σc–x –7.3 –8.9 –7.0 

Δdonation     2.7 4.3 2.5 

“Fe”: dπ –5.3 –5.3 –5.3 

“X”:  σ*
c–x –1.3 –3.4 –0.9 

Δbackdonation      4.0 1.9 4.4 

FMOs Overlap    

<Fe: dσ | X: σc–x > 0.30 0.15 0.20 

<Fe: dπ | X: σ*
c–x > 0.35 0.05 0.09 

FMO Population (in e)    

“Fe”: dσ 0.42 0.37 0.25 

“X”:  σc–x 1.44 1.73 1.62 

“Fe”:  dπ 1.54 1.63 1.75 

“X”:  σ*
c–x 0.58 0.36 0.35 

a Computed at ZORA-OPBE/TZ2P. 

Now, there is a fundamental difference between the C–H and * orbitals of the C–H bond 

and the C–X and σ*C–X orbitals of the C–Cl and C–C orbitals which is responsible for the delay in 

catalyst–substrate interaction in the case of the two latter bonds. Figure 4.7 schematically depicts 

the HOMO and LUMO of our three substrates CH3X, i.e., σC–X and σ*C–X, which are composed of 

the in-phase and out-phase combination of orbitals between CH3 and X unit (p-type for CH3 and 

Cl, 1s for H). Therefore, the σC–X and σ*C–X orbitals of the C–Cl and C–C bond have one additional 

nodal surface on the X moiety as compared to the σC–H and σ*C–H orbitals of the C–H bond. This 
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is depicted in Figure 4.7, which also shows how the additional nodal surface of the C–Cl and C–

C orbitals cuts into the lobes of the metal d orbital, in the early stages of C–Cl and C–C activation 

reactions at which the bonds have not yet been elongated much. This results in poor catalyst–

substrate orbital overlap and thus less stabilizing π-backdonation and σ-donation for C–Cl and C–

C activation compared to C–H activation, as shown by our EDA-NOCV calculations. Accordingly, 

the ΔEπ and ΔEσ terms, which quantity the backdonation from the dπ of Fe(CO)4 to the σ*
C–X of 

CH3X and donation from the σC–X of CH3X to the dσ of Fe(CO)4, respectively, are more stabilizing 

in the TS for C–H activation (ΔEπ = –49.7 and ΔEσ = –37.4 kcal mol–1) than in the TS for C–Cl 

(ΔEπ = –19.8 and ΔEσ = –22.5 kcal mol–1) and C–C activation (ΔEπ = –23.4 and ΔEoi[σ] = –22.8 

kcal mol–1; Table 4.3). Also, note that the net interaction energy curve ∆Eint for C–Cl and C–C 

activation is even slightly positive, that is, repulsive, in the early stages of C–Cl and C–C 

activation, because the weak orbital interactions cannot overcome the unfavorable Pauli repulsion 

between occupied orbitals (see Figure 4.5a). 

Only in more advanced stages of the reaction, that is, after the C–Cl and C–C bonds have 

been stretched sufficiently to move the p-nodal surfaces of the substrate σC–X and σ*C–X orbitals 

out of the way of the iron 3d and 3dπ lobes, favorable overlap and interaction ∆Eint build up, and 

quickly catch up with the overlap and interaction values in the case of C–H activation (see Figure 

4.5 and also discussion later on). Note that the steeper interaction curves ∆Eint, in these more 

advanced stages of the reaction, pull the TS for C–Cl and C–C activation to an earlier point along 

the reaction coordinate than the TS for C–H activation. Interestingly, this constitutes an example 

of anti-Hammond behavior: the more endothermic C–C activation reaction goes with a more 

reactant-like, not with a more product-like, TS than C–H activation (see Figure 4.4 and especially 

4.5). 

 

Figure 4.7: Orbital overlap pattern for catalyst–substrate π-backdonation (a, b) and -donation (c, d) in the case of the 

C–H bond (a, c) and C–Cl and C–C bonds (b, d). 
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Finally, we turn to our initial question: Is it possible to "teach" iron to do the trick of 

palladium? The answer is a clear yes! We have seen this already in the discussion above: 1Fe(CO)4 

can activate C–X bonds similarly well as d10-PdL2 complexes. Here, we undertake a more detailed 

and direct comparison of 1Fe(CO)4- versus Pd(PH3)2- and Pd(CO)2-mediated activation of methane 

C–H, chloromethane C–Cl, and ethane C–C bonds via oxidative addition. We choose these two 

palladium-d10 model catalysts because Pd(PH3)2 is, electronically, a representative model for the 

often bulkier palladium-phosphine complexes used in practice,[217] whereas Pd(CO)2 allows for a 

more systematic comparison with the iron-carbonyl complex Fe(CO)4. Note that we recomputed 

the selected palladium-mediated bond activation pathways with the DFT approach of the present 

study, ZORA-OPBE/TZ2P for a consistent comparison (see Table 4.2). Earlier work[97,152] on 

the activity of Pd(PH3)2 and Pd(CO)2 was done with ZORA-BLYP/TZ2P which yields the 

same reactivity trends, however slightly, i.e., by up to 1.8 kcal mol–1, different barriers or 

reaction energies. 

We recall the main observations. In the first place, our iron-based model catalyst 1Fe(CO)4 

is similarly, in fact, even slightly more reactive towards C–X bond activation than the archetypal 

palladium-based complexes Pd(PH3)2 and Pd(CO)2 (see Table 4.2). Furthermore, the iron model 

catalyst 1Fe(CO)4 achieves a particulalrly low barrier for C–H activation, even lower than for C–

Cl activation. This contrasts with the palladium complexes Pd(PH3)2 and Pd(CO)2 which both 

activate C–H and C–Cl bonds via nearly identical reaction barriers (see Table 4.2). This is in line 

with an early experimental observation that showed the d8-iron complex Fe(DMPE)2 [DMPE = 

1,2-bis(dimethylphosphino)ethane], which is similar in geometry to 1Fe(CO)4, to undergo 

oxidative addition to unactivated alkane C–H bonds at temperatures below –90°C.[216] In contrast, 

palladium-based cross coupling reactions tend to activate carbon–halogen bonds, not carbon–

hydrogen bonds.[19,224,225] This indicates that properly designed iron-catalysts can be used not only 

to replace palladium analogs. They may also be deployed to achieve a different selectivity. 

The results of our analyses of 1Fe(CO)4- and Pd(PH3)2-induced activation of C–H, C–Cl 

and C–C bonds bonds are collected and one-on-one compared in Figure 4.8, which depicts the 

activation strain diagrams (ASD), FMO energy gaps, FMO overlaps as well as the FMO 

populations for all reactions: red and black curves in each subdiagram for 1Fe(CO)4 versus 

Pd(PH3)2 reactions, respectively. First, we focus on the activation of the C–H bond for which the  
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Figure 4.8: Activation strain diagrams (ASD) (ASD) for the oxidative addition of Fe(CO)4 (red) and Pd(PH3)2 (black) 

into CH3–H (a), CH3–Cl (b) and CH3–CH3 bonds (c). Energy barriers relative to reactants for the TSs are also included 

and the positions of TS are marked by square and triangle (a, b, c). FMO energy gap and overlap between metal 

complex Fe(CO)4 (red) or Pd(PH3)2  (black) and CH3–H (d, g), CH3–Cl (e, h) and CH3–CH3 bonds (f, i). H–L (solid 

line) designates [metal-complex dπ]–[substrate σ*c–x]. L–H (dashed line) designates [metal-complex dσ]–[substrate σc-

x]. j, k and l depict the populations of these orbitals (Fe(CO)4 d-π in red solid line, Fe(CO)4  d-σ in red dashed line, 

Pd(PH3)2 d-π in black solid line, Pd(PH3)2 s in black dashed line, substrate σc-x in green or blue dashed line, substrate 

σ*c-x in green or blue solid line). 
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largest difference in barriers occurs: 30.5 vs. 10.4 kcal mol–1 for Pd(PH3)2 and Fe(CO)4, 

respectively. The corresponding ASD in Figure 4.8a shows a clearly more stabilizing interaction 

curve ∆Eint for Fe(CO)4 along the entire reaction coordinate, leading to an earlier and lower barrier 

than for Pd(PH3)2. The strain curves ∆Estrain essentially coincide because the main source of strain 

energy is in both cases the breaking of the C–H bond. 

The more stable interaction energy curve for Fe(CO)4 comes from the characteristic 

difference that Fe(CO)4 has an incomplete d-shell which comes with both, a high-energy dπ 

HOMO and a low-energy dσ LUMO, which can participate in strong π-backdonation as well 

as strong σ-donation (see Figure 4.6, vide supra). The Pd(PH3)2 complex has a filled d-shell 

which still provides a high-energy HOMO that can be deployed only for strong π-

backdonation. The LUMO of Pd(PH3)2 is a higher-energy Pd-5s derived orbital which is less 

capable of entering into a favorable σ-donation interaction. Thus, as can be seen in Figure 

4.8d-f, the LUMO-HOMO energy gap involving σ-donation is significantly larger for Pd(PH3)2 

(black dashed curves) than for Fe(CO)4 (red dashed curves). Pd(PH3)2 thus has a weak σ-donation, 

especially in the reaction with CH4. This is also reflected by the hardly changing populations 

of the Pd(PH3)2 5s-type LUMO and the CH4 σC–H HOMO which remain relatively close to 2 

and 0, respectively (see Figure 4.8j). For comparison, π-backdonation in the case of Pd(PH3)2 

is as strong as that for Fe(CO)4, as reflected by either the small orbital-energy gap, the favorably 

large overlap and the relatively strong charge transfer from dπ to σ*C–H (see Figure 4.8d, g, j). 

However, the σ-donation of 1Fe(CO)4 does not immediately come into action in the cases 

of C–Cl and C–C bond activations. This is why the energy barrier is reduced only slightly from 

Pd(PH3)2 to 1Fe(CO)4: from 30.6 to 25.5 kcal mol–1 for C–Cl and from 51.7 to 48.0 kcal mol–1 for 

C–C (see Table 4.2 and Figure 4.8). This is so even though, for the1Fe(CO)4 induced bond 

activation, the orbital-energy gap for σ-donation is still the smallest and charge transfer strongest 

(see Figure 4.8). However, for the C–Cl and C–C bond activation, the overlap interferes with the 

orbital-energy gap and codetermines the reactivity trend. Similar to the situation for the iron 

complex, the overlap is considerably smaller for C–Cl and C–C than for C–H activations by 

Pd(PH3)2. This again originates from the delayed donation and backdonation interaction, and are 

again caused by the cancelation between the d orbital of metal complex and the substrate frontier 

orbitals at the early stage of reaction (see Figure 4.7a, b). As shown in Figure 4.8h and 4.8i, due to 

the cancelation, the overlap for both iron and palladium complex remains close to zero at first and 
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then increases quickly once the C–X bond is stretched enough. The small overlaps at early stages 

of the reaction lead to weak orbital interactions and, consequently, to higher energy barriers. Even 

though the poor overlap situation leaves little room for σ-donation to play a role, a close look at 

Figure 4.8b and 4.8c shows that stronger orbital interaction for Fe(CO)4, due to the smaller orbital-

energy gap, is still noticeable. Therefore, the ∆Eint curves decrease more steeply for Fe(CO)4 than 

for Pd(PH3)2 at the later stages of the reactions. 

The above comparison reveals an important difference in interaction pattern between Pd 

and Fe complexes with substrates. Because of the saturated d10-shell and high-energy s orbital 

of Pd complexes, π-backdonation is usually the determining interaction and the focus of 

tuning. The employment of ligands that can push-up the palladium d orbitals, such as σ-

donating ligands, can reduce the orbital-energy gap and enhance catalyzing capability. The 

approach however differs if one wishes to tune iron-d8 catalysts: here, one must consider both 

π-backdonation to, and σ-donation from the substrate. How to achieve the simultaneous tuning 

of these two orbitals mechanism in the design of iron-complexes for C–X bond activation and 

catalytic cross coupling is the subject of future work in our laboratory. 

4.4 Conclusions 

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. This follows from our detailed analyses of the similarities of, and differences 

between, the reactivity of singlet 1Fe(CO)4, triplet 3Fe(CO)4, Fe(CO)4
–2, Pd(CO)2 and Pd(PH3)2 

towards C–H, C–Cl, and C–C bonds, using the activation-strain model in combination with 

relativistic density functional theory. 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. 
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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 *C–X LUMO of the substrate, a feature they share with the d10-

complexes of palladium. In addition, the iron complexes possess an empty 3d orbital, which is at 

relatively low energy as compared to the empty 5s-derived LUMO of palladium systems. This 

low-energy d LUMO of the iron complex can enter into a stronger, more stabilizing orbital 

interaction with the occupied C–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. 

Interestingly, 1Fe(CO)4 favors C–H over C–Cl activation, at variance to archetypal PdL2 

complexes which show more facile C–Cl than C–H activation. The reason is that the additional -

donation into the 3d LUMO, taking place in the iron-mediated reactions, achieves the most 

beneficial orbital overlap with the C–H orbital which is essentially 2p(C) + 1s(H). Both C–Cl and 

C–C activation suffer from the cancelation of orbital overlap with the iron 3d that arises from the 

additional 2p-nodal surface in their C–X orbitals which are essentially 2p(C) + np(X). For all 

model catalysts, C–C activation goes with the highest barrier because this is the strongest bond in 

the series giving rise to the highest activation strain. 
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Abstract 

We aim at developing a systematic approach, based on activation strain model, for the 

rational design of catalysts using first-principles. To demonstrate our approach, we have 

quantum-chemically developed novel iron-based catalysts that mimic the behavior of their 

well-known palladium analogs in the bond-activation step of cross-coupling reaction. First, the 

steric and electronic effects for iron-mediated CH3–X 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 can be tuned by replacing CO by ligands of suitable electronic properties to 

improve the orbital interaction between the iron complex Fe(CO)3(AB) and C–X substrates. In our 

case, AB = CO, BF, BN(CH3)2, and PH3. In this way, the barrier for CH3–H activation can be 

lowered considerably from 10.4 to 5.2 kcal mol–1. Similarly, the employment of molecular 

scaffolds, such as bidentate ligands PH2(CH2)nPH2, was shown to reduce the unfavorable strain 

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

of the strain leads to a lower energy barrier. For instance, the transition state for H3C–Cl activation 

can be reduced from 25.5 to 19.6 kcal mol–1 and for H3C–CH3 bond activation from 48.0 to 44.5 

kcal mol–1. Our investigation provides a systematic way to analyze and rationally design catalysts 

based on first principles. 
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5.1 Introduction 

Catalysis holds a privileged position in modern synthetic and industrial chemistry because 

it can efficiently reduce the consumption of energy and feedstocks, while at the same time 

synthesize pharmaceuticals and fine chemicals in an efficient manner.[142,224,225] Catalyst design 

with a desired activity and selectivity involves the tuning of numerous variables including, the 

choice of the metal center, ligands, solvent, as well as the combination of them 

all.[14,60,65,96,173,190,191,192,222] Therefore, selecting a catalyst generally proceeds through an 

extensive trial and error approach.[19] Fortunately, with the ever-increasing power of quantum 

chemical methods, chemists can now, not only, quickly calculate a large set of molecular systems 

and chemical processes with sufficient accuracy,[3,9] but can also obtain a better explanation and a 

deeper understanding of the phenmena involved.[10,11,12] For instance, chemists can now gain 

insight into the catalytic mechanism of a certain catalyst, and afterwards pursue how to rationally 

improve its efficiency and its selectivity.[98,223] 

In this chapter, we aim at developing a systematic approach, based on a fragment-based 

approach called activation strain model[93] (ASM, also known as distortion/interaction model)[94,95] 

of chemical reactivity, to rationally design catalysts with targeted reactivity and selectivity. Our 

approach consists of three stages. In the first stage, the characteristic steric and electronic effects 

in the reaction mechanism are explored. Secondly, electronic effects are tuned by replacing ligands 

with suitable electronic and orbital properties to strengthen the stabilizing orbital interactions 

between catalyst complex and substrates. And finally, computations with a series of frozen 

geometries are performed to obtain insight into the optimum geometrical parameters, which can 

be then be mimicked using suitable molecular scaffolds such as bidentate ligands in order to 

reduce the unfavorable strain energy that is generated during the reaction. 

To demonstrate our approach, we have developed a new arsenal of iron-based catalysts that 

mimic the behavior of their well-known palladium analogs in the bond activation step of cross 

coupling reactions. Compared to the typical noble metal-based catalysts, iron-based catalysts are 

cheap, non-toxic and highly selective.[181] Iron-based catalysts have drawn considerable attention 

from research groups around the world,[171] including Kochi,[47,48,51,52] Cahiez,[53,54,55,56] 

Fürstner,[50,57,58,59,60] Nakamura,[61,62,63,64,65] Hayashi,[66,67,68] Bedford,[69,70,71,72] or 

Gebblink.[ 226 , 227 , 228 , 229 , 230 ] Despite the growing number of studies, their applicability in 
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synthesis[175] is still not comparable to Pd-based catalysts,[182,183,184,185,186,187,188,189,190,191,192] and 

their mechanisms are not completely understood.[75] Herein, we explore the potential for iron to 

mimic the closed-shell, not the radical processes,[174,176] catalytic cross-coupling chemistry of 

palladium in archetypal reactions.[231] 

We have focused on the model catalyst Fe(CO)4 as it is employed in several experimental 

studies and its interaction with several species such as hydrogen, nitrogen, hydrocarbon has been 

extensively explored.[193,194,195,196,197,198] More importantly, iron-based carbonyl complexes 

constitute one of the most important families in organometallic chemistry and have been efficiently 

applied in catalytic organic synthetic transformations, especially hydrogenation and reduction 

reactions,[35,36,37,38,39,40,41] in which CO can be easily replaced by other ligands, such as BR or PR3, 

that offer numerous tuning possibilities.[199,200] In our previous study, we demonstrated the 

feasibility of the closed-shell iron-d8 complex Fe(CO)4 to possibly eclipse classical palladium-d10 

based catalysts in cross-coupling reactions. We have analyzed the similarities and differences 

between the reactivity of singlet Fe(CO)4 and Pd(PH3)2 towards C–H, C–Cl, and C–C bonds and 

found the iron catalyst satisfactorily presents lower activation barriers. The reason for this can be 

traced to the incomplete valence d8 shell of Fe(CO)4, which facilitates not only π-backdonation, 

but also -donation.[98] On the contrary, the high-energy empty 5s-derived LUMO of palladium 

catalyst shows a weaker -donation with the substrate. Based on these results, in this chapter we 

tune the electronic structure of Fe(CO)4 by replacing one CO ligand by a ligand that can enhance 

both π-backdonation and -donation simultaneously. In a second step, we employed molecular 

scaffolds, such as bidentate ligands PH2(CH2)nPH2 to reduce the unfavorable strain energy that 

results when the substrate approaches the catalyst, in order to lower the barrier.[97] To this end, we 

have investigated the activity of the model catalyst complexes Fe(CO)3(AB) (AB = BF, BN(CH3)2, 

PH3 and PH2(CH2)nPH2) towards CH3–X (with X = H, Cl, CH3) oxidative addition using 

relativistic DFT computations. 

5.2 Computational Methods 

General Procedure. All calculations were carried out using the Amsterdam Density 

Functional (ADF)[81,111,117,119,128,129,157,163,164] and the quantum-regions interconnected by local 

descriptions (QUILD) programs[126,127] using relativistic density functional theory at ZORA-
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OPBE/TZ2P level[132,133,135,136,155,158,202,203,204] with the frozen core approximation (small). Our 

early work[98,223] and extensive benchmarking[159,205,206] have shown this approach to be well 

suitable for the systems of interest. Geometries were optimized without any symmetry constraint. 

Through vibrational analysis, all energy minima and transition state structures were confirmed to 

be either equilibrium structures (zero imaginary frequencies) or transition states (a single 

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)[111,112] calculations have been performed to obtain the potential 

energy surfaces (PES) of the reactions. Throughout this paper, we focus on the electronic energies 

of the molecular systems as our previous benchmark shows trends in Gibbs free activation barriers 

remain unchanged compared with the trend in electronic energies.[98] The PyFrag program was 

used to facilitate the analyses of the potential energy surfaces (PESs).[118] All computations were 

carried out in the gas-phase, as implicit solvation was found to lower barriers for oxidative 

insertion of palladium into various C–X bonds without changing trends.[147]  

Activation Strain Analysis. Insight into activation energies is obtained through analyses 

based on the activation strain model (ASM) of chemical reactivity.[153] The ASM is a fragment-

based approach to understand the energy profile of a chemical process and to explain it in terms 

of the original reactants. This allows for an easy assessment of the influence of the rigidity and 

electronic structure of catalyst and substrate in combination with the influence stemming from 

the extent of geometrical deformation imposed by the reaction mechanism. Obviously, in the 

current work, our main interest is the interplay between the catalyst and the substrate that is 

activated. The division of the reaction system into catalyst and substrate is used in the PyFrag 

computation to generate the activation strain diagram (ASD). Thus, the total energy ∆E is 

decomposed along the reaction coordinate into the strain energy ∆Estrain that is associated with 

the geometrical deformation of the individual reactants as the process takes place, plus the actual 

interaction energy ∆Eint between the ever more deformed reactants. We plot the reaction coordinate 

on the stretch of the activated C–X bond, which has been shown to be a suitable choice because 

this geometry parameter is critically involved in the reaction under consideration.[207,208] 

Furthermore, the strain energy ∆Estrain can be readily split into contributions from the deformation 

of the substrate and that of the catalyst (see Eq. 5.1). 

 E = ∆Estrain[substr] + ∆Estrain[cat] + ∆Eint (5.1) 
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The interaction energy ∆Eint between the deformed reactants is further analyzed in the 

conceptual framework provided by the Kohn-Sham molecular orbital (KS-MO) model, using 

a quantitative energy decomposition scheme (see Eq. 5.2):[12] 

 Eint = Velstat + EPauli + Eoi (5.2) 

The term ∆Velstat corresponds to the classical Coulomb interaction between the unperturbed 

charge distributions of the deformed reactants and is usually attractive. The Pauli repulsion energy 

∆EPauli comprises the destabilizing interactions between occupied orbitals on the respective 

reactants and is responsible for steric repulsion. The orbital interaction energy ∆Eoi accounts for 

charge transfer (interaction between occupied orbitals on one fragment with unoccupied orbitals 

on the other fragment, including the HOMO–LUMO interactions) and polarization (empty-

occupied orbital mixing on one fragment due to the presence of another fragment). 

5.3 Results and Discussion 

The reactivity of catalysts is primarily determined by two factors: destabilizing steric 

repulsion and stabilizing interaction between catalyst and substrate. In this work, we fine-tune 

these two factors of model iron-catalysts Fe(CO)4 to improve its capability for activating C–H, C–

C, and C–Cl bonds via oxidative addition to methane, chloromethane, and ethane. The catalyst-

substrate interaction can be enhanced by the introduction of ligands that stabilize the orbital 

interaction between the HOMO of the metal complex and the LUMO of the substrate. The steric 

repulsion can be reduced by using a molecular constraint, such as a molecular scaffold that 

decreases the bite angle. A smaller bit angle pre-distorts the catalyst and facilitates the approach 

of the substrate as it reacts with the metal. The physical factors behind these two effects are 

uncovered by employing a detailed activation strain and bonding analyses. These analyses also 

rationalize why the tuning of ligands and bite angle of the catalys ts  are less effective for 

C–C activation than for C–H activation by comparing the behavior between the addition of 

Fe(CO)4 into the C2H6 and cyclic C3H6. 
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Figure 5.1: Catalyst–substrate orbital interactions in the TS for the oxidative insertion of Fe(CO)4 into the H3C–H 

bond. 

Ligand tuning. In our previous work,[98] we showed that both σ donation and π 

backdonation play an important role in the stabilizing orbital interaction between d8 iron-based 

catalyst complex and substrate, as shown in Figure 5.1 With this in mind, the ideal ligand aimed 

at enhancing the iron-based catalyst should have the capability to reduce the LUMO of catalyst 

to enhance the σ donation and also increase the HOMO to enhance the π backdonation. In 

order to determine which ligands may induce the aforementioned effect, we first considered 

the frontier orbitals of CO, BF, BN(CH3)2, and PH3 (denoted as AB). As illustrated in Figure 

5.2, the LUMO in the isolobal series of CO, BF, and BN(CH3)2 ligands are the 2px–2px and 

2py–2py π-orbitals in nature, whereas the HOMO essentially is the 2s–2pz σ hybridization orbital 

between the high-energy frontier atomic orbitals (AOs) of A and the relatively low-energy AOs 

of B. The HOMO–LUMO gap decreases from CO to BF because the electronegativity 

difference between A and B AOs increases, thus causing that the LUMO of BF decreases in 

energy, whereas its HOMO increases. The reason can be traced to the perturbation orbital 

theory, which states that a mismatch in the energy of AOs usually leads to a less sufficient 

formation of a bond, and concomitant small split of orbitals. Therefore, the weak orbital 

interaction in symmetry due to the large energy gap for instance, between 2px of B and 2px of 
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F, slightly pushes the π LUMO high. In the meantime, the small energy gap for instance between 

2s of B and 2pz of F strongly pushes the σ HOMO up. Both effects can contribute to the decrease 

of HOMO–LUMO gap from CO to BF. However, BN(CH3)2), is not exactly isolable to BF 

and has additional low orbitals due to the presence of the two extra CH3 units on N atom, which 

push a bonding orbital 2px–2px to a high level, which also promotes the HOMO and decreases 

the HOMO–LUMO gap. On the other hand, PH3 is an exception to this series because it has 

suitable HOMO, but very high LUMO. However, it has been included because PH3 is a 

representative model for the electronically similarity, but often bulkier palladium-phosphine 

complexes used in the lab,[217] and is considered a σ-donating ligand, in contrast to CO, thus 

showing a balance between σ donation and π acceptance when coordinated to the metal. 

 

Figure 5.2: Schematic frontier molecular orbitals (MO) diagrams of CO, BF, BN(CH3)2 and PH3, computed at ZORA-

OPBE/TZ2P. 

The effect of replacing the CO in Fe(CO)4 with other ligands(BF, BN(CH3)2 and PH3) 

was investigated. Figure 5.3 shows the fragment molecular orbital interaction (FMO) including 

the backdonation reaction from 3dσ of the iron fragment Fe(CO)3 to the σ∗ of ligand (CO, 

BN(CH3)2, and PH3) and the donation reaction from σ of ligand to 3dπ of Fe(CO)3. CO has 
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good σ donating and π accepting capabilities[200] and can effectively stabilize both the HOMO 

and LUMO of iron fragment. PH3 is a relatively good electronic donating ligand that can 

strongly stabilize the LUMO of the iron complex but have less influence on the complex 

LUMO due to its very high-energy π* orbital. BN(CH3)2 also has a high LUMO and low 

HOMO and can effectively lower LUMO of the iron complex, however, as indicated in Figure 

5.2, the additional bonding orbital 2px–2px also enter into these frontier orbital interactions, 

and consequently, destabilizes the HOMO of the iron complex. Therefore, Fe(CO)3BN(CH2)2 

has a relatively small HOMO–LUMO energy gap of 1.5 eV, compared with 1.7 eV for Fe(CO)4 

and Fe(CO)3PH3. 

 

Figure 5.3: FMO diagrams with energy gaps of Fe(CO)3–AB (AB = CO, PH3 and BN(CH3)2): a) the backdonation 

reaction from 3dσ of Fe(CO)3 to the σ* of ligand (AB); b) the donation reaction from σ of ligand to 3dπ of Fe(CO)3. 

The data indicate the orbital energies (in eV) and are computed at the ZORA-OPBE/TZ2P level.  
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Table 5.1 Electronic energies (in kcal mol–1) relative to reactants for the oxidative insertion of iron model catalysts 

into H3C–X bonds (X = H, Cl, CH3) and cyclic C3H6, computed at ZORA-OPBE/TZ2P. The number in brackets 

indicates the bite angle (ligand–Fe–ligand). 

Activated Bond 

  Bon 

 

Bond 

Iron Catalyst and bite angle RC TS P 

C–H Fe(CO)4 (127°) –1.3 10.4 0.8 

 Fe(CO)3PH3 (128°)  11.5 1.1 

 Fe(CO)3BF (121°) –2.2 11.4 5.5 

 Fe(CO)3BN(CH3)2 (117°) –1.2 5.6 –8.0 

 Fe(CO)4 (90°) –9.3 0.8 –10.0 

 Fe(CO)4 (95°) –5.6 3.1 –7.1 

 Fe(CO)4 (100°) –2.6 5.3 –4.5 

 Fe(CO)2PH2(CH2)PH2 (76°) –3.8 10.2 –1.4 

 Fe(CO)2PH2(CH2)2PH2 (87°) –4.2 5.2 –6.3 

 Fe(CO)2PH2(CH2)3PH2 (91°) –2.7 5.4 –5.8 

 Fe(CO)2PH2(CH2)4PH2 (91°) –0.5 6.1 –6.7 

C–Cl Fe(CO)4 (127°) –9.0 25.5 –15.1 

 Fe(CO)3PH3 (128°) –6.4 25.8 –21.0 

 Fe(CO)3BF (121°) –9.9 27.8 –24.8 

 Fe(CO)3BN(CH3)2 (117°) –7.6 24.4 –37.7 

 Fe(CO)4 (90°) –18.8 15.8 –26.0 

 Fe(CO)4 (95°) –15.2 18.1 –23.1 

 Fe(CO)4 (100°) –12.0 19.9 –20.3 

 Fe(CO)2PH2(CH2)PH2 (76°) –10.4 22.1 –24.8 

 Fe(CO)2PH2(CH2)2PH2 (87°) –12.7 21.7 –29.5 

 Fe(CO)2PH2(CH2)3PH2 (91°) –11.3 19.6 –29.4 

 Fe(CO)2PH2(CH2)4PH2 (91°) –9.0 20.5 –28.3 

C–C Fe(CO)4 (127°) – 48.0 10.2 

 Fe(CO)3PH3 (128°) – 50.2 10.5 

 Fe(CO)3BF (121°) –2.6 48.3 12.0 

 Fe(CO)3BN(CH3)2 (117°)  48.0 –17.2 

 Fe(CO)4 (90°) –1.4 39.3 –0.8 

 Fe(CO)4 (95°) – 40.9 2.2 

 Fe(CO)4 (100°) – 42.3 5.1 

 Fe(CO)2PH2(CH2)PH2 (76°) –2.4 50.4 8.6 

 Fe(CO)2PH2(CH2)2PH2 (87°) –2.6 47.3 1.7 

 Fe(CO)2PH2(CH2)3PH2 (91°) –0.8 44.5 10.3 

 Fe(CO)2PH2(CH2)4PH2 (91°) –1.1 45.4 4.3 

C–C (C3H6) Fe(CO)4 (127°) – 8.7 –9.9 
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Next, the effect of ligand variation on the activity of the iron catalyst was analyzed. The 

energy profiles of C–X bond activation along X = H, Cl, and CH3 by Fe(CO)3PH3, Fe(CO)3BF, 

and Fe(CO)3BN(CH2)2 were calculated and compared to that of Fe(CO)4 (Table 5.1 and Figure 5.4). 

Every model reaction catalyzed by Fe(CO)4, Fe(CO)3PH3, Fe(CO)3BF, or Fe(CO)3BN(CH2)2 

proceed in a similar manner, which first begins with the formation of a reactant complex (RC), 

then through a transition state (TS) , and then finally to the product (P). For C–Cl bond activation, 

the RCs are stable, while for C–H and C–C bond activation, the iron complex only coordinates 

very weakly or is essentially unbound. The transition states for the oxidative insertion to CH3Cl 

and C2H6 by Fe(CO)3PH3, and Fe(CO)3BF and Fe(CO)3BN(CH3)2 resemble that for Fe(CO)4, and 

go with transition state energy barriers of 25.5, 25.8, 27.8, and 24.4 kcal mol–1, respectively (48.0, 

50.2, 48.3, and 48.0 kcal mol–1 for C–C, respectively, see Table 5.1). While for C–H activation, 

Fe(CO)3BN(CH3)2 goes with a much lower barrier than the other three catalysts (5.6 vs 10.4, 11.5, 

11.4 for Fe(CO)4, Fe(CO)3PH3, and Fe(CO)3BF, respectively). Note Fe(CO)3BN(CH3)2 has 

smallest reaction barriers in all three cases, though the effect for C–Cl and C–C activation is not 

as evident as for C–H activation, for example, this decrease in the barrier with BN(CH3)2 ligand 

amounts to about 3 kcal mol–1 for C–Cl activation. 

The activation strain profiles for the addition of CH4 to Fe(CO)4, Fe(CO)3PH3 and 

Fe(CO)3BF are very similar (Figure 5.5a). The similar activation strain profiles imply similar 

geometrical deformation whereas the overlap of the interaction lines indicates similar orbital 

interaction for the three selected catalysts along the reaction process. This is partly because 

these ligands are isoelectronic to each other and therefore have similar orbital interactions 

between the HOMO and the LUMO of the catalyst and the substrate, respectively. The 

destabilizing strain energy mainly originates from the breaking of the covalent C–X bond, 

which is significantly larger than the bending of the bite angle in the iron complex to accommodate 

the approach of the substrate.[223] For example, the total strain energy ∆Estrain for the transition state 

of Fe(CO)3BN(CH3)2 oxidative addition to CH4 is 52.9 kcal mol–1, in which the contribution from 

the geometrical deformation of Fe(CO)3BN(CH3)2 is 4.6 kcal mol–1 while from CH4 is 48.3 kcal 

mol–1. In contrast, our activation strain analysis in Figure 5.5c shows a more stabilizing interaction 

line for Fe(CO)3BN(CH3)2 than for Fe(CO)4 in the whole reaction path of oxidative insertion to 

CH4, which translates into an early transition state and a reduced energy barrier. 
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Figure 5.4: Representative structure parameters (the bite angle of ligand–Fe–ligand, the bond length of Fe–X, Fe–C 

and C–X in Å) of the stationary points along the reaction coordinate for the oxidative insertion of Fe(CO)3(AB) (AB 

= CO, PH3, BF, BN(CH3)2) into CH4, CH3Cl, or C2H6, as well as Fe(CO)4 into C3H6, computed at ZORA-OPBE/TZ2P. 

Uppercase letters A, B, C and D represent Fe(CO)4, Fe(CO)3PH3, Fe(CO)3BF, and Fe(CO)3BN(CH3)2, respectively. 

Numbers 1, 2, 3 and 4 represent the four substrates C2H6, CH3Cl, CH4, and cyclic C3H6, respectively. Lowercase 

letters a, b, and c represent the three stages along the oxidative addition reaction, namely the reactant complex (RC), 

transition state (TS) and the final product (P), respectively. 
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Figure 5.5: Activation strain diagrams (ASD) for the oxidative addition of: a) Fe(CO)3(AB) (AB = CO, PH3 and BF: 

black, red and blue) to CH4 bonds; b) Fe(CO)3(AB) (AB = CO, PH3 and BN(CH3)2: black, red and blue) to C2H6 

bonds; c) Fe(CO)4 and Fe(CO)3BN(CH3)2 (black and blue) to CH4 bonds; and d) Fe(CO)4, Fe(CO)2(PH2CH2CH2PH2) 

and virtual frozen Fe(CO)4 (black, red and blue) to CH4 bonds. Energy barriers relative to reactants for the TSs are also 

included (see upper left corner panel) and the positions of TS are marked by diamonds. 

In order to understand why Fe(CO)3BN(CH3)2 achieves a more stabilizing interaction than 

other Fe(CO)4, Fe(CO)3PH3 and Fe(CO)3BF in C–H bond activation, we further analyzed the 

bonding mechanism behind the interaction energy profiles by means of Kohn-Sham molecular 

orbital analysis. All three C–X bond activations have the same basic interaction pattern, which 

consists mainly of two features: (i) backdonation from the dπ of iron complex to the σ*
C–X of CH3X; 

and (ii) donation from the σC–X of CH3X to the dσ of iron complex (Figure 5.1). The three-
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remaining d-type orbitals of Fe are not included since they are involved only very weakly in the 

bonding, or not at all. Our catalyst–substrate bonding analyses of oxidative insertions of 

Fe(CO)3(AB) (AB = CO, PH3, BF, and BN(CH3)2 into H3C–H bonds at the same bond 

stretch (0.42 Å) of CH3–H near the TS of the reaction reveal that the stabilizing electrostatic 

(∆Velstat) and orbital-interaction (∆Eoi) contributions to the interaction energy ∆Eint are of 

comparable magnitude and, at this stage of the reaction, outweigh the Pauli repulsion between 

occupied orbitals in the activation of C–H bond (see Table 5.2). The more stabilizing interaction 

energy for Fe(CO)3BN(CH3)2 (–47.3 vs –44.8, –44.8, and –43.1 for Fe(CO)4, Fe(CO)3PH3, and 

Fe(CO)3BF) originates from a more stabilizing orbital interaction (–104.5 vs –86.8, –87.8, and 

–79.0 for Fe(CO)4, Fe(CO)3PH3, and Fe(CO)3BF), which in turn results from the combination 

of a more efficient orbital overlap and smaller energy gap in both π-backdonation and σ-

donation with CH4. The smaller energy gap is related to the small HOMO–LUMO energy gap 

of Fe(CO)3BN(CH2)2, as explained in Figure 5.3. 

Table 5.2 Energy decomposition analysis (in kcal mol–1) of oxidative insertions of Fe(CO)3(AB) (AB = CO, PH3, BF 

and BN(CH3)2) into H3C–H bonds at the same bond stretch (0.42 Å) of CH3–H near the TS of the reaction.a 

a Computed at ZORA-OPBE/TZ2P. 

As mentioned before, the variation of ligand has little effect on reducing the energy barrier 

in the case of C–C activation. The reason is that the C–C activation suffers from the cancelation 

of orbital overlap with the iron 3d at the early stage of reaction that arises from the additional 2p-

nodal surface in their C–C orbitals which are essentially 2p(C) + np(X).[222] Therefore, the bond 

 Fe(CO)4 Fe(CO)3PH3 Fe(CO)3BF Fe(CO)3BN(CH3)2 

∆Estrain[“Fe”] 5.5 7.0 3.7 4.6 

∆Estrain[“CH4”] 48.7 48.7 47.6 48.3 

∆Estrain 54.2 55.7 51.3 52.9 

ΔVelstat   –94.0 –97.4 –85.4 –107.0 

ΔEPauli    136.0 140.4 121.4 164.2 

ΔEoi –86.8 –87.8 –79.0 –104.5 

ΔEint –44.8 –44.8 –43.1 –47.3 

ΔE 9.3 10.9 8.2 5.6 

FMO Energy (in eV)     

“Fe”: dσ –3.8 –3.9 –3.6 –4.0 

“CH4”:  σC–H –7.4 –7.5 –7.5 –7.4 

Δdonation     3.6 3.6 3.9 3.4 

“Fe”: dπ –5.5 –4.7 –5.6 –5.1 

“CH4”:  σ*
C–H –1.5 –1.4 –1.2 –1.2 

Δbackdonation      4.0 3.3 4.4 3.9 

FMO Overlap     

<Fe: dσ | CH4: σC–H > 0.31 0.32 0.25 0.36 

<Fe: dπ | CH4: σ*
C–H > 0.26 0.27 0.26 0.27 
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has to be stretched enough before efficient overlap and orbital interaction can happen, which leads 

to the early onset of a high Pauli repulsion, and thus results in a high activation barrier early on the 

reaction coordinate, as shown in Figure 5.5b. 

To demonstrate this delayed orbital interaction effect, we compare the oxidative addition 

of C2H6 and cyclic C3H6 to Fe(CO)4 (Figure 5.4). As shown by Figure 5.6a, the reaction barrier for 

C–C bond activation in C3H6 is significantly smaller than in C2H6, which not only comes from the 

relatively smaller strain energy for C3H6, but also come from a more stabilizing interaction term. 

As indicated in Figure 5.6b, the Pauli repulsion energy is tremendously higher for oxidative 

addition to C2H6 than to C3H6 at the same bond of C–C stretch (0.06 Å), which originates from 

the more overlap of the occupied orbitals between the iron complex and substrate, as revealed in 

Figure 5.6c that C2H6 goes through more intense deformation and locates closer to Fe(CO)4 than 

C3H6 at the same bond of C–C stretch (0.06 Å). For instance, the Figure 5.6d depicts the 

overlap between the HOMO of Fe(CO)4 and the HOMO of C2H6 and the HOMO-1 of C3H6 

at the same bond stretch of C–C (0.06 Å), which show a much large overlap for addition to C2H6 

(0.185) than to C3H6 (0.109), due to the smaller distance between the Fe and the C–C bond for 

C2H6 (2.48 Å and 2.37 Å) than that for C3H6 (2.56 Å and 2.56 Å). 

Variation of the bite angle. Next, the influence of constraining the bite angle in order to 

reduce the stain energy was systematically investigated. Smaller bite angles act to enhance the 

reactivity by reducing the deformation of the catalyst’s contribution to the activation strain. The 

physical mechanism behind this reduced catalyst strain is that there is a much smaller requirement 

for the bending of the ligands away from the approaching substrate, a process that occurs in linear 

complexes to relieve steric (Pauli) repulsion between ligands and substrate but which still causes 

the build-up of catalyst strain.[223] First, we have frozen the CO–Fe–CO angle of Fe(CO)4 from 

108.7° (relaxed bite angle) to 100°, 95°, and 90°, and test the performance of these virtual species 

in the oxidative addition to the three types of C–X bonds. Interestingly, the reduction of bite angle 

not only lowers the reaction barriers but also leads to an early transition state in all cases. For 

example, the C–C bond stretch in these TSs decreases from 1.99 Å (unconstrained) to 1.95 Å, 1.94 

Å, 1.93 Å along the virtual Fe(CO)4 with bite angle of 100°, 95°, and 90°, respectively (see Figure 

5.7). This translates into a decrease of the energy barriers from 48.0 (unconstrained) to 42.3, 40.9 

and 39.3 kcal mol–1 for 100°, 95°, and 90°, respectively (see Table 5.1). The same trend has also 

been observed for both C–H (barrier decreases from 10.4 to 5.3, 3.1 and 0.8 kcal mol–1 for 100°, 
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95°, and 90°, respectively) and C–Cl (barrier decreases from 25.5 to 19.9, 18.1 and 15.8 kcal mol–

1 for 100°, 95°, and 90°, respectively) bond activations by Fe(CO)4. 

 

Figure 5.6: a) Activation strain diagrams (ASD) and b) energy decomposition analyses of the oxidative addition of 

C2H6 and cyclic C3H6 (black and blue) to Fe(CO)4; c) the structures of C2H6 and C3H6 at the same bond stretch of C–

C (0.06 Å) in the potential reaction path (left) compared with the initial structure(right) ); d) the overlap between the 

HOMO of Fe(CO)4 and the HOMO of C2H6 and HOMO-1 of C3H6 at the same bond stretch of C–C (0.06 Å) (left) and 

their net overlap (0.185 vs 0.109 for C2H6 and C3H6, respectively) (right). 
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Figure 5.7: Representative structure parameters (the bite angle of ligand–Fe–ligand, the bond length of Fe–X, Fe–C 

and C–X in Å) of the catalyst and the TSs of the oxidative insertion of Fe(CO)4 (with CO–Fe–CO angle constrained 

to 90°, 95°, 100° and unconstrained), as well as Fe(CO)2PH2(CH2)nPH2 (n = 1, 2, 3, 4) into CH4, CH3Cl and C2H6, 

computed at ZORA-OPBE/TZ2P. 



Chapter 5: Rational Design of Iron Catalysts by Tuning Steric and Electronic Effects 

 

 
89 

Subsequently, we employed molecular scaffolds, based on bidentate phosphine ligands, to 

mimic the effect of the bite angle in the constrained models as previously discussed. PH2–(CH2)n–

PH2 ligands were used to constrain the bite angle to 76°, 87°, 91° and 91° for n = 1, 2, 3 and 4, 

respectively, as shown in Figure 5.7. In the case of C–H activation, the lowest energy barrier of 

5.2 kcal mol-1 is achieved for PH2–(CH2)2–PH2 with a bite angle of 86°. For comparison with the 

unstrained Fe(CO)4, Figure 5.7d shows how the barrier for C–H is reduced by both the previous 

smaller frozen bite angle (90°), from 10.4 to 0.8 kcal mol-1, as well as by the bidentate ligand PH2–

(CH2)2–PH2, to 5.2 kcal mol-1. This is due to the reduction of the strain energy, as the lines for 

interaction energy for Fe(CO)4 and Fe(CO)2PH2(CH2)2PH2 almost overlap with each other. To 

further illustrate this bite angle effect, we decomposed the total energy (∆E) in the transition state 

into interaction energy (∆Eint) and the total strain energy (∆Estrain[total]), which in turn is divided 

into the contribution from the geometrical deformation of the Fe(CO)2PH2(CH2)nPH2 

(∆Estrain[sub]) and that of substrate (∆Estrain[sub]). Table 5.3 shows that ∆Estrain[sub] has the same 

trend as ∆E, which decreases with the shrink of the bite angle PH2–Fe–PH2. However, if the bite 

angle is pushed to the limit, as in the case of Fe(CO)2PH2(CH2)PH2 with the bite angle of 76°, the 

∆Estrain[cat] increases again, which stems from the even intensive deformation of the iron catalysts 

at the relatively later TS as indicated by the larger C–H bond stretch. 

Table 5.3 Geometry (bond variation in Å and bite angle of ligand–Fe–ligand in °) and Energy decomposition analysis 

(in kcal mol-1) for the oxidative insertion of iron model catalysts with dentate ligand into H3C–X bonds (X = H, Cl, 

CH3), computed at ZORA-OPBE/TZ2P. 

Activated 

Bond 

Bon 

 

Bond 

Iron Catalyst and bite angle C–X ∆Estrain 

[sub] 

 

∆Estrain 

[cat] 

∆Estrain 

[total] 

ΔEint ΔE 

C–H Fe(CO)2PH2(CH2)PH2 (76°) 0.52 58.5 5.4 63.9 –53.7 10.2 

 Fe(CO)2PH2(CH2)2PH2 (87°) 0.47 53.6 4.0 57.6 –52.4 5.2 

 Fe(CO)2PH2(CH2)3PH2 (91°) 0.44 50.2 4.4 54.6 –49.2 5.4 

 Fe(CO)2PH2(CH2)4PH2 (91°) 0.44 50.2 4.6 54.8 –48.7 6.1 

C–Cl Fe(CO)2PH2(CH2)PH2 (76°) 0.39 28.3 3.6 31.9 –9.8 22.1 

 Fe(CO)2PH2(CH2)2PH2 (87°) 0.37 27.0 3.5 30.5 –8.8 21.7 

 Fe(CO)2PH2(CH2)3PH2 (91°) 0.35 24.4 3.2 27.6 –8.0 19.6 

 Fe(CO)2PH2(CH2)4PH2 (91°) 0.35 23.8 4.1 27.9 –7.4 20.5 

C–C Fe(CO)2PH2(CH2)PH2 (76°) 0.40 48.3 7.9 56.2 –5.8 50.4 

 Fe(CO)2PH2(CH2)2PH2 (87°) 0.39 47.3 5.7 53.0 –5.7 47.3 

 Fe(CO)2PH2(CH2)3PH2 (91°) 0.36 46.5 4.0 50.5 –5.9 44.5 

 Fe(CO)2PH2(CH2)4PH2 (91°) 0.36 46.9 4.4 51.3 –5.9 45.4 
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Figure 5.8: a) Activation strain diagrams (ASD) and b) energy decomposition analyses of the oxidative addition of 

Fe(CO)2PH2(CH2)PH2 and Fe(CO)2PH2(CH2)2PH2 (black and blue) to CH4; c) the structures of CH4 at the same bond 

stretch of C–H (0.14 Å) in the potential reaction path (left) compared with the initial structure (right); d) the overlap 

between the HOMO of CH4 and the HOMO-5 of Fe(CO)2PH2(CH2)PH2 and Fe(CO)2PH2(CH2)2PH2 at the same bond 

stretch of C–H (0.14 Å) (left) and their net overlap (0.067 vs 0.044 for Fe(CO)2PH2(CH2)PH2 and  

Fe(CO)2PH2(CH2)2PH2 respectively (right). 

More importantly, when we introduce these molecular scaffolds, overly bending the bite 

angle does not necessarily lead to lower barriers, at variance with above results and what we may 

expect from previous knowledge on gold catalysis. For instance, when the scaffold is reduced, i.e. 

the bite angle is decreased from 91° and 91° to 87° and to 76° with n = 4, 3, 2, 1 in PH2(CH2)nPH2, 

the barrier for C–Cl activation changes from 20.5 to 19.6 to 21.7 and to 22.1 kcal mol–1 (Table 

5.1). And almost the same happens for both C–H and C–C activations. This is because a certain 
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extremely small bite angle results to a less favorable overlap between the π* of the bidentate ligand 

and the 3dπ of the iron complex, thus leading to weaker interaction, as demonstrated by the less 

stabilizing interaction line for oxidative addition of CH4 to Fe(CO)2PH2(CH2)PH2 than to 

Fe(CO)2PH2(CH2)2PH2 in Figure 5.8a. The decomposition of interaction line in Figure 5.8b shows 

that the difference in interaction energy can again, similar to the comparison between oxidative of 

Fe(CO)4 to C2H6 and cyclic C3H6, be traced to the Pauli energy. To compensate for the weaker 

orbital interaction for the addition of CH4 to Fe(CO)2PH2(CH2)PH2, CH4 has to move closer to the 

iron complex, which leads to a larger overlap between the lower orbitals of these two species and 

accordingly to a larger Pauli repulsion energy. For instance, at the C–H bond length of 1.23 Å, the 

Fe–C and Fe–H bonds are 2.16 Å and 1.56 Å, respectively, for addition to Fe(CO)2PH2(CH2)PH2, 

while for Fe(CO)2PH2(CH2)PH2, we get 2.19 Å and 1.57 Å. Figure 8d depicts the overlap between 

the HOMO of CH4 and the HOMO-5 of Fe(CO)2PH2(CH2)PH2 and Fe(CO)2PH2(CH2)2PH2 at the 

same bond stretch of C–H, which is 0.067 and 0.044 respectively. 

For such, it is important to tune the optimum bite angle for the catalyst. On one hand, it 

can reduce the stain energy without influencing the stabilizing orbital interaction, as shown from 

the unconstrained Fe(CO)4 to Fe(CO)2PH2(CH2)PH2 addition to CH4 in Figure 5d. On the other 

hand, if the bite angle is pushed to too small, the stain energy stay the same, but the orbital 

interaction is suppressed, as exemplified from the Fe(CO)2PH2(CH2)2PH2 to 

Fe(CO)2PH2(CH2)PH2 addition to CH4 in Figure 8d. However, these reduced bite angles have a 

much lower effect for the activation of C–C bond, because the higher barriers for C–C bond 

activation are mainly caused by the intrinsic nature of C–C bond orbital, which has to be elongated 

before the effective overlap can happen, as we already explained before. 

5.4 Conclusions 

We have developed a systematic approach based on first-principle catalyst design in 

conjunction with the activation strain model. Herein, we have focused on the tuning of two 

important factors that determine the energy barrier in catalytic reaction: the unfavorable strain 

energy caused by the geometrical deformation of catalyst and reactant, and the favorable 

interaction energy induced essentially by the formation of new orbital between these two species. 

Consequently, the strain energy can be addressed by tuning (reducing) the bite angle with the help 
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of a structural constraint, imposed by the molecular scaffold, that pulls the two coordinating sites 

together to accommodate the incoming substrate. Orbital interactions can be enhanced by choosing 

suitable ligands to adjust the frontier orbital energy, such that they strengthen the favorable 

interaction. These design principles have been successfully applied to the design of iron-based 

catalysts for cross-coupling reactions. 

We have improved the efficiency of the oxidative addition to C–H, C–Cl, C–C bonds by 

neutral singlet iron complex by tuning the steric and electronic factors governing the energy 

barrier. For instance, by replacing one CO ligand with BN(CH3)2, the barrier for CH3–H activation 

can be lowered from 10.4 to 5.2 kcal mol–1. The steric hindrance can also be lowered using a 

molecular scaffold, such as bidentate ligands PH2(CH2)nPH2, that reduces the bite angle, thereby 

making room for the incoming substrate to react with the metal. In this way, the transition state for 

H3C–Cl activation without and with a bidentate ligand can be reduced from 25.5 to 19.6 kcal mol–

1 and for H3C–CH3 bond activation from 48.0 to 44.5 kcal mol–1, respectively. Interestingly, overly 

bending the bite angle does not necessarily lead to a lower barrier, because the extremely small 

bite angles result in a less favorable overlap between the frontier orbitals of the dentate ligand and 

the d orbitals of the metal complex, thus leading to a weaker interaction. Therefore, we have 

identified a previously undiscovered “sweet-spot” with regards to the bite angle of iron catalysts. 

Our investigation, therefore, illustrates the feasibility of rational design of catalysts 

and provides a systematic way to analyze and design these functional molecules from scratch. 

We envisage that the insights obtained herein will contribute to a more rational and efficient 

approach to catalyst design, especially for nowadays popular iron-based catalyst design. 
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Chapter 6: PyFrag 2019 — Automating the 

Exploration and Analysis of Reaction 

Mechanisms 

Based on: 

X. Sun, T. M. Soini, J. Poater, T. A. Hamlin, F. M. Bickelhaupt 

J. Comput. Chem. 2019, 40, 2227–2233. 

Abstract 

We present a substantial update to the PyFrag 2008 program, which was originally 

designed to perform a fragment-based 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, such as strain and interaction, of the 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 automated 

computational exploration of reaction mechanisms: it 1) computes the reaction path by carrying 

out multiple parallel calculations using initial coordinates provided by the user; it 2) monitors the 

entire workflow process; and it 3) tabulates and visualizes the final data in a clear 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. 
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6.1 Introduction 

In recent decades, significant progress has been made in the field of quantum chemistry,[1, 

2] especially towards the development of density functional theory methods.[3,4,5] In combination 

with the vast increase in computational resources now available to researchers, chemical modeling 

has become a modern discipline. Indeed, nowadays computational chemistry programs allow not 

only the modelling of a large variety of chemical systems and processes with sufficient 

accuracy,[6,7,8,9] but they also provide a better, more thorough understanding of chemical 

phenomena, based on first principles.[10,11,12] The obtained insight and understanding of a given 

reaction mechanism can then be used for the systematic optimization of reaction conditions and 

other parameters, thereby enhancing the efficiency of the chemical reaction and reducing unwanted 

side products.[13,14] Computational insight thus greatly enhances the capabilities of chemists and 

provides them with an additional and often complementary perspective to tackle chemical 

problems with little limitations from experimental conditions.[15,16] 

A number of theoretical models have been developed to analyze different aspects of 

chemical reactions and the associated changes in the chemical bonding situation. Examples are the 

frontier molecular orbital (FMO) theory,[87,88] Marcus theory,[89,90] and the curve-crossing model 

in valence bond (VB) theory.[91,92] An even more extensive analysis technique is the Activation 

Strain Model[93] (ASM), also known as the distortion/interaction model.[94,95] 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. For instance, we previously used the 

ASM to understand how the reaction barrier varies when different bonds are activated by 

palladium,[96] or how ligands can change the activating capability of palladium,[97] or how and why 

other metal centers perform differently in cross-coupling reactions compared to palladium.[98] In 

addition, the ASM has been successfully applied to understand the quantitative factors governing 

molecular reactivity in other systems like cycloadditions,[99,100,101,102,103,104,105] metalorganic 

catalysis,[106,107] and substitution reactions.[108,109,110] 

The original version of PyFrag 2008[118] allowed for the routine exploration and analysis 

of potential energy surfaces using the ASM. That version consisted of a driver invoking the 

Amsterdam Density Functional (ADF) software,[116,117,119] which in turn made use of the concept 
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of molecular fragments for the analysis of chemical bonds.[12] After many successful applications, 

we have overhauled the original PyFrag 2008 code with the aim to: 1) make extensive usage of 

the scripting framework provided by the Python Library for Automating Molecular Simulations 

(PLAMS)[120] and QMflows;[121] thereby enabling PyFrag 2019 to 2) use also other quantum 

chemistry programs like Gaussian,[123] Orca,[124] and Turbomole[125] and their respective analysis 

tools as computational engines to carry out all quantum chemical calculations; and 3) to further 

automate the workflow of the ASM approach. In order to monitor the computational progress at 

runtime, PyFrag 2019 uses Bokeh,[232] an interactive visualization Python library, to generate an 

html file summarizing the computational results in tables, figures, and videos. 

PyFrag 2019 requires the user to simply supply approximate geometries of the stationary 

points (reactants, transition states, and products). PyFrag 2019 then sets up and runs the 

optimizations of the stationary points and also the complex workflows associated with the ASM 

approach involving many calls to computational chemistry programs in a sequential order or, 

where possible, in parallel. The computational progress and the convergence of the required 

geometry and transition state optimizations can be monitored at runtime. After completing the 

computations, PyFrag 2019 then visualizes the results in a clear, automated, and informative way. 

The remainder of this paper is organized as follows: the subsequent section describes the 

Activation Strain Model (ASM) and Energy Decomposition Analysis (EDA) method, which are 

used to analyze properties and quantities along the reaction path. Afterwards, we provide specific 

examples of the complete workflow as implemented in PyFrag 2019 being employed to understand 

the reactivity of, among many others tested, three widely studied reactions, including: the oxidative 

addition of C–X bonds by iron catalyst,[98] 1,3-dipolar cycloaddition reactions,[99] and the analysis 

of the nucleophilicity and leaving-group ability of backside SN2 reactions.[108] 

6.2 Methods 

The Activation Strain Model (ASM) is a fragment-based approach used to understand the 

character of the reaction mechanism and to gain insights into the overall reaction energy profile. 

Usually, the reaction profile is determined by the interplay between two reactants or fragments. 

The bonding energy ∆E is decomposed along the intrinsic reaction coordinate (IRC)[111,112] into 

the strain energy ∆Estrain that is associated with the geometrical deformation of the individual 
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reactants as the process takes place, plus the actual interaction energy ∆Eint between the deformed 

reactants (see Eq. 6.1). 

 ∆E = ∆Estrain + ∆Eint (6.1) 

The interaction energy ∆Eint between the deformed reactants is further analyzed in the 

conceptual framework provided by the Kohn-Sham molecular orbital (KS-MO) model, using a 

quantitative energy decomposition analysis scheme (EDA, Eq. 6.2).[12,113,114,115] While any of the 

aforementioned computational chemistry programs can be used to perform the activation strain 

analysis, it should be noted that the EDA presented in this paper is a unique feature of 

ADF.[116,117,119] 

 ∆Eint = ∆Velstat + ∆EPauli + ∆Eoi (6.2) 

The ∆Velstat energy corresponds to the classical Coulomb interaction between the 

unperturbed charge distributions of the deformed reactants and is usually attractive. The Pauli 

repulsion energy ∆EPauli comprises the destabilizing interactions between occupied orbitals (more 

precisely, between same-spin spin orbitals) on the respective reactants and is responsible for steric 

repulsion. The orbital interaction energy ∆Eoi accounts for charge transfer (interaction between 

occupied orbitals on one fragment with unoccupied orbitals on the other fragment, including the 

HOMO–LUMO interactions) and polarization (empty-occupied orbital mixing on one fragment 

due to the presence of another fragment). 

6.3 Description of the Program 

An overview of the complete PyFrag 2019 workflow is shown in Figure 6.1. Our new 

implementation consists of three parts: calculation and preparation of the whole reaction path, 

activation strain analysis based on this computed reaction path, and finally the tabulation and 

visualization of all results. The user only needs to provide basic information like initial guesses for 

the molecular structures and the specific parameters required for the DFT calculations (see the SI 

for an example input file). PyFrag 2019 then automatically submits the necessary computational 

jobs to (eventually remote) computing nodes and gathers the corresponding results after the 

completion of each job. The structures of the reactants and products of the reaction are optimized 
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first, followed by a search for the transition state starting from a reasonable initial guess for its 

geometry. A frequency analysis is then performed to ensure that the previously optimized 

structures and the transition state are indeed stationary points on the potential energy surface. A 

deeper understanding of a reaction mechanism can often be gained only by inspecting the entire 

reaction path rather than the stationary points alone.[233,234] For this reason, a reaction path between 

the transition state and the initial and final structures, respectively, is then generated by means of 

an intrinsic reaction coordinate (IRC) calculation.[111,112] The activation strain analysis is then 

performed to identify the main mechanistic characteristics of a given reaction. During the 

execution of the workflow, relevant information about the current status is collected and written 

into an html output file, an example of which is depicted in Figure 6.2a-c. Upon completion of the 

workflow, the activation strain diagram is generated (Figure 6.2d). The activation strain analysis 

results are also collected and stored as a text file, which can be exported and plotted in MS Excel 

either manually or automatically with the help of a supplementary function in PyFrag 2019. In 

cases where the reaction path is already available, PyFrag 2019 is also able to import the 

coordinates and directly proceed with the activation strain analysis workflow using either ADF, 

Gaussian,[123] ORCA,[124] or Turbomole.[125] ExcelAutomat 1.3[235] (compatible with Gaussian[123] 

and GAMESS-US[ 236 , 237 , 238 ]) and autoDIAS[ 239 ] (compatible with Gaussian,[123] ORCA,[124] 

NWChem[240], and Q-Chem[241]) have recently been published and have been shown to be useful 

in automating the activation strain analysis along a provided reaction coordinate. Note, however, 

that while making advances towards an automated process, both of these programs are 

incompatible with ADF and thus are unable to perform the energy decomposition analysis. We 

should also note that the present version of PyFrag 2019 is not yet compatible with open-shell 

calculations. 



Chapter 6: PyFrag 2019 — Automating the Exploration and Analysis of Reaction Mechanisms 

 

 
98 

 

Figure 6.1: Schematic flowchart of the PyFrag 2019 program, including the three steps of (i) preparations, (ii) analysis, 

and (iii) visualization. 

To facilitate the rapid evaluation of the workflow and to display the status of the entire 

computation, PyFrag 2019 provides the functionality to periodically extract relevant data from the 

running calculation and visualize it as an html output (see Figures 6.2 and 6.3). A continuously 

updated video can be generated to examine the reaction path in real time. In the case of a failure 

of a computation, such as geometry optimization, the workflow will continue carrying out all other 

computations, unless they explicitly depend on the job that has failed. When such erratic behavior 

occurs, the user can modify the input file, which in turn will be detected and accounted for by 

PyFrag 2019 and used to restart any affected computational jobs automatically. 
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Figure 6.2: Snapshots from the html page generated by PyFrag 2019 that shows: a) the current job status (Transition 

State); b) corresponding movies of each geometrical optimization process; c) the summary of the geometries and 

energies of stationary points on the potential energy surface [reactant (R1), reactant complex (RC), transition state 

(TS), and product (P)], and d) and after completion of the workflow, the results of the activation strain analysis. For 

the current job status, various types of information are provided, including: a plot of energy (E) against each step, 

convergence information like energy change (e), constrained gradient max (c_max), their responding converge 

standard (e_, c_max), as well as if they are converged (e_TF, gm_TF). The user can click the box and select other 

stationary points, such as the reactant or product and obtain relevant data. 

6.4 Results and Discussion 

To demonstrate the ability of PyFrag 2019 to automate the steps necessary for the 

mechanistic analysis summarized in Figure 6.1, we proceed by presenting three application cases 

involving different chemical reactions: an (i) oxidative addition to an iron catalyst, a (ii) series of 

1,3-dipolar cycloadditions, and (iii) bimolecular nucleophilic substitution (SN2) reactions. In order 

to perform these analyses, as mentioned above, the user must only supply approximate geometries 

of the stationary points (reactants, transition state, and products). After completion of the 

calculation, the user can then plot the activation strain and energy decomposition analyses that 

were generated by PyFrag 2019 with the selected quantum chemistry program. In this section, we 
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limit our discussion to the final step involving the visualization step, since this step of the workflow 

is the most informative for understanding the factors governing the reactivity of the specific 

reactions and to check the correct performance of PyFrag 2019. 

6.4.1 Reaction 1: Oxidative Addition by an Iron Catalyst 

Catalytic reactions are a key transformation in modern synthetic chemistry[19,142] and the 

oxidative addition step is generally the first and rate-determining step in most catalytic 

cycles.[224,225] Our first example involves the C–X bond activation via oxidative addition of CH3X 

substrates (X = H, Cl, CH3) to a model iron catalyst Fe(CO)4 with singlet spin state.[98] The results 

from the activation strain analysis carried out with PyFrag 2019 using ADF, Gaussian, ORCA, and 

Turbomole as computational engines are shown in Figure 6.3a-d. As expected, but still 

importantly, we find comparable results and the same trends in reactivity for all programs 

employed, which confirms these individual implementations. 

The activation barrier (ΔE) depends on two chemically intuitive terms, namely the strain 

(ΔEstrain) and interaction (ΔEint) energies (see Eq. 6.1). We focus the following discussion on the 

results obtained with ADF as summarized in Figure 6.3a. The energy barriers for the bond 

activation of C–H, C–Cl, and C–C by Fe(CO)4 increase from 10.4 to 25.5 to 48.0 kcal mol–1, 

respectively. A weaker catalyst–substrate interaction results in a higher barrier for the C–Cl 

activation compared to the C–H activation. The C–C bond activation exhibits the highest barrier 

due to a highly destabilizing activation strain and a weakly stabilizing interaction energy compared 

to the activation of the C–H and the C–Cl bonds. The strength of the ΔEint for these bond activation 

processes was traced back to the nature of the σ and σ* orbitals of the C–H, C–Cl or C–C bonds. 

In particular, the σC–H lacks a nodal plane and has a significant overlap with the iron catalyst 3d 

orbital in a σ-donating manner. At variance, the σC–Cl and σC–C for C–Cl and C–C, respectively, 

have a 2p-nodal plane that results in cancellation of orbital overlap with the iron 3d. These orbital 

overlap values are printed by PyFrag 2019 in the same manner as the activation stain terms. Finally, 

the more destabilizing ΔEstrain for C–C activation compared to C–Cl activation simply originates 

from the higher strength of the C–C bond.[222] 
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Figure 6.3: Activation strain analysis for the oxidative addition of CH3–X bonds (X = H, Cl, CH3: black, blue, red, 

respectively) to singlet Fe(CO)4 computed at: a) ZORA-OPBE/TZ2P level with ADF 2017; b) DKH-OPBE/6-

311++G(d,p) level with Gaussian 09; c) ZORA-OPBE/ZORA-def2-TZVP SARC/J level with ORCA 4.0; and d) 

DKH-BLYP/TZVP level with Turbomole 6.5. Energy barriers relative to the reactants for the transition state are 

included (see upper left corner) and the positions of TS are marked by diamonds. 

6.4.2 Reaction 2: 1,3-Dipolar Cycloaddition Reactions 

Our second example investigates the 1,3-dipolar cycloaddition (1,3-DCA) reactivities of a 

series of aza-1,3-dipoles 1 (black), 2 (blue), 3 (red) with ethylene (e) as shown in Figure 6.4. 1,3-

DCA cycloadditions are important reactions in heterocyclic chemistry,[ 242 ] materials 

chemistry,[243,244,245] and chemical biology.[246,247,248] The cycloaddition barrier increases from 1 to 

2 to 3 corresponding to a sharp decrease in reactivity. Our activation strain analysis (Figure 6.4a) 

reveals that the differences in the barrier heights for these 1,3-DCA reactions originates from 
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differences in ΔEint and not from ΔEstrain, as originally proposed.[95,249,250] Despite the reaction of 1 

having the most destabilizing ΔEstrain, it goes with the lowest barrier due to a highly stabilizing 

ΔEint. Decomposition of the interaction energy reveals that the trends in the Pauli repulsion, ΔEPauli, 

are more or less offset by the trends in the electrostatic interaction, ΔVelstat (Figure 6.4b). The 

orbital interactions, ΔEoi, on the other hand, play a dominant role in determining the trend in 

interaction energy, and thus, the height of the reaction barriers. The orbital interaction becomes 

weaker from 1 to 2 to 3 due to a larger, less favorable frontier molecular orbital energy gaps. In 

addition, as the number of nitrogen atoms in the 1,3-dipole increases from 1 to 3 for compounds 

1, 2, and 3, respectively, the FMO overlap decreases, due to the more contracted 2p-orbitals of 

nitrogen compared to those of carbon.[251] These two effects, the larger FMO energy gaps and a 

decrease in FMO overlap, reinforce each other and result in a less stabilizing orbital interaction 

curve, and thus a higher and less favorable activation barrier. 

 

Figure 6.4: (a) Activation strain analyses and (b) energy decomposition analyses of the cycloaddition reactions 

between 1,3-dipoles 1–3 and ethylene (e), computed at the BP86/TZ2P level. Energy barriers relative to the reactants 

for the transition state are included (see upper left corner) and the positions of TS are marked by diamonds. 

6.4.3 Reaction 3: Bimolecular Nucleophilic Substitution (SN2) 

Our third example involves the textbook bimolecular nucleophilic substitution (SN2) 

reaction.[ 252 ] We have analyzed the nucleophilicity and leaving-group ability of halogens in 
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backside SN2 reactions for X– + CH3Cl (X– = F–, Cl–, Br–, and I–) and Cl– + CH3Y (Y = F, Cl, Br, 

and I), respectively.[108] In Figure 6.5a, we show that for a given leaving group, the SN2 barrier 

increases as the nucleophile is varied from F– to I–. This trend stems entirely from the ΔEint curves, 

as the ΔEstrain curves are nearly identical and superimposed. The nucleophilicity of these halides is 

determined by the electron-donor capability of the nucleophile. Specifically, the HOMO–LUMO 

interaction becomes less stabilizing as the nucleophile is varied along X– = F–, Cl–, Br–, and I– and 

this, in turn, leads to a systematically less stabilizing interaction. This can be understood in terms 

of the orbital energy of the X– HOMO, which is the highest (most destabilized) for F– and decreases 

(becomes stabilized) to I–, thus leading to a larger HOMO–LUMO gap. 

For a given nucleophile, the SN2 barrier decreases as the leaving group is varied from F– to 

I– for the Cl– + CH3Y (Y = F, Cl, Br, and I) reactions. Interestingly, in this case, the reactivity trend 

is entirely determined by the ΔEstrain curves, as the ΔEint curves are nearly identical for the different 

reactions. The ΔEstrain curves become increasingly destabilizing as the leaving group is varied from 

Y = F, Cl, Br, and I. The leaving group ability is directly related to the trend in C–Y bond strengths, 

with C–F being the strongest bond (ΔHBDE = 113.7 kcal mol–1) and C–I the weakest one (ΔHBDE 

= 60.7 kcal mol–1).[253,254] 

 

Figure 6.5: Activation strain analysis of the SN2 reactions for a) X– + CH3Cl (X– = F–, Cl–, Br–, and I–) and b) Cl– + 

CH3Y (Y = F, Cl, Br, and I), computed at the OLYP/TZ2P level. Energy barriers relative to the reactants for the 

transition state are also included (see upper left corner) and the positions of TS are marked by diamonds. 
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6.5 Conclusions 

The PyFrag 2019 program is presented, featuring significant improvements over its 

predecessor, with the aim to facilitate the computational exploration and analysis of reaction 

mechanisms in an automated fashion. In particular, PyFrag 2019 resolves three main challenges 

associated computing the potential energy surface of a particular reaction: it now 1) computes the 

reaction path by carrying out multiple parallel calculations using initial coordinates provided by 

the user; it 2) monitors the entire workflow process; and it 3) tabulates and visualizes the final data 

in a clear way. The automated activation strain analysis in PyFrag 2019 is compatible with many 

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

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

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

intermediates). 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. PyFrag 2019 has been tested, 

among many others, on three widely studied chemical reactions, including the oxidative addition 

of C–X bonds by an iron catalyst, the reactivity of 1,3-dipolar cycloaddition reactions, and the 

analysis of the nucleophilicity and leaving-group ability of SN2 reactions. 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 analysis of mechanistic features 

involving the screening, with detailed analyses, of large amounts of potential reaction candidates. 

To improve the efficiency of such screening workflows even further, also additional quantum 

chemistry codes such as DFTB[255] or GFN-xTB[256] can be employed. The open source PyFrag 

2019 code can be retrieved online along with an introductory tutorial.[257,258] 
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Summary (English) 

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 
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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 C–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)4
q (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 
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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 *C–X LUMO of the substrate, a feature they 

share with the d10-complexes of palladium. In addition, the iron complexes possess an empty 3d 

orbital, which is at relatively low energy as compared to the empty 5s-derived LUMO of palladium 

systems. This low-energy d LUMO of the iron complex can enter into a stronger, more stabilizing 

orbital interaction with the occupied C–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. 
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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 
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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. 
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Samenvatting 

Het doel van dit proefschrift is het rationeel ontwerpen van een efficiënte en selectieve 

ijzerkatalysator voor cross-koppelingsreacties. Cross-koppelingsreacties worden veel gebruikt in 

industriële processen, zoals de productie van fijne chemicaliën en de geneesmiddelen. Doordat de 

vraag naar milieuvriendelijke en goedkopere alternatieven voor de veelgebruikte palladium- en 

nikkelkatalysatoren toeneemt zijn verschillende alternatieve metalen onderzocht. De 

ijzerkatalysatoren zijn succesvol gebleken in het uitvoeren van cross-koppelingsreacties, hierdoor 

hebben ze afgelopen decennia steeds meer aandacht gekregen. Echter, het mechanisme achter deze 

reacties wordt nog steeds niet volledig begrepen. Het aantal functionerende ijzer-katalysatoren is 

relatief laag en de toepasbaarheid is, in vergelijking tot de katalysatoren op basis van palladium, 

beperkt. 

Onze computationele aanpak betrof het gebruik van het activeringsspanningsmodel (ASM) 

voor chemische reactiviteit gebaseerd op dichtheidsfunctionaaltheorie (DFT) berekeningen met 

het softwarepakket ADF. Het ASM is een op fragmenten gebaseerde aanpak die reacties kenmerkt 

in eenvoudige en intuïtieve termen zoals het effect van geometrische deformatie van de reactanten 

en verschillende wisselwerkingstermen als gevolg van veranderingen in de elektronische structuur 

van de reactanten langs het reactiepad. Dit model stelt ons in staat om het gedrag langs het 

reactiepad, vanuit het perspectief van de oorspronkelijke reactanten, te analyseren. Wanneer deze 

reactanten elkaar naderen zullen ze met elkaar gaan wisselwerken. De totale energie van een 

specifieke chemische reactie kan worden opgesplitst in de bijdrage van de deformatie van de 

reactanten (de spanningsenergie) en hun onderlinge wisselwerking (de interactie-energie). Analyse 

van de deformatie en wisselwerkingstermen langs het gehele potentiële energieoppervlak is 

essentieel, omdat veranderingen in één of beide termen, door hun onderlinge afhankelijkheid, kan 

leiden tot een verschuiving van de overgangstoestand langs het reactiepad. Dit is exact waar het 

activeringsspanningsmodel een belangrijke en verhelderende rol speelt. 

Ons werk, gebaseerd op de strategie die bekend staat als ‘Fragment-oriented Design of 

Catalysts’ (FDC), maakt het mogelijk om katalysatoren op te bouwen uit functionele fragmenten. 

Op basis van deze strategie hebben we eerst de karakteristieke verschillen tussen simplistische 

palladium (Pd) en ijzer (Fe) modelkatalysatoren vergeleken om de dominantie van Pd op het 
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gebied van cross-koppelingsreacties te begrijpen en te rationaliseren. Vervolgens hebben we 

verschillende technieken gebruikt om het gedrag van Pd in cross-koppelingsreacties te simuleren 

met ijzer-katalysatoren, zoals het beperken van de ‘bite angle’ door het gebruik van polydentale 

liganden, wat leidt tot een lagere spanningsenergie, en het versterken van de orbitaal-interactie 

door de liganden aan te passen. Om de effectiviteit van de selectieprocedure van mogelijke 

katalysatoren te stroomlijnen hebben we PyFrag 2019 ontwikkeld. Dit, met Python gecodeerde, 

programma faciliteert de geautomatiseerde zoektocht en analyse van reactiemechanismes, wat 

essentieel is voor het rationele ontwerp van nieuwe katalysatoren.    

Na een inleiding van het onderzoeksonderwerp in hoofdstuk 1 en een kort overzicht van 

de hoofdzakelijkste gebruikte theoretische methodes in hoofdstuk 2, in hoofdstuk 3 focussen we 

op de kwantumchemische exploratie van arylische koolstof-substituent bindingsactivatie via 

oxidatieve insertie van een palladiumkatalysator in C6H5X + PdLn modelsystemen (X = H, Cl, 

CH3; Ln = geen ligand, PH3, (PH3)2, PH2C2H4PH2). Wij vinden dat de bindingsactivatie van 

arylische C–X-bindingen consistent via lagere reactiebarrières dan de overeenkomstige processen 

voor alifatische C–X-bindingen verloopt. Nochtans, de trends langs de bindingen of bij variatie 

van de liganden zijn vergelijkbaar. Zodoende, reactiebarrières verhogen langs C–Cl < C–H < C–

C en tevens langs Pd < Pd(PH3) or Pd(PH2C2H4PH2) < Pd(PH3)2. Analyses, met behulp van het 

activeringsspanningsmodel, laten zien dat de lagere reactiebarrière voor arylische, in vergelijking 

tot de alifatische, C–X-bindingsactivatie wordt veroorzaakt door een sterkere en meer 

stabiliserende katalysator–substraat interactie voor de eerstgenoemde wat te herleiden valt naar 

een meer stabiliserende orbitaal-interactie ondersteund door een sterkere elektrostatische 

interactie. De meer stabiliserende orbitaal-interacties zijn het gevolg van een kleinere HOMO–

LUMO  gap, omdat arylische C–X orbitalen over het algemeen een lagere energie hebben dan hun 

alifatische tegenhanger.   

In hoofdstuk 4 worden de verschillen tussen Fe en Pd in cross-koppelingsreacties 

blootgelegd. Derhalve hebben we systematisch de C–X bindingsactivatie via oxidatieve additie 

van CH3X substraten (X = H, Cl, CH3) aan model katalysatoren mFe(CO)4
q (q = 0, –2; m = 

singlet, triplet) en, ter vergelijking, Pd(PH3)2 en Pd(CO)2 onderzocht. Wij hebben vastgesteld dat 

ijzer-d8 complexen met een gesloten schil uitstekende kandidaten zijn voor het vervangen van de 

klassieke palladium-d10 systemen in cross-koppelingsreacties. Onze proof-of-concept 

kwantumchemische analyse toont aan dat een eenvoudig modelsysteem, zoals Fe(CO)4, toegang 
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heeft tot een potentiële, niet-radicale reactiepaden voor C–X bindingsactivatie die de reactiepaden 

van oxidatieve additie met PdL2 complexen nauwkeurig nabootst. De volledige katalytische cyclus 

van de cross-koppelingsreactie tussen chloormethaan en het Grignard reagens 

methylmagnesiumchloride gekatalyseerd door ons op ijzer-gebaseerde model katalysator, 

Fe(PH3)4, en de veelvoorkomende palladium katalysator, Pd(PH3)2, hebben kwalitatief 

gelijkwaardige kenmerken, wat het gebruik van de generieke Fe(PH3)4 katalysator voor ons 

huidige onderzoek rechtvaardigt. Interessant is dat de oxidatieve additie de snelheidsbepalende 

stap is voor Pd(PH3)2, terwijl de reductieve eliminatie stap de belangrijkste rol speel voor Fe(PH3)4. 

In werkelijkheid is de activatie van de representatieve C–X bindingen met de gesloten schil, 

singlet-toestand, Fe(CO)4 beter dan met de archetypische PdL2 complexen. Er zijn twee 

hoofdredenen voor de goede prestatie van 1Fe(CO)4. Ten eerste, FeL4 complexen, zoals singlet 

1Fe(CO)4, hebben een incomplete d8-valentieschil. Hierdoor hebben zij niet alleen een 

hoogenergetische dπ HOMO voor effectieve π-backdonatie naar de *C–X LUMO van het 

substraat, deze eigenschap delen zij met palladium d10-complexen. Maar ook bezitten 

ijzercomplexen een lege 3d orbital, die relatief laag in energie is in vergelijking tot de lege, van 

5s afgeleide, LUMO van de palladium systemen. De laag energetische d LUMO van het 

ijzercomplex kan een sterkere, meer stabiliserende orbitaal interactie aangaan met de gevulde C–

X orbital van het substraat wat resulteert in een lagere reactiebarrière. Een tweede reden voor de 

goede prestatie van 1Fe(CO)4 is dat 1FeL4 complexen een “trigonaal bipiramidaal die één ligand 

mist” geometrie kunnen aannemen. Deze opening in de geometrie maakt ruimte voor het 

inkomende substraat zodat de katalysator minder hoeft te deformeren tijdens het bindingsactivatie 

proces. 

Op basis van d in hoofdstuk 4 geschetste, principes gaan we in hoofdstuk 5 verder met het 

ontwikkelen van nieuwe, op maat gemaakte, ijzerkatalysatoren die het gedrag van de welbekende 

Pd analogen in de bindingsactivatie stap van de cross-koppelingsreactie kan nabootsen.  Eerst 

worden de sterische en elektronische effecten voor de ijzer gefacilieerde CH3–X bindingsactivatie 

(X = H, Cl, CH3) door Fe(CO)4 model katalysator onderzocht met gebruik van relativistische 

dichtheidsfunctionaaltheorie bij ZORA-OPBE/TZ2P. De elektronische effecten worden 

geoptimaliseerd door de CO liganden te vervangen door andere liganden, met geschikte 

elektronische en orbitaal eigenschappen, die de stabiliserende orbitaal-interactie tussen het 

ijzercomplex Fe(CO)3(AB) (in ons geval, AB = BF, BN(CH3)2, PH3) en het C–X substraat 
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verbeteren. Op deze manier kan de barrière voor CH3–H-activatie aanzienlijk verlaagd 

worden van 10.4 naar 5.2 kcal mol–1. Daarnaast, door het gebruik van rigide bidentale 

liganden, zoals PH2(CH2)nPH2, lieten we de mogelijkheid zien om de ongunstige 

spanningsenergie, die resulteert uit de nadering en reactie tussen het substraat en katalysator, 

te verminderen. De vermindering van de spanningsenergy leidt tot een lagere reactie 

barrière. Bijvoorbeeld, de overgangstoestand voor CH3–Cl activatie kan worden verlaagd 

van 25.5 naar 19.6 kcal mol–1 en voor de C–C-bindingsactivatie van 48.0 naar 44.5 kcal mol–

1. Hiermee illustreert ons onderzoek de toepasbaarheid van het rationeel ontwerpen van 

katalysatoren en biedt een systematische manier om deze moleculen te ontwikkelen en 

analyseren op basis van eerste principes. 

Hoofdstuk 6, tenslotte, introduceert het PyFrag 2019 programma en demonstreert zijn 

functies voor het onderzoeken en analyseren van reactiemechanismen. Dit is een belangrijke 

update van het PyFrag 2008 programma, wat oorspronkelijk was ontworpen om analyses met 

behulp van het activeringsspanningsmodel langs het potentiële energieoppervlak uit te voeren. De 

oorspronkelijke PyFrag 2008 workflow vergemakkelijkte de karakterisering van het 

reactiemechanismen in termen van de intrinsieke eigenschappen van de reactanten. Het nieuwe 

PyFrag 2019 programma heeft de tijdrovende en arbeidsintensieve bezigheid van het opzetten, 

uitvoeren, analyseren en visualiseren van de berekende data van het reactiemechanisme 

geautomatiseerd tot één enkele opdracht. PyFrag 2019 lost drie belangrijke uitdagingen op die 

gepaard gaan met de geautomatiseerde computationele verkenning van reactiemechanismes: 1) het 

beheren van meerdere parallellen berekeningen om automatisch het reactiepad te vinden; 2) het 

monitoren van het gehele rekenproces samen met het extraheren en plotten van relevante 

informatie uit grote hoeveelheden data; en 3) de analyse en representatie van de data op een 

duidelijke en informatieve manier. De gegenereerde activeringsspannings- en 

energiedecompositie-analyse resultaten worden gelinkt aan het reactieprofiel in termen van 

intrinsieke eigenschappen van de reactanten (spanning, interactie, orbitaal overlap, orbital 

energieën, orbitaal bezettingen). De geautomatiseerde activeringsspanningsanalyse in PyFrag 

2019 is met veel kwantumchemische softwarepakketten te gebruiken, waaronder ADF, Gaussian, 

Orca en Turbomole. 

PyFrag 2019 vereist de gebruiker alleen om benaderingen van de geometrieën van de   

respectievelijke stationaire punten (reactanten, overgangstoestanden en producten) op het 
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potentiële energieoppervlak in te voeren. De stappen van de workflow omvatten eerst het uitvoeren 

van de geometrie optimalisaties van de stationaire punten met behulp van de aangeleverde 

coördinaten, gevolgd door een intrinsieke reactiecoördinaat berekening om potentiële 

energieoppervlak te genereren. Vervolgens wordt er een activeringsspannings- en 

energiedecompositie-analyse (bij gebruik van ADF) uitgevoerd. De laatste stap van de workflow 

is de visualisatie (plotten/tabellering) van de verkregen resultaten. De gegenereerde 

activeringsspannings- en energiedecompositie-analyse resultaten worden gelinkt aan het 

reactieprofiel in termen van intrinsieke eigenschappen van de reactanten (spanning, interactie, 

orbitaal overlap, orbital energieën, orbitaal bezettingen). De nieuwe, in PyFrag 2019 

geïmplementeerde, workflow is geparallelliseerd om de beschikbare computationele middelen zo 

efficiënt mogelijk te gebruiken. We verwachten dat PyFrag 2019 de systematische studie en 

gedetailleerde analyse van grote hoeveelheden potentiële reactie kandidaten zal vergemakkelijken. 

De bevindingen van dit proefschrift leggen het theoretische geraamte voor het rationele 

ontwerpen van nieuwe op ijzer gebaseerde katalysatoren die, hopelijke op een dag, de schaarse 

palladium katalysatoren volledig kunnen vervangen. Dit verschuift de uitdaging naar organische 

en anorganische chemici met de ontwerpprincipes in kwestie als blauwdrukken voor ontwerp en 

synthese van actieve en robuuste katalysatoren op basis van ijzer.   
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Summary (Chinese) 

本论文致力于从第一性原理出发设计可用于交叉偶联反应且具有高度选择性的铁基催

化剂。交叉偶联反应广泛应用于精细化学品生产和药物合成中。随着近年来人们对环境能

源等问题关注的日益增长，发展更加绿色，高效，高选择性的催化剂已经成为化学领域最

受关注的研究方向之一。传统的镍钯等贵金属催化剂的稀有性，高成本和不可忽略的重金

属毒性限制了其进一步发展和广泛应用。铁作为地球上第二大储量金属，与上述贵金属相

比所具有的不可比拟的优势，如储量丰富，廉价易得，相对安全无毒以及多变的氧化态等，

引起了化学家越来越多的关注并被成功应用到多种有机化学反应中。但是，相对于钯基催

化反应，铁基催化交叉偶联反应背后的机理仍未完全了解。而且有效的铁催化剂的种类仍

然相对较少，其应用范围相当有限。 

本论文的理论模型是活化应变模型（Activation Strain Model of chemical reactivity，

ASM）。计算软件是基于密度泛函理论（DFT） 的 ADF（Amsterdam Density Functional）

程序。活化应变模型将整个反应体系分为两部分，即两个反应物， 然后用两个反应物的

内在性质来解释反应的特征。特定化学反应的总能量可以分解为反应物应变能（反应物结

构形变引起）和它们之间的相互作用能。ASM 通常对反应的整个势能面进行分析，这样

可以容易地解释哪一项决定能垒出现的早晚以及大小。 

我们采用分步走的设计策略（FDC），从其基本功能片段开始逐步构建催化剂。基于

这一策略，我们首先比较了简单钯和铁模型催化剂之间的特征差异，以理解为什么钯在交

叉偶联反应领域占主导地位。在此之后，我们采用不同的技术使铁基催化剂模拟钯基催化

剂在交叉偶联反应中的行为，例如用齿状配体控制螯合角以降低应变能并通过定制配体来

增强轨道相互作用。为了提高可能的催化剂候选物的高通量筛选效率，我们开发了

PyFrag 2019 程序。该程序可以自动探索和分析化学反应机理，其对于合理设计新催化剂

至关重要。 

第 1章主要介绍了研究课题的背景知识。第 2章就使用的主要理论模型进行简要概述。

在第 3章中，我们对钯催化剂在 C6H5X + PdLn（X = H, Cl, CH3; Ln = 无配体, PH3, (PH3)2, 

PH2C2H4PH2）体系中对芳基C–X键活化的机理进行了研究。我们发现，与脂肪族C–X键

的活化过程相比，芳基 C–X 键活化以较低的反应势垒进行。因此，键活化势垒沿着 C–Cl 

< C–H < C–C 和 Pd < Pd(PH3) 或 Pd(PH2C2H4PH2) < Pd(PH3)2的顺序增加。活化应变分析表

明，与脂肪族 C–X 键活化相比，芳香族 C-X 键活化所具有的较低反应势垒是由更强的催
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化剂 - 底物相互作用引起的，而这可以追溯到芳香族化合物所具有更小的 HOMO–LUMO

能级间隙，因为芳基C–X轨道通常比其脂族对应物具有更低的能量。 

第 4 章阐述了铁基和钯基催化剂在交叉偶联反应的不同。为此，我们通过氧化加成

CH3X 底物（X = H, Cl, CH3）反应系统地探索了催化剂模型 mFe(CO)4
q（q = 0, –2; m =单

重态，三重态）在 C–X键活化中的作用，并且同 Pd(PH3)2和 Pd(CO)2进行了对比。我们发

现闭壳层型铁基 d8配合物可以替代在催化交叉偶联反应更常用的钯基 d10配合物。我们用

量子计算的方法对此进行了概念验证，并发现一个简单的模型系统，如 Fe(CO)4，可以以

非常类似于 PdL2复合物的氧化加成的非自由基机理对 C–X 键进行活化。我们在对比了铁

基催化剂 Fe(PH3)4和钯基催化剂 Pd(PH3)2在 Grignard 试剂存在下对氯甲烷进行交叉偶联的

完整催化过程后，发现两者具有非常相似机理，这证明了我们使用 Fe(PH3)4作为铁基催化

剂的合理性。不同的是，氧化加成反应是 Pd(PH3)2 催化的决速步骤，而还原消除步骤对

Fe(PH3)4催化则起着更重要的作用。实际上，单重态 Fe(CO)4比 PdL2络合物具有更强的活

性。Fe(CO)4 的高活性来自于两个方面：一是 FeL4 配合物，例如单重态 Fe(CO)4，具有不

完全的 d8 壳层结构。因此，它们具有的高能级 dπ HOMO，能够对反应底物的 C–X 

LUMO 进行有效的 π 反向加成，这与钯 d10 配合物类似。此外，铁络合物所具有的 3d 空

轨道，与钯 5s 轨道衍生的 LUMO 相比，其能级相对较低。铁络合物的这种低能级 d 

LUMO 可以与底物的 C–X 占据轨道形成更强，更稳定的轨道相互作用，从而导更低的反

应势垒。Fe(CO)4具有更高活性的第二个原因 FeL4配合物具有特殊的“未饱和三角双锥”

的几何构型，此构型具有较大的空间来接纳反应底物，不会在反应过程中造成较大的空间

阻力。 

以第 4章结论为基础，我们在第 5章工作中继续开发新的铁基催化剂，以模拟其在众

所周知的钯类似物在交叉偶联反应的键活化步骤中的行为。首先，我们使用相对论修正的

密度泛函理论 ZORA-OPBE/TZ2P 计算了铁催化的 CH3–X 键活化（X = H, Cl, CH3）反应，

并对模型催化剂 Fe(CO)4 的空间和电子效应进行了研究。我们用具有合适的电子和轨道特

性的其他配体取代 CO 配体来调节电子效应，以增强铁络合物 Fe(CO)3(AB) （AB = BF, 

BN(CH3)2, PH3）和 CH3–X （X = H, Cl, CH3）底物之间的轨道相互作用。这种方式可以

使 CH3–H 活化的能垒从 10.4 kcal mol–1 降低到 5.2 kcal mol–1。类似地，通过使用刚性分

子配体，例如双齿配体 PH2(CH2)nPH2，我们可以有效地减小由于催化剂和底物由于结构

变形而产生的空间阻力，从而有效地降低能垒。例如，CH3–Cl 活化的能垒可以从 25.5 

kcal mol–1 降低到 19.6 kcal mol–1，C–C 键活化的能垒也可以从 48.0 kcal mol–1 降低到

44.5 kcal mol–1。因此，我们的研究证明了从第一性原理出发设计催化剂的可行性，并提

供了一系列的可行方法。 
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最后，第 6 章介绍了 PyFrag 2019 程序，并展示了其在反应机理研究和分析中的作用。

PyFrag 2019 是对 PyFrag 2008 的重大更新。PyFrag 2008 最初只用于活化应变分析（ASM）

的具体实施，而新的 PyFrag 2019 程序最大程度地自动化了化学反应机理研究中耗时且费

力的机械任务，例如计算数据设置，运行，分析和可视化等。 PyFrag 2019 解决了与反应

机理的自动化计算分析相关的三个主要问题：1）管理多个并行的化学反应计算并自动找

到反应路径; 2）监控整个计算过程并从大量数据中提取和展示其中的关键信息; 3）以清

晰而有效的方式分析和可视化这些关键信息。从活化应变和能量分解分析中得到的数据

（应变能量，相互作用能量，轨道重叠，轨道能级，布居数等）可以很清晰地表征化学反

应特征。PyFrag 2019 现在可以兼容更多化学计算常用软件，如 ADF，Gaussian，Orca 和

Turbomole。 

PyFrag 2019 仅要求用户为势能面上的各个驻点（反应物，过渡态和产物）提供初始

坐标。程序工作步骤包括：首先使用提供的坐标进行驻点构型的几何优化，然后进行内禀

反应坐标法计算以生成势能面。接下来，进行活化应变模型和能量分解分析（能量分解分

是 ADF 软件的独有功能）。最后一步涉及结果的可视化（绘图/制表）。由 PyFrag 2019 产

生的这些活化应变和能量分解结果允许用户根据反应物质的固有性质（应变，相互作用，

轨道重叠，轨道能量，布居数）来描述反应的特征。PyFrag 2019 中实现的工作流程已被

广泛并行化，以有效利用可用的计算资源。我们期望 PyFrag 2019 能够对催化剂的大通量

筛选提供帮助。 

本论文概述的研究结果为新型铁基催化剂的合理设计提供了理论框架，希望其有一天

能够完全取代贵重过渡金属钯催化剂。这些结果将为有机和无机化学家设计和合成高效铁

基催化剂提供蓝图。 
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