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Chapter 1 
 

Introduction 
 
 

 

1.1 Astrochemistry 
Astrochemistry is an interdisciplinary field that encompasses not only chemistry and 

astronomy but also contains flavors of biology and geology.[1-3] The overarching goal 

of the field of astrochemistry is to better understand the astrochemical evolution of 

the universe, ranging from diatomic species to molecules with a larger degree of 

chemical complexity. More simply, one may consider this research area as being 

dedicated to the formation and break down of molecules in different astronomical 

environments as well as how they interact with radiation. 

 The origin of astrochemistry lies at the beginning of the twentieth century 

with the discovery of interstellar gas and dust.[4,5] At that time it was thought that the 

extreme conditions in astronomical environments, such as the interstellar media, 

would only allow for the existence of atoms. McKellar discovered, however, in the 

early 1940s that the hitherto unidentifiable interstellar spectral lines detected by radio 

astronomy could be attributed to diatomic molecules, such as CH and CN.[6] This 

finding resulted in a paradigm shift in the astrochemistry field, as it contradicted the, 

up till then, belief in the absence of chemical reactivity in the interstellar media. It 

took roughly thirty more years before the first extraterrestrial polyatomic molecules 

were identified. In the late sixties, Cheung and co-workers were the first to report 

the detection of the small polyatomic molecules ammonia and water in the 

interstellar media.[7,8] Soon after, a broad range of larger polyatomic molecules were 

observed in astronomical environments, among which the first organic molecule 

formaldehyde,[9] but also hydrogen cyanide,[10] methanol,[11] formic acid, [10] and 
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formamide.[10] Since then, more than 200 different molecules, ranging from diatomic 

molecules to large polyatomic species such as polycyclic aromatic hydrocarbons, 

have been detected in the interstellar media as well as in circumstellar dust around 

stars,[12,13] and the rate with which new molecular species are discovered continues 

rapidly. Interestingly, a wide range of the molecules, detected in astronomical 

environments using radio astronomy, are organic, as opposed to inorganic, in nature. 

Herbst and van Dishoeck, therefore, coined the term complex organic molecules to 

describe molecular species found in interstellar and circumstellar media consisting 

of more than five atoms and having, at least, one carbon atom.[14] 

 In 2020, Puzzarini distilled the Three Grand Challenges in Astrochemistry[16] from 

the fourteen challenges for the field of astrochemistry in the coming decades 

proposed by van Dishoeck.[15] The first grand challenge is the hunt for molecules in 

space. Despite the fact that there have been more than 200 different molecules 

detected in astronomical environments (vide supra),[12,13] a large number of features in 

the interstellar spectra are still unidentifiable. This shows that there are many more 

molecules, possibly having prebiotic character or other interesting characteristics, 

that have, up till now, escaped our knowledge and, thus, we are far from a complete 

and unified picture of all existing interstellar molecules. The second grand challenge 

in astrochemistry is to gain a better understanding of the chemical processes in 

space. As prior mentioned, understanding the formation and break down of 

interstellar molecules lies at the core of astrochemistry and the chemical pathways 

thereof can be thoroughly investigated both theoretically[17-19] and 

experimentally.[20,21] Nevertheless, there is still little known about the formation and 

break down of molecules in astronomical environments and, frequently, the 

proposed reaction mechanisms are inconclusive or even controversial.[14,22,21] The 

third, and final, grand challenge is elucidating the origin of life. Once we understand 

the chemistry occurring in space, i.e., the molecules present, and reactions occurring, 

in astronomical environments, we might be able to clarify the emergence of life on 

Earth and, possibly, elsewhere. Currently, there are two major theories proposed for 

the origin of life on Earth, namely, the organic molecules on Earth are delivered 
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from extraterrestrial sources (exogenous delivery) or synthesized on Earth 

(endogenous production).[24] There is, however, no present-day consensus if one, or 

maybe even both, of these theories, are correct. 

 In this thesis, we aim to make a valuable contribution to the second grand 

challenge in astrochemistry, that is, gaining a better understanding of chemical 

processes in astronomical environments. More specifically, the goal is to provide 

insights into the formation of polycyclic aromatic hydrocarbons in interstellar media. 

Polycyclic aromatic hydrocarbons are among the largest and most abundant 

complex organic molecules in astronomical environments,[14,25-27] including 

meteorites, molecular clouds in deep space, interstellar grains, and interplanetary 

dust particles,[28-30] carrying up to 10% of all extraterrestrial elemental carbon. This 

class of molecules, therefore, is thought to play an important role in the 

astrochemical evolution of the universe, especially concerning the origin of chemical 

complexity. For instance, the degradation of polycyclic aromatic hydrocarbons has 

been hypothesized, within the context of the exogenous delivery theory, to be the 

prime source of carbon required for the abiotic formation of the building blocks of 

life, i.e., amino acids, nucleobases, sugars, and fatty acids. Despite the prevalence of 

polycyclic aromatic hydrocarbon in astronomical environments, the mechanism 

behind their interstellar formation is not yet completely understood. We argue that 

the most efficient way of understanding the formation of polycyclic aromatic 

hydrocarbons in astronomical environments is to fully comprehend the analogous 

terrestrial transformations. 

 

 

1.2 Diels-Alder Reaction 
A commonly used chemical reaction to synthesize six-membered ring motifs in 

terrestrial chemistry is the Diels-Alder cycloaddition reaction. First discovered by 

Diels and Alder in 1928,[31] this transformation is still one of the most relevant 

processes in chemistry to date due to the fact that this reaction is able to generate  
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Scheme 1.1. The archetypical Diels-Alder reaction between cis-1,3-butadiene (diene) and 
ethylene (dienophile) forming the six-membered cycloadduct cyclohexene. 
 

 

six-membered rings with up to four stereocenters in a single reaction step.[32,33] The 

Diels-Alder reaction is a [4+2] cycloaddition between a conjugated diene (four p-

electrons) and an alkene (two p-electrons), called the dienophile, forming a six-

membered cycloadduct, where two new s-bonds and a p-bond are being formed at 

the expense of the three p-bonds in the reactants (Scheme 1.1). This reaction is a 

prototypical example of a pericyclic reaction following a concerted mechanism, 

which means that the reaction proceeds in one step through a cyclic transition state.  

 The mechanism of the Diels-Alder reaction is, in most organic chemistry 

textbooks,[34-37] explained by means of frontier molecular orbital theory, where one 

only considers the occupied and unoccupied p-molecular orbitals of the diene and 

dienophile, which are responsible for the formation of the two new s-bonds 

between the reactants. There are two major orbital interactions that drive the Diels- 

Alder reaction, namely, the normal electron demand (NED) and inverse electron 

demand (IED) interaction (Figure 1.1). For the normal electron demand interaction, 

the highest occupied p-molecular orbital of the diene (p-HOMOdiene) has an in-

phase, and hence bonding, overlap with the lowest unoccupied p-molecular orbital 

of the dienophile (p-LUMOdienophile). During the inverse electron demand 

interaction, on the other hand, the lowest unoccupied p-molecular orbital of the 

diene (p-LUMOdiene) has a favorable overlap with, and thus can accept electrons 

from, the highest occupied p-molecular orbital of the dienophile (p-HOMOdienophile). 

The former orbital interaction is considered to be the dominant one for Diels-Alder 

reactions due to its smaller HOMO–LUMO orbital energy gap compared to the 
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Figure 1.1. Frontier molecular orbital diagram of the archetypical Diels-Alder reaction 
between cis-1,3-butadiene (diene) and ethylene (dienophile), highlighting both the normal 
electron demand interaction (NED; red) and inverse electron demand interaction (IED; 
blue). 
 

 

latter orbital interaction. By judiciously adding substituents to either the diene or 

dienophile, or both, one is able to (i) maximize the normal electron demand orbital 

interaction by reducing the p-HOMOdiene–p-LUMOdienophile energy gap even further; 

or (ii) make the inverse electron demand the most prominent orbital interaction by 

reducing the p-LUMOdiene–p-HOMOdienophile energy gap. 

 A disadvantage of the Diels-Alder reaction is that it is relatively slow. 

Nevertheless, there are various ways to accelerate this reaction, for instance, by, as 

priorly mentioned, adding substituents, but also by introducing a Lewis acid catalyst. 

Kojima and co-workers demonstrated in their seminal work that Lewis acids, such 

as AlCl3, are able to significantly enhance the Diels-Alder reactivity between isoprene 

(diene) and methyl acrylate (dienophile).[38,39] The uncatalyzed Diels-Alder reaction 

needs, at room temperature, 70 days to achieve a 54% yield (Scheme 1.2). Besides 

being inefficient, this reaction is also not selective, meaning that it forms a mixture 
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Scheme 1.2. The uncatalyzed and Lewis acid-catalyzed Diels-Alder reaction between 
isoprene (diene) and methyl acrylate (dienophile), yielding a mixture of the 1,3- and 1,4-
cycloadduct.[38,39] 
 

 

of both the major 1,4-cycloadduct (70%) and the minor 1,3-cycloadduct (30%). 

Addition of a Lewis acid, such as AlCl3, which binds to the carbonyl oxygen of 

methyl acrylate, significantly enhances the Diels-Alder reactivity, as evidenced by the 

fact that the reaction now only needs three hours at room temperature to attain a 

similar yield as the uncatalyzed Diels-Alder reaction (Scheme 1.2). In addition, the 

Diels-Alder reaction also becomes more selective, producing almost exclusively the 

major 1,4-cycloadduct (95%). Ever since the work of Kojima et al., the chemical 

literature has been enriched with various examples of Lewis acid-like catalysts that 

can effectively accelerate Diels-Alder reactions, such as iminium catalysts,[40] 

thiourea catalysts,[41-43] and bifunctional halogen-bonded catalysts.[44] 

 The mechanism behind the catalytic ability of Lewis acids is traditionally 

explained using frontier molecular orbital theory.[45-48] It was found that binding a 

Lewis acid to the carbonyl oxygen of the dienophile makes the dienophile more 

electrophilic, which expresses itself in a significant stabilization (lowering in energy)  
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Figure 1.2. Schematic representation of a) the enhanced orbital interactions of the Lewis 
acid-catalyzed Diels-Alder reaction by Lewis acid-induced lowering of the π-LUMOdienophile; 
and b) the reduction of closed-shell–closed-shell (Pauli) repulsion between the 
HOMOnucleophile–p-HOMOMichael acceptor of the Lewis acid-catalyzed aza-Michael addition 
reaction. 
 

 

of the p-LUMOdienophile. This ultimately translates into a smaller p-HOMOdiene–p-

LUMOdienophile energy gap and, as a consequence, to a lower Diels-Alder reaction 

barrier as compared to the uncatalyzed analog (Figure 1.2a). In contrast, Hamlin et 

al. studied the catalytic ability of Lewis acidic dihalogen catalysts (F2 to I2) on the 

aza-Michael addition reaction between pyrrolidine (nucleophile) and methyl acrylate 

(Michael acceptor), where the Lewis acid binds to the carbonyl oxygen of the 

Michael acceptor.[49] They uncovered that, although these Lewis acid catalysts lower 

the energy of the p-LUMOMichael acceptor, the total orbital interactions between the 

reactants, including the major HOMOnucleophile–p-LUMOMichael acceptor interaction, are 

not stronger, but are even slightly weaker than those present in the uncatalyzed 

reaction. The enhanced reactivity of the Lewis acid-catalyzed aza-Michael addition 

reaction should, in fact, be ascribed to the significant reduction of closed-shell–

closed-shell (Pauli) repulsion between the lone pair of the nucleophile 

(HOMOnucleophile) and the π-system of the Michael acceptor (p-HOMOMichael acceptor) 

(Figure 1.2b), since the Lewis acid polarizes the occupied π-orbital density of the 

Michael acceptor away from the approaching nucleophile. We hypothesize that this 

novel mechanism behind Lewis acid-catalyzed aza-Michael addition reaction might 
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be wider applicable and hence could also be operative in Lewis acid-catalyzed Diels-

Alder reactions. 

 

 

1.3 This Thesis 
The objective of this thesis is to develop a more comprehensive understanding of 

how Lewis acids catalyze Diels-Alder reactions by utilizing quantum chemical 

computations. We envision that gaining a better understanding of this catalytic 

transformation in terrestrial chemistry will help to obtain a more complete picture 

of related processes within an astrochemical context. Chapter 1 serves as an 

introduction to the topics discussed in this thesis and will bridge the gap between 

the formation of polyaromatic hydrocarbons in interstellar media and analogous 

terrestrial chemistry. In Chapter 2, the theoretical methods and models used in this 

thesis are discussed, starting with a brief description of quantum chemistry and 

density functional theory, followed by a more extensive delineation of the activation 

strain model of reactivity and the canonical energy decomposition analysis scheme. 

 Before studying the catalytic effect of Lewis acids on the Diels-Alder 

reaction, we first need to understand the nature of C–H and C–C bonds. More 

specifically, the fundamental and ubiquitous phenomenon of the contraction of 

these bonds as the carbon atoms involved vary, in s–p hybridization, along sp3 to 

sp2 to sp. In Chapter 3, we study, with the help of quantum chemical bonding 

analyses based on Kohn-Sham molecular orbital theory, the C–H bond length in 

ethane, ethene, and ethyne, as well as the length of the C–C bond in propane, 

propene, and propyne and uncovered that the generally accepted rationale behind 

the trend in C–H and C–C bond length along this series is incorrect. Inspection of 

the molecular orbitals and their corresponding orbital overlaps reveals that the 

above-mentioned shortening in bond length is not determined by an increasing 

amount of s-character at the carbon atom in these bonds. Instead, this structural 

trend is caused by a diminishing steric (Pauli) repulsion between substituents around 
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the pertinent carbon atom, as the coordination number decreases from 4 to 3 to 2 

along sp3 to sp2 to sp. 

 Next, in Chapter 4, we disentangle how Lewis acids are able to catalyze 

Diels-Alder reactions by investigating the Diels-Alder reaction between isoprene 

(diene) and methyl acrylate (dienophile) catalyzed by the conventional Lewis acids 

I2, SnCl4, TiCl4, ZnCl2, BF3, and AlCl3, where the Lewis acid binds to the carbonyl 

oxygen of the dienophile. From our activation strain and Kohn-Sham molecular 

orbital bonding analysis, the unprecedented finding emerges that Lewis acids 

accelerate the Diels-Alder reaction by a diminished Pauli repulsion between the p-

electron systems of the diene and dienophile. These results oppose the widely 

accepted view that Lewis acids catalyze the Diels-Alder reaction by enhancing the 

donor–acceptor HOMOdiene–LUMOdienophile interaction and constitute a novel 

physical mechanism for this indispensable textbook organic reaction. 

 Not limiting ourselves to solely the classical Diels-Alder reaction, Chapter 

5 discusses the driving force behind the alkali cation-catalyzed aromatic Diels-Alder 

reaction between benzene (aromatic diene) and acetylene (dienophile), where the 

alkali cations Li+, Na+, K+, Rb+, and Cs+ are coordinated to benzene. These 

reactions, and hence also the results of Chapter 5, might be of direct importance for 

a more complete understanding of the network of competing mechanisms towards 

the formation of polycyclic aromatic hydrocarbons in an astrochemical context 

because the formed cycloadduct barrelene is a key precursor for the synthesis of 

polycyclic aromatic hydrocarbons. Our analyses reveal that alkali cation-catalyzed 

aromatic Diels-Alder reactions are accelerated by up to five orders of magnitude 

relative to the uncatalyzed reaction. Our detailed activation strain and molecular 

orbital bonding analyses uncover that also alkali cations, just as the more 

conventional Lewis acids used in Chapter 4, lower the aromatic Diels-Alder reaction 

barrier by reducing the Pauli repulsion between the closed-shell filled orbitals of the 

aromatic diene and the dienophile. 

 In Chapter 6, we return to the classical Diels-Alder reaction, namely, 

between cyclopentadiene (diene) and various a,b-unsaturated aldehyde, imine, and 
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iminium dienophiles. First, the enhanced Diels-Alder reactivity of a,b-unsaturated 

aldehyde dienophiles compared to the analogous imine dienophiles is established 

and related back to the larger electronegativity of the oxygen atom of the aldehyde 

compared to the nitrogen atom of the imine. The second part is dedicated to the 

rate enhancement of this Diels-Alder reaction involving iminium-activated 

dienophiles. We find that, although these iminium species are not characterized as 

Lewis acids, they do follow the same catalytic mechanism, namely, iminium catalysts 

enhance the Diels-Alder reactivity by reducing the Pauli repulsion between the 

interacting diene and dienophile, but, also, from a more asynchronous reaction 

mode. In addition, in this chapter, for the first time, the driving force behind the 

asynchronicity of the herein studied Diels-Alder reactions is established and linked 

to the relief of destabilizing Pauli repulsion and not the enhanced orbital interactions 

between the terminal carbon of the dienophile and the diene, which has been the 

accepted rationale. 

 Chapter 7 then discusses how bifunctional hydrogen-bonded Lewis acids 

are able to accelerate the Diels-Alder reaction. To this end, the Diels-Alder reaction 

between cyclopentadiene (diene) and acrolein (dienophile) catalyzed by a variety of 

(thio)urea-based organocatalysts with increasing molecular complexity is studied 

where the organocatalysts activate the dienophile via the carbonyl oxygen. Besides 

accelerating the Diels-Alder reactivity via the above-mentioned reduction of Pauli 

repulsion, (thio)urea-based organocatalysts also induce an unprecedented exo 

selectivity for this transformation. Our analyses revealed that the exo pathway 

benefits from two barrier lowering phenomena, namely, (i) a larger degree of 

asynchronicity and hence a less destabilizing Pauli repulsion and activation strain; 

and (ii) an additional stabilizing interaction between the (thio)urea-based 

organocatalysts and the diene. 

 The development of organocatalysts, based on hydrogen, pnictogen, 

chalcogen, and halogen bonds, to accelerate Diels-Alder reactions, is an emerging 

field in chemistry. In Chapter 8, we elucidate how weakly interacting Lewis acids 

across the periodic table AFn (A = H with n = 1, A= Cl/Br/I with n = 1, A = 
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S/Se/Te with n = 2, A = P/As/Sb with n = 3) enhance the Diels-Alder reactivity 

between 1,3-butadiene (diene) and methyl acrylate (dienophile), where the Lewis 

acid coordinates via a hydrogen, halogen, chalcogen, or pnictogen bond to the 

carbonyl oxygen of the dienophile. Although these weakly interacting Lewis acids 

accelerate the Diels-Alder reaction compared to the uncatalyzed reaction, the 

reaction barriers systematically increase from halogen < hydrogen < chalcogen < 

pnictogen-bonded Lewis acids. Our detailed analyses reveal that these Lewis acids 

lower the Diels-Alder reaction barrier by increasing the asynchronicity of the 

reaction to relieve the otherwise destabilizing Pauli repulsion between the diene and 

dienophile. Notably, the reactivity can be further enhanced on going from a Period 

3 to a Period 5 Lewis acid, as these species amplify the asynchronicity of the Diels-

Alder reaction due to a stronger coordination with the dienophile. 

 Chapters 4 up until 8 show that asynchronicity plays a crucial role in 

determining the height of the Diels-Alder reaction barrier and hence the catalysis of 

Lewis acids. Currently, the origin of asynchronicity is ascribed to the stronger orbital 

interaction between the diene and the terminal carbon of an asymmetric dienophile, 

which shortens the corresponding newly formed C–C bond and hence induces 

asynchronicity in the reaction. In Chapter 9, we show that this rationale behind 

asynchronicity is incorrect. We, in fact, find that following a more asynchronous 

reaction mode costs favorable HOMO–LUMO orbital overlap and, therefore, 

weakens (not strengthens) these orbital interactions. Instead, it is the Pauli repulsion 

that induces asynchronicity in Diels-Alder reactions. As soon as the mechanism of 

reducing Pauli repulsion dominates, the reaction begins to deviate from 

synchronicity and adopts an asynchronous mode. The eventual degree of 

asynchronicity, as observed in the transition state of a Diels-Alder reaction, is 

ultimately achieved when the gain in stability, as a response to the reduced Pauli 

repulsion, balances with the loss of favorable orbital interactions. 

 Finally, the findings disclosed in this thesis are summarized in both English 

and Dutch (Chapters 10 and 11, respectively), the acknowledgments to gratefully 

thank everyone who played a role in the completion of this thesis are presented 
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(Chapter 12), and the list of publications of the author of this thesis is given (Chapter 

13). 
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We must not forget that pictures and models finally have no other purpose than to serve as a 

framework for all the observations that are in principle possible. 

Erwin Schrödinger, Frankfurt, Germany, December 1928. 
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2.1 Quantum Chemistry 
The overarching goal of quantum chemistry is to acquire insight into the molecular 

system of interest by solving the Schrödinger equation,[1] which describes the 

energetics as well as the distribution of electrons and nuclei of atoms and molecules. 

In its non-relativistic, time-independent form the Schrödinger equation is written as 

[Eq. (2.1)]:[2-4] 

 

 HY = EY (2.1) 

 

wherein, the Hamiltonian operator H represents the total energy of a system 

consisting of atomic nuclei and electrons, i.e., atoms and molecules, of which the 

quantum chemical motions are described by the wavefunction Y. The Hamiltonian 

consists of terms to describe the kinetic energy of all nuclei N (TN) and electrons e 

(Te), in conjunction with potential energy terms that accounts for the attractive 

electrostatic interaction between the nuclei and electrons (VNe) and the repulsive 

interactions emerging from nucleus–nucleus(VNN) and electron–electron (Vee) 

repulsion [Eq. (2.2)]: 

 

 H = TN + Te + VNe + VNN + Vee (2.2) 

 

Owing to the postulates of quantum mechanics, the wavefunction 

comprises all information about the state of the system it describes.[2-4] A drawback 

of the Schrödinger equation is that it can only be solved exactly for one-electron 

systems, such as the hydrogen atom. Most chemical problems, such as the ones 

discussed in this thesis, involve many more electrons and hence require 

approximations in order to obtain solutions. The most frequently employed 

approximation is the Born-Oppenheimer approximation,[5] which is based on the 

idea that nuclei are significantly heavier than electrons. Because of this difference in 

mass, the electrons can respond almost instantaneously to the displacement of the 

nuclei. Thus, instead of solving the Schrödinger equation for both nuclei and 
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electrons simultaneously, one can regard the nuclei as being at fixed positions and 

solve the Schrödinger equation for the electrons in the stationary electrostatic 

potential arising from the positively charged nuclei. The Hamiltonian in Eq. (2.2) 

can, therefore, be reduced to the electronic Hamiltonian Helec, acting on the 

electronic wavefunction Yelec [Eq. (2.3)]: 

 

 HelecYelec = (Te + VNe + Vee)Yelec (2.3) 

 

 The electronic wavefunction Yelec is commonly approximated by an 

asymmetric product of one-electron wavefunctions, such as in Hartree-Fock theory 

where the wavefunction is approximated by a Slater determinant of orthonormal 

one-electron wavefunctions.[2,6,7] By using Hartree-Fock theory, one is able to attain 

close to 99% of the total energy of the system of interest. The remaining error of ca 

1% of the total energy stems from the fact that the correlation between the 

movements of electrons is not completely accounted for (the so-called Coulomb 

correlation is missing). Due to the fact that energy changes associated with chemical 

processes and phenomena are of the order of magnitude of the missing 1%, or even 

smaller, more elaborate wavefunction-based methods, such as the configuration 

interaction (CI) or coupled-cluster (CC) method, have been developed.[4] Although 

these methods stem from Hartree-Fock theory, they go with a significantly higher 

accuracy due to the explicit treatment of the electron–electron correlation. However, 

the associated high computational costs preclude the use of these methods for 

analyzing the chemical problems studied in this thesis. 

 

 

2.2 Density Functional Theory 
Besides regaining the accuracy of one’s quantum chemical computations by 

improving the wavefunction, as is done in the prior discussed wavefunction-based 

methods, an analogous approach to approximate the solution of the Schrödinger 

equation is by employing density functional theory (DFT).[8,9] In this section, a brief 
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introduction to the foundations of DFT is presented, since this method has 

extensively been used in this thesis. The essential basis of DFT is a theorem proven 

by Pierre Hohenberg and Walter Kohn, i.e., the Hohenberg-Kohn theorem,[10] which 

states that the electron density r uniquely determines all properties, including the 

electronic energy, of a molecular system [Eq. (2.4)]: 

 

 E = E[r] (2.4) 

 

The advantage of DFT compared to wavefunction-based methods is that the 

electron density r is solely a function of three spatial variables, whereas 

wavefunction-based methods contain three spatial variables per electron plus a 

fourth variable if one also considers electron spin. This manifests in a considerable 

reduction of computational costs for the former quantum chemical method. 

 Density functional theory was further developed by the theorem proposed 

by Walter Kohn and Lu Jeu Sham.[11] They introduced the concept of a reference 

system of non-interacting electrons, moving in an effective potential Vs. This so-

called Kohn-Sham (KS) potential is constructed in a way that the density of the 

reference system is equal to the density corresponding to the real, interacting system. 

In Kohn-Sham DFT is, therefore, the electronic wavefunctions of the reference 

system expressed by a single Slater determinant, which consists of one-electron 

wavefunctions also known as KS orbitals j. The electron density can hence be 

constructed by taking a linear combination of the KS orbital densities [Eq. (2.5)]: 

 

 r(r) = Si|ji|2 (2.5) 

 

 Within the framework of KS-DFT, the total energy of a molecular system 

is calculated as [Eq. (2.6)]: 

 

 E[r(r)] = TS[r(r)] + ENe[r(r)] + EC[r(r)] + EXC[r(r)] (2.6) 
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The first term of this equation, TS[r(r)], describes the kinetic energy of all electrons 

in the non-interacting reference system. The next term, ENe[r(r)], is the attractive 

electrostatic interaction between the nuclei and electron density. The third term, 

EC[r(r)], represents the classical Coulombic repulsion between all electrons, i.e., the 

repulsive interaction each electron experiences from the average field of all electrons, 

which includes the electron itself (vide infra). The last term, EXC[r(r)], is the exchange-

correlations energy, which consists of both exchange and Coulomb correlation, as 

well as a correction for the following deficiencies present in the TS[r(r)] and EC[r(r)] 

term. The EXC[r(r)] corrects for the difference in kinetic energy between the kinetic 

energy of the electrons in the KS reference system, TS[r(r)], and the kinetic energy 

of the real systems, T[r(r)]. For the third term, EC[r(r)], various shortcomings have 

to be corrected, namely, (i) electrons do not repel themselves, therefore, the 

Coulomb repulsion computed from the average field of all electrons contains a self-

interaction error; (ii) the probability of finding two same-spin electrons at the same 

position in space should be zero, as a result of Pauli’s exclusion principle; and (iii) 

the motions of the electrons in the molecular system are correlated, making them 

want to avoid each other due to mutual Coulomb repulsion. Notably, the exact 

solution of EXC[r(r)] is unknown. Nevertheless, a wide variety of approximations 

for this term have been developed, such as local density approximations (LDAs), 

generalized gradient approximations (GGAs), or the more parametrized hybrid 

functionals, from which a select number have been employed in this thesis. 

 The one-electron KS orbitals and corresponding energies can be obtained 

from the effective one-electron KS equation [Eq. (2.7)]: 

 

 hKSji = (–½∇2 + VS)ji = eiji (2.7) 

 

In Eq. (2.7), hKS is the one-electron KS Hamiltonian, which consists of a kinetic 

energy operator (–½∇) and the KS potential VS, which, in turn, comprises the 

potential that accounts for the attractive electrostatic interaction between the nuclei 

and electrons, VNe, an effective Coulomb potential resulting from the charge density, 
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VC, and an exchange-correlation potential, VXC. Interestingly, whereas KS orbitals 

were originally developed only to construct the density, they also appear to be 

suitable for qualitative chemical application.[12-14] This property of KS orbitals will 

extensively be used in this thesis to rationalize the reactivity trends. The KS equation 

has to be solved via an iterative manner, since, in order to obtain the KS orbitals, 

one needs to know the density, which, in turn, is constructed from the very same 

orbitals. This is done using the so-called self-consistent field (SCF) procedure, 

wherein one starts with an initial guess of the density, from which the potentials are 

calculated and the KS equations are solved, yielding a set of KS orbitals from which 

a presumably improved density is constructed. This procedure will repeatedly be 

employed until the difference between the input density and output density drops 

below a set threshold, resulting in a converged computation within the 

predetermined criteria. 

 

 

2.3 Activation Strain Model of Reactivity 
One of the primary objectives of chemical research is to observe and describe the 

nature of a chemical bond or the mechanism that governs a chemical reaction, either 

experimentally or computationally, or both. A deeper purpose is to also understand 

the reason behind the observed or computed structure, stability, and reactivity, as 

well as trends therein. To this end, we need models that go beyond the categorization 

of facts. Our model must be not only quantitatively accurate, which is, of course, a 

conditio sine qua non. But this is only the basis from which to proceed. The model must 

in some way reveal the causal relationship between the molecular electronic structure 

and the molecule's properties, such as bonding capability, reactivity, spectra, and 

other properties. It should not just simulate and provide a more or less accurate 

quantitative prediction, it should first and foremost enable the scientist to explain, 

qualitatively, why things happen, and argue what should be done in order to modify 

the behavior of the system into the desired direction. 



Theories, Methods, and Models 

 31 

 One popular method to study a chemical bond or reaction mechanism is by 

exploiting quantum chemical models,[2-4,8,9] which, due to the enormous 

advancements of computer technology in the past decades, allows one to 

computationally study a large variety of molecular systems and chemical processes 

with, for many purposes, high accuracy. To that end, many quantum chemical 

models have been developed to rationalize chemical reactions and bonds, such as 

Fukui’s frontier molecular orbital (FMO) theory,[15] valence-bond (VB) theory,[16] 

and Marcus theory.[17] 

 In this section, a different quantum chemical model to analyze and 

design chemical reactions and interactions is presented, namely, the activation 

strain model (ASM) of reactivity,[18-24] which can be used in combination with 

various quantum chemical software packages.[25] This model will, in this 

section, be discussed within the context of chemical reactivity. The ASM aims 

at a deeper quantitative understanding of the physical factors that control how 

the reaction barrier arises in different fundamental processes. This model does 

so by establishing a causal relationship between the height of the reaction 

barrier, on one side, and the properties of the individual reactants and 

characteristics of the reaction mechanism. As a result, the ASM has been 

successfully applied on a wide range of chemical reactions, such as 

nucleophilic substitution reactions,[26-28] cycloadditions,[29-31] oxidative 

addition reactions,[32-34] and many other processes in organic and 

organometallic chemistry,[35-37] and, therefore, will extensively be used 

throughout this thesis. 

 The activation strain model (ASM), also known as the 

distortion/interaction model,[38,39] is a fragment-based approach to understand 

chemical reactivity in terms of the properties of the original reactants (e.g., 

sterics, rigidity, bonding capability) and the characteristics of reaction 

mechanisms (e.g., extent of deformation the reactants must undergo). In this 

model, the potential energy surface, ΔE(ζ ), and thus also the reaction barrier, 
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can be decomposed into the strain energy, ΔEstrain(ζ), of, and the interaction 

energy, ΔEint(ζ) between, the reactants [Eq (2.8)]: 

 

 ΔE(ζ) = ΔEstrain(ζ) + ΔEint(ζ) (2.8) 

 

 The strain energy, ΔEstrain(ζ), is the penalty that needs to be paid in 

order to deform individual reactants from their equilibrium structure into the 

geometry they acquire at position ζ on the potential energy surface and hence 

is directly related to the rigidity of the reactants. In general, ΔEstrain(ζ) has a 

positive value (i.e., destabilizing) and, for that reason, it is the factor that gives 

rise to the occurrence of the reaction barrier. In addition, this term can be 

further decomposed into the strain energies of the individual reactants [Eq 

(2.9)]: 

 

 ΔEstrain(ζ) = ΔEstrain, reactant A(ζ) + ΔEstrain, reactant B(ζ) (2.9) 

 

 The interaction energy, ΔEint(ζ), on the other hand, accounts for all 

chemical interactions that arise when the two deformed reactants are brought 

together from infinity to position ζ on the potential energy surface. This 

energy term is, therefore, directly related to the bonding capabilities and 

mutual interactions between the increasingly deformed reactants along the 

reaction pathway. In most cases, ΔEint(ζ) is negative (i.e., stabilizing) and hence 

counteracts the strain energy. Often, the interaction energy is further dissected 

using an energy decomposition analysis scheme, which will be discussed in 

Section 2.4 in great detail. 

 When the ASM is applied to a reaction profile of a chemical reaction with a 

central reaction barrier, which is usually obtained via an intrinsic reaction coordinate 

(IRC) calculation,[40-42] all ASM energy terms start at a value close to, but not 

necessarily, zero (Figure 2.1). A non-zero energy value is mostly observed for  
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Figure 2.1. Activation strain diagram of two generic reactions (see Eq. (2.8)). The 
reactivity is controlled: a) by the interaction energy, where the red reaction has a lower 
barrier due to a more stabilizing interaction energy; and b) by the strain energy, where 
the blue reaction has a lower barrier due to a less destabilizing strain energy (positions 
of TS indicated with a dot). 
 

 

chemical reactions in the gas-phase, since these reactions typically start from a 

reactant complex, in which the individual reactants are already slightly deformed, i.e., 

small ΔEstrain(ζ), as a result of a weak interaction between them, i.e., small ΔEint(ζ). 

From this point, the reactants become increasingly deformed along the reaction 

coordinate, leading to a continuously increasing strain energy, ΔEstrain(ζ). Meanwhile, 

the interaction between the fragments becomes stronger, leading to an increasingly 

stabilizing interaction energy, ΔEint(ζ), along the reaction coordinate. At the position 

along the reaction coordinate where the destabilization of the strain terms increases 

with the same slope as the stabilization of the interaction energy term increases, that 

is, dΔEstrain(ζ)/dζ = –dΔEint(ζ)/dζ, the derivative of the total energy, ΔE(ζ), with 

respect to the reaction coordinate is zero (dΔE(ζ)/dζ = 0). At this point, the reaction 

profile reaches either a maximum (transition state) or a minimum (reactant(complex) 

or product(complex)). 

 Besides applying the ASM along an entire reaction profile, one could also 

use this model to solely analyze and compare transition state structures, at which  
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ζ = ζTS and ΔE‡ = ΔE‡strain + ΔE‡int. This, however, should be done with great care, 

because the height of the reaction barrier is not only determined by the rigidity of 

the fragments (ΔEstrain) and their mutual interactions (ΔEint) but also the slopes of 

these terms along the reaction coordinate. Depicted in Figure 2.1a is a comparison 

of the activation strain analyses of two generic chemical reactions (red and black). 

The red reaction proceeds with a lower reaction barrier and, thus, the reaction is 

faster than for the black reaction. Performing a single-point analysis solely at the TS 

structures would suggest that the red reaction goes with a lower barrier due to a 

lower, less destabilizing strain energy because the red dot on the strain energy curves 

is lower than the black dot. The interaction energy at the TSs for both reactions, on 

the other hand, does not differ at all, because both dots are on the same vertical 

height. But, when one performs the analysis along the entire reaction coordinate, it 

becomes clear that the interaction energy of the red reaction is, at every position 

along the reaction coordinate, lower and hence more stabilizing than for the black 

reaction. In contrast, the strain energy curves of both reactions are superimposed. 

This demonstrates that performing this analysis solely on the TS structures, 

occurring at different points along the reaction coordinate, gives misleading insights 

into the reactivity trends. An alternative approach for analyzing these reactions is by 

performing this analysis at a consistent point ζ along the reaction coordinate (near 

all TS structures), rather than on the TS structures alone, which eliminates any 

dependence of the results and, hence, insights on the position of the transition states 

along the reaction coordinate. 

 

 

2.4 Energy Decomposition Analysis 
To obtain a quantitative insight into the factors that control the interaction 

energy, ΔEint(ζ), this term is commonly decomposed into various terms arising 

from different types of interactions. Such an interaction energy decomposition 

scheme is a powerful tool to get insight into the relative importance of the 

different types of contributing interactions, and for that reason, many variants 



Theories, Methods, and Models 

 35 

have been developed which in many cases are ultimately equivalent.[16,43-45] In 

this thesis, the canonical energy decomposition analysis (EDA)[46-48] scheme, 

as implemented in the Amsterdam Density Functional (ADF)[49-51] package, is 

employed to analyze and understand the different factors controlling the 

interaction energy. This scheme has been selected for its transparent, easy-to-

understand nature because it decomposes the interaction energy into energy 

components that can be understood by means of a Kohn-Sham molecular 

orbital (KS-MO) theory.[12-14,52] This last point is crucial, since energy 

decomposition analysis schemes only provide numerical data, which should 

not be presented as final answers to the chemical questions of interest but 

explained by quantitative methods that are directly related to causal 

relationships contained in, and emerging from, the wavefunction. 

 In the canonical energy decomposition analysis (EDA) scheme, the 

interaction energy, ΔEint, is defined as the sum of three individual energy 

terms, namely, the electrostatic interactions, ΔVelstat(ζ), the Pauli repulsion, 

ΔEPauli(ζ), and the orbital interaction, ΔEoi(ζ), which are all three physically 

meaningful and quantitatively accurate within the framework of the KS-MO 

theory [Eq. (2.10)]: 

 

 ΔEint(ζ) = ΔVelstat(ζ) + ΔEPauli(ζ) + ΔEoi(ζ) (2.10) 

 

 Note that these energy terms should, in analogy with the ASM, be 

analyzed along the entire reaction coordinate, because analysis at the transition 

state alone might lead to skewed conclusions (vide supra). Next, the individual 

terms contributing to the interaction energy according to our EDA scheme 

will be discussed. In order to illustrate the origin of these terms, we consider 

the formation of the complex AB from two reactants, A and B, respectively. 

These reactants have the electronic densities rA and rB with corresponding 

wavefunctions YA and YB, and total electronic reactant energies EA and EB. 
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 At first, the unperturbed charge distributions of reactants A and B are 

brought from infinity to the positions they obtain in the complex AB, resulting in 

the so-called promolecule which is characterized by the sum density rA+B = rA + rB, 

and the corresponding Hartree wavefunction which is a product of the unperturbed 

reactant wavefunctions: YH = YAYB. The associated change in energy, ∆Velstat, is 

simply the classical electrostatic interaction between the charge distributions of the 

two individual fragments [Eq. (2.11)]: 

 

ΔVelstat = !ZaZb
RabaϵA

bϵB

 

−#!Zar$(r)
|Ra– )|

aϵA
dr−#!Zbr*(r)

+Rb– )+bϵB
dr 

+## r*(r1)r$(r2)
r12

dr1dr2 

 

In Eq. (2.11), the second and third terms describe the interaction between the 

attractive potential of the nuclei of one reactant with the electrons of the other, 

while the first and fourth terms are the repulsive nucleus–nucleus and 

electron–electron interactions, respectively. When the two fragments are far 

apart, thus when rA and rB do not overlap, the resulting electrostatic 

interaction is, in the case of neutral reactants, zero. As soon as fragments A 

and B start to approach each other, and rA and rB begin to overlap, the 

electrostatic interaction between the unmodified charge distributions becomes 

increasingly more stabilizing until the point at which the repulsion between 

the nuclei becomes dominant. The origin of the ∆Velstat can be further 

analyzed by examining the atomic charges, such as Voronoi deformation 

densities,[53] Hirshfeld,[54] or multipole-derived charges[55], and/or molecular 

electrostatic potential (MEP) distributions on each reactant. 

 In the next step, the Pauli repulsion, also known as exchange repulsion, 

closed-shell repulsion, or occupied–occupied orbital interaction, is calculated as the  

 

(2.11) 
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Figure 2.2. Orbital diagrams of common orbital interactions appearing in the EDA. 

 

 

energy change of going from the Hartree wavefunction YH, obtained in the first 

step, to the wavefunction Y0 = NÂ{YH}, which results from antisymmetrizing 

(operator Â) and renormalizing (constant N) the Hartree wavefunction and in this 

way correctly ensuring that Pauli's principle for fermionic wavefunctions is satisfied 

for the overall system. Pauli repulsion is the raise in energy, from YH to Y0, that goes 

with electrons of the same spin avoiding each other and experiencing an increase in 

kinetic energy in the latter wavefunction. It is the physical mechanism behind steric 

effects. In general, Pauli repulsion arises from the two-center four-electron 

destabilizing interactions between filled orbitals of the two reactants (Figure 2.2a). 

For this reason, one can understand the magnitude of the Pauli repulsion by 

analyzing the orbital overlap between the occupied MOs on each reactant with the 

help of a Kohn-Sham MO analysis (∆EPauli ∝ S2).[12-14,46,52] 

 In the final step of the canonical EDA, the wavefunction Y0, with 

corresponding electronic density r0, is allowed to relax, through occupied–virtual 

mixing, to the final wavefunction YAB and associated electronic density rAB of the 

AB complex. The associated energy change constitutes the orbital interaction energy 

∆Eoi. This energy term is by definition stabilizing as a result of the optimization of 

the wavefunction. If the two interacting reactants are closed-shell systems, the 

orbital interactions will consist of charge-transfer or donor–acceptor interactions 

between occupied orbitals on one reactant and virtual orbitals on the other (Figure 

2.2b). At the same time polarization will occur, consisting of occupied–virtual 
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mixing on one reactant due to the presence of the other (Figure 2.2c). Charge 

transfer and polarization, however, cannot be strictly separated. If there are singly 

occupied orbitals present, often one on each fragment, the orbital interaction will 

primarily involve the formation of an electron-pair bond by the pairing up of the 

unpaired electrons in a bonding orbital (Figure 2.2d). The origin of the orbital 

interaction can be further analyzed by means of a Kohn-Sham molecular orbital 

analysis.[12-14,52] The importance of an individual donor–acceptor interaction between 

the reactants can be ascribed to the magnitude of the orbital stabilization, which, in 

turn, is proportional to the HOMO–LUMO orbital overlap (actually, the interaction 

matrix element) squared divided by their respective orbital energy gap (∆Eoi ∝ 

S2/Δe). Thus, with the help of this relationship, we can quantify and understand the 

importance of the individual orbital interaction mechanisms. 

 Furthermore, it follows from group theory that only orbitals of the same 

symmetry, i.e., the same character under the available symmetry operations, can mix 

and interact. Therefore, when possible, it may be convenient to additionally 

decompose the orbital interaction energy, ∆Eoi, into the contributions from each 

irreducible representation (irrep) G of the point group to which AB belongs, as 

originally introduced by Ziegler and Rauk [Eq. (2.12)]:[56] 

 

 ΔEoi(ζ) = SG ΔEG
oi(ζ) (2.12) 

 

 Finally, when one supplements an exchange-correlation (XC) functional 

with an explicit dispersion correction ∆Edisp, for instance, Grimme’s dispersion 

correction D3,[57,58] this correction term is part of ∆Eint and constitutes an additional 

term that is added to the canonical EDA. 
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A fundamental and ubiquitous phenomenon in chemistry is the contraction of both 

C–H and C–C bonds as the carbon atoms involved vary, in s–p hybridization, along 

sp3 to sp2 to sp. Our quantum chemical bonding analyses based on Kohn-Sham 

molecular orbital theory show that the generally accepted rationale behind this trend 

is incorrect. Inspection of the molecular orbitals and their corresponding orbital 

overlaps reveals that the above-mentioned shortening in C–H and C–C bonds is not 

determined by an increasing amount of s-character at the carbon atom in these 

bonds. Instead, we establish that this structural trend is caused by a diminishing 

steric (Pauli) repulsion between substituents around the pertinent carbon atom, as 

the coordination number decreases along sp3 to sp2 to sp. 
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3.1 Introduction 
The geometrical properties of organic (and inorganic) molecules are, in general, 

explained using hybridization theory, which was introduced by Linus Pauling in 

1931.[1,2] A case in point is the fundamental and ubiquitous phenomenon in 

chemistry that C–H and C–C bonds contract as the carbon atoms involved vary, in 

s-p hybridization, along sp3 to sp2 to sp. Archetypal examples are the C–H and C–

C bonds in ethane, ethene, ethyne and propane, propene, propyne, respectively. 

Hybridization theory ascribes the shortening of C–H and C–C bond lengths along 

sp3 to sp2 to sp to the increasing percentage of s-character of the hybrid orbital at 

the pertinent carbon, as s-orbitals are more contracted to the nucleus than p-orbitals, 

thus giving rise to an optimal bond overlap at a shorter interatomic distance.[3,4] This 

model is generally accepted and appears in most (physical) organic chemistry 

textbooks.[5-8] 

 

 

 
Figure 3.1. a) sp3-, sp2-, and sp-hybridized C–H bonds of ethane, ethene, and ethyne, and 
b) sp3-, sp2-, and sp-hybridized C–C bonds of propane, propene, and propyne, where the 
bond of interest is shown in black (sp3), blue (sp2), and red (sp). c) Schematic molecular 
orbital diagram of the formation of a generic RnC–X electron-pair bond and interaction with 
a closed-shell orbital that leads to (steric) Pauli repulsion. 
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 Herein, we show that the above standard model is incorrect. Through 

detailed quantum-chemical bonding analyses of a series of representative, archetypal 

model systems (Figure 3.1), we have been able to reveal that the above-mentioned 

shortening in C–H and C–C bonds is not related to an increasing amount of s-

character at the carbon atom in these bonds. Instead, we find that a diminishing 

steric (Pauli) repulsion between substituents around the carbon atom constitutes the 

physical mechanism behind the universal trend in molecular structure, as the number 

of substituents around the pertinent carbon atom decreases from 4 to 3 to 2 along 

sp3 to sp2 to sp hybridization, respectively. Our findings are based on the analysis of 

the C–H and C–C bonding mechanisms in a systematic series of model systems 

featuring sp3-, sp2-, and sp-hybridized C–H and C–C bonds in saturated and 

unsaturated hydrocarbons (Figure 3.1), using the quantitative molecular orbital 

(MO) model contained in Kohn-Sham density functional theory (DFT)[9-11] at 

BP86/TZ2P[12-14] in combination with a matching canonical energy decomposition 

analysis (EDA) as implemented in the ADF program.[15,16] Our findings are both, 

novel to the extent that they are paradigm-changing and also suitably consistent with 

the well-known role of steric repulsion in other contexts of molecular structure, such 

as the stereochemical arrangement of substituents around a central atom or the 

dependence of bond distances on the steric bulk around the bond in question.[17-24] 

 

 

3.2 Methods 
Computational Details 

All calculations were performed using the Amsterdam Density Functional (ADF) 

program.[15,16] The MOs were expanded using a large uncontracted set of Slater-type 

orbitals (STOs) containing diffuse functions: TZ2P.[12] The TZ2P is of triple-z 

quality and has been augmented with two sets of polarization functions: 2p and 3d 

on hydrogen, 3d and 4f on carbon. The core-shell of carbon (1s) was treated by the 

frozen core approximation. An auxiliary set of s, p, d, f, and g STOs was used to fit 
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the molecular density and to represent the Coulomb and exchange potentials 

accurately in each SCF cycle. Equilibrium structures were checked using vibrational 

analysis; all structures described have zero imaginary frequencies.[25-27] Energies and 

gradients were computed using the BP86 functional,[13,14] which is one of the three 

best DFT functionals regarding the accuracy of geometries.[28] Activation strain 

analysis (ASA) and energy decomposition analyses (EDA) of C–H and C–C 

electron-pair bonds as a function of bond distance were carried out using the PyFrag 

program.[29] Structures in Figure 3.1 were rendered using CYLview.[30] 

 

 

3.3 Results and Discussion 
Not unexpectedly, our DFT computations reproduce the aforementioned trend of 

a shortening of the C–H and C–C bond lengths as we go along sp3 to sp2 to sp 

hybridization of the carbon atom involved in such bonds (Table 3.1). The C–H bond 

length decreases along ethane (R3C–H: 1.099 Å), ethene (R2C–H: 1.091 Å), and 

ethyne (RC–H: 1.070 Å) while the corresponding C–C single bond lengths decrease 

along propane (R3C–CH3: 1.533 Å), propene (R2C–CH3: 1.500 Å), and propyne 

(RC–CH3: 1.456 Å). Note that in all cases, bond shortening correlates with bond 

strengthening as reflected by the increase in bond dissociation energy (BDE; ∆E = 

–∆EBDE) along sp3 to sp2 to sp hybridization. In order to analyze the origin of the 

trend in bond strengths in more detail, we decompose the bond energy ∆E 

according to the activation strain model (ASM)[31-34] of reactivity [Eq. (3.1)]: 

 

∆E = ∆Estrain + ∆Eint (3.1) 

 

Herein, the strain energy ∆Estrain is the penalty that needs to be paid for deforming 

the fragments from their equilibrium structure to the geometry they adopt at the 

equilibrium C–X (X = H, CH3) bond length. On the other hand, the interaction  
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Table 3.1. Bond lengths (in Å) and energy decomposition analysis (in kcal mol–1) of the sp3-
, sp2-, and sp-hybridized C–H and C–C bonds in their equilibrium geometries.[a] 

System[b] Bond 
Length ∆E ∆Estrain ∆Eint ∆EPauli ∆Velstat ∆Eoi 

ethane 
R3C–H sp3 1.099 –106.8 7.2 –114.0 90.2 –62.8 –141.4 

ethene 
R2C–H sp2 1.091 –115.8 3.1 –118.9 85.4 –60.1 –144.1 

ethyne 
RC–H sp 1.070 –140.0 0.1 –140.1 40.4 –41.3 –139.1 

         propane 
R3C–CH3 sp3 1.533 –89.3 18.3 –107.6 215.0 –138.9 –183.7 

propane 
R2C–CH3 sp2 1.500 –102.2 13.3 –115.5 221.4 –142.8 –194.2 

propyne 
RC–CH3 sp 1.456 –130.7 8.7 –139.4 171.2 –121.9 –188.8 

[a] Computed at BP86/TZ2P level of theory. [b] R3C– = (H3C)H2C–; R2C– = (H2C)HC–; 
RC– = HCC–. See Figure 3.1 for the definition of the systems. 
 

 

energy ∆Eint accounts for all mutual interactions that occur between the deformed 

fragments. 

 In all cases, the magnitude and trend in C–H and C–C bond dissociation 

energies appear to be determined by the interaction energies ∆Eint. The strain energy 

∆Estrain has only little influence on the calculated bond energy ∆E and does not affect 

the overall trend in relative bond strengths. They originate from the fact that upon 

the formation of a new C–H or C–C bond, the other substituents around a carbon 

atom involved in the new bond, bend away in order to reduce the otherwise even 

more destabilizing steric (Pauli) repulsion. This destabilizing effect is more 

pronounced when more substituents are around the carbon. Thus, ∆Estrain is most 

destabilizing for ethane (R3C–H) and propane (R3C–CH3) in which the intrinsically 

planar R3C• radical undergoes pyramidalization.[35] The geometrical deformations of 

the sterically less crowded R2C• and RC• radical fragments in, for example, ethene 

(R2C–H) and ethyne (RC–H) are less severe and, therefore, lead to lower strain 

energies. 
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 In order to pinpoint the differences between the interaction energies, we 

have analyzed the various C–H and C–C bonds in great detail by decomposing the 

∆Eint into three physically meaningful terms using the canonical energy 

decomposition analysis (EDA)[9] scheme [Eq. (3.2)]: 

 

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

 

In Eq. (3.2), ∆Velstat is the classical electrostatic interaction between the unperturbed 

charge distributions of the (deformed) reactants. The Pauli repulsion ∆EPauli 

comprises the destabilizing interaction between occupied orbitals due to the Pauli 

exclusion principle and is an excellent descriptor of steric repulsion. Finally, the 

orbital interaction ∆Eoi includes the formation of the electron-pair bond between 

two singly occupied molecular orbitals (SOMOs) and orbital relaxation (i.e., charge 

transfer and polarization). 

 Note that the decomposed interaction energy terms depicted in Table 3.1 

strongly depend on the C–H and C–C bond distance. Therefore, the differences 

between these energy terms along the hybridization series must be interpreted with 

special precaution because they emerge not only from the original variation in the 

intrinsic bonding properties but also from the concomitant geometrical relaxation 

which affects the original trends.[31,32] In order to solely focus on the trend in the 

intrinsic bonding properties of our model systems, we have decomposed the 

interaction energy: (i) as a function of the C–H and C–C bond distance; while (ii) 

keeping RnC• and H• or CH3• fragments fixed in the equilibrium geometry and 

valence electron configuration of the overall systems, i.e., RnC–H and RnC–CH3 (n 

= 1, 2, 3). The former ensures a consistent comparison of the energy terms at any 

bond distance whereas the latter prevents any other geometrical relaxation within 

the fragments to mask primary changes in the energy terms. Note that this measure 

guarantees that none of the primary effects in the interaction energy terms is 

absorbed into the strain term which remains constant.  
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 Prior to discussing the decomposed interaction energy terms as a function 

of the bond length, we first examine the orbital overlap integrals corresponding to 

the C–H and C–C electron-pair bonds (Figures 3.2a and 3.2b; see Figure 3.1c for 

molecular orbital diagram). The larger the overlap between the SOMOs of the two 

fragments, the more stabilizing the corresponding electron-pair bonding orbital 

interaction.[36] Thus, the point at which the SOMO–SOMO overlap reaches a 

maximum is often considered as an essential factor in determining the equilibrium 

bond length.[1,2] These maxima follow a similar trend as the equilibrium bond lengths 

themselves, i.e., as the fragments approach towards each other, the SOMO–SOMO 

overlap achieves its maximum earlier, at a longer bond distance, in the case of the 

sp3-hybridized R3C• than for the sp2-hybridized R2C• than for the sp-hybridized RC•. 

This observation corresponds well with the spatial extent of the different hybridized 

SOMOs, which, in line with the current rationale, steadily decreases from the sp3-

hybridized R3C• to the sp-hybridized RC• (Figure 3.2c), in other words, the SOMO 

of R3C• is closer to the grey vertical line than the SOMO of RC•. This can also be 

seen in the zoom-in of Figure 3.2d: if one approaches the carbon nucleus from 

infinity, the orbital function of R3C• reaches the value of 0.05 au earlier, i.e., further 

away from the carbon nucleus, compared to the R2C• and RC• analogs. In addition, 

R3C• also has a smaller orbital amplitude close to the carbon nucleus compared to 

R2C• and RC• (Figure 3.2d), giving rise to less orbital overlap for the former as seen 

in Figures 3.2a and 3.2b. 

 Note, however, two striking phenomena: (i) all equilibrium C–H, and C–C, 

bond distances differ significantly from the distance at which the bond overlaps 

achieve their maximum, C–H bonds are in fact all longer; and (ii) the contraction of 

C–H, and also C–C, bonds as the carbon atoms involved vary, in s-p hybridization, 

along sp3 to sp2 to sp, is significantly smaller than the variation in the distance at 

which the corresponding bond overlaps achieve their maximum (see vertical lines 

and dots in Figures 3.2a and 3.2b). Thus, despite the fact that the positions of the 

maximum SOMO–SOMO overlap display the expected trends, other physical 

mechanisms are crucial for achieving the actual equilibrium bond distances. 
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Figure 3.2. SOMO–SOMO overlaps (S) of various hybridized a) C–H and b) C–C bonds, 
where the maximum orbital overlap is indicated by a dot; equilibrium bond length is indicated 
by a vertical line. c) Contour plots of the various hybridized SOMOs, where the gray vertical 
line indicates the maximum spatial extent of the sp3-hybridized SOMO. All contour plots 
contain 25 contours from 0.05–0.5 au. d) Orbital function of the hybridized SOMOs along 
the investigated C–H bond (horizontal dashed gray line of Figure 3.2c), where the 
equilibrium C–H bond lengths are indicated by a vertical line, and zoom-in of the orbital 
function at the maximum spatial extent of the SOMOs in Figure 3.2c. Computed at 
BP86/TZ2P. 
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 Our energy decomposition analysis as a function of the C–X (X = H, CH3) 

distance, shows that, in contrast to present-day textbook knowledge, the orbital 

interactions ∆Eoi are not responsible for the stronger and shorter sp-hybridized C–

H and C–C bond (Figures 3.3a and 3.3b). The interaction energy ∆Eint follows the 

trend discussed earlier, i.e., bonds involving sp3-hybridized carbon atoms are weaker 

and have a less stabilizing ∆Eint than their sp-hybridized analogs. Strikingly, the 

orbital interactions ∆Eoi, however, show an opposite behavior: from sp3- to sp2- to 

sp-hybridized carbon atom in C–X bonds, the ∆Eoi curves become decreasingly 

stabilizing, although the difference between sp3 and sp2 hybridization is only 

marginal. This trend stems from the shrinking contribution of orbital relaxation 

which relieves the Pauli repulsion, especially at shorter C–X distances at which 

closed-shell–closed-shell repulsion becomes very large. Thus, if it were for the 

orbital interactions alone, C–X bonds would become longer, not shorter, along sp3, 

sp2, and sp hybridization of the carbon atom.[37] The electrostatic attraction ∆Velstat 

follows a similar trend along the series as ∆Eoi, i.e., the curves become decreasingly 

stabilizing and shallow along sp3, sp2, and sp and, therefore, also favor elongation of 

the C–X bond distance along this series. 

 We now identify ∆EPauli as the decisive factor in determining the equilibrium 

bond length because the only difference between the sp3- and sp2-hybridized C–X 

bonds lies in this repulsive term, which is less destabilizing for the latter. This 

difference allows the fragments to approach each other more closely, leading to 

shorter bond distances. Continuing to the bonds involving an sp-hybridized carbon 

atom, there is a remarkably large drop in Pauli repulsion ∆EPauli. This effect partly 

compensates the weakening of ∆Eoi and, especially for C–C, also of ∆Velstat. It is 

therefore the change in ∆EPauli that determines the longer bond lengths in sp3-

hybridized C–H and C–C bonds compared to their sp2- and sp-hybridized analogs. 

We recall that this phenomenon is also displayed in the EDA terms corresponding 

to the equilibrium geometries (Table 3.1). As shown, a highly destabilizing ∆EPauli 

induces an elongation of the C–X bond, which, in turn, reduces all EDA terms,  
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Figure 3.3. Energy decomposition analysis of a) C–H and b) C–C bonds. c) sp3-hybridized 
C–H bonds with an increasing number of bulky substituents, and d) sp3-hybridized C–H 
bonds with a decreasing number of substituents, where the equilibrium bond lengths are 
indicated by a vertical line. Computed at BP86/TZ2P. 
 

 

including the ∆EPauli. Nevertheless, the ∆EPauli of the longer sp3-hybridized C–X 

bond is more destabilizing than the less hybridized counterparts, indicating that it is 

this term that governs the observed lengthening of the C–X bond. 

 The relation between the Pauli repulsion and the number of sterically 

hindering substituents becomes even more evident when, in numerical experiments, 

we explicitly change the size and number of substituents (see Table S3.1). Increasing 

substituent size leads to a longer sp3-hybridized C–H bond (Figure 3.3c; H3C–H: 
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1.096 Å to (H3C)3C–H: 1.104 Å), whereas a decreasing number of substituents 

makes this bond shorter (Figure 3.3d; H3C–H: 1.096 Å to HC••–H: 1.085 Å). 

Inspection of the corresponding energy plots shows that the modulation of the 

equilibrium bond length, and consequently bond strength, is again caused by the 

∆EPauli. The ∆Velstat and ∆Eoi, on the contrary, do not vary that much along the series. 

More precisely, they counteract the observed trend in ∆Eint. 

 Importantly, our analyses also shed light on the nature, especially the orbital 

energy, of the σ*-orbital of the spn-hybridized RnC–X bonds (n = 3, 2, 1; X = H, 

alkyl, halogen, etc.), which is of direct relevance for understanding various types of 

reactions and supramolecular aggregates featuring these bonds.[38-40] We find that the 

σ*-orbital of RnC–X bonds becomes increasingly more stabilized, on going from sp3 

to sp2 to sp carbon centers, again, due to a reduction in the number of substituents 

around the pertinent carbon atom. The σ*-orbital of the spn-hybridized RnC–H 

bond lowers in energy along n = 3, 2, 1, because the RnC• SOMO becomes gradually 

more stabilized. This behavior can be ascribed to two phenomena: (i) the RnC• 

SOMO is Rn–C2s antibonding, which reduces as Rn decreases from n = 3 to 2 to 1, 

due to less orbital overlap; (ii) the RnC• SOMO is also Rn–C2p bonding and its 

bonding capability, i.e., orbital overlap, becomes stronger as Rn can align better with 

C2p along this series. 

In line with our previous work,[40] the energy of the σ*-orbital of an spn-

hybridized RnC–H bond (n = 3, 2, 1) is stabilized when the hybridization of the 

pertinent carbon atom goes from sp3 to sp2 to sp, namely, from 1.7 eV for R3C–H 

to 1.4 eV for R2C–H to 1.0 eV for RC–H (see Figure 3.4). This σ*C–H orbital is the 

antibonding combination between the alkyl RnC• (n = 1, 2, 3) and hydrogen H• 

SOMOs. Because the hydrogen SOMO remains unchanged for all three spn-

hybridized bonds, the observed drop in σ*C–H orbital energy solely originates from 

the increasingly more stable RnC• SOMO, along this series, namely, R3C• = –5.5 eV, 

R2C• = –6.3 eV, RC• = –9.8 eV. 
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Figure 3.4. a) The formation of a C–H bond involving a sp3- (black), sp2- (blue), and sp-
hybridized (red) carbon atom. The construction of b) R3C• (⟨R3|C2s⟩ = 0.73 and ⟨R3|C2p⟩ = 
0.21), c) R2C• (⟨R2|C2s⟩ = 0.69 and ⟨R2|C2p⟩ = 0.23), and d) RC• (⟨R|C2s⟩ = 0.60 and ⟨R|C2p⟩ 
= 0.35). The orbital energies are displayed in eV and calculated using an unrestricted 
formalism at BP86/TZ2P. 
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 The stabilization of the RnC• SOMO, on going from n = 3 to 2 to 1, arises 

from the change in orbital overlap between the Rn orbital (left side of the molecular 

diagrams in Figures 3.4b–3.4d) and the atomic orbitals (AOs) of the pertinent 

carbon atom (right side of the molecular diagrams in Figures 3.4b–3.4d). The carbon 

atom is in a 2s12p3 valence electron configuration, and for that reason only has one 

s and one p atomic orbital which can interact with the Rn orbital and construct the 

RnC• SOMO. The RnC• SOMO is Rn–C2s antibonding, meaning that the Rn and C2s 

orbitals have an out-of-phase overlap. As a result, the larger the Rn–C2s overlap, the 

more the RnC• SOMO becomes destabilized (increase in energy). Furthermore, the 

RnC• SOMO is also Rn–C2p bonding, because the Rn and C2s orbitals have an in-

phase overlap. In this case, a larger Rn–C2p overlap will lead to a more stabilized RnC• 

SOMO (decrease in energy). 

 The overlap between the antibonding Rn and C2s orbitals reduces when the 

spn-hybridized RnC• SOMO goes from n = 3 to 2 to 1 (⟨R3|C2s⟩: 0.73, ⟨R2|C2s⟩: 
0.69, ⟨R|C2s⟩: 0.60), which, in turn, leads to an increasingly less destabilized RnC• 

SOMO. This is mainly due to the reducing number of lobes of the Rn orbital, i.e., 

number of substituents around the involved carbon atom, along the series. In other 

words, for the construction of the sp3-hybridized R3C• SOMO, the C2s overlaps with 

three Rn lobes which decrease to only one Rn lobe for the sp-hybridized RC• SOMO, 

leading to less Rn–C2s antibonding character for the latter and, consequently, a more 

stabilized sp-hybridized RnC• SOMO. In addition, the reducing number of Rn lobes 

also results in a more collinear alignment between Rn and the C2p AO of the pertinent 

carbon atom, amplifying the bonding Rn–C2p character. As the number of Rn lobes 

reduces, going from an sp3- to an sp-hybridized RnC• SOMO, the Rn lobe points 

more towards the C2p orbital, resulting in better Rn–C2p orbital overlap (⟨R3|C2p⟩: 
0.21, ⟨R2|C2p⟩: 0.23, ⟨R|C2p⟩: 0.35) and, as a response, a more stabilized RnC• 

SOMO. 

 This rationale behind the trend in σ*C–H orbital energy holds for all 

hybridized systems, even the simplest radical hydrocarbons (Table S3.2). The σ*C–H 

orbital of the sp3-hybridized H3C–H bond is less stable than the σ*C–H orbital of the 
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sp-hybridized HC••–H analog, due to the prior discussed more dominant Hn–C2s 

antibonding interaction and a weaker Hn–C2p bonding interaction for the former. 

Furthermore, we can extrapolate the herein presented rationale to the σ*-orbital of 

all types of C–X bonds. The σ*C–X orbital of a bond containing an sp3-hybridized 

carbon will always be less stable than the sp2- or sp-hybridized analog, with equal 

substituent X because only the alkyl SOMO varies along these bonds. With the help 

of this clarification, we can qualitatively predict and explain the main conclusion of 

Ref. 33. The activation of an arylic C–X bond occurs with a consistently lower 

reaction barrier than the activation of the aliphatic counterpart due to a lower σ*C–X 

acceptor orbital. This can, as shown here, be explained solely based on the 

hybridization of the carbon atom participating in the C–X bond. 

 

 

3.4 Conclusions 
To conclude, we have shown that, in contrast to the present-day paradigm, the 

contraction of C–H and C–C bond lengths on going from sp3 to sp2 to sp carbon 

centers, originates from a diminished Pauli repulsion, the magnitude of which is 

directly related to the steric proximity between the substituents around the pertinent 

carbon atom. The orbital interaction, which was up to this point seen as the driving 

force, shows behavior that counteracts the observed trend in bond strength and, 

consequently, is not responsible for the decreasing bond length.  

 Furthermore, the σ*C–X orbital of an spn-hybridized RnC–X bond (n = 1, 2, 

3; X = H, alkyl, halogen, etc.) becomes stabilized (decrease in energy) as the number 

of substituents decreases, along n = 3, 2 and 1. The reason is that the RnC• SOMO 

lowers in energy along this series because of a reduced number of Rn orbital lobes. 

The carbon 2s atomic orbital overlaps with fewer Rn lobes going from sp3 to sp2 to 

sp, respectively, thereby reducing the antibonding destabilization of the RnC• 

SOMO. Additionally, the Rn lobes become more aligned with the C2p atomic orbital 

when going from sp3 to sp, which enhances the orbital overlap and stabilizes the 
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SOMO with even a greater extent. This rationale can be used to quantitatively 

predict chemical reactivity and non-covalent bond strength. 
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3.6 Supporting Information 
 
Table S3.1. Bond lengths (in Å) and energy terms (in kcal mol–1) of the sp3-, sp2-, and sp-
hybridized C–H and C–C bonds with increasing and decreasing steric bulk in their 
equilibrium geometries.[a] 

System Bond 
Length ∆E ∆Estrain ∆Eint ∆Velstat ∆EPauli ∆Eoi 

H3C–H 1.096 –111.9 7.1 –119.0 –55.8 76.0 –139.2 

(H3C)H2C–H 1.099 –106.8 7.2 –114.0 –62.8 90.2 –141.4 

(H3C)2HC–H 1.102 –102.7 7.3 –110.0 –68.0 99.9 –141.8 

(H3C)3C–H 1.104 –99.4 7.2 –106.6 –71.8 107.3 –142.0 
        
H2C•–H 1.086 –117.7 2.1 –119.8 –52.4 69.4 –136.8 

HC••–H 1.085 –115.5 11.7 –127.2 –48.1 61.8 –141.0 
        
H3C–CH3 1.532 –93.1 18.3 –111.4 –127.5 194.8 –178.7 

(H3C)3C–CH3 1.540 –82.3 18.6 –100.9 –151.2 235.0 –184.7 

(H3C)3C–C(CH3)3 1.591 –63.1 25.8 –88.9 –157.5 244.0 –175.4 

[a] Computed at BP86/TZ2P. 

 

 

 

Table S3.2. Orbital energies (in eV) and orbital overlap integrals of the sp3-, sp2-, and sp-
hybridized simple HnC–H systems (n = 3, 2, 1).[a,b] 

System Fragment eσ*HnC–H eHnC• SOMO ⟨Hn|C2s⟩ ⟨Hn|C2p⟩ 
H3C–H  
Td (tetrahedral) 
 

H3C• sp3 0.43 –6.0 0.81 0.25 

H2C–H•  
D3h (trigonal) 

 
H2C•• sp2 0.42 –6.9 0.73 0.33 

HC–H••[c]  
D∞h (linear) 

 

 

HC••• sp 0.30 –9.6 0.59 0.50 

[a] Computed at BP86/TZ2P. [b] Energies are calculated using an unrestricted formalism. 
[c] Linear CH2•• is not an energy minimum, but a 2nd order saddle point. 
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Chapter 4 
 

How Lewis Acids Catalyze  
Diels-Alder Reactions 

 
 

Previously appeared as 

 

How Lewis Acids Catalyze Diels-Alder Reactions 

P. Vermeeren, T. A. Hamlin, I. Fernández, F. M. Bickelhaupt 

Angew. Chem. 2020, 132, 6260–6265; Angew. Chem. Int. Ed. 2020, 59, 6201–6206. 
 

 

The Lewis acid (LA)-catalyzed Diels-Alder reaction between isoprene and methyl 

acrylate was investigated quantum chemically using a combined density functional 

theory and coupled-cluster theory approach. Computed activation barriers 

systematically decrease as the strength of the LA increases along the series I2 < SnCl4 

< TiCl4 < ZnCl2 < BF3 < AlCl3. Emerging from our activation strain and Kohn-

Sham molecular orbital bonding analysis was an unprecedented finding, namely that 

the LAs accelerate the Diels-Alder reaction by a diminished Pauli repulsion between 

the p-electron systems of the diene and dienophile. Our results oppose the widely 

accepted view that LAs catalyze the Diels-Alder reaction by enhancing the donor–

acceptor HOMOdiene–LUMOdienophile interaction and constitute a novel physical 

mechanism for this indispensable textbook organic reaction. 
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4.1 Introduction 
Nearly one century after the discovery of the Diels-Alder reaction by O. Diels and 

K. Alder in 1928,[1] this transformation is still one of the most relevant processes in 

chemistry.[2.3] This is mainly due to the fact that this reaction is able to produce six-

membered rings, generating up to four stereocenters in a single reaction step, and, 

therefore, significantly increasing the molecular complexity. For this reason, this 

particular transformation has been widely applied towards the preparation of a huge 

number of target compounds, including complex natural products as well as systems 

with potential applications in medicinal chemistry or materials science.[4-6] The 

potential of this particular reaction is also acknowledged in the industry because it 

allows for the rapid formation of complex structures whilst fulfilling atom-economy 

criteria.[7] 

 It is well known that Diels-Alder reactions are greatly accelerated by Lewis 

acids (LAs) via complexation to the dienophile.[8] These LA-catalyzed cycloadditions 

are not only faster than their uncatalyzed analogs but are also generally more regio- 

and stereoselective. According to the frontier molecular orbital (FMO) theory and 

the plethora of mechanistic studies on these reactions,[9-12] it is nowadays widely 

accepted that the donor–acceptor interaction established between the dienophile 

and the LA catalyst results in a significant stabilization of the LUMO of the 

dienophile, which is ultimately translated into a smaller HOMOdiene–LUMOdienophile 

energy gap and as a consequence, to a lower reaction barrier as compared to the 

uncatalyzed reaction.[13-16] A similar result was found by us quite recently when 

studying the catalytic ability of dihalogen catalysts (X2 = F2 to I2) on the aza-Michael 

addition reaction.[17] However, although these species also lower the energy of the 

LUMO of the Michael acceptor, the total orbital interactions between the reagents 

along the reaction coordinate (including the key HOMO–LUMO interaction) are 

not stronger but are even slightly weaker than those present in the uncatalyzed 

reaction. Indeed, we reported that the origin of the catalysis by dihalogen molecules 

is, therefore, not ascribed to the strength of the orbital interactions but to a  
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Scheme 4.1. The uncatalyzed and Lewis acid (LA)-catalyzed Diels-Alder reactions between 
isoprene (diene) and methyl acrylate (ester) that were computationally analyzed. 
 

 

significant reduction of the two-center four-electron Pauli repulsion between the 

lone pair of the nucleophile and the π-system of the Michael acceptor. This hitherto 

unexpected electronic mechanism prompted us to hypothesize whether this 

behavior is not only restricted to these particular X2-catalyzed reactions but is 

general and fully applicable to any LA-catalyzed reaction. To check the generality of 

this mode of action, we have selected the textbook Diels-Alder reaction involving 

isoprene (diene) and methyl acrylate (ester), which in the presence of LAs such as 

AlCl3 leads to the almost selective formation (95:5) of the corresponding 1,4-

cycloadduct (see Scheme 4.1).[18-20] 

 

 

4.2 Methods 
Computational Details 

All stationary points and vibrational analyses were carried out at ZORA-

BP86/TZ2P,[21-25] using ADF2018.104.[26-28] The BP86/TZ2P level has proven to 

be accurate in calculating the relative trends in activation and reaction energies for 

cycloadditions.[29,30] The zeroth-order regular approximation (ZORA) was used to 

account for scalar relativistic effects.[21,22] This level is referred to as ZORA-

BP86/TZ2P. The activation strain and energy decomposition analyses were 
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performed using the PyFrag 2019 program.[31] The Domain Based Local Pair-

Natural Coupled-Cluster (DLPNO-CCSD(T))[32,33] calculations, with both 

NormalPNO and TightPNO, were performed using Orca 4.0.1[32] using the def2-

QZVPP[34,35] and CBS(3,4/def2)[36,37] basis set, respectively, on ZORA-BP86/TZ2P 

geometries. Additionally, ZORA-M06-2X-D3/QZ4P,[21,22,25,38-40] ZORA-M06-2X-

D3/TZ2P,[21,22,25,38-40] ZORA-B3LYP-D3(BJ)/QZ4P,[21,22,39-41] and ZORA-BP86-

D3(BJ)/TZ2P[21-25,39,40] calculations were performed on ZORA-BP86/TZ2P 

geometries, in order to study the effect of meta hybrid and hybrid exchange-

correlation functionals, as well as dispersion corrections on the computed reactivity 

trends. 

 

 

4.3 Results and Discussion 
The nature of the interaction between the LA and methyl acrylate (ester) in the LA–

ester complexes was analyzed using the energy decomposition analysis (EDA; see 

below) method at the ZORA-BP86/TZ2P level (Table 4.1).[42-44] Similar results were 

obtained at the dispersion corrected ZORA-BP86-D3(BJ)/TZ2P level, where the 

contribution of dispersion to the total interaction energies is only 5-11% (see Table 

S4.1). Not surprisingly, the interaction energy (measured by the ∆Eint term) steadily 

becomes more stabilizing from I2 to AlCl3 and ranges from –5.5 to –37.5 kcal mol–

1, which is in line with the relative Lewis acidity of the LA.[45,46] The electrostatic 

interaction (∆Velstat) follows the same trend as the interaction energies and is, in all 

cases, the main contributor to the magnitude of the ∆Eint. This confirms the highly 

polarized nature of the LA•••O=C bonds. Nevertheless, the orbital interactions 

(∆Eoi) are nearly as stabilizing as the ∆Velstat and are mainly the result of the donor–

acceptor interaction established between the lone-pair of the carbonyl oxygen atom 

and the vacant (atomic d or p) orbital of the LA. As expected, the ∆Eoi follows the 

same trend as ∆Eint, which again agrees with the relative Lewis acidities of the LA 

species included in this study. Strikingly, although the energy of the LUMO 
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Table 4.1. Energy decomposition analysis terms (in kcal mol–1), LUMO orbital energy of 
LA–ester complex (in eV) and LA•••O distance (in Å), computed on LA–ester complexes,[a] 
as well as experimentally determined relative Lewis acidity.[b] 

 

LA ∆Eint ∆Velstat ∆EPauli ∆Eoi eLUMO r(LA•••O) Relative Lewis 
acidity[b] 

I2 –5.5 –13.9 18.6 –10.2 –3.7 2.745 –[c] 

SnCl4 –10.0 –31.5 40.8 –19.2 –4.0 2.493 0.52±0.04 

TiCl4 –14.5 –41.5 50.6 –23.6 –4.3 2.250 0.66±0.03 

ZnCl2 –17.2 –41.5 46.8 –22.5 –3.7 2.129 –[c] 

BF3 –25.6 –59.8 87.0 –52.8 –3.8 1.733 0.77±0.02 

AlCl3 –37.5 –65.7 74.4 –46.2 –4.2 1.898 0.82 
[a] The Lewis acid (LA) and ester constitute the two interacting fragments. Computed at 
ZORA-BP86/TZ2P. [b] Relative Lewis acidity scale based on Dd-values of H3 resonances 
of various bases related to methyl crotonate, data taken from Ref 45. [c] No data available. 
 

 

of these LA–ester complexes, which corresponds to the reactive π*-molecular 

orbital, is more stable (i.e., more negative) than that of the parent methyl acrylate (–

2.6 eV), it does not follow the same trend in reactivity (see Table 2). This finding, in 

principle, suggests that the relative reactivity of these dienophiles is not directly 

related to the corresponding HOMOdiene–LUMOester interaction, as widely 

accepted.[13-16] 

 The electronic reaction barriers (∆E‡) and reaction energies (∆Erxn) of the 

uncatalyzed and LA-catalyzed Diels-Alder (DA) reaction between isoprene (diene) 

and methyl acrylate (ester) are provided in Table 2 (see Figure S4.1 for transition 

structures). In every studied reaction, the 1,4 pathway is kinetically favored over the 

1,3 pathway, which is in line with the well-established ortho-para rule[47] and 

consistent with the selective formation (95:5) of the corresponding 1,4-cycloadduct 

for the reaction involving AlCl3 as a catalyst observed experimentally.[18-20] As  
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Table 4.2. Electronic reaction barriers (∆E‡) and reaction energies (∆Erxn) (in kcal mol–1) 
computed for the uncatalyzed and LA-catalyzed Diels-Alder reaction between isoprene 
(diene) and methyl acrylate (ester). 

LA cycloadduct ∆E‡[a] ∆E‡[b] ∆E‡[c] ∆E‡[d] ∆Erxn[a] 

none 1,4 13.6 14.8 12.1 16.2 –37.5 

 1,3 14.2 15.1 12.4  –37.6 

I2 1,4 11.0 13.3 9.4 15.0 –14.8 

 1,3 11.9 13.7 9.8  –16.1 

SnCl4 1,4 10.1 10.6 7.2 12.3 –18.1 

 1,3 11.2 11.3 7.9  –14.3 

TiCl4 1,4 8.9 9.1 5.6 11.8 –38.8 

 1,3 9.0 9.9 6.3  –36.9 

ZnCl2 1,4 8.8 8.4 5.6 10.8 –18.9 

 1,3 9.7 9.1 6.3  –18.8 

BF3 1,4 7.7 7.1 4.7 10.0 –39.2 

 1,3 8.8 8.2 5.7  –36.4 

AlCl3 1,4 5.2 5.2 1.6 7.6 –20.4 

 1,3 6.4 6.4 2.6  –18.1 
[a] Computed at ZORA-BP86/TZ2P. [b] Computed at ZORA-M06-2X-
D3/QZ4P//ZORA-BP86/TZ2P. [c] Computed at ZORA-B3LYP-D3(BJ)/QZ4P 
//ZORA-BP86/TZ2P. [d] Computed at (TightPNO)DLPNO-CCSD(T)/CBS(3,4/def2) 
//ZORA-BP86/TZ2P. 
 

 

expected, the uncatalyzed reaction has the highest barriers, 13.6 and 14.2 kcal mol–1 

leading to the 1,4 and 1,3 cycloadducts, respectively, while coordination of a LA to 

the ester results in lower barrier heights that systematically decrease when going 

from I2 to AlCl3, 11.0 and 11.9 kcal mol–1 to 5.2 and 6.4 kcal mol–1, for the 1,4 and 

1,3 adducts, respectively. The computed trends in reactivity at ZORA-BP86/TZ2P 

agree well with those calculated at ZORA-M06-2X-D3/QZ4P//ZORA-

BP86/TZ2P, ZORA-B3LYP-D3(BJ)/QZ4P//ZORA-BP86/TZ2P, and the more 

accurate (TightPNO)DLPNO-CCSD(T)/CBS(3,4/def2)//ZORA-BP86/TZ2P 

level, as well as with the experimentally determined[45] relative acidity of the Lewis 

acid (see Table 4.1 and 4.2). Statistical analyses revealed that ZORA-BP86/TZ2P 
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performs equally as well as ZORA-M06-2X-D3/QZ4P//ZORA-BP86/TZ2P and 

significantly better than ZORA-B3LYP-D3(BJ)/QZ4P//ZORA-BP86/TZ2P 

relative to the accurate (TightPNO)DLPNO-CCSD(T)/CBS(3,4/def2)//ZORA-

BP86/TZ2P data (see Table S4.2). Interestingly, only a poor linear correlation (R2 = 

0.62) is found when plotting the computed activation barriers versus the 

corresponding HOMOdiene–LUMOester gaps (see Figure S4.2a). This result confirms 

that the HOMO–LUMO interactions, at variance with the current view, are not the 

main factor behind the computed reactivity trends. 

 To gain quantitative insight into the physical factors leading to the 

computed reactivity trend in the above-mentioned LA-catalyzed Diels-Alder 

reactions, we next turned to the activation strain model (ASM) of reactivity.[49-52] 

This analysis involves decomposing the electronic energy (∆E) into two terms: the 

strain (∆Estrain) that results from the distortion of the individual reactants and the 

interaction (∆Eint) between the deformed reactants along the reaction coordinate, 

defined in this case by the shorter of the two newly forming C•••C bonds between 

isoprene and methyl acrylate. This critical reaction coordinate undergoes a well-

defined change throughout the reaction and has been used in the past in the analysis 

of similar reactions.[53,54] Figure 4.1a shows the corresponding activation strain 

diagrams (ASDs) from the reactant complexes to the transition states for the 

uncatalyzed (none), TiCl4, and AlCl3-catalyzed Diels-Alder reactions (see Figure S4.3 

for the complete reaction profiles and Figure S4.4 for all Lewis acid-catalyzed 

reaction profiles). The accelerated reactivity of the LA-catalyzed reactions originates 

predominantly from a more stabilizing interaction energy along the entire reaction 

coordinate and also from a less destabilizing strain (albeit to a lesser extent). 

Specifically, the interaction energy becomes increasingly more stabilizing from LA 

= none (black) < TiCl4 (red) < AlCl3 (blue) and this is the same trend as the 

activation barriers. Thus, the reactivity trends are mainly caused by the trend in the 

interaction between the two reactants. Differences in the strain curves for the LA-

catalyzed reactions are similar along the reaction coordinate and are less destabilizing  
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Figure 4.1. a) Activation strain analyses and b) energy decomposition analyses of the Diels-
Alder reactions between isoprene and none, TiCl4–, and AlCl3–methyl acrylate complexes 
going from the reactants to the transition states, where the energy values are projected onto 
the shorter of the two newly forming C•••C bonds between isoprene and LA–methyl 
acrylate, computed at ZORA-BP86/TZ2P. 
 

 

than for the uncatalyzed Diels-Alder reaction. Differences in ∆Estrain between the 

uncatalyzed and LA-catalyzed Diels-Alder reaction can be ascribed to the higher 

asynchronicity of the latter which leads to a lower degree of deformation of the diene 

since one C•••C bond forms ahead of the other C•••C bond.[55] 

 The decisive role of the interaction energy on the observed reactivity trends 

prompted the analysis of the different contributors to the interaction energy using a 

canonical energy decomposition analysis (EDA).[42,43] At this point, we note that 

concepts similar to those in our canonical EDA, in particular, Pauli repulsion and 

orbital interaction, also feature, and have been successfully applied to reactions, in 

other chemical-bonding schemes, such as DFT-SAPT[56,57] or valence bond (VB) 

theory.[58] Our canonical EDA involves decomposing the ∆Eint between the 

reactants into three energy terms that are associated with the following physical 

factors: classical electrostatic interaction (∆Velstat), Pauli repulsion (∆EPauli) between 

closed-shell orbitals which is responsible for steric repulsion, and stabilizing orbital 

attractions (∆Eoi) that account, among others, for HOMO–LUMO interactions. The 

corresponding energy decomposition analysis (EDA) results for the uncatalyzed 
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(none), TiCl4, and AlCl3-catalyzed Diels-Alder reactions are presented in Figure 4.1b. 

Contrary to the commonly accepted view that LAs enhance the electrostatic and 

orbital interactions in catalyzed Diels-Alder reactions, we find that differences in the 

∆Velstat and ∆Eoi curves are minimal (the black, red, and blue curves are nearly 

superimposed). This clearly indicates that the ∆EPauli curves determine the 

differences in the ∆Eint curves and, thus, the activation barriers. The reduction of 

∆EPauli for LA-catalyzed Diels-Alder reactions is unprecedented and supports our 

previous findings involving dihalogen catalyzed aza-Michael addition reactions.[17] 

We now, therefore, demonstrate the more general applicability of the reduction of 

∆EPauli being the causal term behind the catalytic ability of LAs regardless of the type 

of reaction, that is, aza-Michael addition or Diels-Alder reaction. Identical 

conclusions are found when explicit dispersion corrections are employed at both 

ZORA-BP86-D3(BJ)/TZ2P//ZORA-BP86/TZ2P and ZORA-M06-2X-

D3/TZ2P//ZORA-BP86/TZ2P (see Figures S4.5 and S4.6). 

 The origin of the less destabilizing Pauli repulsion for the LA-catalyzed 

Diels-Alder reaction was investigated next by performing a Kohn-Sham molecular 

orbital (KS-MO) analysis.[44,59] The occupied molecular orbitals of the diene and 

ester, as well as, TiCl4–ester and AlCl3–ester were quantified at a consistent geometry 

defined as the shorter C•••C forming bond length between isoprene and methyl 

acrylate (Figure 4.2a). Performing this analysis at a consistent point along the 

reaction coordinate (near all transition structures), rather than the transition state 

alone, ensures that the results are not skewed by the position of the transition 

state.[29,51] 

 The occupied π-MOester involved in this two-center four-electron 

interaction are the HOMO–1 for the uncatalyzed (none) reaction and the HOMO–

6 for the TiCl4 and AlCl3-catalyzed reactions. Importantly, these π-MOester are the 

same π-orbital located on the reactive C=C double bond. The occupied MO of the 

diene, responsible for the magnitude of the Pauli repulsion, is the HOMO–1 orbital  
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Figure 4.2. a) Molecular orbital diagram and the most significant occupied orbital overlaps 
of the Diels-Alder reactions between isoprene and none, TiCl4–, and AlCl3–methyl acrylate 
complexes and b) key occupied orbitals (isovalue = 0.03 Bohr–3/2) computed at consistent 
geometries with a shorter C•••C forming bond length between isoprene and LA–methyl 
acrylate of 2.097 Å at ZORA-BP86/TZ2P. 
 

 

where all carbon 2pz-orbitals are in-phase. The orbital overlap between the π-MOester 

and the HOMO–1diene is the largest and most destabilizing for the uncatalyzed 

reaction (S = 0.13) and smallest and least stabilizing for the AlCl3-catalyzed reaction 

(S = 0.07). The polarization of the p-MOester of the catalyzed reaction away from the 

C=C double induced by the LA is the reason for the decreased ⟨HOMO–1diene|π-

MOester⟩ overlap. Relatively strong donor–acceptor interactions between the σ* of 

the LA and the π-HOMO of methyl acrylate (see Table 4.1) result in charge transfer 

from methyl acrylate to the LA and manifest in significantly smaller orbital amplitude 

on the C=C double bond (Figure 4.2b), which is directly involved in the Diels-Alder 

reaction. Therefore, it can be concluded that the LA induces a significant reduction 

of the electron density at the reactive C=C double bond of the ester which results 

into a lower ⟨HOMO–1diene|π-MOester⟩ overlap and ultimately, to a less destabilizing 

Pauli repulsion. 
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Figure 4.3. MO diagrams with calculated orbital energies and overlaps of the Diels-Alder 
reactions between isoprene and none, TiCl4–, and AlCl3–methyl acrylate complexes for a) 
the normal electron demand HOMOdiene–LUMOester interaction and b) inverse electron 
demand LUMOdiene–π-MOester interaction computed at consistent geometries with a shorter 
C•••C forming bond length between isoprene and LA–methyl acrylate of 2.097 Å at ZORA-
BP86/TZ2P. 
 

 

 Lastly, we explored the counterintuitive finding from our EDA results that 

the strength of the orbital interactions is very similar for the uncatalyzed and TiCl4 

and AlCl3-catalyzed reactions. In line with the current textbook rationale,[13-16] 

coordinating a Lewis acid to the dienophile strengthens the normal electron demand 

(NED) orbital interaction and simultaneously weakens the inverse electron demand 

(IED) interaction, the effects of which effectively cancel. By performing a Kohn-

Sham molecular orbital analysis on consistent geometries with a shorter C•••C 

forming bond length between isoprene and methyl acrylate of 2.097 Å,[44,59] we 

found that the NED orbital energy gap between HOMOdiene–LUMOester decreases 

from 2.3 eV for the uncatalyzed to 0.7 eV for the AlCl3-catalyzed reaction (Figure 

4.3a). This reduction in orbital energy gap is large enough to overcome the slight 

decrease of the orbital overlap and, therefore, coordination of a Lewis acid leads to 

a stronger HOMOdiene–LUMOester NED interaction. However, the IED interaction 
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is also modulated by coordination of a Lewis acid. Specifically, the Lewis acid 

stabilizes all molecular orbitals of the ester and lead to an increased LUMOdiene–π-

MOester inverse electron orbital energy gap (see Figure 4.2b). This, together with a 

reduced orbital overlap, results in a weaker inverse electron demand orbital 

interaction compared to the uncatalyzed reaction. 

 

 

4.4 Conclusions 
To conclude, our computational study, based on the activation strain model and 

canonical energy decomposition analysis, clearly reveals that LAs catalyze the Diels-

Alder reaction between isoprene and methyl acrylate via an unexpected and 

unprecedented electronic mechanism: reduced four-electron (Pauli) repulsion 

between the p-systems of the dienophile and incoming diene. The decrease in Pauli 

repulsion between the reactants stems from the concomitant polarization of the 

conjugated p-system away from the C=C double bond when the LA binds to the 

carbonyl oxygen of methyl acrylate. To our surprise, coordination of a LA, although 

inducing a remarkable reduction of the HOMOdiene–LUMOester gap, does not 

enhance the orbital interactions between both reactants. This is due to the fact that 

the LA does not only enhance the HOMOdiene–LUMOester interaction but also 

weakens the LUMOdiene–π-HOMOester interaction in a nearly identical extent. 

Therefore, at variance with the current, well-established view, HOMO–LUMO 

interactions should not be used to rationalize the reactivity trends, at least, in LA-

catalyzed processes such as the considered herein Diels-Alder cycloaddition or aza-

Michael addition reactions. 
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4.6 Supporting Information 
 

Table S4.1. Energy decomposition analysis terms (in kcal mol–1) computed and LA•••O 
distance (in Å) on LA–ester complexes.[a] 

LA ∆Eint ∆Velstat ∆EPauli ∆Eoi ∆Edisp r(LA•••O)[b] 

I2 –9.1 –15.5 21.5 –11.5 –3.6 2.715 (2.745) 

SnCl4 –18.5 –39.1 52.6 –24.2 –7.8 2.412 (2.493) 

TiCl4 –22.7 –46.5 58.5 –26.4 –8.3 2.221 (2.250) 

ZnCl2 –21.8 –44.6 51.5 –23.9 –4.8 2.107 (2.129) 

BF3 –28.4 –58.1 88.4 –55.6 –3.1 1.728 (1.733) 

AlCl3 –44.0 –68.4 78.6 –47.4 –6.8 1.889 (1.898) 
[a] Computed at ZORA-BP86-D3(BJ)/TZ2P. [b] The values in parenthesis were computed 
at the ZORA-BP86-TZ2P level (without D3(BJ) dispersion corrections). 
 

 

 

Table S4.2. Statistical analysis of the used XC functionals (in kcal mol–1): mean deviation 
DE‡MD, mean absolute deviation DE‡MAD, standard deviation mean deviation DE‡SD, 
maximum negative DE‡max(–) and maximum positive DE‡max(+) error relative to 
(TightPNO)DLPNO-CCSD(T)/CBS(3,4/def2)//ZORA-BP86/TZ2P computed 
electronic reaction barriers of the uncatalyzed and LA-catalyzed Diels-Alder reaction 
between isoprene (diene) and methyl acrylate (ester) leading to the 1,4-cycloadduct. 

 ZORA-BP86/TZ2P 
ZORA-M06-2X-

D3/QZ4P// 
ZORA-BP86/TZ2P 

ZORA-B3LYP-
D3(BJ)/QZ4P// 

ZORA-BP86/TZ2P 
DE‡MD 2.6 2.2 5.4 

DE‡MAD 2.6 2.2 2.2 

DE‡SD 0.7 0.6 0.7 

DE‡max(–) 2.9 2.9 6.2 

DE‡max(+) [a] [a] [a] 

[a] No computed reaction barrier higher than the (TightPNO)DLPNO-CCSD(T)/ 
CBS(3,4/def2)//ZORA-BP86/TZ2P value. 
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Figure S4.1. Transition state structures for the uncatalyzed and Lewis acid-catalyzed Diels-
Alder reaction between isoprene and methyl acrylate forming a 1,4-cycloadduct (left) or 1,3-
cycloadduct (right), computed at ZORA-BP86/TZ2P. 
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Figure S4.2. Activation barriers for the uncatalyzed and LA-catalyzed Diels-Alder reactions 
versus the reactants’ a) HOMOdiene–LUMOester and b) LUMOdiene–p-MOester gaps (De), 
computed at ZORA-BP86/TZ2P. 
 

 

 

 
Figure S4.3. Complete a) activation strain analyses and b) energy decomposition analyses 
diagram from the reactants to the product of the Diels-Alder reactions between isoprene and 
none, TiCl4–, and AlCl3–methyl acrylate complexes computed at ZORA-BP86/TZ2P. 
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Figure S4.4. a) Activation strain analyses and b) energy decomposition analyses of the 
uncatalyzed and LA-catalyzed Diels-Alder reactions between isoprene and LA–methyl 
acrylate complexes, computed at ZORA-BP86/TZ2P. 
 

 

 

 
Figure S4.5. a) Activation strain analyses and b) energy decomposition analyses of the 
uncatalyzed and AlCl3-catalyzed Diels-Alder reactions between isoprene and LA–methyl 
acrylate complexes, computed at ZORA-BP86-D3(BJ)/TZ2P//ZORA-BP86/TZ2P. 
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Figure S4.6. a) Activation strain analyses and b) energy decomposition analyses of the 
uncatalyzed and AlCl3-catalyzed Diels-Alder reactions between isoprene and LA–methyl 
acrylate complexes, computed at ZORA-M06-2X-D3/TZ2P//ZORA-BP86/TZ2P. 
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Chapter 5 
 

How Alkali Cations Catalyze Aromatic  
Diels-Alder Reactions 

 
 

Previously appeared as 

 

How Alkali Cations Catalyze Aromatic Diels-Alder Reactions 

P. Vermeeren, F. Brinkhuis, T. A. Hamlin, F. M. Bickelhaupt 

Chem. Asian. J. 2020, 15, 1167–1174. 

 

 

We have quantum chemically studied alkali cation-catalyzed aromatic Diels-Alder 

reactions between benzene and acetylene forming barrelene using relativistic, 

dispersion-corrected density functional theory. The alkali cation-catalyzed aromatic 

Diels-Alder reactions are accelerated by up to 5 orders of magnitude relative to the 

uncatalyzed reaction and the reaction barrier increases along the series Li+ < Na+ < 

K+ < Rb+ < Cs+ < none. Our detailed activation strain and molecular orbital 

bonding analyses reveal that the alkali cations lower the aromatic Diels-Alder 

reaction barrier by reducing the Pauli repulsion between the closed-shell filled 

orbitals of the dienophile and the aromatic diene. We argue that such a Pauli 

reduction mechanism behind Lewis acid catalysis is a more general phenomenon. 

Also, our results may be of direct importance for a more complete understanding of 

the network of competing mechanisms towards the formation of polycyclic aromatic 

hydrocarbons (PAHs) in an astrochemical context. 
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5.1 Introduction 
Aromatic Diels-Alder (DA) reactions involve the [4+2] cycloaddition between an 

aromatic diene and a dienophile and are extremely slow or not allowed due to the 

aromatic nature of the diene.[1-5] Kinetic studies, for example, have shown that 

aromatic dienes, such as polycyclic aromatic hydrocarbon (PAHs) do not react with 

maleic anhydride under mild conditions.[6,7] The DA reactivity of aromatic systems 

can be significantly enhanced by the introduction of Lewis acids or by geometrical 

predistortion of the aromatic diene.[8-12] It is generally understood that the strong 

donor–acceptor interaction between a Lewis acid and one of the reactants, e.g., the 

aromatic diene, results in a significant stabilization of the LUMO of that respective 

reactant, which, in turn, leads to a smaller HOMO–LUMO orbital energy gap and, 

consequently, to a lower reaction barrier compared to an uncatalyzed DA 

reaction.[13] Recently, we have shown that, in contrast to this current rationale, Lewis 

acids do not catalyze organic reactions, such as aza-Michael addition or Diels-Alder 

reactions, by lowering the HOMO–LUMO gap, but instead by reducing the Pauli 

repulsion, i.e., two-center four-electron repulsion, between the closed-shell filled 

orbitals of both the reactants.[14,15] To ascertain the generality of the new electronic 

mechanism behind Lewis acid-catalyzed organic reactions, we now investigate the 

catalytic effect of Lewis acidic alkali cations (M+ = none, Li+, Na+, K+, Rb+, Cs+) 

on the archetypal aromatic Diels-Alder reaction between benzene (bz) and acetylene 

(yne), acting as an aromatic diene and dienophile, respectively, forming the bicyclic 

cycloadduct barrelene (bl). Alkali cations exhibit Lewis acidic catalytic activity on 

various chemical reactions,[16-20] and, thus, may serve as potential candidates for 

catalyzing aromatic DA reactions. 

 Our computations have been performed using relativistic dispersion-

corrected density functional theory (DFT) at ZORA-BLYP-D3(BJ) /TZ2P level,[21-

29] as implemented in the Amsterdam Density Functional (ADF) program.[30-32] The 

catalytic effect of the alkali cations have been analyzed using the activation strain 

model (ASM)[33-38] in conjunction with quantitative Kohn-Sham molecular orbital 
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Scheme 5.1. Opposite-side and same-side alkali cation-catalyzed Diels-Alder reaction of 
benzene–M+ (bz–M+) with acetylene (yne) resulting in the identical cycloadduct barrelene–
M+ (bl–M+), where M+ = none, Li+, Na+, K+, Rb+, Cs+. 
 

 

 theory (KS-MO) and a matching canonical energy decomposition analysis 

(EDA).[39,40] First, we examine the complexation between the alkali cation and 

benzene leading to the activated reactant bz–M+. Second, we investigate which 

reaction pathway is the most favorable: acetylene approaching benzene at the side 

opposite to where the alkali cation is coordinating (opposite-side attack; see Scheme 

5.1) or acetylene approaching benzene at the same side as where the alkali cation is 

coordinating (same-side attack). Third, we analyze the catalytic effect of the Lewis 

acidic alkali cation on the DA reactivity of benzene with acetylene. Finally, to explore 

how far the barrier of the aromatic DA reaction can be lowered, we combine our 

findings with insights from the seminal work of Narsaria et al., who studied the effect 

of predistortion as well as the introduction of heteroatoms on the DA reactivity of 

benzene.[11] 

 Besides serving as a general guide for the development of new approaches 

to activate aromatic reactants towards aromatic DA reactions, our results are also 

relevant in an astrochemical context. Polycyclic aromatic hydrocarbons (PAHs) are 

one of the major classes of carbon-bearing molecules in astronomical 

environments,[41-44] including meteorites, molecular clouds in deep space, interstellar 

grains, and interplanetary dust particles,[45-47] carrying up to 10% of all the cosmic 

elemental carbon.[42] Despite their prevalence, the mechanism behind the formation 

of interstellar PAHs is not yet completely understood. Barrelene, the bicyclic 

product of an aromatic DA reaction between benzene and acetylene, is a key 
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intermediate for the synthesis of PAHs in the laboratory,[48,49] which makes this 

reaction pathway a plausible candidate to consider for the formation of PAHs in 

outer space. Furthermore, the cosmic abundance of alkali cations in various 

astronomical environments has been spectroscopically confirmed,[50-55] which 

constitutes further support for the idea that the alkali cation-promoted aromatic DA 

reactions studies herein might occur in outer space. 

 

 

5.2 Methods 
Computational Details 

All calculations were performed using the Amsterdam Density Functional (ADF) 

software package.[30-32] The GGA exchange-correlation functional BLYP[23,24] with 

the finite damping introduced by Becke and Johnson (BJ), BLYP-D3(BJ),[25,26] was 

used for the optimizations of all stationary points as well as for the analyses along 

the reaction coordinate using the activation strain model (ASM)[33-38] and energy 

decomposition analysis (EDA).[39] Introducing BJ damping leads to an improvement 

over DFT-D3 in calculated reaction barriers and energies.[27,28] Furthermore, Hamlin 

et al. demonstrated that BLYP-D3(BJ) should be used for studying cycloadditions 

featuring non-covalent interactions.[56] Scalar relativistic effects are accounted for 

using the zeroth-order regular approximation (ZORA).[21,22] The basis set used, 

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

of polarization functions.[29] The accuracies of the fit scheme (Zlm fit)[57] and the 

integration grid (Becke grid)[58] were set to VERYGOOD. Geometries were optimized 

without any symmetry constraint. All calculated stationary points have been verified, 

through vibrational analysis,[59-61] to be energy minima (zero imaginary frequencies) 

or transition states (one imaginary frequency). The character of the normal mode 

associated with the imaginary frequency of the transition state has been analyzed to 

ensure it is associated with the reaction of interest. The potential energy surfaces of 

the studied aromatic Diels-Alder reactions were obtained by performing intrinsic 

reaction coordinate (IRC) calculations.[62-64] The obtained potential energy surfaces 
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are analyzed using the PyFrag program.[65,66] Optimized structures were illustrated 

using CYLview.[67] 

 

 

Activation Strain Model and Energy Decomposition Analysis 

The activation strain model of chemical reactivity[33-38] (ASM, also known as the 

distortion/interaction model[68,69]), is a fragment-based approach based on the idea 

that the energy of a reacting system, i.e., the potential energy surface, is described 

with respect to, and understood in terms of the characteristics 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. 

In this model, we decompose the total energy, ∆E(z), into the respective total strain 

and interaction energy, ∆Estrain(z) and ∆Eint(z), and project these values onto the 

reaction coordinate z [Eq. (5.1)]: 

 

 ∆E(z) = ∆Estrain(z) + ∆Eint(z) (5.1) 

 

In this equation, the total strain energy, ∆Estrain(z), is the penalty that needs to be 

paid to deform the reactants from their equilibrium structure to the geometry they 

adopt during the reaction at point z of the reaction coordinate. On the other hand, 

the interaction energy, ∆Eint(z),  accounts for all the chemical interactions that occur 

between the deformed fragments along the reaction coordinate. The total strain 

energy can, in turn, be further decomposed into the strain energies corresponding 

to the deformation of the aromatic diene, ∆Estrain,bz–M+(z), as well as from the 

dienophile, ∆Estrain,yne(z) [Eq. (5.2)]: 

 

 ∆Estrain(z) = ∆Estrain, bz–M+(z) + ∆Estrain,yne(z) (5.2) 
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 The interaction energy between the deformed reactants is further analyzed 

in terms of quantitative Kohn-Sham molecular orbital theory (KS-MO) in 

combination with a canonical energy decomposition analysis (EDA).[39,40] The EDA 

decomposes the ∆Eint(z) into the following four physically meaningful energy terms 

[Eq. (5.3)]: 

 

 ∆Eint(z) = ∆Velstat(z) + ∆EPauli(z) + ∆Eoi(z) + ∆Edisp(z) (5.3) 

 

Herein, ∆Velstat(z) is the classical electrostatic interaction between the unperturbed 

charge distributions of the (deformed) reactants and is usually attractive. The Pauli 

repulsion, ∆EPauli(z), comprises the destabilizing interaction between occupied 

closed-shell orbitals of both fragments due to the Pauli principle. The orbital 

interaction energy, ∆Eoi(z), accounts for polarization and charge transfer between 

the fragments, such as HOMO–LUMO interactions. Finally, the dispersion energy, 

∆Edisp(z), accounts for the dispersion corrections as introduced by Grimme et al.[27,28] 

 In both the activation strain diagrams and accompanied energy 

decomposition plots in this study, the energy terms are projected onto the average 

distance of the two newly forming C•••C bonds between the aromatic diene and the 

dienophile. This critical reaction coordinate undergoes a well-defined change during 

the reaction from the reactant complex via the transition state to the cycloadduct 

and is shown to be a valid reaction coordinate for studying cycloadditions.[11,70] 

 

 

5.3 Results and Discussion 
Alkali Cation–Benzene Complexation 

First, we have analyzed the nature and strength of the interaction between benzene, 

bz, and the alkali cation, M+, in the initial bz–M+ reactant using the activation strain 

and energy decomposition analysis methods (Table 5.1).[33-39] The complexation 
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Table 5.1. Energy decomposition analysis (in kcal mol–1) and bz•••M+ distance (in Å) 
between benzene and alkali cation in the reactant bz–M+.[a] 

 

M+ ∆E ∆Estrain ∆Eint ∆Velstat ∆EPauli ∆Eoi ∆Edisp r(bz•••M+)[b] 

Cs+ –12.9 0.2 –13.1 –6.8 3.0 –5.9 –3.3 3.941 

Rb+ –15.4 0.2 –15.6 –8.0 3.5 –7.6 –3.5 3.655 

K+ –17.3 0.2 –17.5 –8.8 3.6 –8.9 –3.4 3.453 

Na+ –24.7 0.2 –24.9 –11.2 3.6 –13.8 –3.5 2.977 

Li+ –38.0 0.2 –38.2 –13.0 10.3 –34.3 –1.3 2.317 

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P. [b] Average distance between the alkali cation 
and all six carbon atoms. 
 

 

energies are exclusively determined by the interaction energies, which are stabilizing 

and become more so when moving up Group 1, ranging from –13.1 to –38.2 kcal 

mol–1 along Cs+ to Li+. The trend in complexation energies follows the trend in alkali 

metal cation affinities (AMCA) computed by Boughlala et al.[71] The corresponding 

bz•••M+ distance becomes systematically shorter from Cs+ to Li+, in line with the 

decreasing effective size of the alkali metal cation up Group 1. The orbital 

interactions are the major contributor to the strong bz•••M+ interaction. In the case 

of Cs+, they are of comparable magnitude as the electrostatic attraction. However, 

along Cs+ to Li+, the orbital interactions become relatively more important and are 

by far dominant in the case of lithium. The trend in orbital interactions can be 

rationalized upon analysis of the overlap and the orbital energy gap between the 

molecular orbitals (MOs) of both fragments.[71] Formation of the bz•••M+ involves 

a key orbital interaction between the filled all-in-phase p orbital of bz with the empty 

ns orbital of M+, which increases from 0.17 for Cs+ to 0.32 for Li+, due to the 

somewhat more compact nature of the empty ns orbital of M+ when going from 

Cs+ to Li+.[71] Additionally, the drop in energy of the empty alkali cation ns AO, if 
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we go up in Group 1, reduces the πbz–nsM+ orbital-energy gap,[71] which further 

contributes to a more stabilizing orbital interaction in the case of lighter alkali-metal 

cations. 

 

 

Opposite-Side vs. Same-Side Reaction Pathway 

Table 5.2 summarizes the electronic reaction barriers (∆E‡) and reaction energies 

(∆Erxn) of the uncatalyzed and alkali cation-catalyzed aromatic Diels-Alder (DA) 

reaction between bz and yne. Three clear trends can be observed. In the first place,  

 

 

Table 5.2. Reaction barriers ∆E‡, reaction energies ∆Erxn (in kcal mol–1), and average length 
r (in Å) of the two newly forming C•••C bonds in the transition state for the uncatalyzed and 
alkali cation-catalyzed Diels-Alder reactions between bz–M+ and yne.[a] 

M+ Dienophile 
Attack ∆E‡ ∆Erxn r(C•••C)[b] 

none n/a 37.2 7.0 2.106 

Cs+ same-side 36.5 6.2 2.105 

opposite-side 34.3 6.2 2.113 

Rb+ same-side 37.2 5.9 2.107 

opposite-side 33.8 5.9 2.106 

K+ same-side 35.6 5.3 2.110 

opposite-side 33.1 5.3 2.114 

Na+ same-side 34.9 3.2 2.112 

opposite-side 30.6 3.2 2.111 

Li+ same-side 33.9 2.1 2.115 

opposite-side 29.4 2.1 2.114 

[a] Electronic energies computed at ZORA-BLYP-D3(BJ)/TZ2P. [b] The average bond 
length of the two newly forming C•••C bonds between bz–M+ and yne. 
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the alkali cation-catalyzed DA reaction can proceed via two distinct reaction 

pathways, namely, opposite-side and same-side attack (Scheme 5.1), of which, for all 

alkali cations, the opposite-side DA reaction occurs with a 2–4 kcal mol–1 lower 

reaction barrier than the same-side reaction. Secondly, the coordination of an alkali 

cation catalyst results in a reaction barrier that systematically decreases when M+ 

goes up in Group 1. The only exception, however, is the Rb+-catalyzed same-side 

DA reaction, which has a slightly higher barrier than the Cs+ analog. Thirdly, the 

formation of all cycloadducts is endothermic, and this endothermicity decreases 

from the Cs+-catalyzed to the uncatalyzed reaction and then further decreases as we 

climb Group 1 along M+ = Cs+ to Li+. 

 Next, we turn to the activation strain model (ASM)[33-38] of reactivity to gain 

quantitative insight into the physical factors leading to the lower activation barrier 

of the opposite-side compared to same-side alkali cation-catalyzed aromatic DA 

reaction. In Figure 5.1, we focus on the activation strain diagram of the Li+-catalyzed 

DA for which the catalytic effects are the largest. The activation strain diagrams of 

all other alkali cation-catalyzed DA reactions possess the same, only less pronounced 

characteristics (Figures S5.1–S5.4). The lower activation barrier of the opposite-side 

attack originates solely from a less destabilizing total strain energy. Note that the 

interaction energy shows a reversed trend, overruled by the trend in strain, namely, 

the same-side attack goes with a more stabilizing interaction energy than the 

opposite-side attack. The stabilizing interaction in the same-side approach stems 

from the direct contact between the incoming yne and the alkali cation.  In order to 

determine the origin of the higher strain energy for the same-side pathway, we have 

decomposed this term into the strain energies of the separate reactants according to 

Eq. (5.2) (Figure 5.1b). The more destabilizing total strain energy of the same-side 

attack is predominantly caused by the initial deformation of the reactant bz–Li+ in 

the early stage of the DA reaction. When yne attacks from the same-side, mutual 

hindrance occurs and, to avoid a rise in Pauli repulsion, the Li+ ion moves, away 

from its equilibrium h6-coordination to bz (Figure 5.1c) towards a less favorable h2-  
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Figure 5.1. a) Activation strain analysis and b) strain decomposition analysis of the same-
side and opposite-side Li+-catalyzed aromatic Diels-Alder reaction between bz–Li+ and yne 
(TS indicated with a dot) computed at ZORA-BLYP-D3(BJ)/TZ2P level, and geometries 
of: c) the reactant bz–Li+ and the reactant complexes of (d) the same-side and e) the 
opposite-side pathway. 
 

 

coordination mode (Figure 5.1d). This deformation of the reactant bz–Li+ results 

in a more destabilizing ∆Estrain,bz–Li+ compared to the opposite-side attack, where Li+ 

can remain unhindered in its favorable h6-coordination mode to bz in the reactant 

complex (Figure 5.1e). The, as such favorable, interaction between Li+ and yne 

during same-side attack also induces a deformation of the reactant yne, leading to a 

further increase in destabilizing total strain energy. We also investigated the other 

scenario where M+ is coordinated to yne. We found, in line with a combined 

experimental and theoretical study,[72] that the bond energy associated with the 
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formation of yne–M+ is, for all alkali cations, significantly weaker than for the 

formation of bz–M+ (Table S5.1). Therefore, if yne–M+ were to form, which is 

possible but not favored energetically, and the complex approaches bz to react, yne–

M+ would bind to bz via M+, which, in turn, would result in the same-side Diels-

Alder reaction. This reaction pathway, as prior discussed, goes with a higher 

activation barrier than for the opposite-side reaction pathway. 

 

 

Effect of Alkali Cations on Diels-Alder Reactivity 

After having established that the alkali cation-catalyzed aromatic DA reaction of bz–

M+ + yne proceeds preferentially via the opposite-side pathway, we have analyzed 

the reactivity trend of this mechanism for all five alkali cations (M+ = Li+ – Cs+) and 

for the uncatalyzed reaction (M+ = none). As shown in Table 5.2, all transition states 

are located around the same average newly forming C•••C bonds between bz–M+ 

and yne. Therefore, analysis of the complete potential energy surface along a 

reaction coordinate is not necessary. Instead, we can focus on energy terms 

computed at consistent geometries in the saddle-point region of the PES, all with an 

average C•••C bond length of 2.110 Å (Table 5.3; see Figures S5.5 and S5.6 for 

complete potential energy surfaces). The trend in consistent energies, ∆E*, in Table 

5.3 follows that of the actual reaction barriers ∆E‡ of Table 5.2, namely, the 

uncatalyzed reaction goes with the highest energy, introduction of a Cs+ ion lowers 

the barrier which then further drops monotonically along Rb+, K+, Na+, and Li+. 

The acceleration of the alkali cation-catalyzed reactions originates exclusively from 

a more stabilizing interaction energy. The interaction energy becomes increasingly 

more stabilizing going from M+ = none to Cs+ to Li+, which determines the trend 

in the barrier. There is one exception, however, the interaction energy of the Rb+-

catalyzed reaction is slightly more stabilizing than the K+ analog. The strain energy 

does not follow a clear trend, except that the strain energy for the uncatalyzed DA 

reaction is more destabilizing than the catalyzed analogs. 
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Table 5.3. Activation strain and energy decomposition analyses (in kcal mol–1) of the 
uncatalyzed and opposite-side catalyzed aromatic Diels-Alder reactions between bz–M+ and 
yne.[a] 

M+ ∆E* ∆Estrain ∆Eint ∆Velstat ∆EPauli ∆Eoi ∆Edisp 

none 37.0 48.6 –11.6 –63.6 138.0 –77.9 –8.0 

Cs+ 34.3 46.8 –12.5 –61.8 133.3 –76.4 –7.5 

Rb+ 33.6 47.4 –13.8 –62.3 133.1 –77.6 –7.1 

K+ 32.8 46.4 –13.5 –61.4 132.1 –76.8 –7.4 

Na+ 30.4 46.7 –16.4 –61.5 131.9 –78.6 –8.1 

Li+ 28.9 46.4 –17.5 –60.9 130.3 –78.7 –8.1 

[a] Analyses at consistent TS-like geometries, all with an average C•••C bond-forming 
distance of 2.110 Å, computed at ZORA-BLYP-D3(BJ)/TZ2P level. 
 

 

 Since the interaction energy controls the observed trend in reactivity, the 

different contributors to the interaction energy were analyzed by applying our 

canonical energy decomposition analysis (EDA),[39] which quantifies the various 

features of the bonding mechanism (Table 5.3). In sharp contrast with the 

commonly accepted view that Lewis acids enhance the electrostatic and orbital 

interactions,[13] we find instead that they catalyze aromatic DA reactions solely by 

reducing the destabilizing Pauli repulsion. This reduced Pauli repulsion reinforces 

the overall stabilizing interaction between dienophile and aromatic diene and thus 

lowers the barrier. Furthermore, the small discrepancy in the trend in interaction 

energy, when going from Rb+ to K+ can be ascribed to both a more stabilizing 

∆Velstat and, as we will discuss later, a stronger normal electron demand interaction, 

which, in turn, yields a more stabilizing ∆Eoi. 

 To understand the origin of the less destabilizing Pauli repulsion for the 

alkali cation-catalyzed reactions, we performed a Kohn-Sham molecular orbital (KS-

MO) analysis.[40,73] We have quantified the two-center four-electron interactions 

between the filled molecular orbitals that determine the trend in Pauli repulsion  
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Figure 5.2. a) Molecular orbital diagram of the most important occupied-occupied orbital 
overlaps of the uncatalyzed and catalyzed opposite-side aromatic Diels-Alder reactions 
between bz–M+ and yne; and b) key occupied orbitals (isovalue = 0.03 Bohr –3/2) computed 
at consistent geometries with the average C•••C bond-forming distance of 2.110 Å at ZORA-
BLYP-D3(BJ)/TZ2P. 
 

 

between bz–M+ with yne in consistent geometries, close to the TS but all at the 

same point along the reaction coordinate, with an average C•••C bond length of 

2.110 Å (Figure 5.2a).[73] The σ-HOMObz–M+ has two occupied-occupied orbital 

interactions that are decisive for the trend in Pauli repulsion, namely, with the p-

HOMOyne and s-HOMO–2yne. The respective overlap integrals and repulsion are 

the largest and most destabilizing for the uncatalyzed reaction (S = 0.10 and 0.07) 

and the smallest and least destabilizing for the Li+-catalyzed reaction (S = 0.04 and 

0.03). Coordination of an alkali cation to bz polarizes the σ-orbital of bz towards 

the alkali cation and away from the opposite-side, leading to a decreased overlap 

with the filled orbitals of the attacking yne. The donor–acceptor interactions 

between the empty atomic orbitals of the alkali cation, as discussed above during the 

analysis of the bz•••M+ complexation, cause a charge transfer from bz to the alkali 

cation and result in less σ-orbital amplitude at the external σ-face of bz that points 

in the direction of the approaching yne. Upon going up Group 1, the extent of 
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charge transfer steadily increases (from –5.9 kcal mol–1 for Cs+ to –34.3 kcal mol–1 

for Li+; see Table 5.1) and, therefore, results in a progressively larger s-HOMObz–

M+ orbital amplitude on the side of the attacking yne. This can be clearly seen when 

comparing the central red lobes of the corresponding bz–M+ σ-densities in Figure 

5.2b. We have previously observed this exact phenomenon in our analysis of Lewis 

acid-catalyzed aza-Michael addition and Diels-Alder reactions, in which the Lewis 

acidic catalyst diminished the Pauli repulsion by polarizing the filled π-orbitals on 

the C=C double bond of the Michael acceptor or dienophile way from the filled 

orbitals of the attacking nucleophile or diene.[14,15]  

 Finally, we address why the current rationale behind Lewis acid-catalyzed 

aromatic DA reaction is incorrect, i.e., why the strength of the orbital interactions 

between bz–M+ and yne remain nearly constant upon introducing a Lewis acidic 

alkali cation as catalyst (Table 5.3). In fact, coordination of a Lewis acidic alkali cation 

does strengthen the inverse electron demand (IED) interaction, between π-

LUMObz–M+ and π-HOMOyne but, simultaneously, it weakens the normal electron 

demand (NED) interaction, between π-HOMObz–M+ and π-LUMOyne. These effects 

cancel each other and, therefore, do not affect the overall orbital interactions 

between bz–M+ and yne. In line with the original rationale behind Lewis acid-

catalyzed DA reactions, the π-LUMObz–M+ also gets stabilized when an alkali cation 

is coordinated to bz from –2.1 eV for the uncatalyzed to –5.9 eV for the Cs+-

catalyzed to –6.8 eV for the Li+-catalyzed reaction, reducing the π-LUMObz–M+–π-

HOMOyne gap and enhancing the IED interaction (Figure 5.3a).[13] However, 

coordination of an alkali cation stabilizes all bz–M+ orbitals, thus also the π-

HOMObz–M+ orbital from –5.6 eV for the uncatalyzed to –9.5 eV for the Cs+-

catalyzed to –10.1 eV for the Li+-catalyzed reaction, resulting in a larger π-HOMObz–

M+–π-LUMOyne gap and weakening the NED interaction (Figure 5.3b). Note that 

the NED orbital-energy gap of the Rb+-catalyzed reaction is smaller than for the K+  
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Figure 5.3. Molecular orbital diagrams with orbital energies and overlaps: a) for inverse 
electron demand π-LUMObz–M+–π-HOMOyne interactions; and b) for normal electron 
demand π-HOMObz–M+–π-LUMOyne interactions of uncatalyzed and alkali cation-catalyzed 
opposite-side aromatic Diels-Alder reactions between bz–M+ and yne, computed at 
consistent geometries with the average C•••C bond-forming distance of 2.110 Å at ZORA-
BLYP-D3(BJ)/TZ2P. 
 

 

analog, which explains the more stabilizing ∆Eoi of the former, as shown in Table 

5.3. The corresponding NED and IED orbital overlaps remain constant upon 

adding, or varying, the catalyzing alkali cation, which indicates that the shape of π-

HOMObz–M+ and π-LUMObz–M+ orbitals do not get affected dramatically by the 

alkali cation because, due to a symmetry mismatch, the π-HOMO and π-LUMO 

orbitals of benzene have no overlap with the alkali cation ns acceptor AO. 

 

 

Effect of Geometrical Predistortion and Heteroatoms 

Al last, we wish to combine the concept of Lewis acid-induced lowering of Pauli 

repulsion with other concepts for accelerating aromatic DA reactions in order to go 

for a record-low barrier. Thus, we have invoked geometrical predistortion of, and 

the introduction of heteroatoms in the aromatic ring as studied, amongst others,[73- 
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Figure 5.4. Transition state structures with forming C•••C bond lengths (in Å), reaction 
barrier ∆E‡ (blue; in kcal mol–1), relative rate constants krel (black), and reaction energies (red; 
in kcal mol–1) for the  aromatic Diels-Alder reactions of bz, bz–Li+, m-bz,[a] m-bz–Li+, m-
bz(2N),[a] and m-bz(2N)–Li+ with yne, computed at ZORA-BLYP-D3(BJ)/TZ2P. [A] Data 
taken from Ref. 11. 
 

 
76] by Narsaria et al.[11] In their seminal work, they have shown that by using 

[5]metacyclophane (m-bz), in which the benzene core is structurally distorted by a 

pentamethylene bridge, instead of bz as the aromatic diene, the reaction barrier 

could be lowered by more than 20 kcal mol–1, due to a reduction of strain 

corresponding to the aromatic diene together with an enhanced interaction with yne 

through a lowering of the HOMO–LUMO energy gap.[11] They, additionally, 

substituted the C4 and C6 atoms of m-bz for two nitrogen atoms (m-bz(2N)) which, 

in turn, reduced the Pauli repulsion with the incoming yne and resulted in a reaction 

barrier of only 9.7 kcal mol–1, that is, 27.5 kcal mol–1 lower than for bz (Figure 5.4).  

 Thus, we have analyzed and compared the aromatic DA reactivity of yne 

with bz, m-bz and m-bz(2N) with those of the Li+-catalyzed analogs bz–Li+, m-bz–
Li+ and m-bz(2N)–Li+. The reactions of bz, bz–Li+ and m-bz(2N)–Li+ proceed via 

concerted synchronous transition states, whereas that of m-bz, m-bz–Li+, and m-
bz(2N) are concerted asynchronous (Figure 5.4). The DA reaction barrier is reduced 

by 27 kcal mol–1 when going from bz to m-bz–Li+, thereby enhancing the 

computed rate by 19 orders of magnitude. Strikingly, by also substituting the C4 and 

C6 atoms of m-bz–Li+ each by a nitrogen atom, the reaction barrier is lowered by 

an extra 10 kcal mol–1 and thus vanishes (∆E‡ = 0.0 kcal mol–1), leaving us with a 

spontaneous aromatic DA reaction. Note that meanwhile, the reaction energy goes 
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from endothermic for bz (∆Erxn= 7.0 kcal mol–1) to highly exothermic for m-bz(2N)-
Li+ (∆Erxn= –53.7 kcal mol–1).  

 In order to govern the physical factors behind the reactivity of bz, bz–Li+, 

m-bz–Li+, and m-bz(2N)–Li+ towards yne, we applied the activation strain and 

energy decomposition analysis (Figures S5.7 and S5.8). As a result of more stabilizing 

orbital interactions, due to a higher-lying normal electron demand (NED) interacting 

HOMO (Table S5.2) and, therefore, smaller HOMO–LUMO gap with yne, m-bz–
Li+ and m-bz(2N)–Li+ have a stronger interaction energy than bz and bz–Li+, which 

expressed itself in a lower reaction barrier for these two cyclophanes. An additional 

reduction of Pauli repulsion caused m-bz(2N)–Li+ to undergo the aromatic DA 

reaction with a more stabilizing interaction energy compared to m-bz–Li+. These 

factors controlling the reactions are fully in agreement with the findings of previous 

studies.[77,78] The strain energy, on the other hand, is for the cyclophanes less 

destabilizing than for the regular benzenes, due to the predistortion of the aromatic 

diene as prior discussed by Narsaria et al.[11] 

 

 

5.4 Conclusions 
Alkali cations (M+) efficiently catalyze the [4+2] aromatic Diels-Alder (DA) reaction 

between benzene (bz) and acetylene (yne) by coordinating to the aromatic diene. 

The pathway in which yne and M+ are on opposite sides of bz ("opposite-side" 

reaction) goes, for all alkali cations, with a lower barrier than the pathway in which 

yne and M+ are on the same side of bz ("same-side" reaction), where they hinder 

each other in early stages of the reaction. The catalytic effect is stronger for lighter 

alkali cations, that is, the aromatic DA reaction barrier decreases along M+ = none 

> Cs+ > Rb+ > K+ > Na+ > Li+. 

 Strikingly and in contrast to widespread belief, the enhanced reactivity of 

the alkali cation-catalyzed, compared to the uncatalyzed, aromatic DA reaction is 

solely caused by reduced Pauli repulsion between the reactants bz–M+ and yne and, 

not by enhanced stabilizing orbital interactions. The reason for the reduced Pauli 
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repulsion is that the alkali cation in bz–M+ polarizes orbitals of benzene away from 

the opposite side at which the yne attacks, resulting in less occupied–occupied 

orbital overlap. This polarization effect induced by the alkali cation becomes more 

pronounced as we move up Group 1, because the lighter alkali cations, with lower-

energy valence ns AOs, enter into a stronger donor–acceptor interaction with the 

occupied orbitals of bz. 

 The aforementioned result that the stabilizing orbital interactions remain 

essentially unchanged upon, and are, therefore, not responsible for, alkali cation 

catalysis is possibly as surprising as the insight that the reduced Pauli repulsion is the 

key causal mechanism behind the catalytic effect. This invariability of the orbital 

interactions appears to be the result of two counteracting effects that offset each 

other: Coordination of an alkali cation to bz stabilizes all the bz–M+ orbitals and, 

therefore, enhances the inverse electron demand interaction by reducing the orbital-

energy gap between empty bz–M+ π-orbitals and filled yne π-orbitals while it 

simultaneously weakens the normal electron demand interaction by increasing the 

orbital-energy gap between filled bz–M+ π-orbitals and empty yne π* orbitals. 

 This study demonstrates the more general applicability of a reduction of 

Pauli repulsion being the causal actor behind the catalytic effect of Lewis acids in 

organic reactions and we hope it will also be valuable for the understanding of the 

interstellar formation of polycyclic aromatic hydrocarbons. In a final attempt to 

demonstrate the predictive power of our model, we have successfully combined our 

present findings with the concepts of geometrical predistortion and heteroatom 

substitution in the aromatic ring,[11] to push the aromatic DA reaction barrier down 

from 37 kcal mol–1 for bz + yne to a remarkable 0 kcal mol–1 for m-bz(2N)-Li+ + 
yne. 
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5.6 Supporting Information 
 

Table S5.1. Energy decomposition analysis (in kcal mol–1) and yne•••M+ distance (in Å) 
between benzene and alkali cation in the reactant yne–M+.[a] 

M+ ∆E ∆Estrain ∆Eint ∆Velstat ∆EPauli ∆Eoi ∆Edisp r(yne•••M+)[b] 

Cs+ –7.2 0.2 –7.4 –6.1 4.5 –3.8 –2.0 3.591 

Rb+ –8.8 0.3 –9.0 –7.2 4.9 –4.6 –2.0 3.347 

K+ –10.1 0.3 –10.4 –8.2 5.3 –5.4 –2.1 3.146 

Na+ –15.8 0.4 –16.2 –11.5 5.8 –8.6 –1.9 2.685 

Li+ –23.0 0.4 –23.4 –14.3 8.1 –15.5 –1.7 2.291 

[a] Computed at ZORA-BLYP-D3(BJ)/TZ2P. [b] Average distance between the alkali cation 
and both carbon atoms of yne. 
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Figure S5.1. a) Activation strain analysis and b) strain decomposition analysis of the same-
side and opposite-side Diels-Alder reaction between bz–Na+ and yne, computed at ZORA-
BLYP-D3(BJ)/TZ2P. 
 

 

 

 
Figure S5.2. a) Activation strain analysis and b) strain decomposition analysis of the same 
side and opposite-side Diels-Alder reaction between bz–K+ and yne, computed at ZORA-
BLYP-D3(BJ)/TZ2P. 
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Figure S5.3. a) Activation strain analysis and b) strain decomposition analysis of the same-
side and opposite-side Diels-Alder reaction between bz–Rb+ and yne, computed at ZORA-
BLYP-D3(BJ)/TZ2P. 
 

 

 

 
Figure S5.4. a) Activation strain analysis and b) strain decomposition analysis of the same-
side and opposite-side Diels-Alder reaction between bz–Cs+ and yne, computed at ZORA-
BLYP-D3(BJ)/TZ2P. 
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Figure S5.5. a) Activation strain analysis of the opposite-side Diels-Alder reaction between 
bz–M+ and yne, where M+ = none, Li+, Na+, K+, Rb+, and Cs+. The individual energy terms 
and zoom-ins are shown for b) total energy, c) interaction energy, and d) total strain energy, 
computed at ZORA-BLYP-D3(BJ)/TZ2P. 
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Figure S5.6. a) Energy decomposition analysis of the opposite-side Diels-Alder reaction 
between bz–M+ and yne, where M+ = none, Li+, Na+, K+, Rb+, and Cs+. The individual 
energy decomposition analysis terms and zoom-in are shown for b) electrostatic interaction, 
c) Pauli repulsion, and d) orbital interaction, computed at ZORA-BLYP-D3(BJ)/TZ2P. 



How Alkali Cation Catalyze Aromatic Diels-Alder Reactions 

 109 

 
Figure S5.7. a) Activation strain analysis of the Diels-Alder reaction between bz, bz–Li+, 
m-bz–Li+, and m-bz(2N)–Li+ with yne. The individual energy terms are shown for b) total 
energy, c) strain energy, and d) interaction energy, computed at ZORA-BLYP-
D3(BJ)/TZ2P. 
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Figure S5.8. a) Energy decomposition analysis of the Diels-Alder reaction between bz, bz–
Li+, m-bz–Li+, and m-bz(2N)–Li+ with yne. The individual terms are shown for b) 
interaction energy, c) electrostatic interaction, d) Pauli repulsion, and e) orbital interaction, 
computed at ZORA-BLYP-D3(BJ)/TZ2P. 
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Table S5.2. Kohn-Sham orbital energies (in eV) of aromatic dienes in their equilibrium 
geometry calculated at ZORA-BLYP-D3(BJ)/TZ2P. 

Compound HOMO–1 HOMO LUMO 

bz –6.1 –6.1 –1.1 

bz–Li+ –11.8 –11.8 –6.5 

m-bz–Li+[a] –10.4 –10.3 –6.1 

m-bz(2N)–Li+[a] –10.7 –11.4 –6.8 
[a] In the normal electron demand interaction HOMO–1 is symmetry allowed to interact 
with the LUMO of yne, while the HOMO is symmetry forbidden. 
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Chapter 6 
 

How Iminium Catalysts Accelerate  
Diels-Alder Reactions 

 
 

Previously appeared as 

 

Origin of Rate Enhancement and Asynchronicity in  

Iminium Catalyzed Diels-Alder Reactions 

P. Vermeeren, T. A. Hamlin, I. Fernández, F. M. Bickelhaupt 

Chem. Sci. 2020, 11, 8105–8112. 
 

 

The Diels-Alder reaction between cyclopentadiene and various a,b-unsaturated 

aldehyde, imine, and iminium dienophiles were quantum chemically studied using a 

combined density functional theory and coupled-cluster theory approach. Simple 

iminium catalysts accelerate the Diels-Alder reactions by lowering the reaction 

barrier up to 20 kcal mol–1 compared to the parent aldehyde and imine reactions. 

Our detailed activation strain and Kohn-Sham molecular orbital analyses reveal that 

the iminium catalysts enhance the reactivity by reducing the steric (Pauli) repulsion 

between the diene and dienophile, which originates from both a more asynchronous 

reaction mode and a more significant polarization of the π-system away from the 

incoming diene compared to aldehyde and imine analogs. Notably, we establish that 

the driving force behind the asynchronicity of the herein studied Diels-Alder 

reactions is the relief of destabilizing steric (Pauli) repulsion and not orbital 

interaction between the terminal carbon of the dienophile and the diene, which is 

the widely accepted rationale.  
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6.1 Introduction 
Iminium catalysis constitutes an important branch of organocatalysis typically 

leading to the enantioselective b-functionalization of a,b-unsaturated aldehydes.[1,2] 

This process is mediated by either chiral primary or secondary amine catalysts which, 

via condensation with the carbonyl compound, produce a transient iminium 

intermediate,[3-6] which facilitates the conjugate addition to the b-carbon atom. The 

Knoevenagel condensation mediated by primary or secondary amines is nowadays 

accepted as the earliest recorded example of an iminium-catalyzed transformation.[7-

9] Since then, an impressive number of different iminium-catalyzed chemical 

reactions, most of them affording high enantioselectivities, have been reported.[2,10-

14] For this reason, it is not surprising that this type of organocatalysis has been 

thoroughly applied to the synthesis of complex natural products and 

pharmaceuticals.[15] 

 The seminal report by MacMillan and co-workers in 2000 on 

enantioselective Diels-Alder cycloaddition reactions using iminium catalysts 

established the basics behind this type of organocatalysis.[16] In analogy with Lewis 

acids, the term “LUMO-lowering catalysis” was coined by the authors to describe the 

driving force behind iminium catalysis. In the authors’ own words: “…the reversible 

formation of iminium ions from a,b-unsaturated aldehydes and amines might emulate the 

equilibrium dynamics and π-orbital electronics that are inherent to Lewis acid catalysis”. 

Strikingly and in sharp contrast to the widely accepted rationale, we very recently 

demonstrated, using state-of-the-art quantum chemical calculations, that orbital 

interactions are not the origin of Lewis acid (LA) catalysis in Diels-Alder 

cycloaddition reactions.[17] We found that although Lewis acids indeed stabilize the 

π-LUMO of the dienophile and, therefore, enhance the corresponding HOMOdiene–

LUMOdienophile interaction,[18-21] they simultaneously weaken the inverse LUMOdiene–

HOMOdienophile interaction to the same extent. As a result, the total orbital 

interactions in both the LA-catalyzed and uncatalyzed reactions are nearly identical 
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Scheme 6.1. The Diels-Alder reactions between cyclopentadiene (CP) and various a,b-
unsaturated aldehyde (O, O–AlCl3), imine (NMe, MeN–AlCl3), and iminium (N(C4H8)+, 
N(C4H8O)+, NMe2+) dienophiles that were computationally analyzed. N(C4H8)+ and 
N(C4H8O)+ stand for the iminium ions derived from pyrrolidine and morpholine, 
respectively. 
 

 

and therefore, not responsible for the acceleration of the LA-mediated reactions. 

Instead, the significant reduction of steric (Pauli) repulsion between the occupied 

orbitals of the dienophile and the diene becomes the actual driving force behind the 

LA-catalysis. This unprecedented electronic mechanism, which is also operative in 

dihalogen-catalyzed aza-Michael addition reactions[22] and related Lewis acid-

catalyzed (aromatic) Diels-Alder reactions,[23-25] challenges the widely accepted 

“LUMO-lowering catalysis” as the mechanism behind the iminium catalysis. 

 For this reason, herein we shall investigate the ultimate factors governing 

the iminium-catalysis and check the generality of our “Pauli-lowering catalysis” in this 

important reaction. In addition, the reasons behind the catalysis induced by the 

asynchronicity shall be thoroughly investigated. To this end, we have selected the 

Diels-Alder cycloaddition reactions involving cyclopentadiene (CP) and various a,b-

unsaturated aldehyde (O, O–AlCl3), imine (NMe, MeN–AlCl3), and iminium 

(N(C4H8)+, N(C4H8O)+, NMe2+) dienophiles (Scheme 6.1) analogous to the 

processes initially described by MacMillan and co-workers.[16, 26] 

 

 

 

 

 



Chapter 6 

 116 

6.2 Methods 
Computational Details 

All stationary points and vibrational analyses were carried out at the M06-2X/def2-

TZVP[27-28] level using Gaussian 16.[30] The activation strain and energy 

decomposition analyses were carried out by employing the PyFrag 2019[31] and 

Amsterdam Density Functional (ADF)[32-34] programs using the same functional in 

conjunction with the triple-z quality TZ2P basis set[35] on the geometries optimized 

at M06-2X/def2-TZVP. The zeroth-order regular approximation (ZORA) was used 

to account for scalar relativistic effects.[36,37] This level is referred to as ZORA-M06-

2X/TZ2P//M06-2X/def2-TZVP. The Domain-Based Local Pair Natural Orbital 

Coupled-Cluster (DLPNO-CCSD(T))[38,39] calculations were performed using Orca 

4.0.1[38] using the def2-QZVPP basis set on M06-2X/def2-TZVP geometries. 

 

 

6.3 Results and Discussion 
Table 1 summarizes the electronic reaction complexes (∆ERC), reaction barriers 

(∆E‡), reaction energies (∆Erxn), and HOMOCP–LUMOdienophile orbital energy gaps 

(∆eH–L) of the Diels-Alder (DA) reaction between cyclopentadiene (CP) and various 

a,b-unsaturated aldehyde (O, O–AlCl3), imine (NMe, MeN–AlCl3), and iminium 

(N(C4H8)+, N(C4H8O)+, NMe2+) dienophiles. In all cases, the cycloaddition 

reaction occurs in a concerted manner through the corresponding transition state 

TS (see Figure S6.1), after the prior formation of an initial reactant complex RC 

which lies 3 to 10 kcal mol–1 below the separate reactants (the formation of this 

species becomes endergonic when thermal free energy corrections at 298.15 K are 

included, see Gibbs free energies in Table S6.1).  

 Three distinct trends can be observed. In the first place, for a given 

substrate, the endo DA reaction goes with a 0.5–1.5 kcal mol–1 lower reaction barrier 

than the exo DA reaction in line with our previous theoretical studies as well as 

experimentally observed product ratios.[26,40] There is, however, one exception, 
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Table 6.1. Electronic reactant complexes (∆ERC), reaction barriers (∆E‡), reaction energies 
(∆Erxn) (in kcal mol–1), and HOMOCP–LUMOdienophile energy gaps (∆eH–L) (in eV) computed 
for the Diels-Alder reactions between cyclopentadiene (CP) and various a,b-unsaturated 
aldehyde, imine, and iminium dienophiles.[a] 

X  
 

e∆ERC[b] e∆E‡[b] e∆E‡[c] e∆Erxn[b] ∆eH–L[b] 

O endo –3.6 15.2 14.3 –20.3 6.7 

 exo –2.9 15.8 14.8 –20.1  

O–AlCl3 endo –7.3 1.9 3.2 –22.6 4.6 

 exo –5.8 2.4 3.3 –22.0  

NMe endo –3.1 18.6 17.1 –19.3 7.4 

 exo –2.4 19.1 17.6 –18.9  

MeN–AlCl3 endo –5.1 10.9 10.5 –20.7 5.5 

 exo –4.5 10.4 10.4 –21.8  

N(C4H8)+[d] endo –9.1 –0.3 0.7 –23.6 1.6 

 exo –8.2 –0.1 1.1 –22.7  

N(C4H8O)+[d] endo –9.3 –1.4 –0.1 –24.1 1.5 

 exo –8.4 –0.1 1.1 –22.7  

NMe2+ endo –9.7 –2.0 –0.6 –24.1 1.4 

 exo –8.7 –1.8 –0.4 –23.0  
[a] See Table S6.1 for Gibbs free reaction barriers and energies. [b] Computed at M06-
2X/def2-TZVP. [c] Computed at DLPNO-CCSD(T)/def2-QZVPP//M06-2X/def2-
TZVP. [d] N(C4H8)+ and N(C4H8O)+ stand for the iminium ions derived from pyrrolidine 
and morpholine, respectively. 
 

 

namely, the Diels-Alder reaction between CP and MeN–AlCl3. For this reaction, 

the exo pathway has a slightly lower barrier than the endo pathway. Secondly, both 

the uncatalyzed and LA-catalyzed DA reactions involving an a,b-unsaturated imine 

as dienophile have comparatively higher reaction barriers, 18.6 and 10.9 kcal mol–1, 

for NMe and MeN–AlCl3, respectively (endo approach), than the corresponding 

aldehyde analogs, 15.2 and 1.9 kcal mol–1, for O and O–AlCl3, respectively. Thirdly, 

introducing an iminium catalyst significantly accelerates the DA reaction by lowering 

the reaction barrier from 18.6 kcal mol–1 for NMe to –2.0 kcal mol–1 for NMe2+. 

This acceleration is even higher than that caused by the strong Lewis acid catalyst 
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AlCl3. Similar values were found for the iminium dienophiles derived from 

pyrrolidine and morpholine: N(C4H8)+ and N(C4H8O)+, respectively. 

Furthermore, there is a good linear correlation (R2 = 0.91) between the reaction 

barrier (∆E‡) and the HOMOCP–LUMOdienophile orbital energy gap (∆eH–L; see Figure 

S6.2). Thus, one might, indeed, suspect that lower and more favorable reaction 

barriers directly arise due to a more stabilizing orbital interaction as a result of prior 

reported lowering of the LUMOdienophile.[18-21] This result seemingly confirms that this 

commonly accepted textbook explanation could be the decisive factor behind the 

computed reactivity trends. We will show next that, similar to the situation for Lewis 

acid catalysis,[17] this is not either the case in iminium catalysis. 

 

 

a,b-Unsaturated Aldehyde vs. Imine Dienophiles 

First, we aim to gain quantitative insight into the physical factors leading to the 

computed difference in reactivity between the uncatalyzed endo Diels-Alder reactions 

involving the parent a,b-unsaturated aldehyde and imine dienophiles by applying the 

activation strain model (ASM) of reactivity.[41-46] This model, which is also known as 

distortion/interaction model,[47,48] involves decomposing the electronic energy (∆E) 

into two distinct energy terms, namely, the strain energy (∆Estrain) that results from 

the deformation of the individual reactants and the interaction energy (∆Eint) 

between the deformed reactants along the reaction coordinate, defined, in this case, 

by the shorter newly forming CCP•••Cb bond between CP and the dienophile. This 

critical reaction coordinate undergoes a well-defined change throughout the reaction 

and has successfully been used in the past for the analysis of similar reactions.[17,49-

51] Figure 6.1a shows the activation strain diagram (ASD) from the reactants to the 

transition states (see Figure S6.3 for the complete reaction profiles) for the Diels-

Alder reactions between CP and the dienophiles O and NMe. The enhanced 

reactivity for the reaction of O originates from both a less destabilizing strain energy 

and a more stabilizing interaction energy. 
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Figure 6.1. a) Activation strain analyses and b) energy decomposition analyses of the Diels-
Alder reactions between the CP and O and NMe going from the reactants to the transition 
states, where the energy values are projected onto the shorter newly forming CCP•••Cb   bond 
between the CP and the dienophile, computed at ZORA-M06-2X/TZ2P//M06-2X/def2-
TZVP. 
 

 

 By inspecting and comparing the DA reaction modes of O and NMe, we 

can ascribe their differences in ∆Estrain to the higher degree of asynchronicity of O 

(O: ∆rTSC•••C = 0.19 Å; NMe: ∆rTSC•••C = 0.14 Å, where ∆rTSC•••C is the difference 

between the newly forming C•••C bond lengths in the TS), which leads to a lower 

degree of deformation of the reactants since the CCP•••Cb bond forms ahead of the 

CCP•••Ca bond (see Figure S6.1 for transition state structures). Later on, we analyze 

and explain the origin of, and differences between, the degrees of asynchronicity of 

the herein studied Diels-Alder reactions. In addition to the strain energy, the 

important role of the interaction energy on the observed reactivity trend prompted 

the analysis of the different contributors to the interaction energy using the canonical 

energy decomposition analysis (EDA).[52,53] Our canonical EDA decomposed the 

∆Eint between the reactants into three physically meaningful energy terms: classical 

electrostatic interaction (∆Velstat), steric (Pauli) repulsion (∆EPauli) which, in general, 

arises from the two-center four-electron repulsion between the closed-shell orbitals 

of both reactants, and stabilizing orbital interactions (∆Eoi) that account, among  
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Figure 6.2. a) Molecular orbital diagram and the most significant occupied orbital overlaps 
of the Diels-Alder reactions between CP and dienophiles NMe and O and b) key occupied 
orbitals (isovalue = 0.03 Bohr–3/2) computed at consistent geometries with a CCP•••Cb bond 
length between CP and the dienophile of 2.125 Å at ZORA-M06-2X/TZ2P//M06-
2X/def2-TZVP. 
 

 

others, for HOMO–LUMO interactions. The corresponding energy decomposition 

analysis (EDA) results for the Diels-Alder reactions of O and NMe are presented 

in Figure 6.1b. The differences in ∆Eint between O and NMe can solely be assigned 

to the Pauli repulsion. The electrostatic and orbital interactions are, on the other 

hand, similar or even more stabilizing for NMe compared to O, despite the more 

favorable HOMOCP–LUMOdienophile gap (∆eH–L, see Table 6.1) computed for the 

latter system. 

 The origin of the less destabilizing Pauli repulsion for the Diels-Alder 

reaction involving O was investigated by performing a Kohn-Sham molecular orbital 

(KS-MO) analysis.[54,55] The occupied molecular orbitals of CP, as well as, O and 

NMe were quantified at consistent geometries with a CCP•••Cb bond length between 

CP and the dienophile of 2.125 Å (Figure 6.2a). Performing this analysis at a 

consistent point along the reaction coordinate (near all transition structures), rather 

than the transition state alone, ensures that the results are not skewed by the position 
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of the transition state.[44,56] The most important occupied π-MO of the dienophile 

involved in the two-center four-electron interaction are the HOMO–2 and HOMO–

3 of NMe and O, respectively, where all 2pz AOs are in-phase. The contributing 

occupied orbital of CP is the HOMO–1, where all 2pz AOs located on both reacting 

C=C double bonds are in-phase. The orbital overlap between the HOMO–1CP and 

the occupied π-MO of the dienophile is larger (S = 0.10) and, therefore, more 

destabilizing for NMe and smaller and less destabilizing for O (S = 0.07). The 

difference in electronegativity of the heteroatoms is the reason behind the decreased 

occupied–occupied orbital overlap. The oxygen of O is more electronegative than 

the nitrogen of NMe and, therefore, polarizes more π-electron density away from 

the terminal carbon of the C=C double bond of the dienophile, which is directly 

involved in the Diels-Alder reaction. 

 Inspection of the spatial distribution of the occupied π-MO of the 

dienophile (Figure 6.2b) reveals that the HOMO–3 of O is polarized towards the 

oxygen, which results in a small orbital amplitude on the reactive C=C bond, while 

in the case of NMe this polarizing effect is minimal. Thus, it can be concluded that 

a large difference in electronegativity induces a significant reduction of the electron 

density at the reactive C=C double bond of the dienophile which results into a lower 

⟨HOMO–1CP|HOMO–3O⟩ overlap and ultimately, to a less destabilizing Pauli 

repulsion and a lower reaction barrier. We have, as prior discussed, observed this 

exact phenomenon in our analysis of Lewis acid-catalyzed Diels-Alder and aza-

Michael addition reactions.[17,22,23] This demonstrates that the applicability of the 

concept of catalysis through reduced steric (Pauli) repulsion, caused by polarizing 

the filled π-orbitals on the C=C double bond away from the incoming reactant, is 

general and not only limited to Lewis acid-catalyzed organic reactions. 
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Figure 6.3. a) Activation strain analyses and b) energy decomposition analyses of the Diels-
Alder reactions between the CP and NMe and NMe2+ going from the reactants to the 
transition states, where the energy values are projected onto the shorter newly forming 
CCP•••Cb bond between CP and the dienophile, computed at ZORA-M06-
2X/TZ2P//M06-2X/def2-TZVP. 
 

 

a,b-Unsaturated Imine vs. Iminium Dienophiles 

Next, we want to understand the driving mechanism behind iminium-catalyzed 

Diels-Alder reactions, i.e., why does the Diels-Alder reaction with a,b-unsaturated 

iminium dienophiles have markedly lower reaction barriers than their imine analogs. 

Figure 6.3 shows the activation strain diagram (ASD) from the reactants to the 

transition states for the Diels-Alder reactions between CP and the dienophiles NMe 

and NMe2+. The accelerated reactivity of the iminium catalyst (NMe2+) originates 

from both a less destabilizing strain energy, as well as a much more stabilizing 

interaction energy (Figure 6.3a). Diels-Alder reactions with more commonly 

employed iminium catalysts, i.e., pyrrolidine (N(C4H8)+) and morpholine 

(N(C4H8O)+), exhibit identical reactivity trends as NMe2+ and are provided in the 

Supporting Information (see Figure S6.4). 

 The difference in strain energy can again be explained by looking at the 

degree of asynchronicity, which is the largest for the iminium dienophile (NMe: 

∆rTSC•••C =0.14 Å; NMe2+: ∆rTSC•••C = 0.86 Å). The higher degree of asynchronicity  
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Figure 6.4. Molecular orbital diagrams of the key orbital interactions of the Diels-Alder 
reactions between the CP and NMe and NMe2+: a) most significant occupied orbital 
overlaps, b) 3D plots of the involved occupied orbitals (isovalue = 0.03 Bohr–3/2). All data 
computed at consistent geometries with a CCP•••Cb bond length between CP and the 
dienophile of 2.125 Å at ZORA-M06-2X/TZ2P//M06-2X/def2-TZVP. 
 

 

of NMe2+ leads to a lower degree of deformation of the reactants since the CCP•••Cb 

bond forms before the CCP•••Ca bond. Note that, in the product, the strain energies 

of both NMe and NMe2+ are identical because both new C•••C bonds are now 

completely formed and the reactants, therefore, are deformed to the same degree 

(See Figure S6.4 for the complete reaction profiles). To understand why NMe2+ 

goes with a more stabilizing interaction energy compared to NMe, we applied the 

energy decomposition analysis (EDA) (Figure 6.3b). In contrast to the commonly 

accepted view that iminium catalysts enhance the orbital interactions of the Diels-

Alder reactions,[16,16-21] we find that the difference in ∆EPauli curves exclusively 

determines the more stabilizing ∆Eint for NMe2+ and, thus, contributes to the 

lowering of the reaction barrier. In contrast, the ∆Velstat and ∆Eoi terms, on the other 

hand, are, in the transition state region, more stabilizing for the uncatalyzed Diels-

Alder reaction with NMe, despite the NMe2+ system benefits from a much more 

favorable HOMOCP–LUMOdienophile energy gap (see Table 6.1).  

 The less destabilizing Pauli repulsion for the reaction involving NMe2+ 

originates from a reduced occupied–occupied orbital overlap with the incoming CP. 
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The most important occupied π-MO of the dienophile participating in the two-

center four-electron interaction is the HOMO–2 and HOMO–1 of NMe and 

NMe2+, respectively, where all 2pz AOs are in-phase. Furthermore, the contributing 

occupied orbital of CP is the HOMO–1, where all 2pz AOs located on both reacting 

C=C double bonds are in-phase. The HOMO–HOMO overlap lowers from 0.10 

for NMe to 0.07 for NMe2+, which is in line with the trend in Pauli repulsion 

(Figure 6.4a). The difference in orbital overlap between NMe and NMe2+ is a direct 

consequence of their difference in asynchronicity. For a more asynchronous reaction 

(NMe2+), the reactants have almost exclusively orbital overlap at the b-carbon side 

of dienophile, and, therefore, less destabilizing Pauli repulsion and a lower reaction 

barrier. Besides being more asynchronous, the HOMO–2 of NMe2+ has less orbital 

amplitude on the b-carbon compared to NMe, which, in turn, also leads to the 

computed lower occupied–occupied orbital overlap (see Figure 6.4b). 

 As described above, asynchronicity is a key factor in these reactions. Indeed, 

a very good linear relationship (correlation coefficient R2 of 0.96) was found when 

plotting the computed activation barriers versus the corresponding difference in 

newly forming C•••C bond lengths in the TS, ∆rTSC•••C (see Figure S6.5). The origin 

of the asynchronicity of the Diels-Alder reactions that significantly contributes to 

the intrinsic catalytic effect of iminium catalysis (by allowing for less reactant 

deformation and strain; vide supra), deserves further analysis. To this end, we 

compared the actual concerted asynchronous Diels-Alder reaction to the analogous 

process which is artificially constrained to be concerted synchronous. In Figure 6.5, 

we solely focus on the activation strain diagrams (ASD) of the asynchronous and 

synchronous NMe2+ DA reaction for which the effects are the largest. The ASD of 

NMe and the more realistic iminium N(C4H8O)+ possess the same, albeit less 

pronounced features (see Figures S6.6 and S6.7). The synchronous DA reaction 

proceeds with a higher barrier compared to its asynchronous counterpart (∆∆E‡ = 

5.7 kcal mol–1), even though the synchronous DA reaction has surprisingly more 

stabilizing interaction energy. The strain energy is initially the largest for the  
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Figure 6.5. a) Activation strain analyses and b) energy decomposition analyses of the 
asynchronous (black) and constraint synchronous (red) Diels-Alder reactions between the 
CP and NMe2+ going from the reactants to the product, where the transition states are 
indicated with a dot and the energy values are projected onto the shorter newly forming 
CCP•••Cb bond between CP and NMe2+, computed at ZORA-M06-2X/TZ2P//M06-
2X/def2-TZVP for NMe2+asynch and ZORA-M06-2X/TZ2P for NMe2+synch. 
 

 

synchronous DA reaction because both newly forming C•••C bonds between CP 

and NMe2+ are formed simultaneously, causing all involved carbon atoms to 

pyrimidalize at the same time (i.e., more deformation and thus more strain). 

However, at the product side (right side of ASD), the strain energies of both the 

asynchronous and synchronous DA are identical, because, in both cases, the 

reactants end up in identical products and are, thus, deformed to the same extent. 

 Next, we turn to the EDA to get a more detailed insight into the 

counterintuitive finding that the interaction energy is more stabilizing for the 

synchronous DA reaction. In contrast with the current view that the asynchronicity 

originates from enhanced orbital interactions,[57-60] we found that the significantly 

larger Pauli repulsion for the synchronous DA compared to the asynchronous DA 

constitutes the actual driving force behind the asynchronous reaction mode. In order 

to relieve the highly destabilizing Pauli repulsion originating from a larger occupied–

occupied orbital overlap (see Figure S6.8) of the synchronous DA reaction, the 

reaction mode becomes asynchronous despite this resulting in a loss of the  
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Figure 6.6. Key occupied π-MOs (isovalue = 0.03 Bohr–3/2) computed at the equilibrium 
structures of a) NMe2+ and b) NMe, where the MO coefficients of the carbon and nitrogen 
2pz atomic orbitals, contributing to the occupied orbitals, are shown in the schematic π-MOs, 
computed at ZORA-M06-2X/TZ2P//M06-2X/def2-TZVP 
 

 

stabilizing orbital and electrostatic interactions. The delicate interplay between this 

reduction of unfavorable Pauli repulsion and loss of favorable orbital and 

electrostatic interactions determines the degree of asynchronicity. Thus, Diels-Alder 

reactions only become asynchronous when the gain in stability, as a response to the 

reduced Pauli repulsion, is large enough to compensate for the significant loss of 

stabilizing interactions, that is, when the catalyst induces sufficient asymmetry in the 

occupied π-MOs of the dienophile. We do, as previously reported in the literature,[57-

60] find a larger 2pz-coefficient on the b-carbon of the NMe2+ LUMO than on the 

a-carbon (Figure S6.9). But, this does not lead to more stabilizing orbital interactions 

for the asynchronous DA reaction, because the orbital overlap of both the normal 

electron demand, ⟨HOMOCP|LUMONMe2+⟩, and inverse electron demand, 
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⟨LUMOCP|HOMONMe2+⟩, are, along the entire reaction coordinate, larger for, and 

therefore also in favor of, the synchronous compared to the asynchronous reaction 

mode (Figure S6.10). 

 We can trace the larger orbital overlap and, consequently, stronger Pauli 

repulsion for the synchronous DA reaction back to the orbital amplitude of the key 

occupied orbitals, HOMO and HOMO–1, of NMe2+ on the a- and b-carbon atoms 

(Figure 6.6a). The larger MO-coefficient of the 2pz atomic orbital on the a-carbon 

of the dienophile leads to a larger orbital overlap and, therefore, more Pauli repulsion 

with the filled orbitals of CP than the b-carbon, which has a smaller MO-coefficient 

and, as a consequence, less orbital overlap and Pauli repulsion with CP. To reduce 

the larger Pauli repulsion originating from the a-carbon of NMe2+ and CP, the 

newly forming CCP•••Ca bond must be elongated to a larger extent than the 

analogous bond formed between CCP•••Cb, making the DA reaction asynchronous. 

 In addition, we want to understand why the DA reaction involving NMe2+ 
is significantly more asynchronous than NMe (NMe2+: ∆rTSC•••C = 0.86 Å; NMe: 
∆rTSC•••C =0.14 Å). In order to understand this difference, we need to compare the 

MO-coefficients on the a- and b-carbon of the key HOMOs of NMe2+ and NMe, 
Figures 6.6a and 6.6b, respectively. As prior discussed, both key occupied orbitals 

of NMe2+ have a larger MO-coefficient on the a- than on the b-carbon and, thus, 

both work in favor of an asynchronous reaction mode. The MO-coefficients of the 

key HOMOs of NMe, on the other hand, are not both pointing towards the 

observed asynchronous reaction. As expected, the MO-coefficient of the a-carbon 

of the HOMO–2 is larger than on the b-carbon, driving the reaction to the observed 

asynchronous reaction mode. This effect, however, gets partly, but not completely, 

countered by the MO-coefficients of the HOMO of NMe, which has a larger orbital 

amplitude on the b-carbon than on the a-carbon, resulting in a DA reaction that has 

a smaller degree of asynchronicity than NMe2+. 
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Figure 6.7. Molecular orbital diagrams with orbital energies and overlaps for a) normal 
electron demand (NED) HOMOCP–LUMOdienophile interactions; and b) inverse electron 
demand (IED) LUMOCP–HOMOdienophile interactions of the Diels-Alder reactions between 
the CP and NMe and NMe2+, computed at consistent geometries with a CCP•••Cb bond 
length between CP and the dienophile of 2.125 Å at ZORA-M06-2X/TZ2P//M06-
2X/def2-TZVP. 
 

 

 At last, we address why the current rationale behind iminium-catalyzed 

Diels-Alder reactions is misleading, thus, why the orbital interactions for NMe2+ are 

less stabilizing than for NMe despite the former system exhibit a smaller HOMOCP–

LUMOdienophile energy gap by applying a Kohn-Sham molecular orbital analysis at 

consistent geometries with a CCP•••Cb bond length between CP and the dienophile 

of 2.125 Å. In line with the original rationale behind iminium-catalyzed DA 

reactions,[16,18-21] the iminium catalyst stabilizes the LUMOdienophile from –0.6 eV for 

NMe to –6.4 eV for NMe2+, leading to a smaller HOMOCP–LUMONMe2+ energy 

gap compared to the NMe analog (Figure 6.7a). This effect surpasses the 

unfavorable reduction of orbital overlap, which finds its origin in the prior discussed 

increased asynchronicity, and, therefore, enhances the NED interaction. The 

iminium catalyst, however, stabilizes all NMe2+ orbitals, thus also the 

HOMOdienophile from –8.4 eV for NMe to –13.8 eV NMe2+, which, in turn, results 
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in a larger LUMOCP–HOMONMe2+ gap and, together with a less favorable orbital 

overlap, weakens the IED interaction (Figure 6.7b). The weakening of the IED 

interaction effectively overrules the more stabilizing NED interaction and, for this 

reason, the total orbital interactions of NMe2+ are less stabilizing than for NMe. 

 

 

6.4 Conclusions 
Our computational study, based on the activation strain model and canonical energy 

decomposition analysis, reveals that iminium groups (NMe2+) efficiently catalyze 

the Diels-Alder reaction between cyclopentadiene (CP) and a,b-unsaturated 

dienophiles by accelerating the reaction by up to 15 orders of magnitude compared 

to the uncatalyzed reactions. Furthermore, we found that the uncatalyzed reactions 

involving a,b-unsaturated aldehyde dienophiles (O) go with a consistently lower 

reaction barrier than the imine (NMe) analogs. 

 Strikingly, the enhanced reactivity of the iminium-catalyzed Diels-Alder 

reactions is exclusively caused by a markedly diminished two-center four-electron 

steric (Pauli) repulsion between the π-systems of CP and NMe2+ and not from 

enhanced orbital interactions as a response to the lowering of the LUMOdienophile. In 

fact, the net orbital interactions in the iminium reaction are even less stabilizing 

because of a weakening of the inverse electron demand LUMOdiene–HOMOdienophile 

interaction. This finding challenges the widely accepted LUMO-lowering catalysis as 

the actual electronic mechanism behind this mode of catalysis.  

Most importantly, the present study establishes for the first time and in a 

quantitative manner the causal relationship between, on one hand, synchronicity and 

reactivity in Diels-Alder cycloaddition reactions and, on the other hand, the Pauli 

repulsive occupied–occupied orbital overlap between the reactants and the way it 

depends on the shape of the occupied π-MO of the dienophile. 

The reason for the Pauli-lowering catalysis is that the occupied π-orbitals of 

the iminium-activated dienophile have a larger orbital amplitude on the a- compared 

to the b-carbon, resulting in less occupied–occupied orbital overlap between CP and 
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the b-carbon than the a-carbon of the dienophile. This asymmetry introduces a bias 

towards forming the CCP•••Cb bond ahead of the CCP•••Ca bond and results in a 

highly asynchronous reaction. This circumstance has two stabilizing and thus 

barrier-lowering consequences: (i) reduced Pauli repulsive occupied–occupied 

orbital overlap and thus a more stabilizing interaction between the reactants in the 

TS at the expense of a less significant loss in bonding HOMO–LUMO overlap and 

thus stabilizing orbital interaction; and (ii) less pressure on the reactants to deform 

and thus a less destabilizing activation strain in the TS. 
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6.6 Supporting Information 
 

Table S6.1. Gibbs free reactant complexes (∆GRC), reaction barriers (∆G‡), reaction energies 
(∆Grxn) (in kcal mol–1), computed for the Diels-Alder reactions between cyclopentadiene 
(CP) and various aldehyde, imine, and iminium dienophiles.[a] 

X  ∆GRC ∆G‡ ∆Grxn 

O endo 6.1 28.1 –7.2 

 exo 6.9 28.7 –7.0 

O–AlCl3 endo 4.7 15.6 –8.3 

 exo 6.0 16.3 –7.7 

NMe endo 6.4 31.5 –5.9 

 exo 7.2 32.0 –5.7 

MeN–AlCl3 endo 6.1 24.0 –6.7 

 exo 6.5 23.9 –7.9 

N(C4H8)+ endo 1.3 12.2 –10.4 

 exo 2.6 12.6 –9.7 

N(C4H8O)+ endo 1.4 11.2 –11.0 

 exo 2.4 12.6 –9.7 

NMe2+ endo 0.8 10.7 –11.2 

 exo 2.3 10.9 –10.4 
[a] Computed at M06-2X/def2-TZVP. 
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Figure S6.1. Transition state structures for the Diels-Alder reaction between 
cyclopentadiene and various dienophiles forming an endo (left) or exo (right) cycloadduct, 
computed at M06-2X/def2-TZVP. 
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Figure S6.2. Activation barriers for the Diels-Alder reactions versus the reactants’ 
HOMOCP–LUMOdienophile gaps (∆e), computed at M06-2X/def2-TZVP. 
 

 

 

 
Figure S6.3. a) Activation strain analyses and b) energy decomposition analyses of the Diels-
Alder reactions between the CP and O and NMe going from the reactants to the products, 
where the energy values are projected onto the shorter newly forming CCP•••Cb bond 
between CP and the dienophile, computed at ZORA-M06-2X/TZ2P//M06-2X/def2-
TZVP. 
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Figure S6.4. a) Activation strain analyses and b) energy decomposition analyses of the Diels-
Alder reactions between the CP and NMe, N(C4H8)+, N(C4H8O)+, and NMe2+ going 
from the reactants to the product, where the energy values are projected onto the shorter 
newly forming CCP•••Cb bond between CP and the dienophile, computed at ZORA-M06-
2X/TZ2P//M06-2X/def2-TZVP. 
 

 

 

 
Figure S6.5. Activation barriers for the Diels-Alder reactions versus the degree of 
asynchronicity (∆rTSC•••C), computed at M06-2X/def2-TZVP. 
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Figure S6.6. a) Activation strain analyses and b) energy decomposition analyses of the 
asynchronous (black) and constraint synchronous (red) Diels-Alder reactions between the 
CP and NMe going from the reactants to the product, where the energy values are projected 
onto the shorter newly forming CCP•••Cb between CP and the NMe, computed at ZORA-
M06-2X/TZ2P//M06-2X/def2-TZVP for NMeasynch and ZORA-M06-2X/TZ2P for 
NMesynch. 
 

 

 

 
Figure S6.7. a) Activation strain analyses and b) energy decomposition analyses of the 
asynchronous (black) and constraint synchronous (red) Diels-Alder reactions between the 
CP and N(C4H8O)+ going from the reactants to the product, where the energy values are 
projected onto the shorter newly forming CCP•••Cb between CP and the N(C4H8O)+, 
computed at ZORA-M06-2X/TZ2P//M06-2X/def2-TZVP for N(C4H8O)+asynch and 
ZORA-M06-2X/TZ2P for N(C4H8O)+synch. 
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Figure S6.8. Occupied-occupied orbital overlap of a) HOMONMe2+ with HOMO–1CP and 
HOMO–6CP and b) HOMO–1NMe2+ with HOMO–1CP and HOMO–6CP and c) the 
representation of the orbitals (isovalue = 0.03 Bohr–3/2) of the asynchronous (black) and 
constraint synchronous (red) Diels-Alder reactions between the CP and NMe2+ going from 
the reactants to the product, where the orbital overlap values are projected onto the shorter 
newly forming CCP•••Cb bond between CP and the NMe2+, computed at ZORA-M06-
2X/TZ2P//M06-2X/def2-TZVP for NMe2+asynch and ZORA-M06-2X/TZ2P for 
NMe2+synch. 

  



How Iminium Catalysts Accelerate Diels-Alder Reactions 

 139 

 
Figure S6.9. Key unoccupied orbitals (isovalue = 0.03 Bohr–3/2) computed at the 
equilibrium structures of NMe, N(C4H8O)+, and NMe2+, where the MO-coefficients of 
the carbon and nitrogen 2pz atomic orbitals, contributing to the LUMO, are shown in the 
schematic LUMOs. 
 

 

 

 
Figure S6.10. a) The normal electron demand, ⟨HOMOCP|LUMONMe2+⟩, and inverse 
electron demand, ⟨LUMOCP|HOMONMe2+⟩, orbital overlap and b) the representation of the 
orbitals (isovalue = 0.03 Bohr–3/2) of the asynchronous (black) and constraint synchronous 
(red) Diels-Alder reactions between the CP and NMe2+ going from the reactants to the 
product, where the orbital overlap values are projected onto the shorter newly forming 
CCP•••Cb bond between CP and the NMe2+, computed at ZORA-M06-2X/TZ2P//M06-
2X/def2-TZVP for NMe2+asynch and ZORA-M06-2X/TZ2P for NMe2+synch. 
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Chapter 7 
 

How Bifunctional Hydrogen-Bonded  
Lewis Acids Catalyze Diels-Alder Reactions 

 
 

Previously appeared as 

 

Bifunctional Hydrogen Bond Donor-Catalyzed Diels-Alder Reactions: 

Origin of Stereoselectivity and Rate Enhancement 

P. Vermeeren, T. A. Hamlin, F. M. Bickelhaupt, I. Fernández 

Chem. Eur. J. 2021, 27, 5180–5190. 
 

 

The selectivity and rate enhancement of bifunctional hydrogen bond donor-

catalyzed Diels-Alder reactions between cyclopentadiene and acrolein were quantum 

chemically studied using density functional theory in combination with coupled-

cluster theory. (Thio)ureas render the studied Diels-Alder cycloaddition reactions 

exo selective and induce a significant acceleration of this process by lowering the 

reaction barrier by up to 7 kcal mol–1. Our activation strain and Kohn-Sham 

molecular orbital analyses uncover that these organocatalysts enhance the Diels-

Alder reactivity by reducing the Pauli repulsion between the closed-shell filled π-

orbitals of the diene and dienophile, by polarizing the π-orbitals away from the 

reactive center and not by making the orbital interactions between the reactants 

stronger. In addition, we establish that the unprecedented exo selectivity of the 

hydrogen bond donor-catalyzed Diels-Alder reactions is directly related to the larger 

degree of asynchronicity along this reaction pathway, which is manifested in a relief 

of destabilizing activation strain and Pauli repulsion.  
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7.1 Introduction 
The Diels-Alder (DA) cycloaddition reaction is arguably one of the most useful 

processes in chemistry due to its ability to produce six-membered rings in a single 

reaction step generating up to four stereocenters.[1-3] Due to the relevance of this 

transformation in synthesis,[4-6] an impressive number of organocatalysts have been 

developed not only to accelerate but also to produce highly enantioselective 

cycloadditions. In this regard, a wide variety of chiral amines, heterocyclic carbenes, 

guanidines, ureas, amidinium ions, diols, squaramides, and other Lewis acids have 

successfully been used to afford the corresponding cycloadduct with high 

enantiomeric excess.[7-15] 

 In particular, bifunctional hydrogen bond donor organocatalysts, i.e., 

molecules able to act as Lewis acid via two hydrogen bonds, have attracted 

considerable attention in this line of research.[14,15] For instance, the seminal works 

by Rawal and co-workers[16,17] and Schreiner and co-workers[18-20] on the use of 

TADDOL and thioureas, respectively, as organocatalysts for Diels-Alder reactions 

should be especially highlighted (Scheme 7.1). The catalytic activity of these species 

is generally ascribed to the bidentate nature of the organocatalyst–substrate binding, 

which favorably preorganizes and activates the substrate.[8,18-21] In analogy with 

conventional Lewis acid catalysts, this type of activation is widely accepted to be the  

 

 

 
Scheme 7.1. Representative organocatalyzed Diels-Alder cycloaddition reactions involving 
a) TADDOL[16,17] and b) Schreiner’s thiourea.[18-20] AcCl = acetyl chloride. 
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Scheme 7.2. (Thio)urea-catalyzed Diels-Alder cycloaddition reactions studied in this work. 
 

 

result of the lowering of the LUMO of the dienophile upon binding with the double 

hydrogen bond donor catalyst.[21] However, we recently demonstrated that orbital 

interactions are not the origin of conventional Lewis acid catalysis in Diels-Alder 

reactions, but, in contrast, a significant reduction of the steric (Pauli) repulsion 

between the occupied π-molecular orbitals of the diene and dienophile enhances the 

Diels-Alder reactivity.[22,23] It would not be surprising if this Pauli-lowering concept, 

which is also operative in iminium-catalyzed Diels-Alder reactions[24] and dihalogen-

catalyzed aza-Michael additions,[25] would be the actual driving force behind the 

catalysis mediated by bifunctional hydrogen bond donor species. 
 To check our hypothesis and to gain detailed insight into the hitherto poorly 

understood mode of activation of bifunctional hydrogen bond donor (HB) species, 

we selected the Diels-Alder cycloaddition reaction between cyclopentadiene (CP) 

and acrolein (A) catalyzed by different, as Lewis acid acting, (thio)urea species 

analogous to the processes described by Schreiner and co-workers (Scheme 7.2).[18] 

The endo/exo selectivity, as well as the origin of the rate enhancement, are 

quantitatively explored by means of state-of-the-art computational methods, 

namely, the activation strain model (ASM) of reactivity[26-31] in conjunction with 

quantitative Kohn-Sham molecular orbital theory (KS-MO)[32] and a matching 

energy decomposition analysis (EDA).[33,34] This computational approach has been 

chosen due to its good performance to understand not only fundamental processes 

in organic and organometallic chemistry[26-31] but, in particular, the mode of 

activation and catalysis in related transformations.[22-25] 
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7.2 Methods 
Computational Details 

Full geometry optimization of all stationary structures and vibrational analyses were 

carried out at the M06-2X/def2-SVPP level[35-37] using the Gaussian 16 program.[38] 

The potential energy surfaces of the studied Diels-Alder reactions were obtained by 

performing intrinsic reaction coordinate (IRC) calculations.[39] The activation strain 

model (ASM) and energy decomposition analyses (EDA) were carried out by using 

the PyFrag 2019[40] and ADF2018.104[41-43] programs using the same functional in 

conjunction with doubly polarized triple-z quality TZ2P basis set[44] on the 

geometries optimized at M06-2X/def2-SVPP. The zeroth-order regular 

approximation (ZORA) was used to account for scalar relativistic effects.[45,46] This 

level is referred to as ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP and has been 

selected because it has been proven to provide accurate activation barriers in related 

reactions[9,10] and is well suited to capture the noncovalent interactions relevant to 

reaction kinetics.[47,48] Domain-Based Local Pair Natural Orbital Coupled-Cluster 

(DLPNO-CCSD(T)) calculations, with default normalPNO settings, were 

performed using Orca 4.0.1[49,50] using the def2-QZVPP[36,37] basis set on the M06-

2X/def2-SVPP optimized geometries. 

 

 

7.3 Results and Discussion 
We first analyzed the nature and strength of the (thio)urea–acrolein (HB–A) 

interaction, which is crucial to understand the catalysis mediated by these 

bifunctional organocatalysts, by using the energy decomposition analysis (EDA)[33,34] 

scheme at the ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP level. This method 

decomposes the interaction energy (∆Eint) between HB and A into the following 

three chemically meaningful energy terms: classical electrostatic interaction (∆Velstat), 

Pauli repulsion (∆EPauli) between closed-shell orbitals which is responsible for steric 

repulsion, and stabilizing orbital attractions (∆Eoi) that account, among others, for  
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Table 7.1. Energy decomposition analysis terms (in kcal mol–1), LUMO, π*C=C, energy 
(∆eLUMO) (in eV), and H•••O=C distances (in Å), computed on hydrogen bond donor–
acrolein (HB–A) complexes.[a]  

 

HB ∆Eint ∆Velstat ∆EPauli ∆Eoi eLUMO r(H1•••O=C) r(H2•••O=C) 

U –7.1 –9.3 5.5 –3.2 –1.7 2.147 2.144 

TU –8.5 –11.0 6.6 –4.1 –1.8 2.115 2.101 

UPh –9.1 –12.0 7.6 –4.7 –1.9 2.053 2.052 

TUPh –10.4 –13.9 9.5 –6.1 –1.7 2.078 2.067 

UF –13.0 –15.3 9.0 –6.8 –2.3 2.084 1.955 

TUF –13.8 –16.3 10.2 –7.7 –2.3 2.076 1.935 
[a] The hydrogen bond donor (HB) and acrolein (A) constitute the two interacting fragments. 
All data computed at the ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP level. 
 

 

HOMO–LUMO interactions. In all cases, the (thio)urea hydrogen bond donor (HB) 

catalysts form a bidentate complex via a bifurcated hydrogen bond to A. As gathered 

in Table 7.1, the interaction between the different HBs and A, derived from the 

double hydrogen bond, ranges from –7 to –14 kcal mol–1, which, not surprisingly, is 

significantly weaker than the value computed for the analogous interaction involving 

strong Lewis acids such as BF3 or AlCl3 but comparable to those species involving 

weaker Lewis acids such as SnCl4 or TiCl4.[22] As shown in Table 7.1, the ∆Eint 

becomes increasingly more stabilizing from U < UPh < UF and TU < TUPh < 

TUF, which, interestingly, follows the same trend as their experimentally 

determined acidities[51] and the observed acceleration of the Diels-Alder 

cycloaddition involving the analogous methyl vinyl ketone (TU < TUPh < 

TUF).[18] The corresponding bifurcated hydrogen bond length between H1•••O=C 

and H2•••O=C becomes steadily shorter along this series, in line with the increasing 

bond strength. One exception, however, is TUPh, which has a slightly longer 
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hydrogen bond length than UPh. As expected, the interaction term is dominated by 

the ∆Velstat term, confirming the electrostatic nature of this hydrogen bonding 

interaction. Although the ∆Velstat term is more than twice as strong, the ∆Eoi is not 

negligible and also follows the same trend as ∆Eint and ∆Velstat. As a result, the 

LUMO of the complex, i.e., the π*C=C molecular orbital located on the C=C double 

bond of A, becomes more stabilized from U to TUF, which is consistent with the 

widely accepted LUMO lowering concept (vide supra).[18-20] The donor–acceptor 

interaction between HB and A, which transfers charge from A to HB, results in a 

slightly positively charged A. This positive field, in turn, lowers (i.e., stabilizes) the 

LUMO on A and this effect becomes more prominent as the donor–acceptor 

interaction between HB and A is strengthened. Furthermore, it becomes visible that 

thiourea-based HBs have, in line with their experimentally determined stronger 

acidity (pKA = 21.1 and 26.9, for thiourea and urea, respectively),[51-53] a consistently 

more stabilizing interaction with A than their urea counterparts, which suggests that 

thiourea species are better catalysts than their urea analogs. 

 After analyzing the bonding situation in the HB–A complexes, we focused 

on the Diels-Alder reaction of these activated species with cyclopentadiene. The 

electronic reaction barriers (∆E‡), reaction energies (∆Erxn), and HOMOCP–

LUMOHB–A orbital energy gaps (∆eH–L) of the uncatalyzed and HB-catalyzed Diels-

Alder (DA) reaction between cyclopentadiene (CP) and HB–acrolein complexes 

(HB–A) (Scheme 7.2) are provided in Table 7.2. In agreement with previous 

calculations,[19] all studied reactions occur in a concerted asynchronous manner 

through the corresponding six-membered transition state (see Figure S7.1 for the 

optimized transition state structures). 

 According to the computed ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP 

barrier energies, which agree well with the more accurate DLPNO-CCSD(T)/def2-

QZVPP//M06-2X/def2-SVPP values, three distinct trends can be observed. In the 

first place, we, surprisingly, found that the endo selectivity of the widely studied  

 



How Bifunctional Hydrogen-Bonded Lewis Acids Catalyze Diels-Alder Reactions 

 147 

Table 7.2. Electronic reaction barriers (∆E‡), reaction energies (∆Erxn) (in kcal mol–1), and 
HOMOCP–LUMOHB–A energy gaps (∆eH–L) (in eV) for the uncatalyzed and hydrogen bond 
donor-catalyzed Diels-Alder reaction between cyclopentadiene and acrolein. 

HB–A cycloadduct ∆E‡[a] ∆E‡[b] ∆Erxn[a] ∆eH–L[a] 

A endo 13.1 14.3 –25.3 6.6 

 exo 13.6 14.8 –25.1 6.6 

U–A endo 9.3 11.1 –25.8 5.9 

 exo 8.9 10.4 –25.5 5.9 

TU–A endo 8.2 9.5 –25.9 5.7 

 exo 8.3 10.0 –25.5 5.7 

UPh–A endo 8.4 8.2 –27.4 5.6 

 exo 6.4 6.4 –29.0 5.6 

TUPh–A endo 7.5 8.9 –27.0 5.8 

 exo 6.4 8.0 –28.2 5.8 

UF–A endo 7.2 7.2 –27.0 5.3 

 exo 6.7 6.0 –26.8 5.3 

TUF–A endo 7.0 7.8 –26.9 5.3 

 exo 6.2 7.0 –27.2 5.3 
[a] Computed at the ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP level. [b] Computed at 
the DLPNO-CCSD(T)/def2-QZVPP//M06-2X/def2-SVPP level. 
 

 

uncatalyzed DA reaction between CP and A changes to exo selectivity when this 

reaction is catalyzed by a HB. The reaction barriers of the exo HB-catalyzed DA 

reaction pathways are 0.4 to 2.1 kcal mol–1 lower in energy than the corresponding 

endo pathways. There is, however, one exception, namely, the Diels-Alder reaction 

between CP and TU–A, where the exo and endo reaction barrier are nearly identical. 

Secondly, the Diels-Alder reactions catalyzed by thiourea-based HBs proceed with 

a lower reaction barrier than those promoted by their urea-based analogs, which 

confirms the superior catalytic activity of thioureas. Their reaction energies are, on 

the other hand, nearly identical. Thirdly, introducing a HB catalyst significantly 

accelerated the DA lowering the reaction barrier 4–7 kcal mol–1. This rate 

enhancement becomes more significant when the hydrogen atom of the parent 
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(thio)urea (U–A, TU–A) is replaced by a phenyl group (UPh–A, TUPh–A) and 

even more pronounced when the aryl groups bear the strong electron-withdrawing 

CF3 groups (UF–A, TUF–A), which, as commented above, follows the same trend 

as the computed ∆Eint of the HB–A complexes and is consistent with the 

experimental findings.[18] Furthermore, there is a modest linear correlation (R2 = 0.88 

for endo; R2 = 0.83 for exo) between the computed reaction barriers (∆E‡) and the 

corresponding HOMOCP–LUMOHB–A orbital energy gaps (∆eH–L, see Figure S7.2). 

This suggests that the reduced reaction barrier, upon coordination of a catalyzing 

HB to A, might be related to the lowering of the LUMOHB–A. We will show later 

that, similar to our previous study on Lewis acid-catalyzed Diels-Alder reactions,[23,24] 

this is not the case for these hydrogen bond donor-catalyzed Diels-Alder reactions. 

 

 

endo/exo Stereoselectivity 

Before exploring the factors controlling the rate enhancement induced by the 

organocatalysts, we first aim to understand why coordinating a HB to A significantly 

alters the endo/exo selectivity by applying the activation strain model (ASM) of 

reactivity.[11] This method decomposes the electronic energy (∆E) into two terms: 

the strain energy (∆Estrain) that results from the distortion of the individual reactants 

and the interaction energy (∆Eint) between the deformed reactants along the reaction 

coordinate, defined in this case as the IRC projection onto the shorter newly forming 

CCP•••Cb bond. This critical reaction coordinate undergoes a well-defined change 

throughout the reaction and has successfully been used in the past for the analysis 

of similar reactions.[22,24,54-56] To this end, we have analyzed the endo/exo selectivity of 

the process involving UPh–A, which has the largest, and hence clearest, difference 

between the endo and exo reaction barriers (see Figure 7.1). Note that the activation 

strain diagrams (ASD) of all other reactions can be found in the Supporting 

Information (Figures S7.3–S7.6). The exo selectivity of the CP + UPh–A 

cycloaddition is the result of both a less destabilizing activation strain and a more  
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Figure 7.1. a) Activation strain analyses and b) energy decomposition analyses of the 
catalyzed endo (black lines) and exo (red lines) Diels-Alder reactions between CP and UPh–
A complex, where the energy values are projected onto the shorter newly forming CCP•••Cb 
bond between CP and the UPh–A, computed at the ZORA-M06-2X/TZ2P//M06-
2X/def2-SVPP level. 
 

 

stabilizing interaction energy (Figure 7.1a). Surprisingly, the stronger interaction 

energy computed for the exo pathway is not dictated by the electrostatic interaction 

(which still favors endo, just as in the case of the uncatalyzed reaction which does go 

via endo; see Figure S7.3) but by the reduction in the steric (Pauli) repulsion (Figure 

7.1b). The less destabilizing strain energy for the exo pathway can be ascribed to the 

larger degree of asynchronicity compared to endo (exo: ∆rTSC•••C = 0.40 Å; endo: 

∆rTSC•••C = 0.35 Å, where ∆rTSC•••C is the difference between the newly forming C•••C 

bond lengths in the TS), which leads to a lower degree of deformation of the 

reactants since the CCP•••Cb bond forms ahead of the CCP•••Ca bond (see Figure 

S7.1). 

 The origin of the less destabilizing Pauli repulsion for the exo Diels-Alder 

reaction pathway between CP and UPh–A complex was further investigated by 

performing a Kohn-Sham molecular orbital (KS-MO) analysis.[32,57] The occupied 

molecular orbitals of CP and UPh–A, following both the endo and exo pathways, 

were quantified at the transition state geometries where the CCP•••Cb bond length  
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Figure 7.2. a) Molecular orbital diagram and the most significant occupied orbital overlaps 
of the endo and exo Diels-Alder reactions between CP and UPh–A and b) key occupied 
orbitals (isovalue = 0.03 Bohr–3/2), where the MO-coefficients of the carbon 2pz atomic 
orbitals, contributing to the occupied orbitals of the UPh–A, are shown. Computed at the 
transition state geometries where the CCP•••Cb bond length between CP and the UPh–A is 
2.08 Å at the ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP level. 
 

 

between CP and the UPh–A is 2.08 Å (Figure 7.2a). Analysis at a consistent 

geometry, instead of at the transition state, is advised when the transition states occur 

at different points on the reaction coordinate. A single-point analysis on the 

transition state geometries results in skewed conclusions since the position of the 

transition state (i.e., early- or late-transition state) has a significant impact on the 

magnitude of the energy terms.[29,58] The most important occupied π-MO of UPh–
A involved in the two-center four-electron interaction, which determines the 

underlying differences in Pauli repulsion between the endo and exo pathway, is the 

HOMO–6. This particular orbital corresponds to the π-molecular orbital located on 

the reactive C=C double bond of A. The contributing occupied orbital of CP is the 

HOMO–6 where all 2pz AOs and the σC–H (pseudo-π), located on the reacting C=C 

double bonds and the methylene bridge, respectively, are in-phase. Along the exo 

pathway, the orbital overlap between HOMO–6CP and HOMO–6UPh–A is smaller (S 

= 0.13) and, therefore, less destabilizing than along the endo pathway (S = 0.15) (see 



How Bifunctional Hydrogen-Bonded Lewis Acids Catalyze Diels-Alder Reactions 

 151 

Figure S7.7 for the evolution of the orbital overlap along the reaction coordinate). 

This difference in orbital overlap is a direct consequence of the previously discussed 

different degrees in asynchronicity, which is, as we have previously shown in our 

analysis of iminium-catalyzed Diels Alder reactions,[9] induced by their difference in 

MO-coefficients of the 2pz atomic orbital on the a-carbon of the dienophile. The 

larger this difference in MO-coefficients, the larger the degree of asynchronicity. As 

shown in Figure 7.2b, for the endo pathway the MO-coefficient on the a-carbon is 

0.51, while for the exo pathway it is 0.53, resulting in a more destabilizing closed-

shell repulsion at the a-carbon side for the latter. This effect gets compensated by 

the elongation of the CCP•••Ca bond distance along the exo pathway, making this 

reaction more asynchronous. As a result, along the more asynchronous exo pathway, 

the reactants have less orbital overlap at the a-carbon of the dienophile due to a 

longer the CCP•••Ca bond length, manifesting in less destabilizing Pauli repulsion 

and a lower reaction barrier compared to the endo pathway. 

 One might expect that CP, along the endo pathway, also has a larger steric 

(Pauli) repulsion with the HB catalyst. In order to test this hypothesis, we performed 

a numerical experiment in which we evaluate the interaction between CP and UPh 

in the position they obtain in the transition state geometries used for the KS-MO 

analysis in Figure 7.2 (Table S7.1). Surprisingly, we found a more favorable C–H•••π 

interaction between CP and the phenyl group of UPh for the exo than for the endo 

pathway (∆Eintendo = –2.7 kcal mol–1; ∆Eintexo = –3.3 kcal mol–1). As a result of this 

stronger interaction along the exo pathway, the CP and UPh distance is shorter 

which, as expected, also goes with a more destabilizing Pauli repulsion compared to 

the endo pathway (∆EPauliendo = 1.3 kcal mol–1; ∆EPauliexo = 2.1 kcal mol–1). Note that 

this enhanced interaction for the exo pathway between CP and HB has also been 

observed for the other HBs, with an exception for U and TUF for which the 

interaction is equal or is slightly stronger along the endo pathway. Thus, these findings 

indicate that besides having less Pauli repulsion between CP and HB–A along the 

exo pathway, the more favorable interaction between the CP and HB also induces 

an exo selective preference for this reaction.[13] 
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Figure 7.3. a) Activation strain analyses and b) energy decomposition analyses of the exo 
Diels-Alder reactions between CP and U–A (black lines) and TU–A (red lines), where the 
energy values are projected onto the shorter newly forming CCP•••Cb bond between CP and 
HB–A, computed at the ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP level. 
 

 

Transitioning from Urea- to Thiourea-Based Hydrogen Bond Donor 

Catalysts 

 Next, we want to establish why thiourea-based HBs accelerate the Diels-

Alder reaction between CP and A to a larger extent than urea-based HBs. Figure 7.3 

shows the activation strain diagrams (ASDs) from the reactants to the transition 

states for the exo Diels-Alder reaction between CP and A catalyzed by the parent 

urea (U) and thiourea (TU) HBs. The Diels-Alder reaction following the endo 

pathway, as well as the reactions catalyzed with the larger UPh–A and TUPh–A 

HBs show the same, albeit less pronounced, features (See Figures S7.8–S7.10). The 

enhanced reactivity of the Diels-Alder reaction involving TU–A originates from 

both a less destabilizing strain energy (in the transition state region) and a more 

stabilizing interaction energy compared to the analogous process involving U–A 

(Figure 7.3a). The difference in strain energy can again be ascribed to the different 

degrees of asynchronicity of these reactions, which is the largest for TU–A (U–A: 

∆rTSC•••C = 0.34 Å; TU–A: ∆rTSC•••C = 0.41 Å), leading to less deformation of the 

reactants up until the transition state. The more stabilizing interaction energy  
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Figure 7.4. a) Molecular orbital diagram and the most significant occupied orbital overlaps 
of the exo Diels-Alder reactions between CP and dienophiles U–A and TU–A and b) key 
occupied orbitals (isovalue = 0.03 Bohr–3/2), where the MO-coefficients of the carbon 2pz 
atomic orbitals, contributing to the occupied orbitals of HB–A are shown. Computed at 
consistent geometries with a CCP•••Cb bond length between CP and HB–A of 2.10 Å at the 
ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP level. 
 

 

computed for the TU–A + CP cycloaddition is, according to the EDA (Figure 7.3b), 

exclusively originating from a less destabilizing Pauli repulsion. The electrostatic and 

orbital interactions, on the contrary, are less stabilizing for TU–A compared to U–

A. 

 The less destabilizing Pauli repulsion for the reaction involving TU–A 

derives from a reduced occupied–occupied orbital overlap with the incoming CP. 

The occupied molecular orbitals of CP and the U–A and TU–A complexes were 

quantified at consistent geometries with a CCP•••Cb bond length between CP and 

HB–A of 2.10 Å (Figure 7.4a). The occupied π-MO of HB–A contributing most to 

the trend in two-center four-electron (Pauli) repulsion, is the HOMO–3 of both U–

A and TU–A, which corresponds to the π-molecular orbital predominantly located 

on the reactive C=C double bond of A. Furthermore, CP has two π-MOs that are 

contributing to the built-up of Pauli repulsion, namely the HOMO–1 and HOMO–

6 where, for the former, the 2pz AOs on the reacting C=C double bonds and the  
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σC–H (pseudo-π) on the methylene bridge are out-of-phase whereas, for the latter, 

they are in-phase. The computed HOMO–HOMO overlaps decrease from 

⟨HOMO–1CP|HOMO–3U-A⟩ = 0.10 and ⟨HOMO–6CP|HOMO–3U–A⟩ = 0.12 for 

U–A to ⟨HOMO–1CP|HOMO–3TU–A⟩ = 0.09 and ⟨HOMO–6CP|HOMO–3TU-A⟩ 
= 0.11 for TU–A. The differences in orbital overlap between U–A and TU–A can 

be attributed to two different phenomena: (i) the thiourea-based HB of TU–A is, 

due to its more acidic nature and, therefore, lower-lying LUMO,[51-53] able to better 

polarize the π-MO of the dienophile away from the reactive C=C double bond of A 

than U–A, and (ii) the DA reaction involving TU–A is more asynchronous than the 

analogous reaction with U–A. The stronger donor–acceptor interaction between the 

two σ*N–H orbitals of the hydrogen bond donor catalyst TU and the oxygen lone 

pair orbital of A (see Table 7.1) results in a charge transfer from A to TU which is 

manifested in a smaller orbital amplitude on the C=C double bond of A (see MO-

coefficients in Figure 7.4b), compared to the interaction between U and A. We 

expect, based on the surmounting evidence provided by our recent work,[22-25] that 

the stronger the Lewis acid, the greater the catalysis will be. This is due to the 

relationship between the strength of the Lewis acid and the polarization of the 

orbital density away from the reactive center, which accelerates the reaction via a 

reduction of activation strain and steric repulsion. Furthermore, in analogy with the 

analysis of the exo preference of UPh–A, the larger degree of asynchronicity for 

TU–A also contributes to the reduction of destabilizing orbital overlap between the 

reactants. 

 

 

Catalytic Effect of Hydrogen Bond Donor Catalysts 

Lastly, we examined the actual catalytic effect of the HBs, in other words, why do 

HBs accelerate the Diels-Alder reaction and why does this effect become more 

pronounced when the hydrogen atom of the parent (thio)ureas (U/TU) are replaced 

by aryl groups. To this end, we have analyzed and compared the uncatalyzed exo DA 
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Figure 7.5. a) Activation strain analyses and b) energy decomposition analyses of the exo 
Diels-Alder reactions between CP and A (black lines), U–A (red lines), and UPh–A (blue 
lines), where the energy values are projected onto the shorter newly forming CCP•••Cb bond 
between CP and HB–A, computed at the ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP 
level. 
 

 

reaction A with the HB-catalyzed U–A and UPh–A DA reactions (see Figure 7.5). 

The accelerated reactivity, i.e., lower reaction barrier, for the HB-catalyzed compared 

to the uncatalyzed DA reactions originates from both a less destabilizing strain 

energy and, to a greater extent, a more stabilizing interaction energy between the 

deformed reactants along the entire reaction coordinate (Figure 7.5a). The endo 

reaction pathway, as well as the series catalyzed by thiourea-based HBs, i.e., A, TU–

A, TUPh–A, exhibit identical reactivity trends and are provided in the Supporting 

Information (Figures S7.11–S7.13). 

 The difference in strain energy can again be explained by looking at the 

degree of asynchronicity, which is the largest for UPh–A (A: ∆rTSC•••C =0.21 Å, U–

A: ∆rTSC•••C = 0.34 Å, UPh–A: ∆rTSC•••C = 0.40 Å). The higher degree of 

asynchronicity of UPh–A leads to a lower degree of deformation of the reactants 

since the CCP•••Ca bond forms behind of the CCP•••Cb (see Figure S7.1). As 

previously discussed,[24] the differences in degrees of asynchronicity are originating 

from the asymmetry of the π-MO located on the reactive C=C double bond of the 

dienophile, which is induced by the coordination of the HB catalyst (Figure S7.14). 
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The stronger the HB catalyst coordinates to A, the more significant asymmetry in 

the π-MO and hence the asynchronicity of the DA reaction becomes.[24] To 

understand why the interaction energy becomes increasingly more stabilizing from 

A to U–A to UPh–A, we applied the energy decomposition analysis (EDA) (Figure 

7.5b). Interestingly, we find that the decrease in destabilizing ∆EPauli is the actor 

behind the more stabilizing ∆Eint when going from A to U–A and to UPh–A. In 

contrast, the ∆Velstat and ∆Eoi terms are more stabilizing for the uncatalyzed DA 

reaction, because both terms are weakened by the donor–acceptor interaction 

between HB and A. This donor–acceptor (i.e., charge transfer) interaction results in 

less negative charge on the reactive C=C double bond and, therefore, a less 

stabilizing ∆Velstat for the HB-catalyzed reactions and, as we will discuss later, it also 

leads to a significant reduction in inverse electron demand orbital interaction (i.e. 

∆Eoi). This finding confirms our initial hypothesis that, similar to Lewis acid or 

iminium catalysis,[22-24] the Pauli-lowering rather than the LUMO lowering is the actual 

mechanism behind the bifunctional hydrogen bond donor catalysis in Diels-Alder 

reactions. 

 We again performed a Kohn-Sham molecular orbital (KS-MO) analysis to 

rationalize why the Pauli repulsion becomes steadily less destabilizing when going 

from an uncatalyzed to a hydrogen bond donor-catalyzed Diels-Alder reaction 

(Figure 7.6). The occupied molecular orbitals of CP and A, U–A, and UPh–A were 

quantified at consistent geometries with a CCP•••Cb bond length between CP and 

HB–A of 2.14 Å (Figure 7.6a). The most important occupied π-MO of the 

dienophile that is decisive for the trend in Pauli repulsion are the HOMO–1, 

HOMO–4, and HOMO–8 of A, U–A, and UPh–A, respectively, which are, in all 

cases, predominantly located on the reactive C=C double bond of A. The occupied 

orbital of CP involved in this interaction is the HOMO–6, where all 2pz AOs on the 

reacting C=C double bonds and the σC–H (pseudo-π), located on the methylene 

bridge, are in-phase. The orbital overlap between the occupied orbitals decreases 
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Figure 7.6. a) Molecular orbital diagram and the most significant occupied orbital overlaps 
of the exo Diels-Alder reactions between CP and A, U–A, and UPh–A and b) key occupied 
orbitals (isovalue = 0.03 Bohr–3/2), computed at consistent geometries with a CCP•••Cb bond 
length between CP and HB–A of 2.14 Å at the ZORA-M06-2X/TZ2P//M06-2X/def2-
SVPP level. 
 

 

from S = 0.16 for the uncatalyzed DA reaction to S = 0.10 and S = 0.07 for the 

reactions involving U–A and UPh–A, respectively (Figure 7.6a). Coordination of a 

HB to A significantly polarizes the π-orbital located on the C=C double bond of A 

towards the HB and away from the incoming CP, leading to a decreased occupied-

occupied orbital overlap. The previously discussed donor–acceptor interaction 

between the two hydrogen bond donors of the HB and the hydrogen bond acceptor 

of A causes a charge transfer from A to the HB which results in less π-orbital 

amplitude on the C=C double bond of A that points in the direction of the 

approaching CP. The replacement of the hydrogen atom of the parent urea U by a 

phenyl group in UPh notably increases the extent of charge transfer (from ∆Eoi = 

–3.2 kcal mol–1 for U–A to ∆Eoi = –4.7 kcal mol–1 for UPh–A; see Table 7.1) and, 

hence manifests in a progressively smaller π-orbital amplitude on the C=C double 

bond and more orbital density on the HBs. This can clearly be seen when comparing 

the spatial distribution of the involved occupied orbitals in Figure 7.6b. In addition, 
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Figure 7.7. Molecular orbital diagrams with orbital energies and overlaps for a) normal 
electron demand (NED) HOMOCP–LUMOHB–A interactions; and b) inverse electron 
demand (IED) LUMOCP–π-MOHB–A interactions of the exo Diels-Alder reactions between 
CP and A, U–A, and UPh–A, computed at consistent geometries with a CCP•••Cb bond 
length between CP and HB–A of 2.14 Å at the ZORA-M06-2X/TZ2P//M06-2X/def2-
SVPP level. 
 

 

the larger degree of asynchronicity of the HB-catalyzed DA reactions, which arises 

from a larger asymmetry in the π-MOHB–A located on the reactive C=C double bond 

of the dienophile (vide supra), also plays a role in reducing the occupied–occupied 

orbital overlap between the reactants. As discussed above, a more asynchronous 

reaction has less orbital overlap at the a-carbon of HB–A, which, in turn, leads to 

less Paul repulsion between the reactants and a lowering of the reaction barrier. 

 Finally, we address why the orbital interactions for the uncatalyzed DA 

reaction are more stabilizing than for the HB-catalyzed counterpart despite the latter 

benefits from a smaller HOMOCP–LUMOHB–A gap (see Table 2). To this end, we 

have performed a Kohn-Sham molecular orbital analysis on the uncatalyzed A and 

U- and UPh-catalyzed Diels–Alder reactions (Figure 7.7).[32,57] In line with the 

original rationale behind hydrogen bond donor catalysis,[18-20] the HB catalyst 

decreases the normal electron demand (NED) HOMOCP–LUMOHB–A orbital 

energy gap from 5.8 eV for the uncatalyzed to 5.2 and 5.0 eV for the U- and UPh-
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catalyzed reaction, respectively (Figure 7.7a). This reduction in orbital energy gap is 

large enough to overcome the slight decrease of orbital overlap, as a result of a more 

asynchronous reaction mode, and, therefore, coordination of a HB leads to a 

stronger HOMOCP–LUMOHB–A NED interaction. The inverse electron demand 

LUMOCP–π-MOHB–A (IED) interaction, however, is also modulated by the 

coordination of a HB. More specifically, the HB stabilizes all molecular orbital of 

HB–A and hence also the HOMOHB–A, manifesting in an IED orbital energy gap 

that increases from 9.2 eV for the uncatalyzed to 9.8 and 10.0 eV for the U- and 

UPh-catalyzed reaction, respectively (Figure 7.8b). This, together with a reduced 

orbital overlap, results in a weaker IED interaction for the HB-catalyzed compared 

to the uncatalyzed DA reaction. The weakening of the IED interaction effectively 

overrules the more stabilizing NED interaction and, for that reason, the total orbital 

interaction of HB-catalyzed DA reactions are less stabilizing than for the 

uncatalyzed analog. 

 

 

7.4 Conclusions 
Our theoretical study reveals that urea- and thiourea-derived bifunctional hydrogen 

bond donating (HB) organocatalysts accelerate the Diels-Alder (DA) reaction 

between cyclopentadiene (CP) and acrolein (A) by coordinating to the carbonyl 

group of the dienophile through a double hydrogen bond and effectively lowering 

the reaction barrier up to 7 kcal mol–1. This catalytic effect is stronger for thiourea-

based HBs compared to their urea-based counterparts. In addition, the endo selective 

uncatalyzed cycloaddition reaction becomes exo selective upon coordination of the 

HBs. 

Our activation strain and Kohn-Sham molecular orbital analyses identified 

that the exo selective preference for the HB-catalyzed DA reaction originates from 

both a larger degree of asynchronicity, which is induced by a more asymmetric π-

MO on the reactive C=C double bond of the dienophile, as well as a stronger C–

H•••π interaction between CP and HB along the exo pathway. This larger 
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asynchronicity in the new C•••C bond formation between the reactants along the 

exo pathway leads to two stabilizing and thus barrier lowering phenomena: (i) 

reduced occupied–occupied orbital overlap and hence more stabilizing interaction 

between the CP and HB–A; and (ii) less destabilizing activation strain, as one newly 

forming C•••C bond forms later than the other resulting in less pressure to deform 

the individual reactants. 

The rate enhancement provoked by the HBs is exclusively caused by a 

diminished two-center four-electron Pauli repulsion between the occupied π-orbitals 

of CP and HB–A reactants. The reason for the reduced Pauli repulsion is the 

donor–acceptor interaction between the HB and A, which significantly polarizes the 

π-orbital away from the reactive C=C double bond of A, resulting in less occupied-

occupied orbital overlap with the incoming CP. Strikingly and in sharp contrast to 

the widely accepted rationale, we observed that, in the HB-catalyzed DA reaction, 

the orbital interactions become less stabilizing compared to the uncatalyzed reaction. 

This is mainly due to a remarkable weakening of the inverse electron demand 

LUMOCP–π-MOHB–A interaction induced by the binding of the organocatalyst to 

the dienophile. Therefore, the results shown here demonstrate that the concept of 

Pauli-lowering catalysis is a general phenomenon that is not only limited to conventional 

Lewis acid and iminium catalysis. 
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7.6 Supporting Information 

 
Figure S7.1. Transition state structures for the uncatalyzed and hydrogen bond donor-
catalyzed Diels-Alder reaction between CP and A forming an endo (left) or exo (right) 
cycloadduct, computed at M06-2X/def2-def2-SVPP. 
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Figure S7.2. Activation barriers (∆E‡) for the uncatalyzed and HB-catalyzed Diels-Alder 
reactions versus the HOMOCP–LUMOHB–A energy gap (∆eH–L) of the reactants for the a) 
endo and b) exo pathway, computed at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
 

 

 

 
Figure S7.3. a) Activation strain analyses and b) energy decomposition analyses of the 
catalyzed endo and exo Diels-Alder reactions between CP and A, where the energy values are 
projected onto the shorter newly forming CCP•••Cb bond between CP and A, computed at 
ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
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Figure S7.4. a) Activation strain analyses and b) energy decomposition analyses of the 
catalyzed endo and exo Diels-Alder reactions between CP and U–A, where the energy values 
are projected onto the shorter newly forming CCP•••Cb bond between CP and U–A, 
computed at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
 

 

 

 
Figure S7.5. a) Activation strain analyses and b) energy decomposition analyses of the 
catalyzed endo and exo Diels-Alder reactions between CP and TU–A, where the energy values 
are projected onto the shorter newly forming CCP•••Cb bond between CP and TU–A, 
computed at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
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Figure S7.6. a) Activation strain analyses and b) energy decomposition analyses of the 
catalyzed endo and exo Diels-Alder reactions between CP and TUPh-A, where the energy 
values are projected onto the shorter newly forming CCP•••Cb bond between CP and TUPh–
A, computed at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
 

 

 

 
Figure S7.7. Occupied-occupied orbital overlap between HOMO–6CP and HOMO–6UPh-A, 
⟨HOMO–6CP|HOMO–6UPh–A⟩, for the endo and exo Diels-Alder reactions between CP and 
UPh–A going from the reactants to the transition state, where the orbital overlap value is 
projected onto the shorter newly forming CCP•••Cb bond between CP and the UPh–A, 
computed at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
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Table S7.1. Energy decomposition analyses (in kcal mol–1) of the interaction between CP 
and the HB at the transition states structures of the endo and exo pathway for the hydrogen 
bond donor-catalyzed Diels–Alder reaction.[a] 

HB–A cycloadduct ∆Eint ∆Velstat ∆EPauli ∆Eoi 
U endo –1.4 –2.7 2.5 –1.2 

 exo –1.1 –2.9 3.0 –1.2 

TU endo –2.2 –3.2 2.7 –1.7 

 exo –2.4 –3.9 3.2 –1.8 

UPh endo –2.7 –2.7 1.3 –1.3 

 exo –3.3 –3.5 2.1 –1.8 

TUPh endo –3.1 –3.0 1.6 –1.6 

 exo –3.5 –3.7 2.2 –1.9 

UF endo –2.1 –2.3 1.3 –1.1 

 exo –3.6 –3.0 1.4 –2.0 

TUF endo –3.7 –3.9 2.3 –2.0 

 exo –3.7 –3.0 1.4 –2.0 

[a] Computed at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
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Figure S7.8. a) Activation strain analyses and b) energy decomposition analyses of the endo 
Diels-Alder reactions between CP and U–A and TU–A, where the energy values are 
projected onto the shorter newly forming CCP•••Cb bond between CP and HB–A, computed 
at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
 

 

 

 
Figure S7.9. a) Activation strain analyses and b) energy decomposition analyses of the endo 
Diels-Alder reactions between CP and UPh–A and TUPh–A, where the energy values are 
projected onto the shorter newly forming CCP•••Cb bond between CP and HB–A, computed 
at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
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Figure S7.10. a) Activation strain analyses and b) energy decomposition analyses of the endo 
Diels-Alder reactions between CP and UPh–A and TUPh–A, where the energy values are 
projected onto the shorter newly forming CCP•••Cb bond between CP and HB–A, computed 
at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
 

 

 

 
Figure S7.11. a) Activation strain analyses and b) energy decomposition analyses of the endo 
Diels-Alder reactions between CP and A, U–A, and UPh–A, where the energy values are 
projected onto the shorter newly forming CCP•••Cb bond between CP and HB–A, computed 
at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
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Figure S7.12. a) Activation strain analyses and b) energy decomposition analyses of the endo 
Diels-Alder reactions between CP and A, TU–A, and TUPh–A, where the energy values are 
projected onto the shorter newly forming CCP•••Cb bond between CP and HB–A, computed 
at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
 

 

 

 
Figure S7.13. a) Activation strain analyses and b) energy decomposition analyses of the exo 
Diels-Alder reactions between CP and A, TU–A, and TUPh–A, where the energy values are 
projected onto the shorter newly forming CCP•••Cb bond between CP and HB–A, computed 
at ZORA-M06-2X/TZ2P//M06-2X/def2-SVPP. 
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Figure S7.14. Key occupied orbitals (isovalue = 0.03 Bohr–3/2) computed at the equilibrium 
structures of A, U–A, and UPh–A, where the MO-coefficients of the carbon 2pz atomic 
orbitals, contributing to the occupied orbitals, are shown. Computed at the ZORA-M06-
2X/TZ2P//M06-2X/def2-SVPP level. 
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Chapter 8 
 

How Lewis Acids across the Periodic Table 
Catalyze Diels-Alder Reactions 

 
 

Previously appeared as 

 

Lewis Acid-Catalyzed Diels-Alder Reactions: Reactivity Trends across the Periodic Table 

P. Vermeeren, M. Dalla Tiezza, M. van Dongen, 

I. Fernández, F. M. Bickelhaupt, T. A. Hamlin 

Chem. Eur. J. 2021, 27, 10610–10620. 

 

We have quantum chemically studied the catalytic effect of various weakly 

interacting Lewis acids (LAs) across the periodic table, based on hydrogen (Group 

1), pnictogen (Group 15), chalcogen (Group 16), and halogen (Group 17) bonds, on 

the Diels-Alder cycloaddition reaction between 1,3-butadiene and methyl acrylate 

using relativistic density functional theory. Weakly interacting LAs accelerate the 

Diels-Alder reaction by lowering the reaction barrier up to 3 kcal mol–1 compared 

to the uncatalyzed reaction. The reaction barriers systematically increase from 

halogen < hydrogen < chalcogen < pnictogen-bonded LAs. Our detailed activation 

strain and Kohn-Sham molecular orbital analyses reveal that these LAs lower the 

Diels-Alder reaction barrier by increasing the asynchronicity of the reaction to 

relieve the otherwise destabilizing Pauli repulsion between the closed-shell filled π-

orbitals of diene and dienophile. Notably, the reactivity can be further enhanced on 

going from a Period 3 to a Period 5 LA, as these species amplify the asynchronicity 

of the Diels-Alder reaction due to a stronger complexation with the dienophile.   
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8.1 Introduction 
The Diels-Alder (DA) cycloaddition reaction is of paramount importance in 

synthetic organic chemistry.[1-3] Since its discovery in 1928,[4] it has paved the way 

for a convenient procedure to create six-membered rings, with up to four 

stereocenters, becoming the gold standard for many applications ranging from the 

synthesis of natural products to the industrial production of relevant compounds in 

the pharmaceutical field.[5-8] A striking number of organocatalysts have been 

developed over the years to increase the reactivity and selectivity of the DA reaction. 

For example, Lewis acids (LAs) are able to greatly accelerate the Diels-Alder via 

complexation to the dienophile.[9,10] Interestingly, LAs can also reverse the 

regiochemical course of the DA reaction leading to products that otherwise would 

be impossible to synthesize:[11-13] a pioneering example has been shown by Kishi et 

al. on the total synthesis of the tetrodotoxin.[14-16] 

 In analogy with conventional Lewis acids, hydrogen-bonded 

organocatalysts are also able to significantly modify both the reactivity and selectivity 

of the DA reaction. For example, hydrogen-bonded solvents can activate ketones to 

undergo a DA reaction,[17] or bifunctional hydrogen bond donor organocatalysts, 

such as differently substituted thioureas, are able to increase both the reaction rate 

as well as the endo/exo-selectivity of DA reactions between a diene and a,b-

unsaturated carbonyl compounds.[18-20] Similar catalytic effects were also reported 

using catalysts featuring similar weak interactions,[21,22] such as pnictogen,[23,24] 

chalcogen,[25-27] and halogen bonds (Scheme 8.1).[28-31] Moreover, in our previous 

work, we have shown that Lewis acidic alkali cations can also exert a remarkable 

catalytic effect on the generally slow aromatic DA reaction: the archetypal aromatic 

cycloaddition reaction between benzene and acetylene can be effectively accelerated 

by up to 5 orders of magnitude.[32] Thus, in general, weakly interacting Lewis acids 

play a crucial role in the reactivity of organic reactions, and hence it is highly 

important to understand the driving force behind this class of catalysis. 
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Scheme 8.1. The Diels-Alder reaction between cyclopentadiene (diene) and 2-butenone 
(dienophile) catalyzed by a bifunctional halogen-bonded catalyst, as shown by Huber et al.[28] 
Oct = octyl. 
 

 

 The catalytic ability of Lewis acids, such as hydrogen, halogen, chalcogen, 

and pnictogen-bonded species, is traditionally attributed to the lowering of the 

LUMO of the activated dienophile, resulting in a smaller, i.e., more favorable, 

HOMOdiene-LUMOdienophile energy gap and hence stronger orbital interaction.[33-36] 

Recently, however, we have shown that this rationale is incorrect. Our analyses 

revealed that, although the LUMO of the dienophile becomes indeed stabilized 

upon binding to the LA, the increase in reaction rate is determined by a significant 

reduction of Pauli repulsion between the occupied π-molecular orbitals of the two 

reactants.[32,38-41] Coordination of a LA to the dienophile not only polarizes the 

occupied π-orbital density on the C=C double bond of the dienophile away from 

the incoming diene, but it also introduces an asymmetry in this orbital, amplifying 

the asynchronicity of the DA reaction. Both effects contribute to diminishing the 

Pauli repulsion, however, the latter effect also results in less pressure on the reactants 

to deform and hence a less destabilizing activation strain in the transition state. We 

argue that the concept of Pauli-lowering catalysis is also operative in LA-catalyzed 

Diels-Alder reactions where the Lewis acid is weakly coordinated to the dienophile 

via hydrogen, halogen, chalcogen, or pnictogen bonds. 

 To this end, we have investigated the periodic reactivity trends of the 

hydrogen (Group 1), pnictogen (Group 15), chalcogen (Group 16), and halogen 

(Group 17) bond mediated Diels-Alder (DA) cycloaddition reaction between 1,3- 
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Scheme 8.2. The uncatalyzed (LA = none) and Lewis acid-catalyzed Diels-Alder reactions 
between 1,3-butadiene (B) and (LA–)methyl acrylate (LA–MA), where the LA coordinates 
to MA with the atom highlighted in blue. 
 

 

butadiene (B) and methyl acrylate (MA) (Scheme 8.2), exclusively following the 

more favorable endo reaction pathway,[42] by means of the activation strain model 

and quantitative Kohn-Sham molecular orbital theory. This computational 

methodology has been proven to be reliable for the understanding of fundamental 

processes in organic chemistry. [32,38-42] First, we quantitatively examine the bonding 

between the Lewis acid AFn (A = H with n = 1, A= Cl/Br/I with n = 1, A = 

S/Se/Te with n = 2, A = P/As/Sb with n = 3) and MA leading to the activated 

dienophile (LA–MA). Secondly, we analyze the catalytic effect of the Lewis acidic 

hydrogen, halogen, chalcogen, and pnictogen bonds on the DA reactivity of B and 

the LA–MA complex. At last, we study how the reactivity changes upon going from 

Period 3 to Period 5 Lewis acids. 

 

 

8.2 Methods 
Computational Details 

All calculations were performed using the Amsterdam Density Functional 

(ADF2018.105) software package.[43-45] The generalized gradient approximation 
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(GGA) functional BP86 was used for the optimizations of all stationary points as 

well as the analyses.[46,47] The basis set employed, denoted TZ2P,[48] is of triple-ζ 

quality and is augmented with two sets of polarization functions on each atom. Scalar 

relativistic effects are accounted for using the zeroth-order regular approximation 

(ZORA).[49,50] This level of theory has been proven to be accurate in calculating the 

relative trends in reaction barriers and energies as well as performing the activation 

strain and energy decomposition analyses for cycloaddition reactions.[38,51] The 

accuracies of the fit scheme (Zlm fit)[52] and the integration grid (Becke grid)[53] were 

set to VERYGOOD. In addition, geometries and energies were recomputed using 

ZORA-BP86-D3(BJ)/TZ2P[48-50,54-57] to assess the effect of dispersion on the 

reactivity trends. Equilibrium and transition state geometries were verified by means 

of vibrational analysis,[58-60] to assess the nature of all structures: for minima, no 

imaginary frequencies were found, whereas transition states present a single 

imaginary frequency. Besides, the character of the normal mode associated with the 

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

found, i.e., the formation of the two C–C bonds between the reactants. The potential 

energy surfaces of the studied Diels-Alder reactions were obtained by utilizing 

intrinsic reaction coordinate (IRC) calculations.[61-63] The acquired potential energy 

surfaces were analyzed by using the PyFrag 2019 program.[64.65] Optimized structures 

were illustrated using CYLview.[66] 

 

 

Activation Strain Model and Energy Decomposition Analysis 

The activation strain model of chemical reactivity (ASM,[67-72] also known as the 

distortion/interaction model[73,74]), is a fragment-based approach based on the idea 

that the energy of a reacting system, i.e., the potential energy surface, is described 

with respect to, and understood in terms of the characteristics 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. 

In this model, we decompose the total energy, ∆E(z), into the respective total strain 
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and interaction energy, ∆Estrain(z) and ∆Eint(z), and project these values onto the 

reaction coordinate z [Eq. (8.1)]: 

 

 ∆E(z) = ∆Estrain(z) + ∆Eint(z) (8.1) 

 

In this equation, the total strain energy, ∆Estrain(z), is the penalty that needs to be 

paid to deform the reactants from their equilibrium structure to the geometry they 

adopt during the reaction at point z of the reaction coordinate. On the other hand, 

the interaction energy, ∆Eint(z),  accounts for all the chemical interactions that occur 

between the deformed fragments along the reaction coordinate. 

 The interaction energy between the deformed reactants is further analyzed 

in terms of quantitative Kohn-Sham molecular orbital theory (KS-MO)[75] in 

combination with a canonical energy decomposition analysis (EDA).[76,77] The EDA 

decomposes the ∆Eint(z) into the following three physically meaningful energy terms 

[Eq. (8.2)]: 

 

 ∆Eint(z) = ∆Velstat(z) + ∆EPauli(z) + ∆Eoi(z) (8.2) 

 

Herein, ∆Velstat(z) is the classical electrostatic interaction between the unperturbed 

charge distributions of the (deformed) reactants and is usually attractive. The Pauli 

repulsion, ∆EPauli(z), comprises the destabilizing interaction between occupied 

closed-shell orbitals of both fragments due to the Pauli principle. The orbital 

interaction energy, ∆Eoi(z), accounts for polarization and charge transfer between 

the fragments, such as HOMO–LUMO interactions. A detailed, step-by-step, guide 

on how to perform and interpret the ASM and EDA can be found in Ref. 72. Note 

that the concepts of Pauli repulsion and orbital interaction that feature in our 

canonical EDA also have been successfully applied to reactions that were studied 

using other decomposition schemes such as DFT-SAPT[78,79] or valence bond (VB) 

theory.[80] 
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 In both the activation strain and energy decomposition diagrams in this 

study, the energy terms were projected onto the shortest of the two newly forming 

C•••C bonds between the 1,3-butadiene and (LA–)methyl acrylate. This critical 

reaction coordinate undergoes a well-defined change during the reaction from the 

reactant complex via the transition state to the cycloadduct and is shown to be a 

valid reaction coordinate for studying cycloadditions.[38-40,81,82] 

 

 

8.3 Results and Discussion 
Lewis Acid-Methyl Acrylate Complexation and Trends in Reactivity 

First, we analyzed the nature and strength of the interaction between methyl acrylate 

(MA) and the various Lewis acids (LAs), forming LA–MA, across the periodic table, 

that is, the hydrogen, pnictogen, chalcogen, and halogen bond, using the activation 

strain model (ASM)[67-72] of reactivity and energy decomposition analysis (EDA)[76,77] 

schemes (Table 8.1). The complexation energies of the LAs become increasingly 

more stabilizing from pnictogen to chalcogen, halogen, and hydrogen bonds. This 

trend is exclusively dictated by the interaction energies, which are stabilizing and 

become increasingly so along this series. Not surprisingly, the inclusion of dispersion 

in our calculations (ZORA-BP86-D3(BJ)/TZ2P level) makes the computed 

interaction energies slightly more stabilizing (associated with slightly shorter 

LA•••O=C distances, see Table S8.1 in the Supporting Information). Despite that, 

the above-commented trend is identical, therefore, validating our selected 

computational method for the present study (ZORA-BP86/TZ2P). The 

corresponding LA•••O=C distance follows the same trend and becomes 

systematically shorter. As previously shown in the literature,[32,37-41] the interaction 

consists of both electrostatic interactions and orbital (i.e., covalent) interactions, 

which becomes increasingly more stabilizing along the series. The latter of these two 

attractive interactions is, as we will show later, of significant importance for the 

catalytic ability of the Lewis acid. Surprisingly, the ratio between these two types of  
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Table 8.1. Energy decomposition analysis terms (in kcal mol–1) and LA•••O=C distance (in 
Å) computed on LA–methyl acrylate adducts.[a] 

 

LA ∆E ∆Estrain ∆Eint ∆Velstat ∆EPauli ∆Eoi r(LA•••O=C) 

PF3 –1.6 0.2 –1.8 –5.2 5.7 –2.2 3.017 

AsF3 –5.0 0.6 –5.5 –13.3 14.6 –6.8 2.723 

SbF3 –7.5 0.9 –8.4 –20.3 22.6 –10.7 2.702 

SF2 –3.8 0.5 –4.4 –12.2 16.3 –8.5 2.574 

SeF2 –7.0 1.1 –8.2 –20.6 27.0 –14.5 2.499 

TeF2 –10.1 1.4 –11.5 –27.3 34.2 –18.4 2.518 

ClF –8.5 1.6 –10.1 –21.5 33.1 –21.6 2.292 

BrF –11.2 1.5 –12.7 –25.3 35.2 –22.5 2.354 

IF –11.6 1.1 –12.7 –26.1 33.4 –20.0 2.505 

HF –10.3 1.0 –11.2 –17.7 19.6 –13.2 1.618 
[a] Computed at ZORA-BP86/TZ2P. 
 

 

attractive interactions changes drastically when going from pnictogen to chalcogen 

to halogen to hydrogen bonds. In the pnictogen bond, the electrostatic interaction 

is 2.5 times as large as the orbital interactions, indicating the large electrostatic 

character of this bond. For the halogen bond, on the other hand, both interactions 

have an equal contribution to the overall halogen bond strength, displaying the 

covalent character of this type of bond. The complexation energy becomes further 

enhanced when going from Period 3 to Period 4 and Period 5 LAs, due to (i) a 

lower-lying σ* acceptor orbital, which, in turn, engages in a more stabilizing (i.e., 

smaller) HOMO–LUMO gap with MA and (ii) the more electropositive nature of 

the heavier atoms involved in the interaction with MA, amplifying the stabilizing 

electrostatic interactions. 
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Table 8.2. Electronic reaction barriers (∆E‡), reaction energies (∆Erxn) (in kcal mol–1) for 
the uncatalyzed and Lewis acid-catalyzed Diels-Alder reaction between 1,3-butadiene (B) 
and methyl acrylate (LA–MA).[a] 

LA–MA ∆E‡ ∆Erxn 

MA 13.2 –37.0 

PF3–MA 12.5 –36.8 

AsF3–MA 11.3 –36.6 

SbF3–MA 10.2 –36.7 

SF2–MA 11.7 –36.5 

SeF2–MA 10.1 –37.0 

TeF2–MA 10.1 –36.2 

ClF–MA 10.3 –36.2 

BrF–MA 9.9 –36.2 

IF–MA 9.8 –36.3 

HF–MA 11.0 –36.2 
[a] Computed at ZORA-BP86/TZ2P. 
 

 

 After analyzing the bonding situation in the LA–MA complexes, we 

focused on the Diels-Alder reaction of these activated species with 1,3-butadiene 

(B). As expected, in all cases, the cycloaddition reaction occurs in a concerted 

manner through the corresponding six-membered transition state (see Figure S8.1 

in the Supporting Information). The electronic reaction barriers (∆E‡) and the 

reaction energies (∆Erxn) of the uncatalyzed (MA) and LA-catalyzed DA reaction 

between B and LA–MA are provided in Table 8.2. Two clear periodic reactivity 

trends can be observed. In the first place, coordination of a LA catalyst significantly 

accelerates the DA reaction between B and MA. As expected, the uncatalyzed 

reaction has the highest reaction barrier (MA = 13.2 kcal mol–1), which, for Period 

3 systematically decreases going from a pnictogen (PF3–MA = 12.5 kcal mol–1) to 

chalcogen (SF2–MA = 11.7 kcal mol–1) to hydrogen (HF–MA = 11.0 kcal mol–1) to 

halogen (ClF–MA = 10.3 kcal mol–1) bond-catalyzed Diels-Alder reaction. The 

reactivity trends for the Period 4 and 5 Lewis acids are slightly different, namely, 

MA > AsF3–MA > HF–MA > SeF2–MA > BrF–MA for Period 4 and MA > 
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HF–MA > SbF3–MA > TeF2–MA > IF–MA for Period 5, because the pnictogen, 

chalcogen, and halogen bonds involving Period 4 and 5 atoms engage in a stronger 

donor–acceptor interaction with MA than the hydrogen-bonded analog, which is, 

as we will show later, crucial for the catalytic effect of the Lewis acids. Secondly, the 

Diels-Alder reaction between B and LA–MA catalyzed by a Period 5 LA goes with 

a 0.3 to 2.3 kcal mol–1 lower barrier than those promoted by their Period 3 analogs. 

Interestingly, however, all reactions studied in this work, both uncatalyzed and LA-

catalyzed, are similarly exergonic. Note that the computed trends in reactivity at 

ZORA-BP86/TZ2P agree well with those calculated at the dispersion-corrected 

ZORA-BP86-D3(BJ)/TZ2P level, see Table S8.2. 

 

 

Catalytic Effect of Weakly Interacting Lewis Acids 

First, we examine the physical factors leading to the computed periodic reactivity 

trend upon going, along a period, from the uncatalyzed to the hydrogen, halogen, 

chalcogen, and pnictogen bond-catalyzed Diels-Alder reactions by applying the 

activation strain model (ASM) of reactivity. To this end, we have analyzed and 

compared the reactivity trend involving the uncatalyzed (MA), and Period 3-

catalyzed (PF3–MA, SF2–MA, HF–MA, and, ClF–MA) DA reactions, which has 

the largest, and hence clearest, differences along the various series (Figure 8.1). Note 

that the activation strain diagrams (ASDs) of the DA reaction catalyzed by Period 4 

and Period 5 Lewis acids can be found in Figures S8.2 and S8.3. The enhanced 

reactivity, i.e., lower reaction barrier, of the LA-catalyzed reactions originates 

predominantly from a less destabilizing strain energy along the entire reaction 

coordinate (Figure 8.1a). The interaction energy, on the other hand, is for all 

reactions, in the transition state region, nearly identical and hence not responsible 

for the observed trend in reactivity (the same general conclusions are obtained at 

ZORA-BP86-D3(BJ), see Figure S8.4). 
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Figure 8.1. a) Activation strain analyses and b) energy decomposition analyses of the 
uncatalyzed and LA-catalyzed Diels-Alder reaction between B and LA–MA, where the 
energy values are plotted from the reactants to the transition state and projected onto the 
shorter newly forming CB•••Cb bond between B and LA–MA, computed at ZORA-
BP86/TZ2P. 
 

 

 The trend in strain energy, which becomes increasingly less destabilizing 

from MA > PF3–MA > SF2–MA > HF–MA > ClF–MA, can be explained by 

looking at the degree of asynchronicity of these reactions (MA: ∆rTSC•••C = 0.38 Å; 

PF3–MA: ∆rTSC•••C =0.43 Å; SF2–MA: ∆rTSC•••C =0.46 Å; HF–MA: ∆rTSC•••C = 0.48 

Å; ClF–MA: ∆rTSC•••C = 0.51 Å, where ∆rTSC•••C refers to the difference between the 

newly forming C•••C bond lengths in the TS, see Figure S8.1). The larger degree of 

asynchronicity of HF–MA leads to a lower degree of deformation of the reactants 

since the CB•••Ca bond forms behind of the CB•••Cb bond, resulting in a less 

destabilizing strain energy. To understand why the interaction energy does not play 

a prominent role in the catalysis of the herein studied reactions, we apply the energy 

decomposition analysis (EDA) (Figure 8.1b). Contrary to the commonly accepted 

view that LAs enhance the orbital interactions of LA-catalyzed Diels-Alder 

reactions,[33-36] we find that not only the orbital interactions but also the electrostatic 

interactions, show a trend opposite to the trend in reaction barriers, that is, the 

uncatalyzed DA reaction has a more stabilizing ∆Eoi and ∆Velstat than the LA-

catalyzed analogs. The Pauli repulsion follows, in line with our previous work on 

LA-catalyzed Diels-Alder, Michael addition, and ring-opening reactions,[32,37-41] the 
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trend in reaction barrier, namely, the uncatalyzed reaction exhibits the most 

destabilizing Pauli repulsion while the halogen bond mediated reactions has the least 

destabilizing Pauli repulsion. The reduction of stabilizing orbital and electrostatic 

interactions and the decrease in destabilizing Pauli repulsion for the LA-catalyzed 

DA reactions effectively cancel each other, leading to an interaction energy that is 

nearly identical to the uncatalyzed DA reaction. 

 As prior discussed, the degree of asynchronicity is the key factor in the 

reactivity of these Diels-Alder reactions. We, therefore, want to understand the 

origin of the asynchronicity of the herein studied reactions, which ultimately results 

in the catalytic effect of weakly interacting LAs by allowing for less reactant 

deformation and hence activation strain. To this end, we compare, in analogy with 

our work on iminium-catalyzed Diels-Alder reactions,[39] the actual concerted 

asynchronous Diels-Alder reaction to the analogous process which is artificially 

constrained to be concerted synchronous. In Figure 8.2a and 8.2b, we solely focus 

on the two extremes, namely, the activation strain diagrams (ASDs) of the 

asynchronous and synchronous uncatalyzed (MA) and ClF-catalyzed DA reaction. 

The ASDs of all other reactions (PF3–MA, SF2–MA, HF–MA) show the same 

characteristics (Figures S8.5–S8.7). Both uncatalyzed and catalyzed synchronous DA 

reactions proceed with a higher barrier compared to their asynchronous counterpart 

(∆∆E‡MA = 0.2 kcal mol–1; ∆∆E‡ClF–MA = 0.9 kcal mol–1), even though the 

synchronous DA reactions experience a more stabilizing interaction energy. The 

strain energy, on the other hand, is the most destabilizing for the synchronous DA 

reaction pathway, because both newly forming C•••C bonds between B and (ClF–

)MA are formed simultaneously, leading to more deformation and hence more strain 

since all involved carbon atoms are pyramidalizing at the same time. The strain 

energies of both the asynchronous and synchronous DA at the product side are 

eventually identical because the reactions yield the same cycloadduct and are, 

therefore, deformed to the same extent. 
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Figure 8.2. a, b) Activation strain analyses and c, d) energy decomposition analyses of the 
asynchronous (black) and constraint synchronous (red) Diels-Alder reactions between B and 
MA and ClF–MA, where the transition states are indicated with a dot, the energy values are 
plotted from the reactants to the cycloadduct and projected onto the newly forming CB•••Cb 
bond between B and (ClF–)MA, computed at ZORA-BP86/TZ2P. 
 

 

 Next, we turn to the energy decomposition analysis (EDA) to get a better 

understanding of why the interaction energy is more stabilizing for the synchronous 

compared to the asynchronous DA reaction (Figures 8.2c and 8.2d). In contrast with 

the widely accepted view that the asynchronicity originates from enhanced orbital 

interactions due to a larger LUMO-coefficient on the b-carbon,[83-86] we find that the 

asynchronous pathway goes with a less stabilizing orbital interaction. Instead, what 

drives the system away from synchronicity is a significantly more destabilizing Pauli 
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repulsion in the synchronous reaction mode, originating from a larger occupied–

occupied orbital overlap of the synchronous DA reaction. To reduce this occupied–

occupied overlap and thus the Pauli repulsion, the reaction mode becomes 

asynchronous, even though this results in the aforementioned loss of the favorable 

orbital and electrostatic interactions. Thus, it is the interplay between this reduction 

of destabilizing Pauli repulsion and loss of stabilizing orbital and electrostatic 

interactions that determine the degree of asynchronicity of a Diels-Alder reaction. 

Note that we do find, as previously reported in the literature,[83-86] a larger 2pz MO-

coefficient on the b-carbon of the LUMOMA and LUMOCl–MA than on the a-carbon 

(Figure S8.8). This, however, does not result in a stronger orbital interaction, as prior 

discussed, because the orbital overlaps of both the normal and inverse electron 

demand are larger and hence more stabilizing for the synchronous reaction pathway 

(see Figure S8.9). 

 The origin of the less destabilizing Pauli repulsion along the asynchronous 

reaction pathway was further investigated by performing a Kohn-Sham molecular 

orbital (KS-MO) analysis (Figure 8.3) [75,87] The occupied molecular orbitals of B, as 

well as, MA and ClF–MA were quantified at consistent geometries with a CB•••Cb 

bond length between B and LA–MA of 2.128 Å. Performing this analysis at a 

consistent point along the reaction coordinate (near all transition structures), rather 

than the transition state alone, ensures that the results are not skewed by the position 

of the transition state.[51,69] The most important occupied orbitals of LA–MA are the 

HOMO–1 and HOMO–2 of MA and ClF–MA, respectively, where the 2pz atomic 

orbitals located on the C=C double bond are in-phase. The participating occupied 

orbital on B is the HOMO–1, where all 2pz atomic orbitals, located on the reacting 

C=C double bonds, are in-phase (Figure 8.3b). Figure 8.3a shows that for both MA 

and ClF–MA, the synchronous reaction pathway experiences a larger orbital overlap 

between the filled orbitals of B and LA–MA compared to the asynchronous reaction 

mode (SMAsynch = 0.16 and SMAasynch = 0.14; SClF–MAsynch = 0.16 and S ClF–MAasynch = 

0.13). We can trace the larger orbital overlap and, consequently, more destabilizing  
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Figure 8.3. a) Molecular orbital diagram and the most significant occupied orbital overlaps 
of the asynchronous (black) and constraint synchronous (red) Diels-Alder reactions between 
B and MA and ClF–MA; and b) key occupied orbitals (isovalue = 0.03 Bohr–3/2) of B, MA 
and, ClF–MA, computed on consistent geometries with a CB•••Cb bond length between B 
and (ClF–)MA of 2.128 Å at ZORA-BP86/TZ2P. 
 

 

Pauli repulsion, for the synchronous DA reaction back to the asymmetry in the MO-

coefficients of the 2pz atomic orbitals on the a- and b-carbon atoms of LA–MA 

(Figure 8.4). The MO-coefficient of the 2pz atomic orbital on the a-carbon of 

HOMO–1 and HOMO–3 of MA and ClF–MA, respectively, lead to a larger orbital 

overlap and, therefore, more Pauli repulsion with the filled orbital of the incoming 

B than the b-carbon, which has a smaller MO-coefficient and hence less orbital 

overlap, i.e., less Pauli repulsion, with B. To avoid the otherwise more destabilizing 

Pauli repulsion of B with the a-carbon of LA–MA, the formation of the new 

CB•••Ca bond between LA–MA and B lags behind the formation of the CB•••Cb 

bond, resulting in an asynchronous DA reaction. 

 In addition, we want to understand why the DA reaction involving ClF–
MA is significantly more asynchronous than MA (ClF–MA: ∆rTSC•••C =0.52 Å; MA: 

∆rTSC•••C = 0.38 Å), which, ultimately, is the driving force behind the catalytic effect 

of the herein studied LAs on the Diels-Alder reaction (vide supra). In order to 

understand this difference, we need to compare the MO-coefficients of the 2pz 
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Figure 8.4. Key occupied π-MOs (isovalue = 0.03 Bohr–3/2) computed at the equilibrium 
structures of a) ClF–MA and b) MA, where the MO-coefficients of the a-carbon and b-
carbon 2pz atomic orbitals, contributing to the occupied orbitals, are shown in the schematic 
π-MOs, computed at ZORA-BP86/TZ2P. 
 

 

atomic orbitals on the a- and b-carbon of the key π-MOs of ClF–MA and MA 

(Figure 8.4). As prior discussed, the HOMO–3 of ClF–MA has a larger MO-

coefficient on the a- than on the b-carbon. In addition, the MO-coefficients on the 

a- and b-carbon of the HOMO–4 are identical, due to a strong donor–acceptor 

interaction between ClF and MA (∆Eoi,ClF–MA = –21.6 kcal mol–1), which effectively 

polarizes the π-density away from the C=C double bond equalizing the originally 

asymmetric π-orbital of MA (vide infra). Thus, the net effect of both occupied orbitals 

works in favor of an asynchronous reaction mode. On the contrary, the MO-

coefficients of the key HOMOs of MA do not both point towards the observed 

asynchronous reaction mode. In line with ClF–MA, the MO-coefficient of the a-

carbon of HOMO–1 is larger than on the b-carbon, driving the reaction towards the 

observed asynchronous reaction mode. But, this effect gets partially countered by 

the asymmetry in the MO-coefficients of the HOMO–2MA, which has a larger orbital  
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Figure 8.5. a) Molecular orbital diagram and the most significant occupied orbital overlaps 
of the uncatalyzed and LA-catalyzed Diels-Alder reaction between B and LA–MA and b) 
key occupied orbitals (isovalue = 0.03 Bohr–3/2) where the MO-coefficients of the a-carbon 
and b-carbon 2pz atomic orbitals, contributing to the occupied orbitals, are shown in the 
schematic π-MOs, computed on consistent geometries with a CB•••Cb bond length between 
B and LA–MA of 2.128 Å at ZORA-BP86/TZ2P. 
 

 

amplitude on the b-carbon than on the a-carbon, resulting in a DA reaction that has 

a smaller degree of asynchronicity and hence a higher reaction barrier than ClF–
MA. 

 After having established the origin of the different degrees of asynchronicity 

and, thus, the reason why hydrogen, halogen, chalcogen, and pnictogen bonds are 

able to catalyze Diels-Alder reactions, we want to understand why these Lewis acids 

are able to reduce the Pauli repulsion (Figure 8.1b). The less destabilizing Pauli 

repulsion for the LA-catalyzed Diels-Alder reaction derives from the reduced 

occupied–occupied orbital overlap between B and LA–MA. The occupied 

molecular orbitals of B and LA–MA were quantified at consistent geometries with 

a CB•••Cb bond length between B and the dienophile of 2.128 Å (Figure 8.5). The 

most important occupied π-MOs of LA–MA involved in the two-center four-

electron interaction are the HOMO–1 of MA and the HOMO–2 of ClF–MA and 

SF2–MA. Notably, the π-MOs of LA–MA are the same π-orbital located on the 

C=C double bond of the dienophile. The contributing occupied orbital of B is the 

HOMO–1, where all 2pz AOs located on both reacting C=C double bonds are in-
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phase. The orbital overlap between the HOMO–1B and the occupied π-MOLA–MA 

of the dienophile is the largest and, therefore, most destabilizing (S = 0.18) for MA 
(uncatalyzed reaction) and smallest and least destabilizing for ClF–MA (S = 0.13) 

(Figure 8.5a). Coordination of a Lewis acid to MA polarizes, due to the strong 

donor–acceptor interaction (Table 8.1), the occupied π-MOLA–MA located on the 

C=C double bond of the dienophile away from the incoming B which, in turn, 

decreases the occupied–occupied orbital overlap and hence the Pauli repulsion. In 

addition, the above-discussed larger degree of asynchronicity also plays a role in the 

reduction of the occupied–occupied orbital overlap. A more asynchronous reaction, 

i.e., the DA reaction catalyzed by a LA, has, due to the longer CB•••Ca bond, less 

orbital overlap at the a-carbon of LA–MA, manifesting in less Pauli repulsion 

between B and LA–MA. We have observed these exact phenomena also in our 

analysis of Lewis acid and iminium ion-catalyzed Diels-Alder, Michael addition, and 

ring-opening reactions,[32,37-41] which again demonstrates that the concept of Pauli-

lowering catalysis is a broader phenomenon and independent of how the Lewis acid is 

coordinated to the dienophile. 

 At last, we address why the orbital interactions for the uncatalyzed DA 

reaction are more stabilizing than for the LA-catalyzed counterpart, which 

effectively compensates the observed trend in Pauli repulsion and hence results in a 

nearly identical interaction energy for the uncatalyzed and LA-catalyzed reactions 

(Figure 8.1). In line with the current textbook rationale,[33-36] coordinating a Lewis 

acid to MA strengthens the normal electron demand (NED) orbital interaction by 

lowering the LUMOLA–MA energy, but, simultaneously, the LA catalyst suppresses 

the inverse electron demand (IED) orbital interaction since it also lowers the π-

MOLA–MA and hence increases the LUMOB–π-MOLA–MA energy gap. The latter 

effect overrules the former, resulting in orbital interactions for the LA-catalyzed 

reaction between B and LA–MA which are less favorable than the uncatalyzed 

analog. By performing a Kohn-Sham molecular orbital (KS-MO) analysis on 

consistent geometries with a CB•••Cb bond length between B and LA–MA of 2.128  
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Figure 8.6. Molecular orbital diagrams with orbital energies and overlaps for a) normal 
electron demand (NED) HOMOB–LUMOLA–MA interactions; and for b) inverse electron 
demand (IED) LUMOB–π-MOLA–MA interactions of the uncatalyzed and LA-catalyzed 
Diels-Alder reaction between B and LA–MA, computed on consistent geometries with a 
CB•••Cb bond length between B and LA–MA of 2.128 Å at ZORA-BP86/TZ2P. 
 

 

Å,[75,87] we found that the NED orbital energy gap between HOMOB–LUMOLA–MA 

decreases from 2.5 eV for the uncatalyzed reaction to 1.8 eV for the ClF-catalyzed 

reaction (Figure 8.6a). This reduction of the orbital energy gap is significant enough 

to overcome the minor loss of orbital overlap, which results from the more 

asynchronous reaction mode, and hence results in a more favorable NED 

interaction. However, coordination of a LA stabilizes all orbitals of LA–MA, thus 

also the key occupied π-MOLA–MA, which effectively results in an enlargement of the 

IED LUMOB–π-MOLA–MA energy gap going from 4.4 eV for the uncatalyzed 

reaction to 5.2 eV for the ClF-catalyzed reaction (Figure 8.6b). This, in conjunction 

with a significantly reduced orbital overlap as a result of the more asynchronous 

reaction mode, leads to a weaker IED interaction for the LA-catalyzed compared to 

the uncatalyzed DA reaction. 
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Figure 8.7. a) Activation strain analyses of the PF3-, AsF3-, and SbF3-catalyzed Diels-Alder 
reactions between B and LA–MA, where the energy values are plotted from the reactants to 
the transition state and projected onto the shorter newly forming CB•••Cb bond between B 
and LA–MA, computed at ZORA-BP86/TZ2P. 
 

 

Transitioning from Period 3 to Period 5-Based Lewis Acid Catalysts 

In the next section, we want to establish the periodic reactivity trend upon 

descending a group, that is, why Period 5-based LAs accelerate the Diels-Alder (DA) 

reaction between B and LA–MA to a larger extent than their Period 3-based analogs. 

Figure 8.7 shows the activation strain diagrams (ASDs) from the separate reactants 

to the transition states for the Diels-Alder reaction between B and LA–MA 

catalyzed by the Group 15 LAs: PF3, AsF3, and SbF3 of Periods 3, 4, and 5, 

respectively. The DA reaction catalyzed by the Group 16 and Group 17 LAs show 

the same, but less pronounced characteristics (Figure S8.10 and S8.11). The 

enhanced reactivity of the DA reaction catalyzed by the Period 5 LA SbF3 originates 

exclusively from a less destabilizing strain energy. On the other hand, the interaction 

energy is, in the transition state region, identical and hence not responsible for the 

observed trend in reaction barriers. 

 The less destabilizing strain energy for SbF3–MA can be ascribed to the 

larger degree of asynchronicity compared to PF3–MA and AsF3–MA (PF3–MA: 

∆rTSC•••C = 0.43 Å; AsF3–MA: ∆rTSC•••C = 0.47 Å; SbF3–MA: ∆rTSC•••C =0.52 Å),  
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Figure 8.8. Key occupied π-MOs (isovalue = 0.03 Bohr–3/2) computed at the equilibrium 
structures of PF3–MA, AsF3–MA, and SbF2–MA, where the MO-coefficients of the a-
carbon and b-carbon 2pz atomic orbitals, contributing to the occupied orbitals, are shown in 
the schematic π-MOs, computed at ZORA-BP86/TZ2P. 
 

 

which leads to a lower degree of deformation of the reactants, B and LA–MA, since 

the CB•••Cb bond forms ahead of the CB•••Ca. This difference in the degree of 

asynchronicity can again be explained by looking at the MO-coefficients of the 2pz 

atomic orbitals on the a- and b-carbon of the key π-MOs of PF3–MA, AsF3–
MA,and SbF3–MA (Figure 8.8). The HOMO–1 of PF3–MA has a larger MO-

coefficient on the a- than on the b-carbon inducing an asynchronous reaction mode. 

However, this effect gets partly compensated by the HOMO–3 of PF3–MA, 
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because it shows the opposite characteristics, that is, a smaller MO-coefficient on 

the a-carbon compared to the b-carbon, making the reaction moderately 

asynchronous. The same effect, only less pronounced due to a more asymmetric 

HOMO–1, can also be seen for the AsF3–MA, making this reaction slightly more 

asynchronous. The reaction involving SbF3–MA, on the contrary, follows a more 

asynchronous reaction mode, due to (i) a larger asymmetry in the MO-coefficients 

of the HOMO–1 compared to PF3–MA; and (ii) a symmetric HOMO–3 which does 

not counter the asynchronicity induced by the HOMO–1. Both of these effects are 

initiated by the stronger donor–acceptor interaction between SbF2 and MA 

compared to the interaction between PF3 or AsF3 and MA (Table 8.1; ∆Eoi,PF3–MA 

= –2.2 kcal mol–1, ∆Eoi,AsF3–MA = –6.8 kcal mol–1, and ∆Eoi,SbF3–MA = –10.7 kcal mol–

1), which results in a more significant polarization of the π-MOs away from the C=C 

double bond of SbF3–MA, amplifying the asymmetry in the MO-coefficients of the 

2pz atomic orbitals on the a- and b-carbon atoms of SbF3–MA and hence making 

the reaction more asynchronous. 

 

 

8.4 Conclusions 
Our study quantifies and pinpoints the catalytic effect of various weakly interacting 

Lewis acids, across the periodic table, on the Diels-Alder (DA) reaction between 1,3-

butadiene (B) and methyl acrylate (MA). Lewis acids (LAs), coordinating via 

hydrogen, halogen, chalcogen, and pnictogen bonds, efficiently catalyze the DA 

reaction by lowering the reaction barrier up to 3 kcal mol–1. This catalytic effect 

decreases going, along a period, from halogen to hydrogen to chalcogen to 

pnictogen-bonded Lewis acids. In addition, the Period 5-based Lewis acids catalyze 

the DA reaction to a larger extent than the corresponding Period 3 and Period 4-

based counterparts. 

 Our activation strain and Kohn-Sham molecular orbital analyses uncovered 

that the enhanced reactivity of the Lewis acid-catalyzed compared to the uncatalyzed 

DA reaction originates from a larger degree of asynchronicity, which yields a less 
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destabilizing activation strain since one newly forming C•••C bond forms later than 

the other. The asynchronicity of these DA reactions are caused by the asymmetry in 

the MO-coefficients of the 2pz atomic orbitals on the a- and b-carbon of the 

occupied π-orbitals of the dienophile, namely, the MO coefficient on the a-carbon 

is larger than on the b-carbon, inducing more occupied–occupied orbital overlap 

between B and the a-carbon of LA–MA. To circumvent this repulsive interaction, 

the formation of the new CB•••Ca bond between B and LA–MA lags behind that of 

the CB•••Cb bond, resulting in an asynchronous DA reaction. The stronger the Lewis 

acid interacts with the dienophile, going from halogen to hydrogen to chalcogen to 

pnictogen bonds, the larger the asymmetry in the MO-coefficients of the occupied 

π-orbitals of the dienophile, which leads to a more asynchronous reaction mode and 

hence less repulsion between the reactants and a lower reaction barrier. 

 The increased rate enhancement upon descending a group from Period 3 to 

Period 5 is exclusively caused by the reduced activation strain, originating from the 

increased degree of asynchronicity. The Period 5 LA catalysts enter in a stronger 

donor–acceptor interaction with MA, due to the higher polarizability and more 

electropositive nature of the heavier atoms of the LA involved in this interaction. 

Consequently, the asymmetry in the MO coefficients of the occupied π-orbitals of 

the dienophile is more prominent for the Period 5 LAs, making the reaction more 

asynchronous. The work presented herein demonstrates, once again, the more 

general applicability of the Pauli-lowering catalysis concept. Despite that, and different 

to our previous works on related catalyzed processes,[32,37-41] the Pauli repulsion 

lowering induced by these weakly bonded catalysts is not translated into a stronger 

interaction between the deformed reactants but is mainly manifested in a more 

asynchronous reaction mode, which constitutes the causal actor behind the catalytic 

effect of these Lewis acids in the considered DA reactions. 
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8.6 Supporting Information 
 

Table S8.1. Energy decomposition analysis terms (in kcal mol–1) and LA•••O=C distance 
(in Å) computed on LA–methyl acrylate adducts.[a] 

LA ∆E ∆Estrain ∆Eint ∆Velstat ∆EPauli ∆Eoi r(LA•••O=C) 

PF3 –4.3 0.3 –4.6 –8.0 10.3 –3.9 –3.0 

AsF3 –8.5 0.7 –9.3 –16.2 19.3 –8.6 –3.7 

SbF3 –11.9 1.1 –13.0 –23.2 27.2 –12.5 –4.6 

SF2 –6.7 0.8 –7.5 –14.9 21.3 –10.9 –3.0 

SeF2 –10.7 1.3 –11.9 –22.4 29.9 –15.8 –3.7 

TeF2 –14.1 1.5 –15.6 –28.9 36.8 –19.5 –4.0 

ClF –11.5 1.0 –12.5 –22.4 34.7 –22.5 –2.4 

BrF –14.0 1.5 –15.5 –26.0 36.4 –23.1 –2.8 

IF –15.0 1.3 –16.3 –27.6 35.9 –21.1 –3.5 

HF –11.5 1.0 –12.5 –18.2 20.6 –13.7 –1.2 
[a] Computed at ZORA-BP86-D3(BJ)/TZ2P. 
 

 

Table S8.2. Electronic reactant complex energies (∆ERC), reaction barriers (∆E‡), reaction 
energies (∆Erxn) (in kcal mol–1) for the uncatalyzed and Lewis acid-catalyzed Diels-Alder 
reaction between 1,3-butadiene (B) and methyl acrylate (LA–MA).[a] 

LA–MA ∆ERC ∆E‡ ∆Erxn 

MA –3.9 4.4 –44.3 

PF3–MA –4.8 2.8 –46.3 

AsF3–MA –5.3 1.4 –47.4 

SbF3–MA –5.9 0.1 –48.2 

SF2–MA –5.1 1.9 –44.6 

SeF2–MA –6.2 0.4 –45.4 

TeF2–MA –6.6 –0.3 –45.3 

ClF–MA –5.8 0.6 –44.3 

BrF–MA –6.1 0.1 –44.5 

IF–MA –6.5 –0.4 –44.7 

HF–MA –5.0 1.9 –43.8 
[a] Computed at ZORA-BP86-D3(BJ)/TZ2P.  



How Lewis Acids across the Periodic Table Catalyze Diels-Alder Reactions 

 203 

 
Figure S8.1. Transition state structures for the uncatalyzed and Lewis acid-catalyzed Diels-
Alder reaction between B and LA–MA, computed at ZORA-BP86/TZ2P. 
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Figure S8.2. a) Activation strain analyses and b) energy decomposition analyses of the 
uncatalyzed and LA-catalyzed Diels-Alder reaction between B and LA–MA, where the 
energy values are plotted from the reactants to the transition state and projected onto the 
shorter newly forming CB•••Cb bond between B and LA–MA, computed at ZORA-
BP86/TZ2P. 
 

 

 

 
Figure S8.3. a) Activation strain analyses and b) energy decomposition analyses of the 
uncatalyzed and LA-catalyzed Diels-Alder reaction between B and LA–MA, where the 
energy values are plotted from the reactants to the transition state and projected onto the 
shorter newly forming CB•••Cb bond between B and LA–MA, computed at ZORA-
BP86/TZ2P. 
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Figure S8.4. a) Activation strain analyses and b) energy decomposition analyses of the 
uncatalyzed and ClF-catalyzed Diels-Alder reaction between B and LA–MA, where the 
energy values are plotted from the reactants to the transition state and projected onto the 
shorter newly forming CB•••Cb bond between B and LA–MA, computed at ZORA-BP86-
D3(BJ)/TZ2P. 
 

 

 

 
Figure S8.5. a) Activation strain analyses and b) energy decomposition analyses of the 
asynchronous (black) and constraint synchronous (red) Diels-Alder reactions between B and 
PF3–MA, where the transition states are indicated with a dot, the energy values are plotted 
from the reactants to the cycloadduct, and projected onto the forming CB•••Cb bond 
between B and PF3–MA, computed at ZORA-BP86/TZ2P. 
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Figure S8.6. a) Activation strain analyses and b) energy decomposition analyses of the 
asynchronous (black) and constraint synchronous (red) Diels-Alder reactions between B and 
SF2–MA, where the transition states are indicated with a dot, the energy values are plotted 
from the reactants to the cycloadduct, and projected onto the shorter forming CB•••Cb bond 
between B and SF2–MA, computed at ZORA-BP86/TZ2P. 
 

 

 

 
Figure S8.7. a) Activation strain analyses and b) energy decomposition analyses of the 
asynchronous (black) and constraint synchronous (red) Diels-Alder reactions between B and 
HF–MA, where the transition states are indicated with a dot, the energy values are plotted 
from the reactants to the cycloadduct, and projected onto the shorter forming CB•••Cb bond 
between B and HF–MA, computed at ZORA-BP86/TZ2P. 
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Figure S8.8. Key occupied LUMOs (isovalue = 0.03 Bohr–3/2) computed at the equilibrium 
structures of ClF–MA and MA, where the MO-coefficients of the a-carbon and b-carbon 
2pz atomic orbitals, contributing to the occupied orbitals, are shown in the schematic 
LUMOs, computed at ZORA-BP86/TZ2P. 
 

 

 

 
Figure S8.9. Molecular orbital diagrams with orbital energies) and overlaps for a) normal 
electron demand (NED) HOMOB–LUMOLA–MA interactions; and for b) inverse electron 
demand (IED) LUMOB–π-MOLA–MA interactions of the asynchronous (black) and constraint 
synchronous (red) Diels-Alder reactions between B and MA and ClF–MA, computed on 
consistent geometries with a CB•••Cb bond length between B and LA–MA of 2.128 Å at 
ZORA-BP86/TZ2P. 
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Figure S8.10. a) Activation strain analyses and b) energy decomposition analyses of the SF2-
, SeF2-, and TeF2-catalyzed Diels-Alder reaction between B and LA–MA, where the energy 
values are plotted from the reactants to the transition state and projected onto the shorter 
newly forming CB•••Cb bond between B and LA–MA, computed at ZORA-BP86/TZ2P. 
 

 

 

 
Figure S8.11. a) Activation strain analyses and b) energy decomposition analyses of the ClF-
, BrF-, and IF-catalyzed Diels-Alder reaction between B and LA–MA, where the energy 
values are plotted from the reactants to the transition state and projected onto the shorter 
newly forming CB•••Cb bond between B and LA–MA, computed at ZORA-BP86/TZ2P. 
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Chapter 9 
 

The Origin of Asynchronicity in  
Diels-Alder Reactions 

 
 

Previously appeared as 

 

Origin of Asynchronicity in Diels-Alder Reactions 

P. Vermeeren, T. A. Hamlin, F. M. Bickelhaupt 

Phys. Chem. Chem. Phys. 2021, 23, 20095–20106. 
 

Asynchronicity in Diels-Alder reactions plays a crucial role in determining the height 

of the reaction barrier. Currently, the origin of asynchronicity is ascribed to the 

stronger orbital interaction between the diene and the terminal carbon of an 

asymmetric dienophile, which shortens the corresponding newly formed C–C bond 

and hence induces asynchronicity in the reaction. Here, we show that this rationale 

behind asynchronicity is incorrect. We, in fact, found that following a more 

asynchronous reaction mode costs favorable HOMO–LUMO orbital overlap and, 

therefore, weakens these orbital interactions. Instead, it is the Pauli repulsion that 

induces asynchronicity in Diels-Alder reactions. An asynchronous reaction pathway 

also lowers repulsive orbital overlap which, therefore, reduces the unfavorable Pauli 

repulsion. As soon as this mechanism of reducing Pauli repulsion dominates, the 

reaction begins to deviate from synchronicity and adopts an asynchronous mode. 

The eventual degree of asynchronicity, as observed in the transition state of a Diels-

Alder reaction, is ultimately achieved when the gain in stability, as a response to the 

reduced Pauli repulsion, balances with the loss of favorable orbital interactions.  
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9.1 Introduction 
Nearly one century after its discovery, the Diels-Alder (DA) cycloaddition reaction 

is still one of the most useful transformations in chemistry. This is ultimately due to 

the ability of the DA reaction to produce densely functionalized six-membered rings, 

with up to four stereocenters, in a single reaction step with high atom efficiency.[1-5] 

This specific reaction, therefore, has been widely utilized towards the synthesis of a 

vast number of target compounds, including complex natural products and 

molecular species with potential applications in material sciences and medicinal 

chemistry.[6-11] 

 Lewis acids (LA) that bind to the dienophile are efficient catalysts of the 

DA reaction.[12,13] This enhanced reactivity is traditionally attributed to the lowering 

of the LUMO of the activated dienophile, resulting in a smaller HOMOdiene–

LUMOdienophile energy gap and hence more favorable orbital interactions.[14-17] In our 

previous work, however, we have shown that this rationale behind Lewis acid-

catalyzed DA reactions is incorrect.[18-23] Our analyses showed that Lewis acids 

indeed lower the LUMOdienophile but do not enhance the total orbital interaction, 

because the strengthening of the normal electron demand HOMOdiene–

LUMOdienophile interaction is counteracted by the weakening of the inverse electron 

demand LUMOdiene–HOMOdienophile interaction. Instead, we established that the 

increase in reaction rate is originating from a significant reduction of closed-shell 

Pauli repulsion between the occupied π-molecular orbitals of the reactants. The 

binding of a LA to the dienophile not only reduces the Pauli repulsion by polarizing 

the occupied π-orbital density on the C=C double bond of the dienophile away from 

the approaching diene but also by inducing asynchronicity through the asymmetry 

in the π-electronic system (vide infra). In addition, the asynchronicity also results in 

less pressure on the reactants to deform and, thus, less destabilizing activation strain, 

which leads to an additional lowering of the reaction barrier. Besides LA-catalyzed 

Diels-Alder reactions, it was found that this mode of catalysis is active in a myriad 

of other catalyzed organic transformations,[24,25] such as aza-Michael addition 

reactions,[26] aromatic Diels-Alder reactions,[27] and cyclohexene oxide ring-opening 



The Origin of Asynchronicity in Diels-Alder Reactions 

 213 

reactions,[28] and we, therefore, have coined the concept of Pauli-lowering catalysis to 

describe this mode of catalysis.[29] 

 The degree of asynchronicity of a DA reaction, that is, the difference in 

length between the newly forming C•••C bonds in the transition state, plays a crucial 

role in determining the height of the reaction barrier. As previously mentioned, a 

more asynchronous DA reaction, i.e., a DA reaction with a larger difference in length 

between the newly forming C•••C bonds in the transition state, leads to both a less 

destabilizing Pauli repulsion and a reduced activation strain, which, ultimately, 

manifests into a lower reaction barrier. It is, therefore, essential to understand why 

and to which extent DA reactions become asynchronous. Various studies have 

attempted to elucidate the origin of asynchronicity in Diels-Alder reactions.[30-36] The 

most well-accepted rationale is by Houk et al., who explained the asynchronicity in 

DA reaction between 1,3-butadiene and acrolein based on frontier molecular orbital 

(FMO) theory and ascribed this phenomenon to the magnitude of the molecular 

orbital (MO) coefficients of the LUMOacrolein on the C=C double bond.[37,38] The 

larger MO-coefficient of the LUMOacrolein on the b-carbon makes this terminal 

carbon more electrophilic than the a-carbon, which has a smaller MO-coefficient. 

As a result, the greater overlap between HOMO1,3-butadiene–LUMOacrolein at the b-

carbon of acrolein leads to a shorter bond and, thus, an asynchronous DA reaction. 

In contrast, we found in our recent studies on LA-catalyzed DA reactions that these 

reactions tend to be asynchronous in order to reduce the otherwise highly 

destabilizing Pauli repulsion.[19,21] Despite recent advances on elucidating the 

mechanism behind asynchronicity in DA reactions, little quantitative data is available 

regarding the physical factors that control whether and to which extent a DA 

reaction wants to be asynchronous. 

 In this work, we have performed an in-depth theoretical study to unravel 

the physical mechanism behind asynchronicity of Diels-Alder reactions. To this end, 

we have analyzed and compared the Diels-Alder reaction between 1,3-butadiene (B) 

and acrylaldehyde (O–LA) with the analogous reaction catalyzed by different Lewis  
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Scheme 9.1. The uncatalyzed and Lewis acid-catalyzed Diels-Alder reactions between 1,3-
butadiene (B) and acrylaldehyde (O–LA) that were computationally studied. 
 

 

acids, namely, AlCl3, Li+, and H+, using relativistic density functional theory (DFT) 

at ZORA-BP86/TZ2P (Scheme 9.1). These Lewis acid catalysts were selected due 

to their ability to make the Diels-Alder reaction more asynchronous. The activation 

strain model (ASM) of reactivity[39-43] in combination with Kohn-Sham molecular 

orbital (KS-MO)[44] theory and the matching canonical energy decomposition 

analysis (EDA)[45,46] were employed to gain quantitative insights into the origin of 

asynchronicity in these Diels-Alder reactions. This computational approach has 

been proven to be reliable for the understanding of fundamental processes in 

organic chemistry.[18-22,26-29,47-50] 

 

 

9.2 Methods 
Computational Details 

All calculations were performed using the Amsterdam Density Functional 

(ADF2019.102) software package.[51-53] The generalized gradient approximation 

(GGA) functional BP86 was used for all computations and analyses.[54,55] The basis 

set employed, denoted TZ2P,[56] is of triple-ζ quality and is augmented with two sets 

of polarization functions on each atom. Scalar relativistic effects are accounted for 

using the zeroth-order regular approximation (ZORA).[57,58] This level of theory has 

been proven to be accurate in calculating the relative trends in reaction barriers and 

energies as well as for performing the activation strain and energy decomposition 
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analyses for cycloaddition reactions.[18,21,59] The accuracies of the fit scheme (Zlm 

fit)[60] and the integration grid (Becke grid)[61] were set to VERYGOOD. Equilibrium 

and transition state geometries were verified by means of vibrational analysis,[61-63] 

to assess the nature of all structures: for minima, no imaginary frequencies were 

found, whereas transition states present a single imaginary frequency. Furthermore, 

the character of the normal mode associated with the imaginary frequency was 

analyzed to ensure that the correct transition state was found, i.e., the formation of 

the two C–C bonds between 1,3-butadiene (B) and acrylaldehyde (O–LA). A 

conformational search has been performed to ensure that the structures are in their 

lowest energy conformation. The potential energy surfaces of the studied Diels-

Alder reactions were obtained by performing intrinsic reaction coordinate (IRC) 

calculations.[65-67] The acquired potential energy surfaces were analyzed using the 

PyFrag 2019 program.[68,69] Optimized structures were illustrated using CYLview.[70] 

 

 

Activation Strain Model and Energy Decomposition Analysis 

The activation strain model of reactivity (ASM,[39-43] also known as the 

distortion/interaction model[71,72]), is a fragment-based approach based on the idea 

that the energy of a reacting system, i.e., the potential energy surface, can be 

described with respect to, and understood in terms of the characteristics of the 

original reactants. It considers the rigidity of the reactants as well as the extent to 

which the reactants must deform during the reaction plus their capability to interact 

as the reaction proceeds. In this model, we decompose the total energy, ∆E(z), into 

the strain and interaction energy, ∆Estrain(z) and ∆Eint(z), respectively, along the IRC 

which is projected onto a reaction coordinate z that is critically involved in the 

transformation, vide infra [Eq. (9.1)]. 

 

 ∆E(z) = ∆Estrain(z) + ∆Eint(z) (9.1) 
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In this equation, the strain energy, ∆Estrain(z), is the penalty that needs to be paid in 

order to deform the reactants from their equilibrium structure to the geometry they 

adopt during the reaction at point z of the reaction coordinate. On the other hand, 

the interaction energy, ∆Eint(z),  accounts for all mutual chemical interactions that 

occur between the deformed fragments along the reaction coordinate. 

 The interaction energy between the deformed reactants is further analyzed 

by means of the canonical energy decomposition analysis (EDA).[45,46] The EDA 

decomposes the ∆Eint(z) into the following three physically meaningful energy terms 

[Eq. (9.2)]: 

 

 ∆Eint(z) = ∆Velstat(z) + ∆EPauli(z) + ∆Eoi(z) (9.2) 

 

Herein, ∆Velstat(z) is the classical electrostatic interaction between the unperturbed 

charge distributions of the (deformed) reactants and is usually attractive. The Pauli 

repulsion, ∆EPauli(z), comprises the destabilizing interaction between occupied 

closed-shell orbitals of both fragments due to Pauli’s exclusion principle. The orbital 

interaction energy, ∆Eoi(z), accounts for polarization and charge transfer between 

the fragments, such as HOMO–LUMO interactions. A detailed, step-by-step guide 

on how to perform and interpret the ASM and EDA can be found in Ref. 43 

 In both the activation strain and accompanied energy decomposition 

diagrams, the intrinsic reaction coordinate (IRC) is projected onto the shortest of 

the two newly forming C•••C bonds between 1,3-butadiene (B) and acrylaldehyde 

(O–LA). This critical reaction coordinate undergoes a well-defined change during 

the reaction from the reactant complex via the transition state to the cycloadduct 

and is shown to be a valid reaction coordinate for studying cycloadditions.[18-21,73,74] 
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9.3 Results and Discussion 
The reaction profiles of the uncatalyzed and Lewis acid-catalyzed Diels-Alder (DA) 

reaction between 1,3-butadiene (B) and acrylaldehyde (O–LA), together with their 

transition state structures (intermediate structure for O–H+) are shown in Figure 

9.1. Note that all dienophiles studied in this work are in the s-trans conformation, 

which is the most stable conformation of the dienophiles (see Figure S9.1).[75-77] In 

analogy with previous studies,[18-21] we establish that Lewis acids not only 

significantly lower the reaction barrier but also make the DA reaction more 

asynchronous. As expected, the uncatalyzed reaction (O) has the highest reaction 

barrier, namely, 12.2 kcal mol–1, and follows the least concerted asynchronous 

reaction mode (∆rTSC•••C = 0.46 Å, where ∆rTSC•••C refers to the difference between  

 

 

 
Figure 9.1. a) Reaction profiles (in kcal mol–1) and b) transition state structures (intermediate 
structure for O–H+) with newly forming bond lengths (in Å) and degree of asynchronicity 
(DrTSC•••C) of the uncatalyzed and Lewis acid-catalyzed Diels-Alder reaction between 1,3-
butadiene (B) and acrylaldehyde (O–LA), computed at ZORA-BP86/TZ2P. 
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the newly forming C•••C bond lengths in the transition state). Binding a Lewis acid 

to acrylaldehyde lowers the DA reaction barriers to 3.5 kcal mol–1 for O–AlCl3 and 

–1.9 kcal mol–1 (2.2 kcal mol–1 with respect to preceding reactant complex 3-RC) 

for O–Li+ and significantly increases the degree of asynchronicity of these reactions 

(O–AlCl3: ∆rTSC•••C = 0.78 Å, O–Li+: ∆rTSC•••C = 0.91 Å). Strikingly, the DA reaction 

catalyzed by H+ follows a stepwise reaction pathway, which can be seen as an 

extreme case of asynchronicity, whereby the formation of the first C–C bond 

between the terminal carbon of B and the b-carbon of O–H+ is barrierless. The 

formation of the second C–C bond, i.e., ring closure, goes with a reaction barrier at 

–19.5 kcal mol–1 (0.5 kcal mol–1 with respect to preceding intermediate 4-Int). These 

results already indicate that the degree of asynchronicity of a DA reaction has a 

profound effect on the height of the reaction barrier. 

 Next, we examine the physical factors leading to the enhanced reactivity of 

the LA-catalyzed compared to the uncatalyzed Diels-Alder reactions, by applying 

the activation strain model (ASM) of reactivity.[39-43] Table 9.1 shows the results of 

the activation strain analyses at consistent, transition state-like geometries with a 

CB•••Cb bond length between B and O–LA of 2.118 Å (See Figure S9.2 for complete 

activation strain and energy decomposition analysis diagrams). Performing this 

analysis at a consistent point along the reaction coordinate (near all transition state 

structures), rather than on the individual transition state structures alone, ensures 

that the results are not skewed by the position, earlier or later, of the transition 

state.[42,59] Note that for O–H+ the barrierless formation of the first C–C bond is 

analyzed. The trend in total energies at the consistent geometry, ∆E*, in Table 9.1 

follows that of the actual reaction barriers ∆E‡, namely, the uncatalyzed reaction (O) 

goes with the highest, i.e., least stabilizing, total energy, while binding of AlCl3 (O–

AlCl3) lowers the energy to 1.5 kcal mol–1 which then further drops to –1.9 kcal mol–

1 and –16.4 kcal mol–1 for O–Li+ and O–H+, respectively. The acceleration of the 

LA-catalyzed reactions, i.e., lower reaction barriers, originates from both a 

consistently less destabilizing strain energy and a more stabilizing interaction energy. 
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Table 9.1. Activation strain and energy decomposition analyses (in kcal mol–1) of the 
uncatalyzed and Lewis acid-catalyzed Diels-Alder reactions between B and O–LA.[a,b] 

O–LA ΔE* ΔEstrain ΔEint ΔVelstat ΔEPauli ΔEoi 

O 12.1 19.3 –7.2 –38.9 82.9 –51.5 

O–AlCl3 1.5 14.9 –13.4 –34.5 73.5 –52.4 

O–Li+ –1.9 13.5 –15.4 –31.3 68.1 –52.2 

O–H+ –16.4 12.3 –28.7 –28.2 62.0 –62.5 

[a] Analyses at consistent transition state-like geometries with a CB•••Cb bond length between 
B and O–LA of 2.118 Å at ZORA-BP86/TZ2P. [b] See Figure S9.2 for complete activation 
strain and energy decomposition analysis diagrams. 
 

 

 The trend in strain energy can be explained by looking at the degree of 

asynchronicity (O: ∆rTSC•••C = 0.46 Å, O–AlCl3: ∆rTSC•••C = 0.78 Å, O–Li+: ∆rTSC•••C 

= 0.91 Å, O–H+: ∆rTSC•••C = stepwise). The more asynchronous the reaction, the 

lower the degree of deformation of the reactants in the saddle-point region of the 

reaction's PES since the CB•••Ca bond forms behind of the CB•••Cb bond, resulting 

in a less destabilizing strain energy. Note that, in the case of the stepwise Diels-Alder 

reaction with O–H+, the CB•••Ca bond is not formed at all in the first step which, 

ultimately, leads to even less deformation in the reactants and hence the least 

destabilizing strain energy. To understand why the interaction energy becomes 

increasingly more stabilizing from O to O–H+, we applied the energy 

decomposition analysis (EDA).[45,46] In line with our previous studies,[18-20,29] we find 

that the reduced Pauli repulsion is the main actor behind the more stabilizing 

interaction energy for the LA-catalyzed compared to the uncatalyzed DA reaction, 

going from 82.9 kcal mol–1 for O to 62.0 kcal mol–1 for O–H+. Interestingly, the 

reaction involving O–H+ also benefits from more stabilizing orbital interactions, 

while the orbital interactions of both O–AlCl3 and O–Li+ are nearly equivalent to 

the uncatalyzed analog. The electrostatic interaction, on the other hand, shows an 

opposite trend, namely, the uncatalyzed reaction goes with the most stabilizing 

electrostatic interaction, and is, therefore, not responsible for the observed reactivity 

trend. 
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Figure 9.2. a) Molecular orbital diagram and the most significant occupied orbital overlaps 
of the uncatalyzed and Lewis acid-catalyzed Diels-Alder reactions between B and O–LA; 
and b) key occupied orbitals (isovalue = 0.03 Bohr–3/2), computed at consistent transition 
state-like geometries with a CB•••Cb bond length between B and O–LA of 2.118 Å at ZORA-
BP86/TZ2P. 
 

 

 The origin of the less destabilizing Pauli repulsion for the LA-catalyzed 

compared to the uncatalyzed Diels-Alder reaction is further investigated by 

performing a Kohn-Sham molecular orbital (KS-MO) analysis.[44,78] The occupied 

molecular orbitals of B and O, O–AlCl3, O–Li+, and O–H+ were quantified at 

consistent geometries with a CB•••Cb bond length between B and O–LA of 2.118Å 

(Figure 9.2). The most important occupied π-MOs of the dienophiles that are 

decisive for the trend in Pauli repulsion are the π-HOMO–1 of O, O–Li+, and O–

H+ and the π-HOMO–3 of O–AlCl3. Note that these π-MOs are of the same type 

for each of the different O–LA dienophiles in that they have all 2pz atomic orbitals 

(AOs) on the carbon and oxygen atoms in-phase. The occupied orbitals of B 

involved in this repulsive orbital interaction are the π-HOMO and π-HOMO–1, 

where the former has a nodal plane between the 2pz AOs of the middle two carbon 

atoms while, for the latter, all 2pz AOs are in-phase. The orbital overlap between the 

π-HOMOB and π-HOMO–1B and the occupied π-MOs of O–LA are the largest 

and, therefore, most destabilizing for O (S = 0.03 and 0.08) and the smallest and 

least destabilizing for O–H+ (S = 0.02 and 0.01; see Figure 9.2a). Binding of a LA 
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to O polarizes, due to the strong donor–acceptor interaction (Table S9.1), the 

occupied π-MOO–LA located on the C=C double bond of the dienophile away from 

the incoming B which, in turn, decreases the occupied–occupied orbital overlap and 

hence the Pauli repulsion. 

 In addition, the difference in reaction mode, that is, the degree of 

asynchronicity, also plays a significant role in the reduction of occupied–occupied 

orbital overlap. A more asynchronous reaction, i.e., the DA reaction catalyzed by 

AlCl3 and Li+, has, due to the longer CB•••Ca bond, a reduced repulsive orbital 

overlap at the a-carbon of O–LA, manifesting in less Pauli repulsion between B and 

O–LA. This effect is further amplified when the DA reaction is stepwise, in the case 

of O–H+, because, along this reaction pathway, the reactants are oriented in a way 

that no repulsive occupied–occupied orbital overlap can occur between the filled 

orbitals of B and the 2pz AO on the a-carbon of O–LA. This driving force behind 

Lewis acid catalysis confirms our previous analyses of Lewis acid and iminium ion-

catalyzed Diels-Alder, Michael addition, and ring-opening reactions,[18-22,26-28] and 

again demonstrate the generality of the concept of Pauli-lowering catalysis.[29] 

 Next, we address why only the LA-catalyzed DA reaction involving O–H+ 

experiences more stabilizing orbital interactions compared to the uncatalyzed 

reaction, while the reactions catalyzed by AlCl3 and Li+ do not. In line with the 

textbook rationale behind Lewis acid catalysis,[14-17] binding of a Lewis acid to the 

dienophile strengthens the normal electron demand (NED) interaction by lowering 

the π-LUMOO–LA, but the LA catalyst simultaneously weakens the inverse electron 

demand (IED) interaction by stabilizing the π-MOO–LA and hence increasing the π-

LUMOB–π-MOO–LA energy gap. By performing a Kohn-Sham molecular orbital 

(KS-MO) analysis on consistent geometries with a CB•••Cb bond length between B 

and O–LA of 2.118 Å,[44,78] we found that the π-LUMOO–LA lowers in energy 

significantly more pronouncedly than in the case of the neutral uncatalyzed reaction, 

from –3.5 eV for the uncatalyzed reaction to –10.4 eV for the H+-catalyzed reaction 

(Figure 9.3a). The stabilization of the π-LUMOO–LA and hence reduction of the  
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Figure 9.3. Molecular orbital diagrams with key orbital overlaps and energies for a) the 
normal electron demand (NED) π-MOB–π-LUMOO–LA interactions; and b) inverse electron 
demand (IED) π-LUMOB–π-MOO–LA interactions of the uncatalyzed and Lewis acid-
catalyzed Diels-Alder reactions between B and O–LA, computed at consistent transition 
state-like geometries with a CB•••Cb bond length between B and O–LA of 2.118 Å at ZORA-
BP86/TZ2P. 
 

 

π-MOB–π-LUMOO–LA gap is, therefore, significant enough to overcome the loss of 

favorable π-HOMOB–π-LUMOO–LA orbital overlap, which results from the more 

asynchronous reaction mode, and hence results in a more favorable NED 

interaction for the LA-catalyzed reactions. In addition, the NED interaction, namely, 

that between π-HOMO–1B and π-LUMOO–LA, also becomes stronger, due to both 

a smaller orbital energy gap and an enhanced orbital overlap. The π-HOMO–1B has 

a phase mismatch with the π-LUMOO–LA and hence only a small net orbital overlap. 

This phase mismatch, however, becomes less severe when the reaction becomes 

more asynchronous, such as in the case of O–H+, and the π-HOMO–1B–π-

LUMOO–LA interaction, therefore, starts to contribute to the total NED interaction. 

As mentioned above, binding of a LA stabilizes all orbitals of O–LA, thus, also the 
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key occupied π-MOO–LA from –7.5 eV for the uncatalyzed reaction to –13.9 eV for 

the H+-catalyzed reaction, yielding an increase of the π-LUMOB–π-MOO–LA energy 

gap (Figure 9.3b). This, together with a reduced orbital overlap as a result of a more 

asynchronous reaction mode, weakens the IED interaction for the LA-catalyzed 

compared to the uncatalyzed DA reaction. For the reaction catalyzed by H+, the 

enhancement of the NED interaction prevails over the reduction of the IED 

interaction, which, ultimately, results in more stabilizing orbital interactions than the 

uncatalyzed reaction. The reactions catalyzed by AlCl3 and Li+, on the other hand, 

do not engage in stronger orbital interactions, because the gain in NED interaction 

becomes effectively compensated by the loss of IED interaction, resulting in orbital 

interactions that are nearly identical to the uncatalyzed reaction. 

 As described above, the reaction mode is a crucial factor for the kinetics of 

Diels-Alder reactions, because a larger degree of asynchronicity results in a lower 

reaction barrier due to a reduction of the destabilizing activation strain and Pauli 

repulsion. Understanding the origin of asynchronicity in Diels-Alder reactions is, 

therefore, essential for understanding and designing reactivity trends. To that end, 

we analyzed and compared Diels-Alder reaction pathways that were artificially 

constraint to be synchronous, asynchronous to various degrees, up till the point at 

which they turn from concerted asynchronous to stepwise. This approach allows us 

to rationalize (i) the origin of asynchronicity, and (ii) the driving force behind the 

degree of asynchronicity. 

 In Figure 9.4, we focus on the activation strain diagram (ASD) of the 

uncatalyzed Diels-Alder reaction between B and O, which is a moderately 

asynchronous reaction with a degree of asynchronicity of ∆rTSC•••C = 0.46 Å. We 

have artificially constraint this reaction to be synchronous (∆rTSC•••C = 0.00 Å), 

increasingly more asynchronous (∆rTSC•••C = 0.19 Å, 0.42 Å, 0.62 Å, 0.82 Å, and 1.02 

Å), and stepwise (∆rTSC•••C = stepwise). Note that the ASDs of the artificially 

constraint reaction pathways of O–AlCl3, O–Li+, and O–H+ follow the same trends 

and can be found in Figures S9.3–S9.5. The reaction barrier lowers when going from 
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Figure 9.4. Activation strain analyses: a) total energy, b) strain energy, and c) interaction 
energy; and energy decomposition analyses: d) Pauli repulsion, e) electrostatic interaction, 
and f) orbital interactions, of the artificially constraint synchronous, asynchronous, and 
stepwise Diels-Alder reaction modes (rxn mode) between B and O, where the transition 
states are indicated with a dot and the energy values are projected onto the shorter newly 
forming a CB•••Cb bond, computed at ZORA-BP86/TZ2P. 
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a synchronous to an asynchronous DA reaction with a degree of asynchronicity of 

0.42 Å (Figure 9.4a), which is close to the actual degree of asynchronicity of the 

reaction between B and O. By further amplifying the degree of asynchronicity, the 

reaction barrier increases to such an extent that the stepwise reaction pathway 

becomes an up-hill reaction without a kinetically stable intermediate, that is, the 

species in which the first C–C bond is formed would spontaneously fall back to the 

reactants. As previously discussed, the more asynchronous reaction yields the least 

destabilizing strain energy (Figure 9.4b), because the CB•••Ca bond forms behind of 

the CB•••Cb bond, resulting in less geometrical deformation. Thus, from a strain 

energy perspective, DA reactions prefer to be as asynchronous as possible. This 

effect, however, becomes compensated by the dramatic loss of stabilizing interaction 

energy, when the DA reaction becomes asynchronous (Figure 9.4c). It is, therefore, 

the interaction energy that determines whether and to which extent a DA reaction 

becomes asynchronous. 

 Next, we turn to the EDA to get a more detailed insight into how the 

interaction energy determines the degree of asynchronicity. In contrast with the 

current rationale that ascribes the origin of asynchronicity to enhanced orbital 

interactions between the diene and the b-carbon of the dienophile,[37,38] we found 

that the reduction of Pauli repulsion is the actual driving force behind the 

asynchronicity. The synchronous reaction pathway goes with the most destabilizing 

Pauli repulsion, which the reaction can relieve by increasing the degree of 

asynchronicity (Figure 9.4d). However, the loss of destabilizing Pauli repulsion will 

converge when the DA reaction reaches a degree of asynchronicity of 0.62 Å. Thus, 

increasing the degree of asynchronicity beyond 0.62 Å will not lead to an additional 

stabilization of the DA reaction between B and O. The orbital interactions, and to 

a lesser extent the electrostatic interactions, do not benefit from a more 

asynchronous reaction mode (Figures 9.4e and 9.4f), since both energy terms 

become consistently less stabilizing when the DA reaction becomes more 

asynchronous. Thus, asynchronicity arises when the associated reduction in Pauli 

repulsion is able to overcome the unfavorable loss in stabilizing orbital interactions. 
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And the eventual degree of asynchronicity, as observed in the transition state, is 

achieved when the gain in stability, as a response to the reduced Pauli repulsion, 

balances with the loss of favorable orbital and electrostatic interactions. It is, 

therefore, the delicate interplay between the reduction of unfavorable Pauli 

repulsion and the loss of favorable orbital and, to a lesser extent, electrostatic 

interactions that determine the degree of asynchronicity in Diels-Alder reactions, 

which is, in the case of B and O at 0.46 Å. 

 The origin of the reduction in destabilizing Pauli repulsion when the 

reaction pathway becomes more asynchronous is further investigated by performing 

a KS-MO analysis. The occupied molecular orbitals of B and O, which determine 

the trend in Pauli repulsion, were quantified on consistent geometries with a CB•••Cb 

bond length between B and O of 2.186 Å. The most important occupied orbitals of 

B are the π-HOMO and π-HOMO–1, where the former has a nodal plane between 

the 2pz AOs of the middle two carbon atoms, while, for the latter, all 2pz AOs are 

in-phase. The participating orbitals on O are the π-HOMO, where the 2pz AOs on 

the C=C double bond are out-of-phase with the 2pz AO of the carbonyl oxygen, and 

π-HOMO–1, where all 2pz AOs of the carbon and oxygen atoms are in-phase. As 

expected, the occupied–occupied orbital overlaps between ⟨π-HOMO–1B|π-

HOMOO⟩ and ⟨π-HOMO–1B|π-HOMO–1O⟩ decrease when the DA reaction 

pathway follows a more asynchronous reaction pathway, from S = 0.17 and 0.08 for 

the synchronous reaction pathway to S = 0.08 and 0.03 for the stepwise reaction 

pathway (Figure 9.5a). We can trace this reduction in orbital overlap back to the 

longer CB•••Ca bond distance, which, effectively, leads to less occupied–occupied 

orbital overlap at the a-carbon of the dienophile when the reaction becomes more 

asynchronous and hence results in a reduction of Pauli repulsion (Figure 9.5b). 

Interestingly, this reduction of destabilizing Pauli repulsion becomes counteracted 

by the occupied–occupied orbital overlap between ⟨π-HOMOB|π-HOMOO⟩, which 

becomes increasingly larger and hence more destabilizing. The π-HOMOB has a 

nodal plane between the 2pz AOs of the middle two carbon atoms and, therefore, 
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Figure 9.5. a) Orbital interaction diagram and the most significant occupied orbital overlaps 
of the artificially constraint synchronous, asynchronous, and stepwise Diels-Alder reaction 
between B and O; and b) key occupied–occupied overlapping orbitals (isovalue = 0.03 Bohr–

3/2), computed at consistent transition state-like geometries with a CB•••Cb bond length 
between B and O of 2.186 Å at ZORA-BP86/TZ2P. 
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engages, when following the synchronous reaction pathway, in an in-phase and out-

of-phase overlap with π-HOMOO, resulting in much orbital overlap cancellation and 

thus a total orbital overlap of only 0.02 (Figure 9.5b). When the reaction pathway 

becomes more asynchronous, or even stepwise, the out-of-phase orbital overlap 

diminishes (Figure 9.5b), which increases the total orbital overlap of ⟨π-HOMOB|π-

HOMOO⟩ to 0.11 for the stepwise reaction. The loss of destabilizing ⟨π-HOMO–

1B|π-HOMOO⟩ and ⟨π-HOMO–1B|π-HOMO–1O⟩ orbital overlap becomes, when 

the reaction pathway increases the degree of asynchronicity beyond 0.62 Å, 

effectively compensated by the gain in destabilizing orbital overlap between ⟨π-
HOMOB|π-HOMOO⟩, resulting in the above-mentioned convergence of reduction 

in Pauli repulsion when the reaction pathway exceeds the degree of asynchronicity 

of 0.62 Å. As we will show later, the extent to which the destabilizing occupied–

occupied orbital overlap and hence Pauli repulsion reduces, when the DA reaction 

becomes asynchronous, is highly dependent on the asymmetry in the occupied π-

orbitals on the C=C double bond of O–LA. 

 After having established the origin of the less destabilizing Pauli repulsion 

in more asynchronous DA reactions, we want to address why the current rationale 

behind asynchronicity is incorrect.[37,38] In other words, why does the asynchronous 

DA reaction pathway not benefit from more stabilizing orbital interactions. In 

contrast with the current rationale, a more asynchronous reaction pathway leads to 

a weakening, not a strengthening, of both the normal electron demand (NED) and 

inverse electron demand (IED) orbital interactions (Figure 9.6). Therefore, neither 

NED nor IED orbital interactions can be the reason behind the occurrence of an 

asynchronous reaction mode. An increasing degree of asynchronicity not only 

reduces the favorable orbital overlap, for both the NED and IED, but also increases 

the orbital energy gap. The loss of orbital overlap can be traced back to the longer 

CB•••Ca bond distance when the reaction becomes more asynchronous, which 

results in less favorable orbital overlap between B and the a-carbon of O. The 

increased orbital energy gap is related to the reduced geometrical deformation of the  
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Figure 9.6. Orbital interaction diagrams with key orbital overlaps and energies for a) the 
normal electron demand (NED) π-HOMOB–π-LUMOO interactions; and b) inverse electron 
demand (IED) π-LUMOB–π-HOMOO interactions of the artificially constraint synchronous 
and asynchronous Diels-Alder reaction between B and O, computed at consistent transition 
state-like geometries with a CB•••Cb bond length between B and O of 2.186 Å at ZORA-
BP86/TZ2P. 
 

 

reactants along a more asynchronous reaction pathway. Larger geometrical 

deformation in the reactants, such as along the synchronous reaction pathway, result 

in a more significant destabilization of the π-HOMOs and a larger stabilization of 

the π-LUMOs of the individual reactants, which, in turn, leads to a smaller NED 

and IED π-HOMO–π-LUMO energy gap. These two effects, the loss of favorable 

orbital overlap and enlargement of π-HOMO–π-LUMO energy gap, result in 

consistently less stabilizing orbital interactions when the DA reaction between B 

and O becomes more asynchronous. 

 In summary, asynchronicity in Diels-Alder reactions originates from the 

interplay between the reduction of destabilizing Pauli repulsion and the  
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Figure 9.7. Schematic summary of the effect of asynchronicity on the electrostatic 
interactions, Pauli repulsion, and orbital interactions of the Diels-Alder reaction between B 
and O, where the dashed lines indicate the stabilizing (green) and destabilizing (red) 
interactions. 
 

 

maximization of stabilizing orbital interactions (Figure 9.7). When the DA reaction 

becomes asynchronous, it is liberated, due to a longer CB•••Ca bond distance, from 

destabilizing occupied–occupied orbital overlap at the a-carbon of the dienophile 

and hence Pauli repulsion. However, in contrast with the current rationale,[37,38] the 

elongation of the CB•••Ca bond also leads to less stabilizing orbital interactions, 

because of the reduction of both favorable normal electron demand and inverse 

electron demand orbital overlap. Thus, in the event that the mechanism of reducing 

Pauli repulsion dominates, the Diels-Alder reaction begins to deviate from 

synchronicity and adopts an asynchronous mode. The eventual degree of 

asynchronicity in the transition state is achieved when the gain in stability, as a 

response to the reduced Pauli repulsion, balances with the loss of favorable orbital 

interactions. 
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 Finally, we want to understand how exactly our model DA reactions achieve 

their particular, different degrees of asynchronicity (vide supra). By comparing the two 

extremes, that is, the moderately asynchronous reaction between O and B and the 

extremely asynchronous reaction between O–Li+ and B (O: ∆rTSC•••C = 0.46 Å; O–

Li+: ∆rTSC•••C = 0.91 Å), we aim to establish the origin of the differences in reaction 

mode (Figure S9.6). The reaction involving O–Li+ goes via a larger degree of 

asynchronicity because it benefits from a larger reduction of destabilizing Pauli 

repulsion when the reaction pathway becomes increasingly more asynchronous than 

the reaction with O. In addition, O–Li+ also suffers less from a loss in stabilizing 

orbital interactions when the reaction becomes more asynchronous because of: (i) a 

less severe loss of NED orbital overlap ⟨π-HOMOB|π-HOMO O–Li+⟩ and; (ii) a 

more pronounced gain in additional NED orbital interaction, i.e., between π-HOMO 

and 1B–π-LUMOO–Li+ (Figure 9.6; Figures S9.7 and S9.8). Both effects can be traced 

back to the larger asymmetry in the orbital amplitudes on the a- and b-carbon atoms 

of LUMOs of O–Li+ compared to O (Figure S9.9). Thus, the equilibrium between 

the reduction of destabilizing Pauli repulsion and the loss of stabilizing orbital and 

electrostatic interactions, which eventually determines the degree of asynchronicity, 

lies for the DA reaction with O–Li+ at a significantly more asynchronous reaction 

mode than for the uncatalyzed analog. Note that we found that the same phenomena 

cause the difference in reaction mode when we compare the DA reaction involving 

O and O–H+, i.e., concerted asynchronous versus stepwise reaction (Figures S9.10-

S9.13). 

 The differences in reduction of Pauli repulsion between the uncatalyzed and 

Li+-catalyzed DA reaction, upon making the reaction more asynchronous, are 

further analyzed by performing a Kohn-Sham molecular orbital analysis. Comparing 

the occupied–occupied orbital overlaps of O and O–Li+ with B, that determine the 

trend in reduction of Pauli repulsion, reveals that O–Li+ benefits from (i) a larger 

reduction of destabilizing ⟨π-HOMO–1B|π-HOMO–1O–Li+⟩ orbital overlap; and (ii) 

a lesser build-up of repulsive ⟨π-HOMOB|π-HOMOO–Li+⟩ orbital overlap  
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Figure 9.8. Key occupied π-MOs (isovalue = 0.03 Bohr–3/2) computed at the equilibrium 
structures of a) O and b) O–Li+, where the MO-coefficients of the carbon and oxygen 2pz 
atomic orbitals, contributing to the occupied orbitals, are shown in the schematic π-MOs, 
computed at ZORA-BP86/TZ2P. 
 

 

compared to O when the reaction becomes more asynchronous (Figure 9.5 and 

S9.14). These differences can directly be related to the orbital amplitudes of these 

key orbitals on the a- and b-carbon atoms of O and O–Li+. Figure 9.8 shows the 

MO-coefficients of the 2pz AOs on the a- and b-carbon atoms of the key π-MOs of 

O and O–Li+. As discussed elsewhere,[29] binding of a LA induces a polarization of 

the π-MOs located on the C=C double bond towards the LA, due to the strong 

donor–acceptor interaction between LA and the dienophile, (Table S9.1) yielding a 

larger asymmetry in the π-MOs on the C=C double bond of the dienophile. 

Consequently, the smaller orbital amplitudes on the b-carbon of the occupied π-

HOMO and π-HOMO–1 orbitals of O–Li+ (e.g., π-HOMOO–Li+: 0.49 on Cb versus 

0.56 on Ca) compared to O (e.g., π-HOMOO: 0.54 on Cb versus 0.52 on Ca) will, in 

turn, overlap less with the occupied orbitals of B and hence result in a larger 

reduction of destabilizing Pauli repulsion if the DA reaction follows a more 
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asynchronous reaction mode. Thus, a large asymmetry in the π-MOs on the C=C 

double bond of the dienophile causes the equilibrium between the reduction of Pauli 

repulsion and the loss of stabilizing orbital interactions to shift to a larger degree of 

asynchronicity. 

 

 

9.4 Conclusions 
Asynchronicity in Lewis-acid (LA)-catalyzed Diels-Alder reactions of 1,3-butadiene 

(B) with acrylaldehyde (O–LA) is induced by the accompanying lowering of Pauli 

repulsion of the occupied π-orbitals of B with the asymmetric occupied π-orbitals 

of O–LA, and not because of the widely accepted picture of more favorable orbital 

interactions. In fact, we show that donor–acceptor orbital interactions become even 

less stabilizing in the asynchronous reaction mode and always favor synchronicity. 

These and other findings emerge from detailed quantum chemical analyses based on 

the activation strain model and Kohn-Sham molecular orbital theory. 

 The rate enhancement upon going from the uncatalyzed to LA-catalyzed 

Diels-Alder reaction is exclusively caused by the diminished two-center four-

electron Pauli repulsion between the occupied π-orbitals of B and O–LA and not 

the enhanced orbital interactions as commonly accepted. The LA catalyst polarizes, 

due to donor–acceptor interactions, the occupied π-orbitals of the dienophile away 

from its reactive C=C double bond which hence results in less destabilizing 

occupied–occupied orbital overlap with the incoming B. However, the orbital 

interactions are not strengthened by the LA catalyst, because the gain in normal 

electron demand HOMOdiene–LUMOdienophile interaction becomes effectively 

compensated by the loss of inverse electron demand LUMOdiene–HOMOdienophile 

interaction. One exception is O–H+, in which, interestingly, the LUMO is lowered 

to such a significant extent that this reaction benefits, besides from the Pauli-lowering 

catalysis mechanism, also from LUMO-lowering catalysis. 

 The LA catalyst also alters the DA reaction mode by amplifying the 

asynchronicity of the reaction, which has additional reaction barrier lowering 
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consequences, namely, (i) less destabilizing activation strain in the transition state 

and (ii) reduced occupied–occupied orbital overlap and hence Pauli repulsion. 

Asynchronicity in DA reactions is exclusively caused by the reduction of Pauli 

repulsion, because by following an asynchronous reaction mode, Diels-Alder 

reactions reduce, as a result of the larger degree of asymmetry in the two newly 

forming C•••C bonds, the occupied–occupied orbital overlap between B and the a-

carbon side of O–LA and hence the destabilizing Pauli repulsion. However, 

following a more asynchronous reaction pathway also leads, in contrast with the 

current rationale, to a significant weakening (not strengthening) of stabilizing orbital 

interactions, since the elongation of the CB•••Ca bond results in less favorable 

HOMO–LUMO orbital overlap. Thus, the degree of asynchronicity, as observed in 

the transition state of a Diels-Alder reaction, is achieved when the gain in stability, 

due to the reduced occupied–occupied orbital overlap (i.e., reduction of Pauli 

repulsion), dominates the loss of favorable orbital interactions. 
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9.6 Supporting Information 
 

Table S9.1. LA•••O=C bond energy decomposition analyses (in kcal mol–1) and distance (in 
Å) in LA–acrylaldehyde (O–LA) complexes.[a] 

O–LA ∆Eint ∆Velstat ∆EPauli ∆Eoi r(LA•••O=C) 
O–AlCl3   –35.2 –62.2 71.3   –44.3 1.921 

O–Li+   –42.1 –35.7 15.5   –24.9 1.753 

O–H+ –204.3 –28.4 0.0 –175.9 0.986 

O–AlCl3   –35.2 –62.2 71.3   –44.3 1.921 

[a] Computed at ZORA-BP86/TZ2P. 
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Figure S9.1. Stationary points in the energy profile of the rotation around the C=C–C=O 
dihedral angle of the dienophile, without and with the various Lewis acids, used in this study 
in which s-trans is in all cases the most stable conformation, computed at ZORA-
BP86/TZ2P. 
 

 

 

 
Figure S9.2. a) Activation strain analyses and b) energy decomposition analyses of the 
uncatalyzed and Lewis acid-catalyzed Diels-Alder reactions of B with O–LA along the IRC 
(from reactants to transition state) projected onto the shorter newly forming CB•••Cb bond, 
computed at ZORA-BP86/TZ2P. 
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Figure S9.3. Activation strain analyses of the artificially constraint synchronous and 
asynchronous Diels-Alder reaction mode (rxn mode) of B with O–AlCl3 (dot indicates TS) 
along the IRC projected onto the shorter newly forming a CB•••Cb bond, computed at 
ZORA-BP86/TZ2P: a) total energy, b) strain energy, c) interaction energy, d) Pauli 
repulsion, e) electrostatic interaction, and f) orbital interactions. 
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Figure S9.4. Activation strain analyses of the artificially constraint synchronous and 
asynchronous Diels-Alder reaction mode (rxn mode) of B with O–Li+ (dot indicates TS) 
along the IRC projected onto the shorter newly forming a CB•••Cb bond, computed at 
ZORA-BP86/TZ2P: a) total energy, b) strain energy, c) interaction energy, d) Pauli 
repulsion, e) electrostatic interaction, and f) orbital interactions. 
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Figure S9.5. Activation strain analyses of the artificially constraint synchronous, 
asynchronous and stepwise Diels-Alder reaction mode (rxn mode) of B with O–H+ (dot 
indicates TS) along the IRC projected onto the shorter newly forming a CB•••Cb bond, 
computed at ZORA-BP86/TZ2P: a) total energy, b) strain energy, c) interaction energy, d) 
Pauli repulsion, e) electrostatic interaction, and f) orbital interactions. 
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Figure S9.6. Activation strain analyses of the artificially constraint synchronous, 
asynchronous and stepwise Diels-Alder reaction mode (rxn mode) of B with O and O–Li+ 
(dot indicates TS) along the IRC projected onto the shorter newly forming a CB•••Cb bond, 
computed at ZORA-BP86/TZ2P: a) total energy, b) strain energy, c) interaction energy, d) 
Pauli repulsion, e) electrostatic interaction, and f) orbital interactions. 
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Figure S9.7. a) Normal and b) inverse electron demand orbital interaction diagrams with 
key overlaps and orbital energies, at consistent transition state-like geometries (shorter 
CB•••Cb bond at 2.186 Å), of the artificially constraint synchronous, asynchronous, and 
stepwise Diels-Alder reaction mode (rxn mode) of B with O–Li+, computed at ZORA-
BP86/TZ2P. 
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Figure S9.8. Normal electron demand orbital interaction diagram with key overlaps and 
orbital energies, at consistent transition state-like geometries (shorter CB•••Cb bond at 2.186 
Å), of the artificially constraint synchronous, asynchronous, and stepwise Diels-Alder 
reaction mode (rxn mode) of B with O+, computed at ZORA-BP86/TZ2P. 
 

 

 

 
Figure S9.9 Key unoccupied π-MO (isovalue = 0.03 Bohr–3/2) computed at the equilibrium 
structures of a) O and b) O–Li+, where the MO-coefficients of the carbon and oxygen 2pz 
atomic orbitals, contributing to the unoccupied orbitals, are shown in the schematic π-MOs, 
computed at ZORA-BP86/TZ2P.  
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Figure S9.10. Activation strain analyses of the artificially constraint synchronous, 
asynchronous and stepwise Diels-Alder reaction mode (rxn mode) of B with O and O–H+ 
(dot indicates TS) along the IRC projected onto the shorter newly forming a CB•••Cb bond, 
computed at ZORA-BP86/TZ2P: a) total energy, b) strain energy, c) interaction energy, d) 
Pauli repulsion, e) electrostatic interaction, and f) orbital interactions.  
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Figure S9.11 a) Normal and b) inverse electron demand orbital interaction diagrams with 
key overlaps and orbital energies, at consistent transition state-like geometries (shorter 
CB•••Cb bond at 2.186 Å), of the artificially constraint synchronous, asynchronous, and 
stepwise Diels-Alder reaction mode (rxn mode) of B with O–H+, computed at ZORA-
BP86/TZ2P. 
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Figure S9.12. Closed-shell orbital interaction diagrams with key overlaps, at consistent 
transition state-like geometries (shorter CB•••Cb bond at 2.186 Å), of the artificially constraint 
synchronous, asynchronous, and stepwise Diels-Alder reaction modes (rxn mode) of B with 
O–H+, computed at ZORA-BP86/TZ2P. 
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Figure S9.13. Key occupied π-MOs (isovalue = 0.03 Bohr–3/2) computed at the equilibrium 
structures of a) O and b) O–H+, where the MO-coefficients of the carbon and oxygen 2pz 
atomic orbitals, contributing to the occupied orbitals, are shown in the schematic π-MOs, 
computed at ZORA-BP86/TZ2P. 
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Figure S9.14. Closed-shell orbital interaction diagrams with key overlaps, at consistent 
transition state-like geometries (shorter CB•••Cb bond at 2.186 Å), of the artificially constraint 
synchronous, asynchronous, and stepwise Diels-Alder reaction modes (rxn mode) of B with 
O–Li+, computed at ZORA-BP86/TZ2P. 
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Chapter 10 

 

Summary 
 
 

 

One of the grand challenges in astrochemistry is to gain a better understanding of 

the chemical processes in astronomical environments, which might, ultimately, lead 

to the elucidation of the origin of life on Earth. In this thesis, we have aimed to 

provide insights into the formation of polycyclic aromatic hydrocarbons in the 

interstellar media, which is the primary class of carbon-containing molecules in 

space. As described in Chapter 1, we envision that gaining a better understanding of 

related terrestrial processes will help to obtain a more complete picture of analogous 

processes within an astrochemical context. This thesis is, therefore, dedicated to 

obtaining a better understanding of how various types of Lewis acids catalyze Diels-

Alder reactions, a generally used methodology to synthesize six-membered ring 

motifs in terrestrial chemistry, by employing state-of-the-art quantum chemical 

techniques. The most important findings obtained in this work will be discussed in 

this summary. 

 The results disclosed in this thesis are obtained by employing density 

functional theory calculations and further analyzed and understood by means of the 

activation strain model of reactivity in combination with Kohn-Sham molecular 

orbital theory. Within the activation strain model, the relative energy of the 

interacting reactants is evaluated along the reaction energy profile and related to the 

rigidity of the reactants’ molecular structure and the strength of the stabilizing 

interactions between the deformed reactants. Owing to the connectedness between 

the activation strain model of reactivity and Kohn-Sham molecular orbital theory, 
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we are able to obtain causal relationships between the sterics and electronics of the 

reactants and their mutual reactivity. 

 Before shining light on the catalytic effect of Lewis acids on the Diels-Alder 

reaction, we first need to understand the nature of C–H and C–C bonds.  In Chapter 

3, we have proved that the contraction of C–H and C–C bonds on going from sp3- 

to sp2- to sp-hybridized carbon centers, that is, the C–H bond from ethane to ethene 

to ethyne and the C–C bond from propane to propene to propyne, originates from 

a significantly reduced Pauli repulsion, which is directly related to the coordination 

number of the pertinent carbon atom. As the number of substituents around the 

pertinent carbon atom decreases from 4 to 3 to 2 along sp3 to sp2 to sp hybridization, 

the Pauli repulsion between these substituents also decreases, which allows the 

substituents to approach each other more closely, leading to shorter bond distances. 

The orbital interactions, which are commonly seen as the driving force behind the 

bond shortening, show an opposite behavior that counteracts the observed trend in 

bond strength and, hence, are not responsible for the decreasing bond length. 

 In Chapter 4, we have studied the Diels-Alder reaction between isoprene 

(diene) and methyl acrylate (dienophile) catalyzed by the conventional Lewis acids 

I2, SnCl4, TiCl4, ZnCl2, BF3, and AlCl3. The Lewis acids catalyze this Diels-Alder 

reaction via an, up to this point, unexpected and unprecedented electronic 

mechanism, namely, it reduces the destabilizing Pauli repulsion between the 

occupied p-orbitals of the dienophile and approaching diene. This decrease in Pauli 

repulsion between the interacting reactants is a direct consequence of the 

polarization of the occupied p-orbitals away from the C=C double bond of the 

dienophile, which, in turn, is induced by the binding of the Lewis acid to the carbonyl 

oxygen of the dienophile. Remarkably, and in contrast with the current rationale 

behind Lewis acid-catalyzed Diels-Alder reactions, the Lewis acid catalyst does not 

strengthen the orbital interactions between the diene and dienophile. This is due to 

the fact that, even though the Lewis acid enhances the normal electron demand 

HOMOdiene–LUMOdienophile interaction, it simultaneously suppresses the inverse 

electron demand LUMOdiene–HOMOdienophile interaction to a nearly identical extent. 
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These two effects effectively cancel each other, resulting in similar orbital 

interactions for both the uncatalyzed and Lewis acid-catalyzed Diels-Alder reactions. 

 Chapter 5 discusses the alkali cation-catalyzed aromatic Diels-Alder reaction 

between benzene (aromatic diene) and acetylene (dienophile), where the alkali 

cations Li+, Na+, K+, Rb+, and Cs+ are coordinated to benzene. The catalytic effect 

is the strongest for the lightest, and hence smallest, alkali cation, that is, the aromatic 

Diels-Alder reaction barrier decreases from the uncatalyzed to Cs+-catalyzed and 

then even further to the Li+-catalyzed aromatic Diels-Alder reaction. Strikingly and 

in contrast to widespread belief, the enhanced reactivity of the alkali cation-

catalyzed, compared to the uncatalyzed, aromatic Diels-Alder reaction is solely 

caused by the reduction of destabilizing Pauli repulsion between the activated 

benzene and acetylene and, not by the commonly accepted enhanced stabilizing 

orbital interactions. The mechanism behind the reduced Pauli repulsion is that the 

alkali cation polarizes the occupied orbitals of benzene away from the incoming 

acetylene, resulting in less occupied–occupied orbital overlap between the reactants. 

This polarization effect, and hence the reduction of Pauli repulsion, induced by the 

alkali cation, becomes more pronounced when moving up Group 1, because the 

lighter alkali cations, with lower-lying unoccupied valence ns atomic orbitals, engage 

in a stronger donor–acceptor interaction with the occupied orbitals of benzene. The 

orbital interactions, on the other hand, do not play a role in alkali cation catalysis, 

since the alkali cation-induced enhancement of the inverse electron demand 

interaction becomes counteracted by the weakening of the normal electron demand 

interaction. As a result, the orbital interactions of the alkali cation-catalyzed aromatic 

Diels-Alder reactions are nearly identical to those of the uncatalyzed analog. 

 Chapter 6 returns to the classical Diels-Alder reaction between 

cyclopentadiene (diene) and various a,b-unsaturated aldehyde, imine, and iminium 

dienophiles. The Diels-Alder reaction involving a,b-unsaturated aldehyde 

dienophiles go with a consistently lower reaction barrier than the imine analogs, due 

to a less destabilizing Pauli repulsion. The oxygen of the aldehyde is more 

electronegative than the nitrogen of the imine and, therefore, polarizes more 
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occupied p-orbital density away from the terminal carbon of the C=C double bond, 

reducing the occupied–occupied orbital overlap between the reactants. 

Furthermore, we have established that the enhanced reactivity of the iminium-

catalyzed Diels-Alder reactions is exclusively caused by a markedly diminished 

destabilizing Pauli repulsion between the diene and iminium-activated dienophile 

and not from the widely accepted enhanced orbital interactions. The reason for the 

reduction of Pauli repulsion is that the occupied π-orbitals of the iminium-activated 

dienophile have a larger orbital amplitude on the a- compared to the b-carbon, 

resulting in less occupied–occupied orbital overlap between the diene and the b-

carbon than the a-carbon of this dienophile. This asymmetry in the occupied π-

orbitals also introduces a bias towards forming the Cdiene•••Cb bond ahead of the 

Cdiene•••Ca bond and, hence, increases the asynchronicity of the Diels-Alder reaction. 

This alteration of the reaction mode has two stabilizing and, therefore, reaction 

barrier-lowering consequences: (i) reduced Pauli repulsive occupied–occupied 

orbital overlap between the reactants and thus a more stabilizing interaction in the 

transition state; and (ii) less pressure on the reactants to deform and thus a less 

destabilizing activation strain in the transition state. 

 In Chapter 7, we have revealed how bifunctional hydrogen-bonded 

(thio)urea-based Lewis acids can catalyze the Diels-Alder reaction between 

cyclopentadiene (diene) and acrolein (dienophile), via coordination to the carbonyl 

oxygen of the dienophile. The rate enhancement provoked by these organocatalysts 

is, in analogy with the preceding chapters, predominately caused by the diminished 

Pauli repulsion between the occupied π-orbitals of the interacting reactants. The 

reason behind the reduced Pauli repulsion is the donor–acceptor interaction 

between the bifunctional hydrogen-bonded Lewis acids and the dienophile, which 

significantly polarizes the occupied π-orbitals away from the reactive C=C double 

bond of the dienophile, resulting in less destabilizing occupied–occupied orbital 

overlap with the incoming diene. Strikingly and in sharp contrast to the widely 

accepted rationale, we find that the orbital interactions of the catalyzed Diels-Alder 

reactions become actually less stabilizing compared to the uncatalyzed analog. This 
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is mainly due to a remarkable weakening of the inverse electron demand LUMOdiene–

HOMOdienophile interaction induced by the binding of the organocatalyst to the 

dienophile. Apart from accelerating the Diels-Alder reaction, the hydrogen-bonded 

Lewis acid catalyst also alters the selectivity from endo, for the uncatalyzed reaction, 

to exo for the catalyzed reaction. The exo selective preference for the hydrogen-

bonded Lewis acid-catalyzed Diels-Alder reactions can be ascribed to two barrier 

lowering phenomena, namely, (i) a larger degree of asynchronicity and hence a less 

destabilizing Pauli repulsion and activation strain; and (ii) an additional stabilizing 

interaction between the hydrogen-bonded Lewis acid catalyst and the diene. 

 In Chapter 8, we quantify and pinpoint the catalytic effect of various weakly 

interacting Lewis acids across the periodic table AFn (A = H with n = 1, A= Cl/Br/I 

with n = 1, A = S/Se/Te with n = 2, A = P/As/Sb with n = 3) on the Diels-Alder 

reaction between 1,3-butadiene (diene) and methyl acrylate (dienophile). Even 

though these Lewis acids bind only weakly to the dienophile, they are able to 

enhance the Diels-Alder reactivity by amplifying the degree of asynchronicity of this 

reaction, which, in turn, yields a less destabilizing activation strain since one newly 

forming C•••C bond forms later than the other. The increased asynchronicity of the 

Lewis acid-catalyzed Diels-Alder reactions is caused by the larger asymmetry in the 

MO-coefficients on the a- and b-carbon of the occupied π-orbitals of the 

dienophile, inducing more occupied–occupied orbital overlap between the diene and 

the a-carbon of the dienophile. To avoid this repulsive orbital overlap, the formation 

of the new Cdiene•••Ca bond between the diene and the dienophile lags, for the Lewis 

acid-catalyzed Diels-Alder reaction, further behind that of the Cdiene•••Cb bond than 

for the uncatalyzed analog, resulting in a more asynchronous Diels-Alder reaction. 

The stronger the Lewis acid binds with the dienophile, the larger the asymmetry in 

the MO-coefficients of the occupied π-orbitals of the dienophile, which leads to a 

larger degree of asynchronicity and hence less repulsion between the reactants and 

a lower reaction barrier. This effect and, thus, the reaction barrier-lowering capacity 

of the Lewis acid becomes larger when going from pnictogen to chalcogen to 



Chapter 10 

 258 

hydrogen to halogen-bonded Lewis acids, as well as when going from a Period 3 to 

a Period 5 Lewis acid catalyst. 

 Chapters 4 till 8 demonstrate that asynchronicity in Diels-Alder reactions 

plays a dominant role in determining the height of the Diels-Alder reaction barrier 

and hence also in the catalysis of Lewis acids. In Chapter 9, we study the Lewis acid-

catalyzed Diels-Alder reaction between 1,3-butadiene (diene) with acrylaldehyde 

(dienophile), in order to pinpoint the origin of asynchronicity in these reactions. 

Asynchronicity in Diels-Alder reactions is exclusively caused by the reduction of 

destabilizing Pauli repulsion, because by following an asynchronous reaction mode, 

the reaction reduces, as a result of the larger degree of asymmetry in the two newly 

forming C•••C bonds, the occupied–occupied orbital overlap between the diene and 

the a-carbon side of dienophile and hence the Pauli repulsion. However, following 

a more asynchronous reaction pathway also leads, in contrast with the current 

rationale which relates asynchronicity to enhanced orbital interactions, to a 

significant weakening of stabilizing orbital interactions, since the elongation of the 

Cdiene•••Ca bond results in less favorable HOMO–LUMO orbital overlap. Thus, the 

degree of asynchronicity, as observed in the transition state of a Diels-Alder reaction, 

is achieved when the gain in stability, due to the reduced occupied–occupied orbital 

overlap (i.e., reduction of Pauli repulsion), dominates the loss of favorable orbital 

interactions. 

 The findings outlined in this thesis demonstrate the novel concept of Pauli-

lowering catalysis and reveal its applicability over a broad range of Lewis acidic 

organocatalysts and cycloaddition reactions. This concept appears to be general and, 

therefore, might also be operative in other Lewis acid-catalyzed organic reactions, 

which have been traditionally rationalized by the concept of LUMO-lowering 

catalysis based on qualitative frontier molecular orbital theory. The theoretical 

insights acquired in this thesis may contribute to a more complete understanding of 

the synthesis of polycyclic aromatic hydrocarbons in astronomical environments. 
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Chapter 11 

 

Samenvatting 
 
 

 

Eén van de grootste uitdagingen in de astrochemie is het begrijpen van de chemische 

processen die plaatsvinden in astronomische omgevingen. Dit zou uiteindelijk 

kunnen bijdragen aan het antwoord op de vraag: Wat is de oorsprong van het leven 

op aarde? In dit proefschrift hebben we getracht inzichten te verschaffen in de 

totstandkoming van polycyclische aromatische koolwaterstoffen in het interstellair 

medium, de voornaamste klasse van koolstofhoudende moleculen in de ruimte. 

Zoals beschreven in Hoofdstuk 1, veronderstellen wij dat een volledig begrip van 

gerelateerde aardse chemische processen zal helpen om een completer beeld te 

krijgen van overeenkomstige processen die plaatsvinden in een astrochemische 

context. Een voorbeeld van een in laboratoria veelgebruikte chemische reactie om 

zesringmotieven te synthetiseren is de Diels-Alderreactie. Dit proefschrift is daarom 

gewijd aan het beter begrijpen van hoe verschillende soorten Lewiszuren de Diels-

Alderreactie katalyseren door gebruik te maken van state-of-the-art 

kwantumchemische technieken. De belangrijkste bevindingen die in dit werk zijn 

verkregen, worden in deze samenvatting besproken. 

 De resultaten die in dit proefschrift worden beschreven zijn verkregen 

middels berekeningen op basis van dichtheidsfunctionaaltheorie en worden verder 

geanalyseerd met behulp van het activeringsspanningsmodel in combinatie met de 

Kohn-Sham molecuulorbitaaltheorie. Binnen het activeringsspanningsmodel wordt 

de relatieve energie van de interacterende reactanten geanalyseerd langs het 

reactieprofiel en gerelateerd aan de stijfheid van de moleculaire structuur van de 

reactanten en de sterkte van de stabiliserende interacties die plaatsvinden tussen de 
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vervormde reactanten. De connectie tussen het activeringsspanningsmodel en 

Kohn-Sham molecuulorbitaaltheorie maakt het vervolgens mogelijk om causale 

verbanden te leggen tussen de sterische en elektronische eigenschappen van de 

reactanten en hun onderlinge reactiviteit. 

 Alvorens we het katalytische effect van Lewiszuren op de Diels-Alderreactie 

kunnen bestuderen, moeten we eerst de aard van C–H en C–C bindingen begrijpen. 

In Hoofdstuk 3 hebben we onderzocht hoe en waarom C–H en C–C bindingen 

korter worden, wanneer men van sp3- naar sp2- naar sp-gehybridiseerde 

koolstofcentra gaat, zoals bijvoorbeeld de C–H binding in de reeks ethaan, etheen 

en ethyn of de C–C binding in de reeks propaan, propeen en propyn. De 

samentrekking wordt veroorzaakt door een significante vermindering in de Pauli-

repulsie, die direct verband houdt met het coördinatiegetal van het betrokken 

koolstofatoom. Naarmate het aantal substituenten rond het betrokken 

koolstofatoom afneemt van 4 naar 3 naar 2 (dus van sp3- naar sp2- naar sp-

hybridisatie), neemt de Pauli-repulsie tussen deze substituenten ook af. Hierdoor 

kunnen de substituenten elkaar dichter naderen, wat weer leidt tot kortere 

bindingsafstanden. De orbitaal-interacties, die doorgaans gezien worden als de 

drijvende kracht achter het samentrekken van de binding, vertonen een 

tegenovergesteld gedrag ten opzichte van de trend in bindingssterkte en zijn daarom 

niet verantwoordelijk voor de afnemende bindingslengte. 

 In Hoofdstuk 4 hebben we de Diels-Alderreactie tussen isopreen (dieen) en 

methylacrylaat (diënofiel) bestudeerd, gekatalyseerd door de conventionele 

Lewiszuren I2, SnCl4, TiCl4, ZnCl2, BF3 en AlCl3. De Lewiszuren katalyseren deze 

Diels-Alderreactie via een, tot op heden, onverwacht en voorheen onbekend 

elektronisch mechanisme, namelijk, een vermindering in destabiliserende Pauli-

repulsie tussen de bezette p-orbitalen van het diënofiel en het naderende dieen. Deze 

afname van Pauli-repulsie tussen de interacterende reactanten is een direct gevolg 

van de polarisatie van de bezette p-orbitalen weg van de C=C dubbele binding van 

het diënofiel, die op haar beurt weer veroorzaakt wordt door de interactie tussen het 

Lewiszuur en het carbonyl-zuurstofatoom van het diënofiel. Opmerkelijk, en in 
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tegenstelling tot de algemene opvatting over Lewiszuur-gekatalyseerde Diels-

Alderreacties, is dat de orbitaal-interactie tussen het dieen en diënofiel niet versterkt 

wordt door de Lewiszuur katalysator. Dit is te wijten aan het feit dat het Lewiszuur 

niet alleen de normale-elektronbehoefte- (NED) HOMOdieen–LUMOdiënofiel 

interactie versterkt, maar tegelijkertijd ook de inverse-elektronbehoefte- (IED) 

LUMOdieen–HOMOdiënofiel interactie in vrijwel gelijke mate verzwakt. Deze twee 

effecten heffen elkaar op, wat resulteert in vergelijkbare orbitaal-interacties voor 

zowel de ongekatalyseerde als de Lewiszuur-gekatalyseerde Diels-Alderreacties. 

 Hoofdstuk 5 behandelt de alkalikation-gekatalyseerde aromatische Diels-

Alderreactie tussen benzeen (aromatisch dieen) en acetyleen (diënofiel), waarbij de 

alkalikationen Li+, Na+, K+, Rb+ en Cs+ gecoördineerd zijn aan benzeen. Het 

katalytische effect is het sterkst voor het lichtste, en dus ook kleinste, alkalikation, 

dat wil zeggen dat de aromatische Diels-Alderreactiebarrière daalt van de 

ongekatalyseerde naar de Cs+-gekatalyseerde en dan nog verder naar de Li+-

gekatalyseerde aromatische Diels-Alderreactie. Opvallend en in tegenstelling tot het 

huidige idee achter alkalikation-gekatalyseerde aromatische Diels-Alderreacties, 

wordt de verhoogde reactiviteit van deze gekatalyseerde reacties uitsluitend 

veroorzaakt door de vermindering van de destabiliserende Pauli-repulsie tussen het 

dieen en diënofiel; en niet door de algemeen aangenomen versterkte orbitaal-

interacties. Het mechanisme achter de verminderde Pauli-repulsie is als volgt: het 

alkalikation polariseert de bezette orbitalen van benzeen weg van het naderende 

acetyleen, wat resulteert in minder overlap tussen de bezette orbitalen van het dieen 

en diënofiel. Dit polarisatie-effect en dus de vermindering van Pauli-repulsie, 

veroorzaakt door het alkalikation, worden sterker naarmate men stijgt in Groep 1. 

Dit komt omdat lichtere alkalikationen, door hun lagere onbezette valentie ns 

atoomorbitalen, een sterkere donor–acceptor-interactie aangaan met de bezette 

orbitalen van benzeen. De orbitaal-interacties, daarentegen, spelen geen rol in de 

katalyse door alkalikationen, omdat de door het alkalikation veroorzaakte 

versterking van de inverse-elektronbehoefte- (IED) interactie tenietgedaan wordt 

door de verzwakking van de normale-elektronbehoefte- (NED) interactie. Als 
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gevolg hiervan zijn de orbitaal-interacties van de alkalikation-gekatalyseerde 

aromatische Diels-Alderreactie bijna gelijk aan die van de ongekatalyseerde 

aromatische Diels-Alderreactie. 

 Hoofdstuk 6 gaat terug naar de klassieke Diels-Alderreactie tussen 

cyclopentadieen (dieen) en verschillende a,b-onverzadigde aldehyde, imine en 

iminium diënofielen. De Diels-Alderreacties met a,b-onverzadigde aldehyde-

diënofielen verlopen consequent met een lagere reactiebarrière dan de gelijksoortige 

imine-diënofielen, als gevolg van een minder destabiliserende Pauli-repulsie tussen 

de reactanten. Het zuurstofatoom van het aldehyde-diënofiel is elektronegatiever 

dan het stikstofatoom van het imine-diënofiel en polariseert daarom de bezette p-

orbitalen beter weg van de C=C dubbele binding, wat weer leidt tot minder overlap 

tussen de bezette orbitalen van het dieen en het aldehyde-diënofiel. Daarnaast 

hebben we vastgesteld dat de verhoogde reactiviteit van de iminium-gekatalyseerde 

Diels-Alderreacties uitsluitend wordt veroorzaakt door een aanzienlijke 

vermindering in destabiliserende Pauli-repulsie tussen het dieen en het iminium-

diënofiel en niet door de algemeen aanvaarde versterkte orbitaal-interacties. De 

reden voor de vermindering van de Pauli-repulsie is dat de bezette p-orbitalen van 

het iminium-diënofiel een grotere orbitaalamplitude hebben op het a- dan het b-

koolstofatoom. Hierdoor is er minder overlap van de bezette orbitalen van het dieen 

met het b-koolstofatoom dan met het a-koolstofatoom van het iminium-diënofiel. 

Deze asymmetrie in de bezette p-orbitalen van het iminium-diënofiel leidt ertoe dat 

de Cdieen•••Cb binding eerder vormt dan de Cdieen•••Ca binding en verhoogt dus de 

asynchroniciteit van de Diels-Alderreactie. Deze verandering in het reactiepad heeft 

twee stabiliserende, en dus reactiebarrière-verlagende, gevolgen: (i) verminderde 

repulsieve overlap tussen de bezette orbitalen van de reactanten en dus een meer 

stabiliserende interactie in de overgangstoestand; en (ii) minder spanning op de 

reactanten om te vervormen en dus een minder destabiliserende activeringsspanning 

in de overgangstoestand.  

 In Hoofdstuk 7 hebben we laten zien hoe bifunctionele, waterstofbrug-

gebonden (thio)-ureum Lewiszuren de Diels-Alderreactie tussen cyclopentadieen 
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(dieen) en acroleïne (diënofiel) kunnen katalyseren, waarbij het Lewiszuur bindt aan 

het carbonyl-zuurstofatoom van het diënofiel. De door deze organische 

katalysatoren versnelde Diels-Alderreactie wordt, in analogie met de voorgaande 

hoofdstukken, voornamelijk veroorzaakt door de verminderde Pauli-repulsie tussen 

de bezette p-orbitalen van de reactanten. De reden achter de verminderde Pauli-

repulsie is de donor–acceptor-interactie tussen de organische katalysator en het 

diënofiel, wat ertoe leidt dat de bezette p-orbitalen weg gepolariseerd worden van 

de C=C dubbele binding van het diënofiel, resulterende in minder destabiliserende 

orbitaaloverlap met het inkomende dieen. Opvallend, en in schril contrast met de 

huidige gedachtegang, vinden we dat de orbitaal-interacties van de gekatalyseerde 

Diels-Alderreacties juist minder stabiliserend zijn in vergelijking met de 

ongekatalyseerde reactie. Dit is voornamelijk te wijden aan de aanzienlijke 

verzwakking van de inverse-elektronbehoefte- LUMOdieen–HOMOdiënofiel interactie 

die is veroorzaakt door de wisselwerking tussen de organische katalysator en het 

diënofiel. Naast het bevorderen van de Diels-Alderreactie, verandert de organische 

katalysator ook de selectiviteit van endo, voor de ongekatalyseerde Diels-Alderreactie, 

naar exo, voor de gekatalyseerde Diels-Alderreactie. De exo-selectiviteit van de 

gekatalyseerde Diels-Alderreactie kan worden toegeschreven aan twee 

reactiebarrière-verlagende fenomenen, namelijk, (i) een verhoogde asynchroniciteit 

en daardoor minder destabiliserende Pauli-repulsie en activeringsspanning; en (ii) 

een extra stabiliserende interactie tussen de organische katalysator en het dieen. 

 In Hoofdstuk 8 hebben we het katalytische effect geanalyseerd van 

verschillende zwak interacterende Lewiszuren verspreid over het periodieke systeem 

AFn (A = H met n = 1, A= Cl/Br/I met n = 1, A = S/Se/Te met n = 2, A = 

P/As/Sb met n = 3) op de Diels-Alderreactie tussen 1,3-butadieen (dieen) en 

methylacrylaat (diënofiel). Hoewel deze Lewiszuren slechts een zwakke 

wisselwerking hebben met het diënofiel, zijn zij wel in staat om de Diels-Alderreactie 

te versnellen door de asynchroniciteit van deze reactie te verhogen. Dit leidt, op haar 

beurt, weer tot een verminderde destabiliserende activeringsspanning, omdat één 

van de nieuw gevormde C•••C bindingen later vormt dan de andere. De verhoogde 
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asynchroniciteit van de Lewiszuur-gekatalyseerde Diels-Alderreactie wordt 

veroorzaakt door de vergrote asymmetrie in de MO-coëfficiënten op het a- en b-

koolstofatoom van de bezette π-orbitalen van het diënofiel, resulterend in meer 

destabiliserende orbitaaloverlap tussen de bezette π-orbitalen van het dieen en 

diënofiel. Om deze verhoogde orbitaaloverlap voor de Lewiszuur-gekatalyseerde 

Diels-Alderreactie te reduceren wordt de nieuwe Cdieen•••Ca binding tussen het dieen 

en diënofiel minder snel gevormd dan de Cdieen•••Cb binding, wat leidt tot een 

verhoogde asynchroniciteit in deze reactie. Hoe sterker het Lewiszuur bindt aan het 

diënofiel, hoe groter de asymmetrie in de MO-coëfficiënten van de bezette π-

orbitalen van het diënofiel, wat vervolgens resulteert in een verhoogde 

asynchroniciteit en verminderde repulsie tussen de reactanten en dus een lagere 

reactiebarrière. Dit effect en daarmee ook de reactiebarrière-verlagende capaciteit 

van het Lewiszuur worden groter als men van pnictogeen- naar chalcogeen- naar 

waterstof- naar halogeenbrug-gebonden Lewiszuren gaat, evenals wanneer men gaat 

van Lewiszuur katalysatoren uit Periode 3 naar Periode 5. 

 Hoofstukken 4 tot en met 8 laten zien dat de mate van asynchroniciteit in 

Diels-Alderreacties een prominente rol spelen in het bepalen van de hoogte van de 

Diels-Alderreactie barrière en dus ook in de katalyse met Lewiszuren. In Hoofdstuk 

9 bestuderen we de Lewiszuur-gekatalyseerde Diels-Alderreactie tussen 1,3-

butadieen (dieen) en acroleïne (diënofiel), om de oorzaak van asynchroniciteit in 

deze reacties te kunnen vaststellen. Asynchroniciteit in Diels-Alderreacties wordt 

uitsluitend veroorzaakt door de vermindering van destabiliserende Pauli-repulsie, 

omdat bij het doorlopen van een asynchroon reactiepad de reactie, als gevolg van de 

asymmetrie in het vormen van de twee nieuwe C•••C bindingen, de destabiliserende 

orbitaaloverlap tussen de bezette orbitalen van het dieen en het a-koolstofatoom 

van het diënofiel vermindert en hierdoor dus ook de Pauli-repulsie. Echter, het 

volgen van een asynchroon reactiepad leidt ook, in tegenstelling tot de 

tekstboekuitleg die asynchroniciteit relateert aan versterkte orbitaal-interacties, tot 

een significante verzwakking van de stabiliserende orbitaal-interacties, aangezien de 

verlenging van de Cdieen•••Ca binding leidt tot minder gunstige HOMO–LUMO-
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orbitaaloverlap. De mate van asynchroniciteit, zoals waargenomen in de 

overgangstoestand van een Diels-Alderreactie, wordt dus bereikt wanneer de 

toename in stabiliteit, ten gevolge van de verminderde overlap tussen de bezette 

orbitalen en dus Pauli-repulsie, het verlies van stabiliserende orbitaal-interacties 

overtreft. 

 De bevindingen in dit proefschrift demonstreren het nieuwe concept van 

Pauli-verlagingskatalyse en onthullen de toepasbaarheid hiervan op een breed scala van 

Lewiszuur katalysatoren en cycloadditie reacties. Dit concept blijkt breed toepasbaar 

te zijn en zou daarom ook werkzaam kunnen zijn in andere Lewiszuur-

gekatalyseerde organische reacties, die traditioneel beredeneerd worden door middel 

van het LUMO-verlagingskatalyse concept. De theoretische inzichten verkregen in 

dit proefschrift kunnen bijdragen tot een vollediger begrip van de synthese van 

polycyclische aromatische koolwaterstoffen in astronomische omgevingen. 



Chapter 11 

 268 

 



 

269 

Chapter 12 
 

Acknowledgments 
 

 

 

These last lines are dedicated to those how have, directly or indirectly, contributed 

to the completion of this thesis. I am forever grateful for the role you played in this 

chapter of my academic and personal life. 

 First of all, I would like to thank my promotor Matthias, for providing me 

the opportunity to perform research in a wonderful, and highly skilled environment. 

I am, and always will be, highly impressed by your knowledge of all aspects of 

chemistry and I am, therefore, grateful that I had the privilege to benefit from it 

every day. I really appreciate that you gave me the freedom and trust to also deviate 

from the astrochemistry-related projects, which led to a series of beautiful 

publications and allowed me to develop into a more complete chemist. I could not 

have wished for a better promotor and I look forward to continuing working with 

you in the upcoming years! 

 Trevor, as copromotor you played an enormous role in the completion of 

this thesis and my development as a researcher. I cannot describe how grateful I am 

to have you on my team. You pushed me at the times I needed it, showing me that 

I could achieve much more than I actually thought. I really appreciate that you were 

always available for a chat, it did not matter if it was work-related or not. By sharing 

your expertise in organic chemistry, I was able to better place my theoretical results 

into context for the general chemist. Besides being an excellent mentor, you are also 

a great friend! I am excited by our upcoming collaborative projects and I am looking 

forward to our many scientific breakthroughs in the future! 



Chapter 12 

 270 

 I would like to thank Ingmar for allowing me to diverge from the original 

research plan, by supporting my choice to focus, in the final 1.5 years of my PhD, 

solely on the theoretical topics. Unfortunately, the STM and AFM experiments did 

not work out as planned, but I am extremely grateful for everything that you taught 

me about these techniques. Although I could not always wrap my head around it, I 

was fascinated by all the amazing physics you did in your lab. It was a blast to spend 

a part of the time of my PhD in your lab and I benefitted a lot from all the 

discussions during the group meetings. 

 Célia, although you were not directly involved in my PhD trajectory, you 

made a major contribution to this thesis by collaborating on some of the projects. 

But more importantly, gave me numerous times advice along the way. Thank you 

for your support!  

 A number of the studies included in this thesis were in collaboration with 

Isra. Thank you for this very fruitful collaboration and I am excited to extend our 

novel concept to many more chemical reactions with the Pauli-lowering catalysis team 

in the future. 

 I am grateful to my great colleagues of the TheoCheM group for creating 

such a fun, open, and inspiring environment in the group. Thank you, Ayush, 

Brigitte, Bryan, Celine, Dani, David, Enrico, Eva, Eveline, Francesco, Hans, 

Jörn, Ken, Lucas, Marco, Nicolai, Pau, Song, Stephanie, Stephanie, Steven, 

Thomas, Xiaobo, Zakaria for all the good memories. A special thanks to Hans 

for all the Friday afternoon walks (and corona Thursday afternoon talks) and 

moments of coffee brewing, it was a great way to clear my mind. Thomas, I really 

enjoyed working with you on various SN2/E2 topics, which ended up in a couple of 

amazing publications. Your enthusiasm for chemistry was very contagious and I am 

looking forward to our upcoming work together. Stephanie and Eva, thank you for 

the great collaboration during the Quantum Chemistry courses. I very much enjoyed 

it! Song, I really enjoyed working with you on the allene and oriented external 

electric field papers. Marco, thank you for helping with the publication which was 

the foundation of Chapter 8 of this thesis and the pericyclic reaction benchmark 



Acknowledgments 

 271 

study. It is going to be huge! Celine, Dani, and Lucas, I am grateful that your office 

door was always open for a chat, either chemistry-related or something random, and 

I am very much looking forward to upcoming collaborations. They are going to be 

massive! Eveline and Steven, I am thrilled about the chemical problems we are 

going to tackle together in the future. Xiaobo, as supervisor of my master thesis, 

you played a big role in the realization of my first publication on palladium catalysis, 

thank you for that. Brigitte, thank you for all your help with the administrative 

things. Furthermore, I would like to thank the complete Theoretical Chemistry 

department and SCM for creating such a nice environment in the R-corridor. 

 I, furthermore, would like to express my gratitude to Team Kelder for their 

hospitality. It was a pleasure to work and learn in such a fun, inspiring, and friendly 

environment. I was amazed by all the beautiful physics you did in the lab and I 

immensely enjoyed your discussions during the group meetings. Thank you, 

Christiaan, Jan, Jesper, Jette, Marlou, Peter, Pierre, Rian, Saoirsé, and Thomas 

for the great memories. Especially, for all the games of table football. Special thanks 

to Christiaan, Jesper, Marlou, Peter, Pierre, Saoirsé, and Thomas for teaching 

me how to tame the Dirac, which unfortunately went more often wrong than right. 

Shout-out to Saoirsé for naming my iron oxide sample “space rust”, a sample that 

will never be forgotten (R.I.P.). 

 During these four years of my PhD, I had the honor to supervise and work 

with a group of very talented bachelor and master students from which I learned a 

lot. Thank you! All of you have a promising future ahead! From this group, I would 

like to explicitly acknowledge a few students. Francine, you were the first student I 

supervised and your hard work and dedication really impressed me. I want to thank 

you for your great bachelor thesis, which helped immensely for the realization of 

Chapter 5 of this thesis and a beautiful publication in Chemistry – An Asian Journal. 

Michelle, the complicated, but superb, analyses you performed during your 

bachelor project laid the foundation of Chapter 8 of this thesis and a great 

publication in Chemistry – A European Journal. Thank you for all your hard work. Last 

but not least, Jos, thank you for joining me twice on the “space rust” adventure. 



Chapter 12 

 272 

Sadly, the pentacene of iron oxide experiments did not work out in the end, but I 

have really enjoyed the days we spent together in the Dirac lab. 

 Als laatste wil ik mijn familie en vrienden uit de grond van mijn hart 

bedanken voor al hun steun en interesse in mijn onderzoek. Pap en Mam, bedankt 

voor alles wat jullie voor mij gedaan hebben. Zonder jullie was dit nooit mogelijk 

geweest. Oma, tot mijn grote verdriet heeft u het einde van mijn promotieonderzoek 

niet mee kunnen maken, maar ik weet zeker dat u enorm trots bent op wat ik bereikt 

hebt. At last, Suna, my love, you were always there when I needed you, you picked 

me up when I was down, and you always believed in me. You are my inspiration and 

without you I would have been not be able to accomplish this. I am very much 

looking forward to our adventures in the future! 

  



Acknowledgments 

 273 

  



Chapter 12 

 274 

 



 

275 

Chapter 13 
 

List of Publications 
 
 

+ Equal contribution; * Corresponding author 

 

1. Arylic C–X Bond Activation by Palladium Catalysts: Activation Strain Analyses of 

Reactivity Trends 

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

 Scientific Reports, 2018, 8, 10729 

 DOI: 10.1038/s41598-018-28998-3 

 

2. Understanding Chemical Reactivity using the Activation Strain Model 

 P. Vermeeren, S. C. C. van de Lubbe, C. Fonseca Guerra, F. M. Bickelhaupt, 

T. A. Hamlin 

 Nat. Protoc. 2020, 15, 649–667 

 DOI: 10.1038/s41596-019-0265-0 

 

3. How Lewis Acids Catalyze Diels-Alder Reactions 

 P. Vermeeren, T. A. Hamlin, I. Fernández, F. M. Bickelhaupt 

 Angew. Chem. 2020, 132, 6260–6265; Angew. Chem. Int. Ed. 2020, 59, 6201–6206 

 DOI: 10.1002/ange.201914582; 10.1002/anie.201914582 

 

4. How Alkali Cations Catalyze Aromatic Diels-Alder Reactions 

 P. Vermeeren, F. Brinkhuis, T. A. Hamlin, F. M. Bickelhaupt 

 Chem. Asian J. 2020,15, 1167–1174 

 DOI: 10.1002/asia.202000009 



Chapter 13 

 276 

5. Understanding the 1,3-Dipolar Cycloadditions of Allenes 

 S. Yu, P. Vermeeren, K van Dommelen, F. M. Bickelhaupt, T. A. Hamlin 

 Chem. Eur. J. 2020, 26, 11529–11539 

 DOI: 10.1002/chem.202000857 

 

6. Regioselectivity of Epoxide Ring-Openings via SN2 Reactions under Basic and Acidic 

Conditions 

 T. Hansen,+ P. Vermeeren,+ A. Haim, M. J. H. van Dorp, J. D. C. Codée, F. M. 

Bickelhaupt, T. A. Hamlin 

 Eur. J. Org. Chem. 2020, 3822–3828 

 DOI: 10.1002/ejoc.202000590 

 

7. Origin of Rate Enhancement and Asynchronicity in Iminium Catalyzed Diels-Alder 

Reactions 

 P. Vermeeren, T. A. Hamlin, I. Fernández, F. M. Bickelhaupt 

 Chem. Sci. 2020, 11, 8105–8112 (Cover) 

 DOI: 10.1039/D0SC02901G 

 

8. A Unified Framework for Understanding Nucleophilicity and Protophilicity in the SN2/E2 

Competition 

 P. Vermeeren,+ T. Hansen,+ P. Jansen, M. Swart, T. A. Hamlin, F. M. 

Bickelhaupt 

 Chem. Eur. J. 2020, 26, 15538–15548 (Cover) 

 DOI: 10.1002/chem.202003831 

 

9. SN2 versus E2 Competition of F– and PH2
– Revisited 

 P. Vermeeren,+ T. Hansen,+ M. Grasser, D. Rodrigues Silva, T. A. Hamlin, F. 

M. Bickelhaupt 

 J. Org. Chem. 2020, 85, 14087–14093 

 DOI: 10.1021/acs.joc.0c02112 



List of Publications 

 277 

10. The Nature of Nonclassical Carbonyl Ligands Explained by Kohn-Sham Molecular 

Orbital Theory 

 S. C. C. van der Lubbe, P. Vermeeren, C. Fonseca Guerra, F. M. Bickelhaupt 

 Chem. Eur. J. 2020, 26, 15690–15699 

 DOI: 10.1002/chem.202003768 

 

11. Bifunctional Hydrogen Bond Donor-Catalyzed Diels-Alder reactions: Origin of 

Stereoselectivity and Rate Enhancement 

 P. Vermeeren, T. A. Hamlin, F. M. Bickelhaupt, I. Fernández 

 Chem. Eur. J. 2021, 27, 5180–5190 (Hot paper, cover) 

 DOI: 10.1002/chem.202004496 

 

12. How Oriented External Electric Fields Modulate Reactivity 

 S. Yu,+ P. Vermeeren,+ T. A. Hamlin, F. M. Bickelhaupt 

 Chem. Eur. J. 2021, 27, 5683–5693 (Cover) 

 DOI: 10.1002/chem.202004906 

 

13. How Metallylenes Activate Small Molecules 

 P. Vermeeren, M. T. Doppert, F. M. Bickelhaupt, T. A. Hamlin 

 Chem. Sci. 2021, 21, 4526–4535 

 DOI: 10.1039/D0SC05987K 

 

14. How Lewis Acids Catalyze Ring-Openings of Cyclohexene Oxide 

 T. Hansen,+ P. Vermeeren,+ R. Yoshisada,+ D. V. Filippov, G. A. van der 

Marel, J. D. C. Codée, T. A. Hamlin 

 J. Org. Chem. 2021, 86, 3565–3573 

 DOI: 10.1021/acs.joc.0c02955 

 

 

 



Chapter 13 

 278 

15. Not Carbon s–p Hybridization, but Coordination Number Determines C–H and C–C 

Bond Length 

 P. Vermeeren, W.-J. van Zeist, T. A. Hamlin, C. Fonseca Guerra, F. M. 

Bickelhaupt 

 Chem. Eur. J. 2021, 27, 7074–7079 (Cover) 

 DOI: 10.1002/chem.202004653 

 

16. Energy Decomposition Analysis in the Context of Quantitative Molecular Orbital Theory 

 T. A. Hamlin, P. Vermeeren, C. Fonseca Guerra, F. M. Bickelhaupt 

 in Complementary Bonding Analysis (Ed.: S. Grabowsky), De Gruyter, Berlin, 

2021, pp. 199–212. 

 DOI: 10.1515/9783110660074-008 

 

17. Lewis Acid-Catalyzed Diels-Alder Reactions: Reactivity Trends Across the Periodic Table 

 P. Vermeeren,+ M. Dalla Tiezza,+ M. van Dongen,+ I. Fernández, F. M. 

Bickelhaupt, T. A. Hamlin 

 Chem Eur. J. 2021, 27, 10610–110620 (Hot paper) 

 DOI: 10.1002/chem.202100522 

 

18. Cooperative Self-Assembly in Linear Chains Based on Halogen Bonds 

 P. Vermeeren, L. P. Wolters, G. Paragi, C. Fonseca Guerra 

 ChemPlusChem 2021, 86, 812–819 (Cover) 

 DOI: 10.1002/cplu.202100093 

 

19. Chemical Reactivity from an Activation Strain Perspective 

 P. Vermeeren, T. A. Hamlin, F. M. Bickelhaupt 

 Chem. Commun. 2021, 57, 5880–5896 (Cover) 

 DOI: 10.1039/D1CC02042K 

 

 



List of Publications 

 279 

20. Origin of the a-Effect in SN2 Reactions 

 T. Hansen,+ P. Vermeeren,+ F. M. Bickelhaupt, T. A. Hamlin 

 Angew. Chem. 2021, 133, 21008–21016; Angew. Chem. Int. Ed. 2021, 60, 20840–

20848 (Cover) 

 DOI: 10.1002/ange.202106053; 10.1002/anie.202106053 

 

21. Origin of Asynchronicity in Diels-Alder Reactions 

 P. Vermeeren,* T. A. Hamlin, F. M. Bickelhaupt 

 Phys. Chem. Chem. Phys. 2021, 23, 20095–20106 

 DOI: 10.1039/D1CP02456F 

 

22. How Lewis Acids Catalyze Ene Reactions 
 E. H. Tiekink, P. Vermeeren,* F. M. Bickelhaupt, T. A. Hamlin 

 Eur. J. Org. Chem. 2021, 5275–5283 

 DOI: 10.1102/ejoc202101107 

 

23. Source of Cooperativity and Ring Equalization in Hydrogen-Bonded Supramolecular 

Polymers 
 L. de Azevedo Santos, D. Cesario, P. Vermeeren, S. C. C. van der Lubbe, F. 

Nunzi, F. M. Bickelhaupt, C. Fonseca Guerra 

 ChemPlusChem 2021, accepted (Cover) 
 DOI: 202100436/cplu.202100436 

 

24. Pericyclic Reactions: Hierarchical Benchmark up to CCSDT(Q)/CBS and DFT 

Performance Study 

 P. Vermeeren,+ M. Dalla Tiezza,+ M. E. Wolf,+ M. E. Lahm,+ W. D. Allen,  

H F. Schaefer III, T. A. Hamlin, F. M. Bickelhaupt 

 To be Submitted 

 

 



Chapter 13 

 280 

25. Dissecting Curtin-Hammett Scenarios for Addition Reactions to Glycosyl Cations 

 T. Hansen, P. Vermeeren, H. S. Overkleeft, D. V. Filippov, G. A. van der 

Marel, F. M. Bickelhaupt, T. A. Hamlin, J. D. C. Codée 

 To be Submitted 

 
26. How Radical Cations Catalyze Diels-Alder Reactions 

 P. Vermeeren, T. A. Hamlin, F. M. Bickelhaupt 

 To be Submitted 

 

27. The Unusually Long C–H Bond of the Methylidyne Radical: When Substituents Do Not 

Play a Role 

 P. Vermeeren,* F. M. Bickelhaupt 

 Manuscript in Preparation 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

01/202067/2020

Cover Feature:
T. A. Hamlin, F. M. Bickelhaupt et al.
A Unifi ed Framework for Understanding Nucleophilicity and Protophilicity in the SN2/E2 Competition

Chem. Sci. 2020, 11, 8105–8112 Chem. Eur. J. 2020, 26, 15538–15548 



List of Publications 

 281 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

19/2020

Cover Feature:
P. Vermeeren, T. A. Hamlin, F. M. Bickelhaupt, and I. Fernández
Bifunctional Hydrogen Bond Donor-Catalyzed Diels–Alder Reactions: Origin of Stereoselectivity 
and Rate Enhancement

16/2021

Chem. Eur. J. 2021, 27, 5180–5190 Chem. Eur. J. 2021, 27, 5683–5693 

19/2020

Cover Feature:
F. M. Bickelhaupt et al. 
Not Carbon s–p Hybridization, but Coordination Number Determines C–H and C–C Bond Length

24/2021

Cooperative Self-Assembly in Linear Chains Based on
Halogen Bonds
Pascal Vermeeren,[a] Lando P. Wolters,[a] Gábor Paragi,*[a, b, c] and Célia Fonseca Guerra*[a, d]

[a] P. Vermeeren, Dr. L. P. Wolters, Dr. G. Paragi, Prof. Dr. C. Fonseca Guerra
Department of Theoretical Chemistry
Amsterdam Institute of Molecular and Life Sciences (AIMMS)
Amsterdam Center for Multiscale Modeling (ACMM)
Vrije Universiteit Amsterdam
De Boelelaan 1083, 1081 HV Amsterdam (The Netherlands)
E-mail: c.fonsecaguerra@vu.nl

[b] Dr. G. Paragi
MTA-SZTE Biomimetic Systems Research Group
Eötvös Loránd Research Network (ELKH)
Dóm tér 8, Szeged (Hungary)
E-mail: paragi@sol.cc.u-szeged.hu

[c] Dr. G. Paragi
Institute of Physics
University of Pécs
Ifjúság útja 6, Pécs (Hungary)
E-mail: paragi@gamma.ttk.pte.hu

[d] Prof. Dr. C. Fonseca Guerra
Institute of Chemistry
Gorlaeus Laboratories
Leiden University
Einsteinweg 55, 2333 CC Leiden (The Netherlands)

Wiley VCH Freitag, 25.06.2021
2106 - closed* / 204931 [S. 796/796] 1

ChemPlusChem 2021, 86, 812–819 Chem. Eur. J. 2021, 27, 7074–7079 



Chapter 13 

 282 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Chemie
www.angewandte.org

2021–60/38

International Edition

A Journal of the German Chemical SocietyAngewandte

.The a-effect …
… is a “reactivity booster” that affords the less basic peroxide (HOO!) the edge over
hydroxide (HO!) in the Grand Prix of SN2 Reactivity. In their Research Article on
page 20840, Trevor A. Hamlin and co-workers equip researchers with two criteria that
a-nucleophiles need to fulfill to exhibit an a-effect: (i) a small HOMO lobe on the
nucleophilic center, to reduce the destabilizing Pauli repulsion with the substrate; and
(ii) a high-energy HOMO to overcome the loss of favorable orbital overlap with the
substrate.

  Showcasing research from the groups of Professor 
F. Matthias Bickelhaupt and Doctor Trevor A. Hamlin’s 
laboratories, Department of Theoretical Chemistry, 
Amsterdam Institute of Molecular and Life Sciences 
(AIMMS), Amsterdam Center for Multiscale Modeling 
(ACMM), Vrije Universiteit Amsterdam, Amsterdam, 
The Netherlands. 

 Chemical reactivity from an activation strain perspective 

 This Feature Article is an introduction to the activation 
strain model within the framework of Kohn–Sham density 
functional theory as a unified and general approach to 
understand and predict chemical reactivity. The theory 
is brought to life by its application to various chemical 
transformations. 

 

rsc.li/chemcomm
Registered charity number: 207890

As featured in:

See Trevor A. Hamlin, 
F. Matthias Bickelhaupt  et al ., 
 Chem .  Commun ., 2021,  57 , 5880.

 ChemComm
Chemical Communications

rsc.li/chemcomm

 FEATURE ARTICLE 
 Matteo Mauro 
 Phosphorescent multinuclear complexes for optoelectronics: 
tuning of the excited-state dynamics 

ISSN 1359-7345

Volume 57
Number 48
18 June 2021
Pages 5847–5988

Angew. Chem. Int. Ed. 2021, 60, 20840–20848 Chem. Commun. 2021, 57, 5880–5896 



List of Publications 

 283 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Chapter 13 

 284 

 


