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A B S T R A C T   

The hydrogen bond (HB) catalysed Diels-Alder (DA) reactions of acrolein with cyclopentadiene have been 
investigated within the Molecular Electron Density Theory (MEDT) at the ωB97X-D/6-311G(d,p) computational 
level. The formation of HBs increases the electrophilicity of these species, suggesting an acceleration of these 
polar Diels-Alder (P-DA) reactions with forward electron density flux. Formation of one or two HBs with acrolein 
decreases the activation energies of the HB-catalysed P-DA reactions by 1.7 (methanol) and 4.0 (squaramide) 
kcal⋅mol− 1, with the corresponding DA reactions exhibiting low endo stereoselectivity. These HB-catalysed DA 
reactions proceed through non-concerted one-step mechanisms via asynchronous transition state structures 
(TSs). An Interacting Quantum Atoms (IQA) energy partitioning analysis of the TSs indicates that the intra- 
atomic stabilization of the acrolein framework, coupled with the increase of the global electron density trans
fer, plays a crucial role in reducing the activation energies of these HB-catalysed DA reactions.   

1. Introduction 

The Diels-Alder (DA) reaction, first reported by Diels and Alder in 
1928 [1], is one of the most important organic reactions from both a 
synthetic and theoretical point of view [2–4]. 

In 1969, Woodward and Hoffmann proposed the “pericyclic mech
anism” for the DA reaction between butadiene 1 and ethylene 2 [5], but 
this reaction does not take place easily experimentally (see Scheme 1) 
[6]. 

After finding the decisive role of the global electron density transfer 
[7] (GEDT) taking place at the transition state structures (TS) in the 
feasibility of DA reactions, the mechanism of the polar DA (P-DA) re
actions [8], in which the favourable nucleophilic/electrophilic in
teractions taking place at the TSs are responsible for the feasibility of the 
reaction, was established in 2009. After that, the analysis of the elec
trophilicity [9] ω and nucleophilicity [10] N indices has become a 
powerful tool for experimental organic chemists to analyse DA reactions 
[11,12]. A classification of the DA reactions as non-polar DA (N-DA) 
reactions with a negligible GEDT lower than 0.1 e, P-DA reactions, and 
ionic DA (I-DA) reactions was proposed (see Fig. 1). [8]. 

Even though acrolein 5 is classified, within the electrophilicity scale 
[11], as a strong electrophile, ω = 1.84 eV, the corresponding DA 

reactions demand the participation of Lewis acid (LAs) catalysts such as 
BH3 or AlCl3 to the reaction takes place easily (see activation energies of 
the DA reactions of Cp 4 with acrolein 5 and with the acrolein:LA 
complexes 7 (BH3) and 8 (AlCl3) in Fig. 1) [8], a behaviour that is readily 
anticipated by examining the electrophilicity ω indices of the corre
sponding LA complexes; 3.28 (7, BH3) and 4.62 (8, AlCl3) eV [8,13]. 

In general, P-DA reactions are carried out in polar aprotic solvents 
such as dichloromethane, but protic solvents such as ethanol, and even 
water, can be used as well. In 1994, Jorgensen et al. investigated solvent 
effects on the so-called “pericyclic reactions” by computer simulations 
[14]. They concluded that the origin of the pronounced acceleration of 
DA reactions in water was found to involve a significant component 
from enhanced hydrogen bond (HB) to heteroatoms in the TSs. 

In 2002, Huang and Rawal reported the HB-promoted hetero DA 
reactions involving unactivated ketones [15]. They observed a signifi
cantly higher chloroform reaction rate compared to other aprotic 
organic solvents in the reaction between thep-anisaldehyde 9 and the 
1-amino-3-siloxy-1,3-butadiene 10 (see Scheme 2). The relative rate 
coefficients observed for the DA reaction in various solvents did not 
exhibit a correlation with solvent dielectric constants. For example, the 
reaction proceeded 10 times faster in chloroform compared to the more 
polar solvent acetonitrile. These authors concluded that the augmented 
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reaction rate in chloroform might be attributed to a C–H ….O=C inter
action, which enhances the electrophilic character of the carbonyl 
group, thereby rendering it a stronger heteroethylene. 

Later, in 2003, Domingo and Andrés theoretically studied the 
enhanced reactivity of carbonyl compounds in chloroform [16]. That 
study emphasized that the formation of two non-classical HBs between 
the carbonyl oxygen of acetone 12 and the hydrogen atom of chloroform 
accelerated the corresponding P-DA reaction towards the nucleophilic 
1-amino-3-methoxy-1,3-butadiene 14 (see Scheme 2). The increase in 

the GEDT at the corresponding solvated TS, ΔGEDT = 0.04 e, accounted 
for the acceleration found in this P-DA reaction, 
ΔΔHact = − 10.8 kcal mol− 1. This behaviour agreed with the increase of 
the electrophilicity ω index of the solvated acetone 13; ω = 0.95 eV for 
acetone 12, and ω = 1.58 eV for solvated acetone 13. 

Interestingly, among the substituted ethylene series used in Fig. 1, 
the water-acrolein complex 6 was considered [8]. Formation of an HB 
between the carbonyl oxygen of acrolein 5 and a hydrogen atom of 
water accelerated the P-DA reaction, decreasing the activation energy by 
2.8 kcal mol− 1 as a consequence of the increase of the GEDT at the water 
explicitly solvated TS, ΔGEDT = 0.05 e. This behaviour was again in 
agreement with the increase of the electrophilicity ω index of water 
solvated acrolein 6, ω = 2.04 eV, compared to that of acrolein 5, 
ω = 1.84 eV. 

Recently, Hamlin et al. studied the origin of stereoselectivity and rate 
enhancement in the catalysed DA reaction of Cp 4 with acrolein 5 by the 
formation of two HBs with bifunctional HB donors such as urea 16 and 
thiourea 17 (see Scheme 3) [17]. These authors found that thioureas 
evidence exo selectivity in the studied DA reactions and significantly 
accelerate the reactions by reducing the barrier by up to 7 kcal mol− 1. 
Using the activation strain model [18] (ASM), these authors concluded 
that “the rate enhancement provoked by the HBs is exclusively caused 
by a diminished two-centre four-electron Pauli repulsion between the 
occupied π-orbitals of Cp and HB-A reactants” [17]. They also estab
lished that the exceptional exo selectivity computationally obtained in 
these HB-catalysed DA reactions is directly related to the more consid
erable degree of asynchronicity along this reaction pathway, leading to 
the alleviation of destabilizing activation strain and Pauli repulsions. 

However, ASM [18] and, consequently, the interpretations that arise 
from it, have shown to be prone to flaws due to the process dependency 
of their energy components [19,20]. This means that ASM energy terms, 
including Pauli repulsions, are not uniquely defined and can be 
controlled at will to obtain a desired result. Moreover, these arbitrary 
terms are obtained from unrealizable states of the system that, just as 
Bader severely criticized, “violate all of the rules of physics, in particular 
the Pauli principle” [21]. 

The Molecular Electron Density Theory [22] (MEDT), which pro
poses that changes in electron density along a reaction, and not mo
lecular orbital interactions, are responsible for the chemical reactivity in 
organic chemistry, was proposed in 2016. MEDT rejects any outdated 
model based on MOs such as the Frontier Molecular Orbital (FMO) 
theory [23] and Morokuma-based energy decomposition schemes [24, 
25]. In the MEDT studies a wide range of quantum chemical tools that 
allow the analysis of density functions, such as the reactivity indices 
defined within DFT [12,13,26], the electron localization function [27] 
(ELF), the bonding evolution theory [28] (BET), the quantum theory of 
atoms in molecules [29,30] (QTAIM) and the non-covalent interaction 
[31] (NCI), are used. 

In 2005, Blanco et al. developed a parameter-free and reference-free 
energy decomposition scheme based on QTAIM, called Interacting 

Scheme 1. DA reaction between butadiene 1 and ethylene 2.  

Fig. 1. Plot of the activation barriers (ΔE in kcal⋅mol− 1) vs. the GEDT, in 
average number of electrons, e, for the DA reactions of cyclopentadiene (Cp) 4 
with the substituted ethylene series of increased electrophilic character, 
R2 

= 0.89. The classification of the DA reactions, based on the GEDT, 
is included. 

Scheme 2. P-DA reaction of carbonyl compounds accelerated in chloroform.  

Scheme 3. HB-catalysed DA reactions promoted by urea 16 and thiourea 17.  
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Quantum Atoms [32] (IQA). IQA divides the total energy of a system 
into intra- and interatomic contributions of different nature, which are 
related to chemical concepts of bonding. More recently, in 2017 Thacker 
et al. developed the Relative Energy Gradient [33] (REG) method which 
systematically inspects the correlation between each partitioned energy 
term and the total energy of the system. REG then ranks all correlations, 
one for each atomic energy term, in an automated fashion to determine 
the subset that best describes the behaviour of the total system as it goes 
through its change. The combination of both IQA and REG can help 
discerning the origin of reaction barriers [33]. Indeed, IQA-REG has 
already been successfully applied to a wide variety of interactions and 
phenomena [34–36], proving itself to be an indispensable, minimal but 
powerful and general method in the chemist’s toolbox for mechanistic 
studies. 

Herein, a complete MEDT study of the HB-catalysed P-DA reactions 
of α,β-unsaturated carbonyl compounds is carried out to establish how 
the formation of one or two HBs of hydrogen donor molecules enhances 
the reaction rate of P-DA reactions. To this end, the DA reactions of Cp 4 
with acrolein 5 in the explicit presence of solvent molecules such as 
methanol, water, trifluoromethanol, or chloroform, i.e. the hydrogen- 
bonded molecular complexes (HBMCs) 22, 6, 23 and 24, respectively, 
and in the presence of the bifunctional HB donor molecules urea 16, 
thiourea 17 and squaramide 25, i.e. HBMCs 18, 19 and 26 in Scheme 4, 
are studied and discussed. 

2. Results and discussion 

The present MEDT study has been organized into six sections: i) the 
first section contains a topological analysis of the ELF at the ground state 
(GS) electronic structure of the reagents; ii) in the second section, an 
analysis of the reactivity indices at the GS of the reagents is conducted; 
iii) the third section explores the HB-catalysed P-DA reactions of Cp 4 
with acrolein 5; iv) the fourth section is focused on a comprehensive 
discussion of the origin of the endo selectivity in these HB-catalysed P- 
DA reactions; v) the fifth section presents a topological analysis of the 
electronic structure of the endo TSs based on ELF and the QTAIM; and 
finally, vi) the sixth section provides an IQA energy partitioning scheme 
and a REG analysis to determine the role of HB formation in improving 
the reaction rate. 

2.1. ELF and QTAIM analysis of the electronic structure of the reagents 

The topological analysis of the ELF [27] permits a quantitative 
characterisation of the electron density distribution in a molecule [37], 
allowing the establishment of a correlation between its electronic 
structure and its reactivity. Thus, an ELF topological analysis of the 
electronic structures of acrolein 5 and the HBMCs 6, 18, 24 and 26, was 
performed first. ELF basin attractor positions, together with the most 
relevant valence basin populations, are shown in Fig. 2. 

ELF topological analysis of acrolein 5 shows the presence of two 
disynaptic basins, V(C5,C6) and V’ (C5,C6), integrating a total of 3.33 e, 
one V(C6,C7) disynaptic basin integrating 2.22 e, one V(C7,O8) disy
naptic basin integrating 2.39 e, and two monosynaptic basins, V(O8) 
and V’ (O8), integrating a total of 5.16 e (see Scheme 4 for atom 
numbering). While the population of the V(C7,O8) disynaptic basin al
lows relating the C7–O8 bonding region to a single bond, that of the V 
(C5,C6) and V’ (C5,C6) disynaptic basins allows associating the C5–C6 
bonding region with a depopulated double bond within Lewis’s elec
tronic structure model. The two V(O8) and V’ (O8) monosynaptic basins 
are associated with non-bonding electron density regions at the O8 
oxygen. 

Formation of one HB between acrolein 5 and H2O or HCCl3, or two 
HBs with urea 16 or squaramide 25, does not cause any remarkable 
changes in the ELF topology of the corresponding HBMCs with respect to 
that of acrolein 5 (see Fig. 2). A similar behaviour was found in the LA- 
catalysed reactions of acrolein 5 [13]. 

A natural population analysis [38,39] (NPA) of the atomic charges of 
acrolein 5 and HBMCs 6, 18, 24 and 26 was then carried out (see Fig. 2). 
As expected, the carbonyl C7 carbon of acrolein 5 presents a high pos
itive charge, +0.41 e, while the O8 oxygen presents a high negative 
charge, − 0.51 e, as a consequence of the strong polarization of the 
carbonyl C7–O8 bonding region. On the other hand, the β-conjugated C5 
carbon of acrolein 5 presents a high negative charge, − 0.29 e, owing to 
the more electronegative character of the C5 carbon compared to the 
two contiguous hydrogens. 

Formation of one or two HBs of acrolein 5 with H2O, HCCl3, urea 16, 
and squaramide 25 does not considerably change the natural atomic 
charges of the corresponding HBMCs compared to those of acrolein 5 
(see Fig. 2). The only noticeable change is a slight increase in the po
larization of the C7–O8 bonding regions towards the hydrogen-bonded 
carbonyl O8 oxygen. 

Based on these ELF topological and NPA analyses at the GS of the 
reagents, it is possible to conclude that the formation of one or two HBs 
between acrolein 5 and the HB donors H2O, HCCl3, urea 16 or squar
amide 25 does not significantly modify the electronic structure of this 
α,β-unsaturated carbonyl compound at its GS. 

Finally, QTAIM [29,30] topological analysis of the electron density ρ 
at HBMCs 6, 18, 24, and 26 was performed to characterize the O–H HB 
interactions at these species. The contour line maps of the Laplacian 
∇2ρ(r) of the electron density are shown in Fig. 3, while the calculated 
QTAIM parameters of the (3,-1) bonding critical points (CPs) charac
terising the HBs are given in Table S5 in Supplementary Material. At the 
four HBMCs, CP1 and CP2 show a positive Laplacian ∇2ρ(r) value, 
indicating the absence of any covalent interaction (see Table S5 in 
Supplementary Material). At these HBMCs, the electron density at the 
two CPs is lower than 0.023. The electron density at the CPs in 6 and 18 
is lower than that in 24 and 26, respectively, indicating that the HB 
interactions in 24 and 26 are stronger than those at 6 and 18. 

Scheme 4. Reagents involved in the non-catalysed and HB-catalysed P-DA reactions of Cp 4 with acrolein 5 studied herein.  

L.R. Domingo et al.                                                                                                                                                                                                                             



Tetrahedron Chem 10 (2024) 100064

4

Espinosa [40] proposed a useful criterion to characterize interactions 
at the CPs using an analysis of the ratio of the potential and kinetic 
energy electron density |V(r)|/G(r). For ionic, non-covalent, and HB 
interactions, |V(r)|/G(r) < 1. Non-covalent interactions with somewhat 
covalent characters are characterised by 1 < |V(r)|/G(r) < 2, while co
valent interactions show |V(r)|/G(r) > 2. The calculated values of |V 
(r)|/G(r) at the selected CPs in HBMCs 6, 22, 24, and 26 are given in 
Table S5 in Supplementary Material. The |V(r)|/G(r) values of CP1 and 
CP2 are lower than 0.91, indicating they are associated with HB 
interactions. 

2.2. Analysis of the reactivity indices at the GS of the reagents 

Many studies of P-DA reactions have shown that the reactivity 
indices [11,26] are powerful tools for understanding the reactivity in 
polar reactions [12]. The reactivity indices were calculated at the 
B3LYP/6-31G(d) computational level, which was employed to establish 
the electrophilicity and nucleophilicity scales [11]. The global reactivity 
indices, namely, the electronic chemical potential μ, chemical hardness 
η, global electrophilicity ω, and global nucleophilicity N, for Cp 4, 
acrolein 5, and the HBMCs 6, 18, 19, 22–24, 26 are given in Table 1. 

The electronic chemical potential [41] μ of Cp 4, μ = − 3.01 eV, is 

higher than that of acrolein 5, μ = − 4.38 eV, and those of the corre
sponding HBMCs, μ > − 3.82 eV (Acr:thiourea 19) (see Table 1), indi
cating that the GEDT will take place from Cp 4 towards these ethylene 
derivatives. Thus, these P-DA reactions will be classified as a forward 
electron density flux (FEDF) [42,43]. 

According to the electrophilicity ω and nucleophilicity N indices, Cp 
4 is classified on the borderline of moderate electrophiles, ω = 0.83 eV, 
and as strong nucleophile, N = 3.36 eV, thus participating in P-DA re
actions as a strong nucleophile without requiring nucleophilic 
activation. 

Acrolein 5 is classified as a strong electrophile, ω = 1.84 eV, and as 
moderate nucleophile, N = 2.12 eV. Formation of the HBs with the 
carbonyl oxygen of acrolein 5 causes a remarkable increase of the 
electrophilicity ω index of these HBMC species as they are all higher than 
2.09 eV (see Table 1). Within the series of ROH, the electrophilicity ω 
index of the corresponding HBMC increases in the order 2.09 (22, 
R =Me) < 2.10 (6, R=H) < 2.56 (23, R=CF3) eV, as a consequence of an 
increase of the acid character of the alcohol hydrogen. Notably, the 
electrophilicity ω index of the non-classical HBMC 24 (Acr:HCCl3), 
ω = 2.25 eV, is higher than those of HBMCs 6 (Acr:H2O) and 22 (Acr: 
CH3OH). As expected, the bifunctional HBMC 18 (Acr:urea), 19 (Acr: 
thiourea) and 26 (Acr:squaramide) present the highest electrophilicity ω 

Fig. 2. ωB97X-D/6-311G(d,p) ELF basin attractor positions, populations of the most relevant valence basins, and natural atomic charges of acrolein 5 and the HBMCs 
6, 18, 24 and 26. Valence basin populations and natural atomic charges are given in average number of electrons, e. Valence basin populations are given in italics. 
Negative charges are coloured in red, and positive charges in blue. 
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values, 2.58, 3.49, and 3.81 eV, respectively. It is expected that squar
amide 25 will be the most efficient hydrogen donor of this series. 
Consequently, the DA reactions of Cp 4, a strong nucleophile, with these 

HBMCs, classified as strong electrophiles, are expected to exhibit a high 
polar character [8]. 

The analysis of Parr functions [44] allows to characterize the most 
electrophilic and nucleophilic centres of a molecule involved in the P-DA 
reaction, allowing to characterize the more factorable two-centre in
teractions at the polar TSs [12]. The electrophilic P+

k Parr functions of 
acrolein 5 and its HBMCs 18, 24 and 26 are given in Fig. 4. 

Analysis of the electrophilic P+
k Parr functions of acrolein 5 indicates 

that the β-conjugated C5 carbon is the most electrophilic centre of this 
α,β-unsaturated aldehyde, P+

k = 0.52. In fact, this position is twice as 
electrophilically activated as the carbonyl C7 carbon, P+

k = 0.25. For
mation of one or two HBs with the carbonyl O8 oxygen of acrolein 9 
slightly increases the electrophilic P+

k Parr functions at the carbonyl C7 
carbon of HBMCs 18, 24, and 26. Still, the β-conjugated C5 carbon re
mains the most electrophilic centre of these HBMCs. 

A slight decrease of the electrophilic P+
k Parr functions is observed at 

HBMC 24 (Acr:HCCl3), as a consequence of the electrophilic activation 

Fig. 3. Representations of the contour line maps of the Laplacian ∇2ρ(r)of the electron density at HBMCs 6, 18, 24, and 26. The critical points CP1 and CP2 are 
coloured in red. 

Table 1 
B3LYP/6-31G(d) electronic chemical potential μ, chemical hardness η, electro
philicity ω, and nucleophilicity N, in eV, for Cp 4, acrolein 5 and the HBMCs 6, 
18, 19, 22–24, 26.  

Compound μ η ω N 

Acr:squaramide 26 − 4.00 2.10 3.81 4.07 
Acr:thiourea 19 − 3.82 2.09 3.49 4.26 
Acr:urea 18 − 4.31 3.60 2.58 3.01 
Acr:CF3OH 23 − 5.31 5.51 2.56 1.05 
Acr:HCCl3 24 − 4.90 5.34 2.25 1.56 
Acr:H2O 6 − 4.71 5.28 2.10 1.77 
Acr:MeOH 22 − 4.42 4.67 2.09 2.37 
acrolein 5 − 4.38 5.23 1.84 2.12 
Cp 4 − 3.01 5.49 0.83 3.36  

Fig. 4. 3D representations of the Mulliken atomic spin densities of the radical anion of acrolein 5⋅- and those of HBMCs 18⋅-, 24⋅- and 26⋅-, together with the 
electrophilic P+

k Parr functions of acrolein 5 and HBMCs 18, 24 and 26. 
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of the carbon atom of HCCl3, but it does not change the electrophilic 
relationship between the C5 and C7 carbons of acrolein 5. Consequently, 
along a P-DA reaction involving these non-symmetric electrophilic 
species, the asynchronicity in the C–C single bond formation will be 
determined by the preferential C–C bond formation at the most elec
trophilic C5 carbon of these HBMC species [45]. 

It is worth emphasizing that the C5 carbon of these α,β-unsaturated 
carbonyl compounds, which is the most electrophilic centre of these 
species, is negatively charged by more than − 0.25 e (see Fig. 2). This 
finding supports Domingo’s proposal made in 2012, which suggested 
that the local electrophilic/nucleophilic behaviours of organic mole
cules are not simply caused by charges [45]. The most electrophilic 
centre of a molecule is the one that accepts the highest amount of 
electron density resulting from the nucleophilic/electrophilic in
teractions taking place along the approach of the two reagents. Inter
estingly, in some cases, such as in acrolein 5, the most electrophilic 
β-conjugated C5 carbon is negatively charged, while the most positively 
charged C7 carbon, +0.41 e, is only half as electrophilically activated as 
the C5 carbon [13]. 

2.3. Study of the HB-catalysed P-DA reactions of acrolein 5 with Cp 4 

To shed light on the role of the HB formation on the P-DA reactions of 
Cp 4 with HBMCs 6, 18, 19, 22–24 and 26, the DA reaction of Cp 4 with 
acrolein 5 was first studied as the energy reference for the non-catalysed 
process; the corresponding study is given in Section 2 of Supplementary 
Material. Due to the non-symmetry of the electrophilic C5–C6 ethylene 
of acrolein 5, two stereoisomeric reaction paths, the endo, and the exo, 
are feasible in these HB-catalysed P-DA reactions (Scheme 5). The search 
for stationary points involved in these P-DA reactions allowed locating 
two stereoisomeric transition state structures (TSs), TSn-X and TSx-X, 
and the corresponding cycloadducts (CAs), CAn-X and CAx-X, indi
cating that they take place through a one-step mechanism (Scheme 5). 
Gas phase relative electronic energies are given in Table 2, while total 
energies are gathered in Table S6 in Supplementary Material. 

Full optimization of the stationary points associated with the P-DA 
reactions involving bifunctionalised urea 16, thiourea 17, and squar
amide 25 as HB catalysts gives a series of TSs in which the catalyst 
framework is positioned near the Cp one. This behaviour is due to 
favourable NCI [31] taking place between the nitrogens these catalysts 
and some hydrogen atoms of Cp 5. A complete analysis of the corre
sponding P-DA reactions is given in Section 3 in Supplementary Mate
rial. Given the significance of these NCI, which can be stronger than the 
HB catalytic effects of these species, the dihedral angles defining the 
nitrogen atoms linked to the acidic hydrogens of these catalysts were 
frozen to the values at the GS of HBMCs 18, 19 and 26; i.e. N–H–O–C 

dihedral angles were fixed to 180◦. These geometrical constraints are 
commonly employed in the theoretical study of enzymatic reactions, 
where the positions of the amino acids are frozen to those in the natural 
enzyme [46,47]. On the other hand, within the reaction medium, the 
reagents are surroundings of solvent molecules, rendering the intra
molecular NCI present in the fully optimized TSs potentially irrelevant. 
Thus, when two solvent water molecules are implicitly included in the 
calculations, the aforementioned fully optimized TSs do not exist (see 
Section 3 in Supplementary Material). 

The activation energies associated with these HB-catalysed DA re
actions range from 11.9 (TSx-6) to 9.6 (TSn-26) kcal mol− 1. The re
actions are exothermic by more than 29 kcal mol− 1. Some appealing 
conclusions can be obtained from the relative energies given in Table 2: 
i) the HB-catalysed DA reactions of Cp 4 with acrolein 5 are between 1.7 
(TSn-6) and 4.0 (TSn-26) kcal mol− 1 lower in energy than that of the 
non-catalysed DA reaction (see Section 2 in Supplementary Material for 
the activation energy of the non-catalysed process), indicating a mod
erate catalytic effect of the formation of HBs with acrolein 5; ii) the 
activation energy of the DA reaction of Cp 4 with HBMC 23 (Acr:CF3OH) 
having one HB, 10.7 kcal mol− 1 (TSn-23), is closer to that with HBMC 
18 (Acr:urea) having two HB, 10.8 kcal mol− 1 (TSn-18), in agreement 
with the similar electrophilic character of HBMCs 23 and 18 (see 
Table 1); iii) the highest catalytic effect is found in the P-DA reactions 
involving bifunctionalised squaramide 25, 9.6 kcal mol− 1 (TSn-26), in 
agreement with the highest electrophilicity ω index of HBMC 26 (Acr: 
squaramide) (see Table 1); iv) these HB-catalysed DA reactions are low 
endo stereoselective as the endo TSn-X are by only 0.5–0.7 kcal mol− 1 

below the exo TSx-X; v) the endo stereoselectivity found in all of these 
HB-catalysed DA reactions, which is similar to that found in LA- 
catalysed DA reactions [13], are in agreement with the endo stereo
selectivity found experimentally in the HB-catalysed DA reactions of 
bifunctionalised thioureas (see later [48,49]); and finally, vi) the 
exothermic character of these HB-catalysed DA reactions, between 
− 29.0 and − 29.9 kcal mol− 1, is close to that of the non-catalysed DA 
reaction, − 29.0 kcal mol− 1 (see Section 2 of Supplementary Material). 
These high values render these DA reactions irreversible and thus under 

Scheme 5. P-DA reactions of Cp 4 with HBMCs 6, 18, 19, 22–24, 26.  

Table 2 
ωB97X-D/6-311G(d,p) gas phase relative energies, in kcal⋅mol− 1, of the sta
tionary points involved in the P-DA reactions between Cp 4 and HBMCs 6, 18, 
19, 22–24 and 26.  

X = 22 6 24 23 18 19 26 

TSn-X 11.8 11.9 11.3 10.7 10.8 10.2 9.6 
TSx-X 12.3 12.4 12.0 11.3 11.3 10.7 10.2 
CAn-X − 29.4 − 29.3 − 29.6 − 29.3 − 29.2 − 29.6 − 29.8 
CAx-X − 29.1 − 29.0 − 29.2 − 28.9 − 29.1 − 29.2 − 29.3  
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kinetic control. 
Due to the polar character of the TSs involved in these HB-catalysed 

DA reactions, solvent effects of water were considered in the squaramide 
HB-catalysed DA reaction of Cp 4 with acrolein 5. Table S7 in Supple
mentary Material gives the total and relative energies. Solvent effects 
decrease the activation energy of the non-catalysed DA reaction of Cp 4 
with acrolein 5 by 0.7 kcal mol− 1, while the low endo stereoselectivity 
found in the gas phase is not modified in water. Unexpectedly, the 
activation energy of the most favourable endo reaction path of the DA 
reaction of Cp 4 with HBMC 26 (Acr:squaramide) in water experiences a 
slight increase of 0.3 kcal mol− 1 with respect to the gas phase reaction as 
a consequence of slightly better solvation of HBMC 26 than TSn-26. In 
water, the squaramide HB-catalysed DA reaction remains somewhat 
endo stereoselective. Consequently, solvent effects, as calculated within 
the PCM approximation, do not cause any remarkable change in these 
HB-catalysed DA reactions. 

The geometries of some representative endo TSs associated with the 
HB-catalysed DA reactions of Cp 4 with acrolein 5 are given in Fig. 5, 
while the most relevant parameters and geometrical asynchronicities 
Δl = d(C1–C6) - d(C4–C5) of all TSs are given in Table 3. As can be 
observed, there is a great similitude in the geometries of the four TSs 
given in Fig. 5. While the distances between the C4 and C5 interacting 
carbons are found in the short range of 2.04–2.06 Å, those between the 
C1 and C6 carbons are between 2.42 and 2.48 Å (see Table 3). These 
distances indicate that these TSs are associated with asynchronous C–C 
single bond formation processes, resulting from the nucleophilic attack 
of the C4 carbon of Cp 4 on the most electrophilic centre of these 
α,β-unsaturated carbonyl compounds, the β-conjugated C5 carbon, in 
agreement with the analysis of the electrophilic Parr functions of these 
HBMCs (see Fig. 4). As the C–C single bond formation in cycloaddition 
reactions takes place in the short range of 1.9–2.0 Å [7], these distances 
indicate that the formation of either C–C single bond has not yet begun 
at any TS (see later). 

Due to the more polar character of the HB-catalysed TSs than the 
non-catalysed ones, the former is more asynchronous, Δl > 0.36 than the 
latter, Δl = 0.28 (see Table 3 and Fig. S1 in Supplementary Material). 
The decrease in the activation energy with HB formation is accompanied 
by a slight increase of the geometrical asynchronicity Δl, which ranges 

from 0.26 to 0.48 (see Table 3). In addition, the less favourable exo TSs 
are slightly more asynchronous than the endo ones. 

The HB H–O distances at the TSs are slightly smaller than those at the 
corresponding HBMCs due to the increase of the non-bonding electron 
density of the carbonyl O8 oxygen at the polar TSs (see Fig. S8 in Sup
plementary Material). 

Analysis of the GEDT at the TSs involved in these HB-catalysed DA 
reactions permits quantifying the polar character of these DA reactions 
[7,8]. Table 3 includes the GEDT values computed at all TSs. GEDT 
values lower than 0.05 e correspond to non-polar processes, while values 
higher than 0.20 e correspond to highly polar processes. The GEDT value 
of the non-catalysed DA reaction is 0.14 e (TSn-5), indicating that this 
DA reaction has some polar character (see Section 2 in Supplementary 
Material). Higher GEDT values are found at the TSs involved in the 
HB-catalysed DA reactions, which range from 0.17 to 0.22 e, indicating 
that the corresponding DA reactions have a more polar character. The 
GEDT values at the TSs involving squaramide 25 are slightly higher than 
those involving urea 16 and thiourea 17, a trend anticipated by analysis 
of the electrophilicity ω indices of the corresponding HBMCs 18, 19, and 

Fig. 5. ωB97X-D/6-311G(d,p) optimized geometries of some endo TSs associated with the HB-catalysed DA reactions of acrolein 5 with Cp 4. Distances between the 
interacting carbons are given in angstroms, Å. 

Table 3 
Selected geometrical parameters, in angstroms, Å, of the TSs associated with the 
HB-catalysed DA reactions between Cp 4 and acrolein 5, Δl represents the 
geometrical asynchronicity. GEDT values computed at the TSs are given in 
average number of electrons, e.   

C4–C5 C1–C6 O8–H O8–H′ Δl GEDT 

TSn-6 2.061 2.423 1.916  0.36 0.17 
TSx-6 2.061 2.448 1.919  0.39 0.18 
TSn-22 2.060 2.427 1.882  0.37 0.18 
TSx-22 2.060 2.452 1.885  0.39 0.18 
TSn-23 2.042 2.475 1.621  0.43 0.21 
TSx-23 2.043 2.503 1.626  0.46 0.21 
TSn-24 2.056 2.433 1.996  0.38 0.18 
TSx-24 2.055 2.459 2.005  0.40 0.18 
TSn-18 2.050 2.451 2.057 2.105 0.40 0.19 
TSx-18 2.049 2.482 2.057 2.108 0.43 0.20 
TSn-19 2.043 2.471 2.021 2.046 0.43 0.21 
TSx-19 2.042 2.503 2.021 2.048 0.46 0.21 
TSn-26 2.039 2.480 2.005 2.021 0.44 0.22 
TSx-26 2.038 2.514 2.008 2.020 0.48 0.22  
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26 (see Table 1). 
To understand the role of the GEDT taking place at the endo and exo 

TSs in the decrease of the activation energies ΔEact of these HB-catalysed 
DA reactions, a representation of ΔEact vs. the GEDT at the TSs was 
performed (see Fig. 6). The GEDT values at the non-catalysed, 0.14 e at 
TSn-5 and TSx-5, and the BH3 LA-catalysed DA reaction, 0.27 (endo TS) 
and 0.26 (exo TS) e [13], are also included. As can be observed, a very 
good linear correlation between the gas phase ΔEact and the GEDT 
computed at the twelve TSs is found, R2 = 0.94 (see Fig. 6). This trend is 
similar to that observed in the study of P-DA reactions [8] (see Fig. 1) 
and in the study of LA-catalysed DA reactions [13]. 

Fig. 6 shows that the low polar DA of Cp 4 with acrolein 5 is located 
in the upper left-hand side of the linear correlation, while the high polar 
LA catalysed DA reaction involving the BH3:acrolein complex 7 [13] 
(see Fig. 2) is located in the bottom right-hand side position. Deviation 
of the linearity is due to other favourable/unfavorable stereoelectronic 
interactions at specific TSs. 

When the endo and exo fully optimized TSs involving urea 16, thio
urea 17, and squaramide 25 are included in Fig. 6, the coefficient of 
determination R2 of the linear regression decreases to 0.74 (see the pink 
dots in Fig. 6). This behaviour indicates that these TSs do not fit the 
relationship between the decrease in activation energy and the increase 
in GEDT, which reflects the polar character of the HB-catalysed DA re
actions (see also Fig. 1). Note that the activation energies of the fully 
optimized TSs are even lower than those in the LA BH3-catalysed reac
tion (as shown by the blue dots in Fig. 6). 

Three regions can be clearly differentiated in Fig. 6: i) the non- 
catalysed DA reaction between Cp 4 and acrolein 5 with ΔEact >

13 kcal mol− 1 and GEDT <0.15 e; ii) HB-catalysed DA reactions 
involving HBMCs 6, 18, 19, 22–24, 26 with 13 < ΔEact < 9 kcal mol− 1 

and 0.15 <GEDT <0.25 e; and finally iii) the BH3 LA-catalysed DA re
action with ΔEact < 8 kcal mol− 1 and GEDT >0.25 e. As can be seen in 
Fig. 6, the HB-catalysed DA reactions involving urea 16, thiourea 17, 
and squaramide 25 are found in the bottom right-hand side position of 
the HB-catalysed DA reaction series. These findings, which have been 

found in numerous polar cycloaddition reactions [8,13], support the 
proposal that the GEDT taking place in P-DA reactions plays a significant 
role in the decrease of the activation energies of the reactions (see sec
tion 2.6) [8,50]. 

Finally, the graphical representation in Fig. 7 illustrates a strong 
linear correlation between the geometrical asynchronicity (Δl) at the 
endo, R2 = 0.98, and exo, R2 = 0.99, TSs and the GEDT. This analysis 
suggests that in P-DA reactions involving non-symmetric electrophilic 
ethylenes, the higher the GEDT, the more asynchronous the DA reaction 
[10]. This behaviour arises due to the strengthening of the two-centre 
nucleophilic/electrophilic interactions between C4 and C5 carbons at 
the polar TSs, while the interaction between the non-interacting centres 
C1 and C6 decreases, explaining the decrease in the so-called Pauli 
repulsion resulting from closed-shell intermolecular repulsions between 
non-bonded molecules [51] (see the Δl the TSs in Table 3). 

2.4. What is the origin of the endo selectivity in these HB-catalysed P-DA 
reactions? 

In 2003, Schreiner et al. [48,49] experimentally studied the catalytic 
activity of substituted aryl thioureas such as 27 in a series of DA re
actions (see Scheme 6). They found that the effect of HBs were similar to 
those observed with mild LAs. Formation of the two HBs of thiourea 27 
to the carbonyl oxygen of crotonaldehyde 28 slightly increases the endo 
selectivity in the corresponding DA reaction with respect to the reaction 
without catalyst (see Scheme 6). 

Endo stereoselectivity is explained within the FMO theory [23] by 
secondary orbital interactions (SOI) present at the endo TSs, a concept 
introduced in 1983 by Gleiter and Bohm to explain the regio- and ster
eoselectivity in DA reactions [52]. 

In 1999, Domingo proposed that the endo stereoselectivity in P-DA 
reactions results from the favourable electrostatic interactions existing 
in the endo zwitterionic TSs [53]. In 2000, Salvatella et al. proposed that 
a combination of well-known mechanisms, such as solvent effects, steric 
interactions, HBs, electrostatic forces, and others, can be invoked 

Fig. 6. Plot of the activation energies, ΔEact, in kcal⋅mol− 1, of the HB-catalysed 
DA reactions of acrolein 5 with Cp 4, in green, vs the GEDT, in average number 
of electrons e, computed at the corresponding endo and exo TSs. The non- 
catalysed, in red, and the LA BH3-catalysed DA reactions, in blue, are also 
included. Activation energies of the fully optimized TSs involving HBMCs 18, 
19 and 26 are represented by pink dots. 

Fig. 7. Plot of the geometrical asynchronicity, Δl, in angstroms, Å, at the endo 
TSs, in blue, and the exo TSs, in red, associated with the HB-catalysed DA re
actions of Cp 4 with acrolein 5, vs. the GEDT, in average number of electrons, e. 

L.R. Domingo et al.                                                                                                                                                                                                                             



Tetrahedron Chem 10 (2024) 100064

9

instead of SOI in the endo/exo selectivity of DA reactions [54]. Note that 
ΔΔTSendo-exo is less than 0.7 kcal mol− 1 in these HB-catalysed DA re
actions. Consequently, it is difficult to attribute a single factor respon
sible for the endo/exo stereoselectivity. 

An analysis of the geometries of TSn-19 and TSx-19 associated with 
the thiourea-catalysed DA reaction of Cp 4 with acrolein 5 allows 
obtaining some appealing conclusions (see the geometries of the two TSs 
in Fig. S9 in Supplementary Material): i) the main geometric difference 
between the two stereoisomeric TSs is the relative position of the 
carbonyl C=O group with respect to the unsaturated framework of Cp. 
At the more favourable endo TSn-19, the carbonyl C=O group is posi
tioned above the unsaturated framework of Cp, while at the exo TSx-19, 
it is farther away; ii) the GEDT taking place at these polar TSs causes that 
while the carbonyl CO group increases its negative charge, the unsatu
rated framework of nucleophilic Cp becomes positively charged. 
Consequently, it is expected that the favourable attractive electrostatic 
interactions present at the endo TSn-19 cause a slight decrease in the 
distance between the two non-interacting C1 and C6 carbons, thus 
decreasing the asynchronicity Δl at the endo TSs (see Fig. S9 in Sup
plementary Material and the asynchronicity Δl in the all endo/exo TSs in 
Table 3). Note that the C4–C5 distances are practically unchanged at the 
pairs of the endo/exo TSs. Similar behaviours are found in the endo TSs 
associated with P-DA reactions [13] and LA-catalysed DA reactions [53]. 

2.5. ELF and QTAIM topological analysis of the electronic structure of the 
endo TSs involved P-DA reactions of Cp 4 with acrolein 5 and the series of 
HBMCs 6, 18, 24, and 26 

A comparative ELF topological analysis of the endo TSs TSn-5, TSn-6, 

TSn-18, TSn-24 and TSn-26 was performed to understand how HB 
formation modifies the molecular mechanism of these HB-catalysed DA 
relations. The ELF basin attractor positions are shown in Fig. 8, while the 
populations of the more relevant valence basins are given in Table 4. 

As can be seen, the four catalysed TSs present the same ELF topology 
as the non-catalysed TSn-5, indicating that they have a similar elec
tronic structure to that associated with the non-catalysed DA reaction 
between Cp 4 and acrolein 5. The most relevant feature of the five TSs is 
the presence of two V(C4) and V(C5) monosynaptic basins, integrating 
ca. 0.32 and 0.24 e, respectively, at the two C4 and C5 interacting car
bons. Note that these monosynaptic basins, which are not present at the 
reagents (see Fig. 2), characterize the C4 and C5 carbons as two pseu
doradical centres [55], which are demanded for the formation of the first 
C4–C5 single bond in a subsequent stage of the reaction [7]. On the other 
hand, the C1–C2, C3–C4 and C5–C6 bonding regions of the Cp and 
acrolein frameworks at the five TSs, which were characterized by the 
presence of two disynaptic basins, V(Ci,Cj) and V’ (Ci,Cj) at the GS of the 
reagents (see Fig. 2), are characterized by the presence of only one V(Ci, 
Cj) disynaptic basin, integrating ca. 2.7 e (V(C1,C2)), 2.9 e (V(C3,C4)) 
and 2.9 e (V(C5,C6)). These topological changes result from the 
depopulation of the C1–C2, C3–C4, and C5–C6 bonding regions, a 
behaviour demanded to create the new V(C4) and V(C5) monosynaptic 
basins. The presence of neither V(C4,C5) nor V(C1,C6) disynaptic basins 
indicates that the formation of the new C4–C5 and C1–C6 single bonds 
has not started at any TS yet, as was commented on in the previous 
analysis of the TSs geometries. 

Finally, the nature of the C4–C5, C1–C6, and O8–H electronic in
teractions at TSn-6, TSn-18 and TSn-24, associated with a classical, 
non-classical, and double HB-catalysed DA reactions, was studied by an 
QTAIM topological analysis of the electron density ρ at the (3,-1) 
bonding CPs. The contour line maps of the Laplacian ∇2ρ(r) of the 
electron density are shown in Fig. 9, while the calculated QTAIM 

Scheme 6. BH-catalysed DA reaction of Cp 4 with crotonaldehyde 28.  

Fig. 8. ELF basin attractor positions, together with the most relevant valence basin populations, of the endo TSs involved in the P-DA reactions of Cp 4 with acrolein 5 
and HBMCs 6, 18, 24, and 26. 

Table 4 
Population of the most relevant valence basins at TSn-5, TSn-6, TSn-18, TSn-24 
and TSn-26. Valence basin populations are given in an average number of 
electrons, e.   

TSn-5 TSn-6 TSn-24 TSn-18 TSn-26 

V(C1,C2) 2.71 2.67 2.67 2.66 2.65 
V(C2,C3) 2.72 2.70 2.71 2.70 2.69 
V(C3,C4) 2.95 2.94 2.94 2.93 2.93 
V(C5,C6) 2.95 2.90 2.89 2.89 2.85 
V(C4) 0.32 0.36 0.36 0.36 0.38 
V(C5) 0.24 0.26 0.26 0.26 0.26  
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parameters are given in Table S8 in Supplementary Material. 
At the three TSs, CP1 and CP2, associated with the C4–C5 and C1–C6 

interacting regions, respectively, present positive Laplacian ∇2ρ(r) 
values, indicating the absence of any covalent interaction between the 
two pairs of interacting carbons (see Table S8 in Supplementary Mate
rial). On the other hand, at the three TSs, the electron density at CP1, ca. 
0.076 e, is twice that at CP2, ca. 0.038 e, indicating a stronger electronic 
interaction at the C4–C5 region than at the C1–C6 one, in agreement 
with the analysis of the Parr functions. These results support the more 
favourable gathering of electron density at the most nucleophilic and 
electrophilic centres as a consequence of the GEDT taking place in polar 
reactions, which is responsible for the TSs asynchronicity. Finally, the 
slight decrease of the electron density ρ(r) at CP2, which diminishes as 
the asynchronicity Δl increases at these TSs, accounts for the reduction 
in the proposed Pauli repulsions [17]. 

The calculated values of |V(r)|/G(r) at the selected bonding CPs 
associated with the three TSs are given in Table S8 in Supplementary 
Material. According to Espinosa’s criterion [40], the |V(r)|/G(r) values 
at CP1 and CP2, ca. 1.80 and 1.24, respectively, indicate that they are 
associated with non-covalent interactions with somewhat covalent 
character, while the |V(r)|/G(r) values at CP3 and CP4, related to the 
O8–H and O8–H′ bonding regions, respectively, are lower than 0.94, 
indicating that they are associated with HB interactions. 

The present ELF and QTAIM topological analyses of the electron 
density of TSn-6, TSn-18 and TSn-24 show a complete similitude be
tween the electronic structures of the three selected TSs, in total 
agreement with their similar geometries. These findings indicate that 
formation of the HBs with the carbonyl oxygen atom of acrolein 5 does 
not substantially modify the electronic behaviour of TSn-5, associated 
with the non-catalysed process, thus being the different GEDT values at 
the three TSs the only property that makes these species different. 

Finally, a BET study of the molecular mechanisms of the non- 
catalysed DA reactions of Cp 4 with acrolein 5, and that of the cata
lysed DA reaction with HBMC 18 shows the great similitudes between 
them. The mechanism of both DA reactions is divided in eleven phases 
characterizing these DA reactions as non-concerted two-stage one-step 
processes [56]. The complete BET analyses are given in Section 4 in 
Supplementary Material. 

2.6. IQA and REG-IQA analyses of the role of HB formation in improving 
the reaction rate 

First, the role of the increase in GEDT, resulting from the HB for
mation, in the decrease of activation energies in the P-DA reactions was 
studied by a topological IQA energy partitioning analysis using four 
selected TS of increasing polar character. These TSs are associated with 

the N-DA reaction of Cp 4 with ethylene 2, which is taken as the energy 
reference, as well as those of the P-DA reaction of Cp 4 with acrolein 5, 
and with complexes HBMC 23 and acrolein:LA 7 (see Figs. 1 and 6). The 
B3LYP/6-311G(d,p) gas-phase relative total Etot(X), intra-atomic Ein

tra(X) and interatomic Vinter(X) IQA energies of the Cp and ethylene (Et) 
interacting quantum fragments [57,58] (IQF) of the four TSs, with 
respect to those at the separated reagents, are given in Table 5 (see the 
Computational Details in Supplementary Material). Fig. 10 shows a 
graphical representation of the relative Etot(X) energies of the Cp and Et 
IQFs at the four TSs, in blue and red, respectively, and the relative 
Etot(Cp + Et) energies, in black, which corresponds to the activation 
energies of these DA reactions. 

Analysis of the Etot(X) energies of the two IQFs in the N-DA reaction 
of Cp 4 with ethylene 2 shows that both IQFs are destabilized by ca. 
11 kcal mol− 1. Interestingly, while the intra-atomic Eintra(Cp + Et) en
ergies in this N-DA reaction are very unfavorable, 72.0 kcal mol− 1, the 
interatomic Vinter(Cp + Et) energies are very favourable by − 49.3 kcal 
mol− 1. 

An interesting change is observed in the P-DA reactions involving the 
three substituted ethylenes of increasing electrophilicity. While the 
unfavorable Etot(Cp) energies increase with the increase of the GEDT at 
the TS, i.e., the Cp IQF is destabilized due to the loss of electron density, 
those of the ethylene Etot(Et) become negative, and consequently, sta
bilizing, as a result of the gain of electron density (see Fig. 10). Inter
estingly, the stabilization of the ethylene IQF overcomes the Cp 
destabilization, thus resulting in a decrease of the activation energy with 
the increase of the polar character of the reaction (see Fig. 10). 

A more detailed analysis of the Eintra(Et) and Vinter(Et) IQF energies 
given in Table 5 reveals that the decrease of the unfavorable Eintra(Et) 
energies of the ethylene IQF with the increase of the GEDT taking place 

Fig. 9. Representations of the contour line maps of Laplacian ∇2ρ(r) of the electron density at TSn-6, TSn-18 and TSn-24. The bonding critical points CPi are 
labelled in red. 

Table 5 
B3LYP/6-311G(d,p) gas-phase relative total Etot(X), intra-atomic Eintra(X) and 
interatomic (Vinter(X)) IQA energies, in kcal⋅mol− 1, of the Cp and ethylene IQF at 
the TSs with respect to the separated reagents. Standard deviations are given 
with respect to the N-DA reaction of Cp 4 with ethylene 2, in kcal⋅mol− 1.   

IQF Eintra(X) Vinter(X) Etot(X) Etot(Cp + Et) 

Ethylene 2 Cp 36.7 − 25.2 11.5 22.7 
Et 35.3 − 24.1 11.2 

Acrolein 5 Cp 40.2 − 17.5 22.7 19.2 
Et 25.3 − 28.7 − 3.4 

CHO–HOCF3 23 Cp 41.0 − 10.8 30.2 15.5 
Et 12.4 − 27.1 − 14.7 

CHO–BH3 7 Cp 43.1 − 7.6 35.4 13.0 
Et 8.3 − 30.7 − 22.4 

Standard deviation Cp 4.8 13.9 18.7  
Et 21.3 5.0 25.9   
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at the polar TSs is the main factor responsible for the decrease of the 
activation energies of these P-DA reactions (see the standard deviations 
of Eintra(Et) in Table 5). As shown in Fig. 11, a very good linear corre
lation can be established between the decrease of the unfavorable 
relative Eintra(Et) energies in the ethylene IQF and the GEDT that takes 
place in these DA reactions of FEDF, R2 = 0.97; i.e., the higher the GEDT, 
the higher the intra-atomic stabilization of the ethylene framework and 
the faster the DA reaction. This finding is fully consistent with Parr’s 
definition of the electrophilicity ω index, which accounts for the elec
tronic stabilization of a species when it acquires a certain amount of 
electron density from the environment [9]. 

Consequently, the strong intra-atomic stabilization of the electro
philic ethylene IQF with the increase of the GEDT at the polar TSs, 
resulting from the HB formation, clarifies the pivotal role of the former 
in the decrease of the activation energies associated with these HB- 
catalysed P-DA reactions [8]. 

In order to identify the intrinsic electronic factors determining the 
activation energies of these HB catalysed DA reaction, a topological REG 
energy partitioning analysis was performed along the endo activation 
energy paths of the non-catalysed and catalysed DA reactions of Cp 4 
with acrolein 5 and HBMC 18 (Acr:urea). A brief theoretical background 
on REG-IQA is given in the Computational Methods in Supplementary 
Material. The IQA terms with the largest REG values, expressed as ratios 
for comparative purposes (see the theoretical background), are given in 
Table 6, while Pearson correlation coefficients R are given in Table S9 in 
Supplementary Material. 

The IQA-REG analysis shows a very similar energetic pattern for both 
P-DA reactions. In both cases, the two terms most contributing to the 
barrier are Vxc(C5,C6) and Vxc(C3,C4), followed by Vxc(C1,C2) with a 
lower relative ratio of ca. 0.7. These three exchange-correlation VAB

xc 
energy terms are associated with the covalent interactions, i.e. bonding 
changes, in the three C–C multiple bond regions of the reagents. Thus, 
these results indicate that the rupture of the C5–C6 and C3–C4 double 
bonds of acrolein 5 and Cp 4, respectively, are the main factors 
responsible for the activation energies, followed by the more delayed 
depopulation of the C1–C2 double bond of Cp 4. This agrees with the 
non-symmetric bonding changes observed from the BET study (see 
Section 4 in Supplementary Material). Note that the two reactions are 
highly asynchronous. On the other hand, the terms most working against 
the barrier, i.e. with negative REG values, are Vxc(C4,C5), Vxc(C2,C3), 
and Vxc(C1,C6), which are associated with the favourable gathering of 
electron density in the C4–C5, C2–C3 and C1–C6 regions that will lead to 
the formation of the new single bonds between the Cp and acrolein 
moieties and to the formation of the C2=C3 double bond of the final CA 
20 along the deactivation energy path. The ratios greater than − 1 of 
Vxc(C4,C5) account for the driving force of the two reactions, related to 
the formation of the first C4–C5 single bond. Indeed, these ratios also 
predict the higher bond formation asynchronicity in the HB-catalysed 
reaction. 

Interestingly, the Vxc(C6,C7) term, associated with the covalent 
bonding changes in the conjugated C6–C7 region of acrolein 5, presents 
a negative REG value in both reactions. This confirms that the pro
gressive accumulation of electron density observed in that region until 
reaching the TSs favours both reactions, i.e., works against the barrier. 
The most noticeable difference between both REG-IQA analyses is pre
cisely the significantly higher contribution of that effect in lowering the 
activation energy of the HB-catalysed reaction; while Vxc(C6,C7) has a 
ratio of − 0.22 in the urea-promoted reaction, the ratio decreases to 
− 0.14 when urea 16 is not present. Therefore, the unfavorable elec
trostatic interactions between the carbonyl C7 carbon and O8 oxygen, 
which have a negligible ratio of 0.11 in the non-catalysed reaction, have 
a greater weight in the barrier of the catalysed process, 0.25. 

Fig. 10. Graphical representation of the sets of relative Etot(Cp) (in red), Eto

t(Et) (in blue), and Etot(Cp + Et) (in black) energies for the TSs associated with 
the four selected DA reactions of Cp 4 with ethylenes of increased electrophilic 
character. Etot(Cp + Et) corresponds to the activation energies of the reactions. 
The GEDT values at the TSs are plotted in pink. E(X) energies are given in 
kcal⋅mol− 1, and the GEDT in average number of electrons, e. 

Fig. 11. Plot of the gas-phase B3LYP/6-311G(d,p) relative Eintra(Et) energies of 
the ethylene framework (in kcal⋅mol− 1) versus the GEDT (in average number of 
electrons, e) for the DA reactions of Cp 4 with the four ethylenes of increased 
electrophilic character. 

Table 6 
Twelve largest REGi values corresponding to the full IQA partitioning along the 
activation IRC path associated with the polar DA reactions of Cp 4 with acrolein 
5 and HBMC 18, involving urea 16 as HB catalyst. Ratios are defined as a given 
REG value divided by the largest positive REG value for the same considered 
reaction.  

Non-catalysed HB-catalysed 

Term REG Ratio Term REG Ratio 
Vxc(C5,C6) 2.71 1.00 Vxc(C5,C6) 3.15 1.00 
Vxc(C3,C4) 2.53 0.93 Vxc(C3,C4) 2.96 0.94 
Vxc(C1,C2) 1.92 0.71 Vxc(C1,C2) 2.05 0.65 
Eintra(C5) 0.65 0.24 Vcl(C7,O8) 0.78 0.25 
Eintra(C4) 0.62 0.23 Eintra(C5) 0.74 0.23 
Eintra(C0) 0.44 0.16 Eintra(C4) 0.71 0.23 
Vxc(C6,C7) − 0.39 − 0.14 Eintra(C7) − 0.61 − 0.19 
Vcl(C3,C4) − 0.49 − 0.18 Vcl(C5,C6) − 0.65 − 0.21 
Vcl(C5,C6) − 0.55 − 0.20 Vxc(C6,C7) − 0.69 − 0.22 
Vxc(C1,C6) − 1.37 − 0.50 Vxc(C1,C6) − 1.30 − 0.41 
Vxc(C2,C3) − 1.85 − 0.68 Vxc(C2,C3) − 2.06 − 0.65 
Vxc(C4,C5) − 2.92 − 1.08 Vxc(C4,C5) − 3.58 − 1.13  
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In order to quantify the energy costs of the most relevant bonding 
changes, the energy differences from reagents to TSs of the full- 
partitioned IQA terms with higher REG values are given in Table 7. 
Data show that while the rupture of the two C3–C4 and C5–C6 double 
bonds and formation of the C4–C5 and C1–C6 single bonds are slightly 
more unfavorable in the HB-catalysed reaction by 2.9 and 
0.1 kcal mol− 1, respectively, the conjugation in the C6–C7–O8 region is 
more stabilizing by − 2.2 kcal mol− 1 as a consequence of the HBs be
tween the oxygen of acrolein 5 and urea 16. These HBs increase the 
global electrophilicity of acrolein from 1.84 to 2.58 eV and, therefore, 
the GEDT from 0.15 to 0.20 e. 

In a polar reaction, the GEDT destabilizes the nucleophile and sta
bilizes the electrophile. In this case, when the REG-IQA is performed at 
the lowest atomic resolution, the total IQA energy of each molecular 
fragment shows that acrolein is stabilized and Cp is destabilized by, 
respectively, 7.0 and 6.1 kcal mol− 1 more in the HB-catalysed process 
(see Table 7). Consequently, the HB interactions cause a higher stabili
zation of the acrolein moiety through the GEDT, and a more favourable 
conjugation of the received electron density, which explains the lower 
barrier by 2.0 kcal mol− 1 of the HB-catalysed process. These HBs, which 
have an average covalent-bond strength of 6.1 kcal mol− 1 according to 
the Vxc(O,H) energies at the starting structure of the activation energy 
path, become stronger by an average of 0.9 kcal mol− 1 at the TS as the 
GEDT increases from reagents to the TS. 

3. Conclusions 

The role of HB formation in the P-DA reactions of Cp 4 with elec
trophilic acrolein 5 has been investigated within the MEDT at the 
ωB97X-D/6-311G(d,p) computational level by using a series of repre
sentative mono and bifunctional HB donor molecules. 

ELF topological analysis of the electronic structure of HBMCs in
dicates that formation of one or two HBs with the carbonyl oxygen of 
acrolein 5 does not noticeably modify the GS electronic structure of this 
α,β-unsaturated aldehyde. Analysis of reactivity indices of the HBMCs 
shows that the formation of the HBs increases the electrophilicity ω 
index of these species, suggesting an acceleration of the DA reactions 
through more polar TSs, via FEDF processes. Analysis of the electrophilic 
Parr functions indicates that the β-conjugated carbon of the 
α,β-unsaturated aldehyde 5 is the most electrophilic centre of the 
HBMCs, thus determining the asynchronicity of these P-DA reactions. 

Formation of one or two HBs with acrolein 5 decreases the activation 
energies of the HB-catalysed DA reactions by between 1.7 (methanol) 

and 4.0 (squaramide) kcal mol− 1, the corresponding P-DA reactions 
being low endo stereoselective. A clear correlation between the decrease 
of the activation energy of the HB-catalysed DA reactions and the GEDT 
taking place at the TSs is established; the stronger the HB interaction, the 
more polar and faster the P-DA reaction. 

These DA reactions proceed through a non-concerted one-step 
mechanism via asynchronous C–C single bond formation processes, 
whose asynchronicity increases with the polar nature of the reaction. 
ELF and QTAIM topological analyses of the electron density at the TSs 
indicate that the formation of neither of the two C–C single bonds has 
started at any TS yet. 

A rigorous IQA-IQF energy partitioning analysis of the TSs of P-DA 
reactions indicates that the intra-atomic stabilization of the acrolein 
framework as GEDT increases plays a crucial role in the decrease of the 
activation energies associated with these HB-catalysed DA reactions. 

Supplementary Material: Computational Details. Study of the P-DA 
reaction between Cp 4 and acrolein 5. Study of the fully optimized re
action paths associated with the HB-catalysed DA reactions of Cp 4 with 
acrolein 5 in the presence of bifunctionalised urea 16, thiourea 17, and 
squaramide 25. BET study of the molecular mechanism of the DA re
actions of Cp 4 with acrolein 5, and with HBMC 18. References. Fig. S8 
includes ωB97X-D/6-311G(d,p) gas phase geometries of HBMCs 18, 19 
and 26. Fig. S9 shows the endo and exo stereoisomeric TSs TSn-19 and 
TSx-19. Table S5 displays the AIM parameters of the (3,-1) bonding CPs 
at HBMCs 6, 18, 24, and 26 in the regions associated with the O–H HBs. 
Table S6 includes the ωB97X-D/6-311G(d,p) total electronic energies of 
the stationary points involved in the P-DA reactions of Cp 4 with HBMCs 
6, 18, 19, 22–24 and 26. Table S7 involves the ωB97X-D/6-311G(d,p) 
total and relative energies with respect to the separated reagents, in 
water, of the stationary points involved in the DA reaction of Cp 4 with 
acrolein 5, and with HBMC 26. Table S8 includes the AIM parameters of 
(3,-1) bonding CPs at TSn-6, TSn-18 and TSn-24, in the regions asso
ciated with the C–C single bond formation, CP1 and CP2, and with the 
O–H HBs, CP3 and CP4. Table S9 contains Pearson correlation co
efficients R of the twelve fully-partitioned IQA terms with largest REGi 
values along the activation IRC paths associated with the P-DA reactions 
of Cp 4 with acrolein 5, and with HBMC 18. ωB97XD/6-311G(d,p) gas 
phase computed total energies and Cartesian coordinates of the sta
tionary points involved in the P-DA reactions between Cp 4 and acrolein 
5, and with HBMCs 6, 18, 19, 22–24 and 26. 

Table 7 
Variation, in kcal⋅mol− 1, of the most relevant VAB

xc energy terms and of the total IQA energies of the Cp and acrolein moieties, from the first structure of the reaction path 
to the TS. The six terms with the highest positive and negative REG values are represented using coloured arrows. Labels indicate regions of the chemical structure. 
Label ‘Ea’ corresponds to the activation energy with respect to the first structure of the reaction path, while ‘other’ refers to the sum of the energies of every other full- 
partitioned IQA energy terms contributing towards or against the barrier. While the relative size of the coloured arrows is accurate, arrows in grey are only an 
approximation, indicated by the dashed top line.   

Non-catalysed HB-catalysed 

Region Δ VAB
xc Δ VAB

xc 

C3–C4 56.4 58.1 
C2–C3 − 41.1 − 40.2 
C1–C2 42.6 40.4 
C5–C6 60.7 61.9 
C6–C7 − 8.1 − 13.2 
C7–O8 4.2 7.1 
C4–C5 − 66.5 − 71.3 
C1–C6 − 30.7 − 25.8 

IQA (Cp 4) 21.8 27.9 
IQA (acrolein 5) − 2.7 − 9.7  
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[53] L.R. Domingo, M. Arnó, J. Andrés, J. Org. Chem. 64 (1999) 5867–5875. 
[54] J.I. García, J.A. Mayoral, L. Salvatella, Acc. Chem. Res. 33 (2000) 658–664. 
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