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Abstract 

The presence of nitrogen atom either on the diene or the dienophile structure gives rise to aza or 
imino-Diels-Alder reactions (DARs). Among hetero-DARs, imino-dienophiles yields numerous 
functionalized compounds with numerous biological activities including but not limited to 
antifungal, antibacterial and enzymatic properties. Density functional theory (DFT) using the 
B3LYP functional at the 6-31+G (d, p) basis set along with topological studies (QTAIM) were 
used for the investigation of 10 different (SD1-SD10) DARs which differ in the nature of 
substituents groups attached to the diene molecule. The study indicates higher electron density 
and stronger interaction for substituted dienes with the cycloalkanes, furan, carbonyl, and -OH 
groups. It was observed in the HOMO-LUMO energy differences that the bulky groups; SD3, 
SD4, and SD6 had destabilization energy of -7.86 and 0.09, -7.88 and 0.10 and -7.50 and -0.014 
eV respectively in their HOMO and LUMO levels while the halogen substituted dienes SD1, 
SD2, and SD5 had -8.20 and -0.32, -8.31 and -0.34 and -8.19 and -0.20 eV respectively. The 
study showed that synthesis of hetero-nuclear aza-cyclohexene is achieved faster with furan 
substituent of energy gap 7.534 eV and molecular hardness of 3.677 compared to 7.799 (SD7) -
8.100 eV (SD8) and 3.899 (SD7) - 4.050 (SD8) respectively scored by other substituents noting 
that smaller energy gap leads to higher reactivity. HCOCH3 (SD8) retarded the rate of the 
reaction by about 58% (unspontaneous) following the calculated Gibb’s free energy of activation 
while SD6 in the ELF analysis showed complete covalent character against other cycloalkanes 
that showed dual characteristics of a double and single bond between N-C at their transition 
states. 
Key words: DFT calculations, NBO, HOMO-LUMO, MEDT, Diels-Alder reaction. 
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1.0 Introduction 

The original version of the Diels-Alder reaction (DAR) involves 1, 3-dienes and an alkene 
dienophile as reactants. However, progressive chemistry research in all areas; synthetic-organic 
chemistry, polymer, material science, and natural product has improved the works of Otto Diels 
and Kurt Alder allowing hetero-dienes and hetero-dienophiles to be applicable following the 
same (4+2) cycloaddition reaction mechanism [1]. Notable researchers have in the past 
employed DAR in various areas of chemistry and material science [1, 2-3]. This is sequel to 
numerous available dienophiles. Yang et al reported that following this reaction mechanism, 
trans-cyclooctenes are employed for high reaction rate while cyclopropenes are used for 
metabolic reactions [4-5]. Structural modification of trans-cyclooctene using carbamate promotes 
drug design [6]. Boger et al [7] reported the synthesis of streptonigrone and Weinreb and group 
reported phyllanthine while Danishefsky and Jacobsen and co-workers respectively reported the 
successful synthesis of ipalbidine and (+) – reserpine [9]. Song and co-workers [1] evaluated the 
factors controlling the Diels-Alder reactivity of hetero- 1, 3-butadienes with ethylene. They 
found that unsubstituted 1, 3-butadiene reacts with ethylene moderately with an activation 
energy of 15.2 Kcal/mol. However, substitution of carbon atoms greatly influences the reactivity 
of these dienes. According to their report, if one or two terminal carbon atoms are substituted, 
the rate of the reaction is reduced remarkably. 
Hetero-DARs are taking the lead in the synthetic processes for both natural and other 
heterocyclic industrial products [10]. The presence of nitrogen atom either on the diene or the 
dienophile structure gives rise to aza or imino-DAR. Again, among hetero-DARs, imino-
dienophiles yields numerous functionalized aza-compounds with effective control over stereo-, 
regio- and enantio-selectivity [11]. The imines are important because of their numerous 
biological activities. They are incorporated naturally or artificially in many chemical structures 
and have shown antifungal, antibacterial and enzymatic properties [12-16]. In material science, 
they are employed as monomers for synthesis of polymers, reaction intermediates, corrosion 
inhibitors and cataysts [17-23].  
DARs generally follow either a concerted or step wise π4s + 2sπ cycloaddition pathways. It is 
either Homo diene- controlled or the neutral reaction and the inverse electron demand Lumo diene – 
controlled reaction. The HOMO-LUMO energy difference between the diene and the dienophile 
determines the type and rate of the cycloaddition process. Previous report adopted the molecular 
orbital calculations at 6-31G and MP2/6-31G* basis sets level of theory to show that the 
transition state of formaldimine with butadiene is 4.3-5.3 Kcal/mol more stable when the 
nitrogen lone pair is exo than when it is in the endo orientation [24]. They suggested that the 
reason could be due to repulsion between the lone pair and the 1, 3-butadiene pi electrons. 
Hetero-DARs are indispensable tools employed in both organic and natural product chemistry 
for regio- and stereo-selective synthesis of heterocyclic compounds [24-25]. Reaction yield is 
enhanced when an electron-rich group is attached onto the diene or the electron-poor substituent 
is on the dienophile [25]. Recently, Safa et al [25] investigated the regio-selectivity in hetero-
DARs of styrenes with and without substituents with 2-aza-1, 3-butadiene. Their calculations 
using the Gaussian 09 software at the B3LYP/6-311++G** level of theory show that formation 



of 4-regio-isomers were favoured for reaction involving electron-releasing substituents while 
strong electron-withdrawing groups lead to formation of 5-regio-isomers as shown in Figure 1 
(a-d), where X represents H, F, CH3, OH, NH2, CN, and NO2.  Experimental result according to 
Yu and Kuiling [26] showed that a high yield of >99% was obtained by aza-DAR of Danishefsky 
diene with imine in methanol without any acid catalyst. They also evaluated the effect of solvent 
and confirmed that the reaction proceeded more in polar solvents than in non-polar solvents like 
toluene, diethyl ether, chloroform and dichloromethane which yielded <5% of the product [26]. 

 

Although, the influence of substituents on 1, 3-butadiene is available in literature, to the best of 
our knowledge, there is paucity or no report on the reaction characteristics of hetero-DARs of 1, 
3-butadiene substituted with these groups and imino-dienophile. Hence, we aimed to carry out a 
first principle density functional theory (DFT) comparative study of the influence of halogens, 
cycloalkanes, carbonyls and hydroxyl group substituents on the reaction characteristics of 1, 3- 
butadiene represented as SD1-SD10 (see Fig. 2) with aza-ethylene dienophile in the gas phase. 
The DFT study of the DARs is evaluated through the frontier molecular orbital (FMO) analysis, 
natural bond orbital (NBO) analysis, global reactivity descriptors (GRD), quantum theory of 
atoms-in-molecules (QTAIM), molecular electron density theory (MEDT), global electron 
density transfer (GEDT), and the thermodynamics of the studied reactions. 

2.0 Computational Methods 

Density Functional Theory (DFT) calculations were performed using the Gaussian09 
computational software [27] in combination with GaussView 6.0.16 [28]. The geometries of 
reactants, transition states, and the product structures were optimized by the B3LYP functional 
[29] at the 6-31+G (d, p) basis set without any symmetry constrains. The reactant and product 
had real frequencies while the transition state (Ts) had single imaginary frequency in the  
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SD5 

diagonalized Hessian matrix. Intrinsic reaction co-ordinate (IRC) calculations were carried out to 
confirm that the local transition states are connected to the corresponding minimum stationary 
points. The quantum theory of atoms-in-molecule (QTAIM) analysis was employed to estimate 
the effect of hydrogen bonding interaction effective at the Ts using the Multiwfn program [28]. 
The frontier molecular orbital (FMO), energy gap, and quantum chemical descriptors were as 
well calculated as previously described [29]. The natural bond order (NBO) and GEDT from 
NBO analysis of the Ts were computed using the Multiwfn program so as to determine how fast 
the reaction proceeded or delayed and the molecular electron density theory (MEDT) [31] was 
employed to elucidate the electron localization function [30]. 
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Fig.2: Schematic diagram of SD1-SD10 reactions 

 

3.0 Results and Discussion 

3.1 The Quantum Theory of Atoms in Molecule (QTAIM)  
QTAIM analysis is proven to be very useful in determining the nature of atomic interactions in 
chemical systems and ionic clusters according to Arumugam et al [32]. It explains the non-
covalent and hydrogen bond interactions between H-bond donor and acceptor atoms using the 
data generated from the (3, -1) bond critical points (BCPs). Electron density rho (ρ) measures the 
strength of the interaction between atoms in molecules. Experimental research has shown that 
covalent bonding interactions have ρ values above 0.20 a.u while non-covalent interactions have 



ρ values less than 0.10 a.u. Table S7(c) of the supporting information shows the electron density 
and laplacian values from the (3, -1) computed BCPs. The ρ values for incipient C-C bond is 
indicative of the strong bond formations between the dienes and the dienophile. The order of 
strength of atomic interaction is SD4>SD6>SD3>SD9>SD10>SD7>SD1>SD5>SD2>SD8 and 
the range of electron density values were 0.297 (C5—C1) to 4.230 (C3—C4), 0.297 (C5—C1) to 
4.226 (C3—C4), 0.248 (C5—C1) to 4.218 (C3—C4), 0.251 (C5—C1) to 4.149 (C3—C4), 0.297 
(C5—C1) to 3.928 (C3—C4), 0.296 (C5—C1) to 3.886 (C3—C4), 0.297 (C5—C1) to 3.802 
(C3—C4), 0.296 (C5—C1) to 3.760 (C3—C4), 0.155 (C1—C2) to 3.646 (C3—C4), and 0.276 
(C5—C1) to 0.334 (C4—C5). Critical study of the data shows the asynchronous nature of the 
transition states (Ts) between the dienes (SD1-SD10) and the dienophile. High values of electron 
density obtained for the reaction was further supported by the molecular graphs provided in 
Figure 3 depicting the nature of orbitals at their transition states. It is interesting to note also that 
the QTAIM result was in line with the result from the thermodynamic studies where the 
computed reaction energies and the asynchronous nature of the transition states were found to 
correlate. The present study indicates higher electron density and hence, stronger interaction for 
substituted dienes with the cycloalkanes, furan, carbonyl, and -OH groups scoring higher than 
the halogen substituted dienes. This observation is probably due to increased H-bonding 
interaction between the H-bond donor diene and the acceptor dienophile and the strong O-H 
interactions in SD6, SD4, SD3, SD9, and SD10 which are substituted dienes with bulky groups 
attached to them. It is important to note that SD8 had the least electron density value which 
resulted in minimal interaction especially between C3 and C4 atoms.  

3.2 Natural Bond Orbital Analysis 

The natural bond orbital analysis was employed to explain the stabilizing interactions between 
the donor and the acceptor species. The second-order perturbation energy helps to pinpoint 
electronic interactions leading to increased rate of reaction in DARs. The result of the NBO 
analysis is shown in Table S1 of the supporting information (SI). The common donor-acceptor 
interactions for all the dienes and dienophile were π→π* and π*→π* interactions except SD8 
that exhibited σ→σ* and σ*→π* in addition to π→π* interactions. Their stabilizing energy 
ranged from 14.99 (SD8) to 250.34 Kcal/mol (SD4). These strong interactions were attributed to 
the asynchronous nature of the transition states and particularly SD3, SD4 and SD6 which were 
comparatively more because of their respective bulky cyclobutane, cyclopropane and furan 
substituents. The interactions were 26.80 to 250.34 Kcal/mol emanating from incipient C3-N25 
and C1-C2 bond distances of 1.311 and 1.387Å respectively. Arumugam et al [32] also reported 
π→π* interactions between substituted 1, 3-butadiene and 2-bromocyclobutenone dienophile to 
be in the range of 13.6 to 225.4 Kcal/mol. Bulky group substituents are responsible for increased 
interaction aside other factors as seen from the present study. SD3, SD4 and SD6 which are 
bulkier had second-order perturbation energies of 15.44-72.07, 26.80-250.34 and 21.83-164.43 
Kcal/mol respectively.  Again, SD7, SD9 and SD10 also had energies of interaction in the range 
of 22.81-77.28, 28.17-198.01 and 27.93-194.00 Kcal/mol respectively. This is evidently 
expected due to stabilizing interactions between the donor and the acceptor orbitals and the 



enhanced intermolecular hydrogen bonding within this group of substituted butadiene. 
Expectedly for the halogen substituted dienes, because they present electron-withdrawing effect, 
the dienes became deactivated compared to other groups under investigation. SD1, SD2 and SD5 
which were dienes respectively substituted by Br, Cl and F had energies of interaction in the 
range of 22.54-32.93, 14.75-23.68 and 24.85-41.85 Kcal/mol respectively. 

3.3 Frontier Molecular Orbital Analysis 

The calculated quantum chemical descriptors, energy gap along with the HOMO and LUMO of 
the studied dienes and dienophile are shown in Table 1 while the HOMO-LUMO orbital plots 
along with the corresponding electrostatic potential for each Ts product are presented in Fig. 3. 
Computer-assisted electrostatic potential map uses different colours to indicate the distribution of 
charges around the nuclei in molecules. Electrostatic potential is a physical property and very 
useful in exploring molecular reactivity. Deep red colour shows the electron-rich regions on the 
map indicating where negative charges are localized while dark blue colour indicates regions of 
electron deficiency. It corresponds to the nucleophilic positive sites. The intermediate colours 
like light blue is indicative of slightly electron deficient sites and yellow colour means slightly 
electron-rich region while green shows neutral regions. Frontier molecular orbital analysis 
provides information not only on the reactivity of molecules but also on the electronic structure 
[26]. The destabilizing energy of the HOMO and LUMO levels of the dienes are in line with our 
conclusions on the reactivity of the substituted butadienes. Here, it was observed that the bulky 
groups; SD3, SD4 and SD6 had destabilization energy of -7.86 and 0.09, -7.88 and 0.10 and -
7.50 and -0.014 eV respectively in their HOMO and LUMO levels while the halogen substituted 
dienes SD1, SD2 and SD5 had -8.20 and -0.32, -8.31 and -0.34 and -8.19 and -0.20 eV 
respectively. The carbonyl substituted dienes SD7 (formaldehyde), SD8 (ethanal) followed the 
same trend with the halogens. Their destabilization energy of the HOMO and LUMO levels were 
-8.17 and -0.37 and -8.14 and -0.04 eV respectively while SD9 (methoxy group substituent) and 
SD10 (hydroxyl group substituent) were destabilized by -7.88 and 0.04 and -7.87 and 0.05 eV of 
energy in their HOMO and LUMO levels. It is important to compare the quantum chemical 
descriptors values with other analyses result to ascertain the overall reactivity terms. Chemical 
descriptors such as hardness and softness directly affect the reactivity of molecules. Increase in 
hardness (η) decreases reactivity while softness is directly related to reactivity. Chemical 
quantum descriptors shown in Table 1 were calculated using equations 1-8. 

 IP = −EHOMO          (1) EA = −ELUMO          (2) 

Using koopman’s theorem, the following electronic descriptors were computed.  

 −μ = 1 2⁄ (EHOMO + ELUMO) = χ        (3)  



η = 1 2⁄ (𝐼𝑃 − 𝐸𝐴) = ELUMO−EHOMO2        (4) ω = 𝜇22η           (5) S = 12η = 1𝐼𝑃−𝐸𝐴 = 1ELUMO−EHOMO       (6) 

w+ =(IP+3Ea)2/16(IP-Ea)        (7) 

w- =(3IP+Ea)2/16(IP-Ea)         (8) 

Among the substituted butadienes, SD6 (furan substituted diene) showed the least hardness of 
3.67 eV and others were in the range of 3.96 eV (SD9, SD10) to 4.05 eV (SD8). 

 

Table 1: HOMO-LUMO and Quantum Descriptors 

 

            

            

            

            

            

            

           

 

 

 

 

3.4 Kinetics and Thermodynamic Parameters 

The thermodynamic properties of the reactions were followed to determine the spontaneity of the 
process using theoretical calculations and the energy (barrier) requirement with respect to the 
formation of the transition states. According to Agwupuye et al [33], the enthalpy of reaction is 
the energy difference between the products and the reactants.  Mathematically, it is the sum of 
the internal energy (q) plus the pressure (p) and the volume (v) of a chemical system. Exothermic 
reactions give out heat to the surrounding and are described as being spontaneous (ΔH<0) while 

 

 HOMO 
  
LUMO     IP    EA    Eg    μ    Ƞ    w    w+    w-     X 

SD1 -8.208 -0.327 8.208 0.327 7.880 4.267 3.940 4.621 0.669 4.681 -4.267 

SD2 -8.318 -0.348 8.318 0.348 7.970 4.333 3.985 4.711 0.687 4.748 -4.333 

SD3 -7.863 0.0985 7.863 
-

0.098 7.962 3.882 3.981 3.786 0.449 4.405 -3.882 

SD4 -7.887 0.1017 7.887 
-

0.101 7.988 3.892 3.994 3.793 0.449 4.417 -3.892 

SD5 -8.196 -0.202 8.196 0.202 7.994 4.199 3.997 4.412 0.606 4.650 -4.199 

SD6 -7.501 -0.146 7.501 0.146 7.354 3.823 3.677 3.976 0.535 4.247 -3.823 

SD7 -8.174 -0.374 8.174 0.374 7.799 4.274 3.899 4.685 0.692 4.672 -4.274 

SD8 -8.145 -0.045 8.145 0.045 8.100 4.095 4.050 4.141 0.529 4.590 -4.095 

SD9 -7.885 0.0451 7.885 
-

0.045 7.931 3.920 3.965 3.875 0.473 4.427 -3.920 

SD10 -7.879 0.0511 7.879 
-

0.051 7.930 3.914 3.965 3.863 0.470 4.422 -3.914 



endothermic reactions absorb heat from the surroundings (ΔH>0) hence, non-spontaneous. All 
the calculations for enthalpy and free energy of the reactions were done using the data obtained 
from the optimized structures adopting the following equations according to [33]. ΔH* (298K) = ∑ Δproduct H*

f  prod.(298K) - ∑ ΔHreactant * react (298K)   (7) ΔH*
f
  (298K)=∑(εo +  εHcorr)products - ∑(εo +  εHcorr) reactants    (8)             

ΔG* (298K) =∑(εo +  εGcorr)products - ∑(εo +  εGcorr) reactants    (9)  

εo is the electronic energy while Hcorr is the total energy and thermal correction to H. The Gibb’s 
free energy of activation G* calculated using equation (9) in this study showed negative values 
for all the reaction systems except for SD8-dienophile system which has a positive value (0.58 
Kcal/mol) that indicates unspontaneous process. These negative values obtained for both 
enthalpy and free energy of the reaction (Table 2) indicates that the process were exothermic and 
agrees with previous reports that Diels-Alder reactions of 1, 3-butadienes involves the evolution 
of heat and hence, spontaneous [34, 35].  

 

Table 2: Kinetics and Thermodynamic Parameters for the different reactants (A), 

transition states (AB*), and products (AB)  

  
A B AB* AB 

ΔH or 
ΔG ΔG* K 

SD1 

E0 + Ehorr -2766.3 
-

94.5426 
-

2860.81 -2860.9 
-

1795228 
  

E0 + Egorr 
-

2766.34 
-

94.5683 
-

2860.86 
-

2860.95 
-

1795241 -0.01854 2.514636271 

SD2 

E0 + Ehorr 
-

654.667 
-

94.5426 
-

749.183 
-

749.271 -470158 2111.723 
 

E0 + Egorr 
-

654.706 
-

94.5683 
-

749.226 
-

749.313 -470171 -0.01654 2.275462433 

SD3 

E0 + Ehorr 
-

350.946 
-

94.5426 
-

445.461 
-

445.551 -279570 303.8133 
 

E0 + Egorr 
-

350.992 
-

94.5683 
-

445.512 
-

445.599 -279587 -0.02287 3.118439902 

SD4 

E0 + Ehorr 
-

311.682 
-

94.5426 
-

406.197 
-

406.286 -254931 39.36265 
 

E0 + Egorr 
-

311.725 
-

94.5683 
-

406.246 
-

406.332 -254947 -0.02184 2.962600977 

SD5 

E0 + Ehorr 
-

294.306 
-

94.5426 
-

388.823 -388.91 -244029 17.47012 
 

E0 + Egorr 
-

294.344 
-

94.5683 
-

388.866 -388.95 -244041 -0.01756 2.393846751 

SD6 

E0 + Ehorr 
-

423.792 
-

94.5426 
-

518.308 
-

518.396 -325281 -29.396 
 

E0 + Egorr 
-

423.838 
-

94.5683 
-

518.539 
-

518.444 -325412 -0.20448 2.904097312 

SD7 

E0 + Ehorr 
-

308.359 
-

94.5426 
-

402.878 
-

402.963 -252848 115.5287 
 

E0 + Egorr 
-

308.401 
-

94.5683 
-

402.924 
-

402.007 -252235 -0.02194 2.97692474 



SD8 

E0 + Ehorr 
-

347.638 
-

94.5426 -441.54 
-

442.243 -277110 -38.5709 
 

E0 + Egorr 
-

347.685 
-

94.5683 
-

441.593 
-

442.291 -277127 0.58753 2.05314E-13 

SD9 

E0 + Ehorr 
-

309.531 
-

94.5426 
-

404.046 
-

404.134 -253581 38.20722 
 

E0 + Egorr 
-

309.573 
-

94.5683 
-

404.093 
-

404.179 -253596 -0.01977 2.67270099 

SD10 

E0 + Ehorr 
-

270.277 
-

94.5426 
-

364.793 
-

364.882 -228950 39.34812 
 

E0 + Egorr 
-

270.316 
-

94.5683 
-

364.836 
-

364.923 -228962 -0.0166 2.283169293 
 

 

3.5 Electron Localization Function (ELF) Analysis  

Domingo [36] insisted that electron density is responsible for the chemical reactivity of 
molecules instead of molecular orbital relationships. He used the well accepted DFT and 
topological analysis to establish his facts. However, in this study we employed his approach of 
Molecular Electron Density Theory (MEDT) and Global Electron Density Transfer (GEDT) to 
ascertain the reactivity of substituted 1, 3-butadienes. In our study, nitrogen to carbon bonding 
disynaptic basins of the halogen-substituted, cycloalkane-substituted and carbonyl substituted 
dienes were observed to be in agreement with Lewis representation of covalent bonding [37] and 
presented in Table 3. For all the compounds studied, the atomic contribution of the selected basin 
is roughly equal due to their close range of electron affinity values. From Table 3, the halogen 
and hydroxyl substituted dienes exhibited ionic character for the N-C bond with SD1 having the 
least ionic character reflected in its high basin volume and low population basin values. This 
ionic character is manifest in the lesser volume and population basin volume due to the pull of 
electrons by the electron withdrawing substituents. 
In contrast, the cycloalkane and carbonyl substituted dienes displayed a bonding character of the 
N-C bond tilted more towards the covalent side. The electron donating behaviour of the 
substituents in this case provides for a concentration of electrons more at the bonding site (N-C) 
causing an increase in the possibility for a double bond at the bonding site. The high volume and 
low population basin of SD6 suggest possible complete covalent character while the other 
cycloalkanes show dual characteristics of a double and single bond between N-C at their 
transition state. However, with the second highest volume and highest population, SD7 has a 
defined double bond relationship between nitrogen and carbon.  
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Table 3: Volume and population basin of SD1-SD10 substituted dienes 

V(N, C) Volume basin Population basin (e) 

SD1 279.2150 0.0094 

SD2 153.0830 0.0065 

SD3 143.0830 0.0178 

SD4 135.9140 0.0144 

SD5 189.0190 0.0251 

SD6 172.2280 0.0007 

SD7 217.0260 0.0369 

SD8 191.1260 0.0077 

SD9 145.0420 0.0189 

SD10 144.2970 0.0187 

 

 

Conclusion 

The study showed that synthesis of hetero-nuclear aza-cyclohexene is achieved faster with furan 
substituent of energy gap 7.534 eV and molecular hardness of 3.677 compared to 7.799 (SD7) -
8.100 eV (SD8) and 3.899 (SD7) - 4.050 (SD8) respectively scored by other substituents noting 
that smaller energy gap leads to higher reactivity. Other parameters; QTAIM, NBO, HOMO-
LUMO, including descriptors and Thermodynamics showed that first furan had the highest 
positive influence on the reactivity of 1, 3-butadiene with imine dienophile followed by other 
bulky groups; cycloalkanes, carbonyls and less by hydroxyl group and the halogens. It was 
observed that HCOCH3 (SD8) retarded the rate of the reaction following the calculated Gibb’s 
free energy of activation. Again, the high volume and low population basin of SD6 in the ELF 
analysis suggest possible complete covalent character while the other cycloalkanes show dual 
characteristics of a double and single bond between N-C at their transition states. 
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