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Abstract: A theoretical study of the behavior of N-tosylacylpyrroles and N-tosylacylindoles being 

electrophilic dienophiles in polar Diels-Alder reactions is developed. Their reactivity is evaluated 

joint to different nucleophilic dienes. Calculations were developed considering the experimental 

results of these reactions in thermal conditions. The computational theoretical methods employed 

are based in the Density Functional Theory. It was observed that the acyl pentaheterocycles suffer 

the cycloaddition yielding indol derivatives and the benzofused ones convert into carbazole 

derivatives trough a concerted and asynchronous cycloaddition mechanism. The stereochemistry is 

defined by the acyl group in the dienophile and the substituent groups of the dienes.  
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1. Introduction 

One of the more important reactions in synthetic chemistry is the Diels-Alder (DA) 

cycloaddition. As it allows to form carbon-carbon, carbon-heteroatom, and heteroatom-heteroatom 

bonds, the reaction is very useful for the preparation of various carbocyclic and heterocyclic 

compounds. Due to this fact, the reaction has been used as a key step in the synthesis of many 

natural products with biological properties [1]. Its application not only leads to a strong increase in 

molecular complexity, but also can result in structures than lend themselves to additional 

amplification of complexity by the use of other powerful synthetic transformations [2].  

Recently, it has been shown that N-tosyl-3-nitroindole is a very good dienophile in normal 

electron demand Diels-Alder reactions in thermal conditions facing different dienes. This leads to 

mixtures of N-tosyl-4-substituted dihydrocarbazoles and N-tosylcarbazoles. The thermal extrusion 

of nitrous acid accompanying the reaction of this dienophile and the subsequent aromatization with 

the loss of substituent groups of the dienes from the resultant dihydrocarbazoles makes this 

two-step reaction sequence to produce highly stable heteroaromatic compounds, a facile, new 

method for dihydrocarbazole and carbazole synthesis [3]. Wenkert’s previous observations have 

already demonstrated the feasibility of normal Diels-Alder chemistry with five-membered, aromatic 

heterocycles bearing electron- withdrawing groups, as dienophiles [4], and the better reactivity of 

3-substituted heterocycles compared to 2-substituted ones. In particular, azaheterocycles are such as 

N-tosylpyrroles, and N-tosylindoles nitro substituted, are involved as dienophiles in normal 

Diels-Alder reactions with Danishefsky's diene, 1-trimethylsilyloxy-1,3-butadiene and isoprene, at 

elevated temperatures, leading to mixtures of regioisomers in moderate to high yields.[5] Even 

though that as the nitro group, the acyl group is also electron donor, its structure does not allow the 

same extrusion to aromatize the product. In this way, the aim of the present work is to analyze the 

acyl group behavior in this type of reactions. Some N-tosylacetylpyrroles and N-tosylacetylindoles 

showed to act in normal Diels-Alder reactions with functionalized conjugated dienes (Figure 1), 

considering these experimental results obtained under thermal and/or high-pressure conditions 
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[4,6], we evaluate the reactivity in a theoretical way of 3-acyl-N-tosylazaheterocycles, and we extend 

the analysis to their analogues substituted in position 2. 

 

 
 

Figure 1. Diels-Alder cycloadducts previously obtained with azaheterocycles acyl substituted 

 

2. Materials and Methods 

All calculations were carried out within the DFT framework using the Gaussian09 suite of 

programs.[7] For this purpose, the hybrid functional B3LYP was used together with the 6-31G(d) 

basis set.[8] Optimizations were carried out using the Berny analytical gradient optimization 

method.[9] To validate the geometry of optimized structures, frequency vibrations were calculated. 

Reactants and CA structures were verified by the absence of negative frequencies, and the TSs by the 

presence of only one imaginary frequency correspondent to the formation of the new sigma bonds. 

The electronic structures of critical points were analyzed by the natural bond orbital (NBO) 

method.[10] 

The global electrophilicity index [11] ω, is given by the expression (1), in terms of the electronic 

chemical potential µ and the chemical hardness η. Both quantities may be approached in terms of the 

one-electron energies of the frontier molecular orbitals HOMO and LUMO, εH and εL, as is showed 

in equations (2) and (3), respectively.[12] The global nucleophilicity index[13], N, based on the 

HOMO energies obtained within the Kohn-Sham scheme [14], is defined as (4), where 

tetracyanoethylene (TCE) is the reference.  

 

ω = µ 2/2η (1) 

μ = (εH + εL)/2 (2) 

ƞ = (εL - εH) (3) 

N = εHOMO(Nu) - εHOMO(TCE) (4) 
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3. Results 

The geometry of the proposed dienes and dienophiles were optimized and frequency vibrations 

analyzed with the basis set 6-31G(d) and the B3LYP functional. Orbital energies were also   

calculated to get the reaction indexes of dienes and dienophile. 

In addition to the tosylated azaheterocycles, their mesylated equivalents were also evaluated. This is 

due to the fact that, computational calculations are simpler with a smaller group, especially in the 

mechanism analysis. Also, both protecting groups have the same chemical behave. 

The electronic chemical potentials μ of dienes, between -3.30 and -2.69 eV, are higher than those of 

acyl substitute heterocycles, from -4.03 to -3.85 eV. Therefore, it is expected that along a polar D–A 

reaction, the charge transfer (CT) will take place from the electron-rich dienes to dienophiles. 

 

Table 1. Reaction indexes of the dienophiles. The values are expressed in eV. 

 

  

    

a. R= Ts 

η 5.00 4.89 4.51 4.47 

µ -3.88 -4.03 -3.85 -3.87 

ω 1.51 1.66 1.65 1.68 

N 2.74 2.65 3.01 3.01 

b. R= Ms 

η 5.01 5.47 4.56 4.83 

µ -4.08 -3.95 -3.97 -3.87 

ω 1.66 1.43 1.73 1.55 

N 2.64 2.43 2.87 2.84 

 

 

 

Table 2. Reaction indexes of the dienes. The values are expressed in eV. 

  

   
η 5.77 5.33 5.31 

µ -3.30 -2.79 -2.69 

ω 0.94 0.73 0.68 

N 2.94 3.67 3.77 

 

The larger difference between the electrophilicity of dienophiles and dienes (Δω= ωdienophile - ωdiene) 

is an indicator of the better viability of the cycloaddition. 

Figures 2 and 3 showed that the Δω of these reactions are between 0.49 and 1.05 eV. As is expected, 

the cycloadditions that involves the Danishefsky’s diene (the most nucleophilic of the series), are the 

ones that presents the higher Δω, being the most favourable reactive pairs, this diene with indol 

derivatives (more electrophilics that pyrrol ones).   
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Figure 2. Diels-Alder reactions between the dienes and pyrrol derivatives and its respective Δω 

value 

 

 

 

 

Figure 3. Diels-Alder reactions between the dienes and indol derivatives and its respective Δω 

value 

 

The mechanism of the reactions was evaluated using the cycloaddition between 

3-acyl-N-mesylpyrrol vs. the lees nucleophilic diene of the serie – isoprene- and vs. the most 
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nucleophilic one – Danishefsky's diene-. In the Figures 4 and 5 the possible cycloadducts 

corresponding to each diene are showed. The ΔE is defined in equation 5. 

ΔE= Ecycloadduct  - (Ediene + Edienophile) (5) 

 

Figure 4. Possible cycloadducts corresponding to the reaction of 3-acyl-N-mesylpyrrol with isoprene 

and its ΔE in kcal/mol. 

 

 

Figure 4. Possible cycloadducts corresponding to the reaction of 3-acyl-N-mesylpyrrol with 

Danishefsky's diene and its ΔE in kcal/mol. 
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4. Discussion 

Although E. Wenkert considered that α-substituted heterocycles were not reactive at all, in the last 

years, it could be demonstrated that they react as dienophiles in the same way than the β-substituted 

ones, especially with the nitro group as substituent [15]. 

Azaheterocycles' electrophilicity ω index is between 1.51 and 1.68 eV, and the nucleophilicity N 

index is found between 2.65 and 3.01 eV, being classified as strong electrophiles and moderate 

nucleophiles.  

Isoprene's electrophilicity ω index is 0.94 eV while its nucleophilicity N index is 2.94 eV.  It is 

classified as a moderate electrophile [16]. On the other hand, 1-trimethylsilyloxy-1,3-butadiene (3.67 

eV) and Danishefsky's diene (3.77 eV) are on the borderline of strong nucleophiles [17]. 

If we compare the reactivity indexes between acyl and nitro substituting groups, the last one, 

increase the electrophilicity of the dienophiles more that the acyl group (1.51-1.68 eV for the acyl and 

2.14-2.83 eV for nitro group).[18] 

In the mechanism analysis is only considered the Diels-Alder cycloaddition in order to evaluate the 

viability of the pericyclic reaction in itself. Is important to know that in the case of Danishefsky's 

diene, the product suffers a loss of the trimethylsilyloxy group and a consequent ceto-enol 

equilibrium. Unlike acyl substituted heterocycles, the nitro substituted ones have the advantage that 

they can loss this substituent -as nitrous acid- and the donor groups in C1 of the dienes giving an 

aromatic, and more stable product, transforming the whole reaction in exothermic [18]. At any rate, 

the reactions that involve the acyl derivatives are still important in organic synthesis to obtain an 

acyl substituted six-membered ring in only one step. 

5. Conclusions 

As nitro substituted azaheterocycles, the acyl substituted ones showed to act as dienophiles in Diels-Alder 

reactions, although its reactive behavior is different.  

It was possible to demonstrate that the reactivity with the electron withdrawing group in position 2 and 3 is 

similar. 

From the mechanism analysis we can conclude that all the cycloadditions are endotermic, being the activation 

energy lower as the Δω grows. In the case of isoprene C1 and C4 have a similar nucleophilicity so both isomers 

–meta and para- are expected to be the products of the cycloadditions while in the case of Danishefsky's diene 

only one isomer (in its endo and exo form) is expected – the one that results of the union of C1 of the diene and 

the substituted carbon of the dienophile- as product due to the high nucleophilicity difference between the 

extreme carbons. 

 

 

Acknowledgments: This research was supported by the Agencia Nacional de Ciencia y Tecnología (ANCyT) of 

Argentina -PICT 2014 No. 1587 and by CAI+D 2017 (PEN 3042150100036 LI) of the Universidad Nacional del 

Litoral, Santa Fe, Argentina. 

 

References 

1. Carruthers, W.; Cycloaddition Reactions in Organic Synthesis, 1st edition, Elsevier, Michigan, 1990. ISSN 

1460-1567  

2. Friguelli, F.; Tatichi, A.; The Diels–Alder Reaction, J. Wiley & Sons, Chichester, UK, 2002.   



Proceedings 2017, 1, x FOR PEER REVIEW 7 of 8 

 

3. Biolatto, B.; Kneeteman, M.; Mancini, P. “Diels-Alder reactions of N-tosyl-3-nitroindole and 

dienamides: synthesis of intermediates of Aspidospermine alkaloids” Tetrahedron Lett. 1999, 40, 

3343-3346. DOI 10.1016/S0040-4039(99)00511-0 

4. a) Wenkert, E.; Piettre, S. R.; “Reactions of α- and β-acylated furans with conjugated dienes” Journal of 

Organic Chemistry  1988, 53, 5850-5853. (b) Wenkert, E.; Moeller, P. D. R.; Piettre, S. R. 

“Five-Membered Aromatic Heterocycles as Dienophiles in Diels-Alder Reactions. Furan, Pyrrole, and 

Indole” J. Am. Chem. Soc. 1988, 110, 7188-7194. 

5. a) Mancini, P. E.; Kneeteman, M. N.; Cainelli, M.; Ormachea, C. M.; “Cycloaddition Reactions Assisted 

by Microwave Irradiation: Protic Ionic liquids vs Solvent-free Conditions” Current Microwave 

Chemistry; 2017, 04, 1 – 10, DOI 10.2174/2213335604666170203120154. b) Mancini, P. M. E.; Kneeteman, 

M. N.; Cainelli, M.; Ormachea, C. M.; Domingo, L. R.; “Nitropyrroles, Diels-Alder reactions assisted 

by microwave irradiation and solvent effect. An experimental and theoretical study” Journal Of 

Molecular Structure 2017, 1147, 155 – 160, DOI 10.1016/j.molstruc.2017.06.109. 

6. Biolatto, B.; Kneeteman, M.; Paredes, E.; Mancini, P. M. E.;  “Reactions of 1-Tosyl-3-substituted 

Indoles with Conjugated Dienes under Thermal and/or High-Pressure Conditions”, J. Org. Chem. 2001, 

66 (11), 3906–3912, DOI: 10.1021/jo0057856 

7. Gaussian09, Revision C.01. Gaussian, Inc., Wallingford CT, 2009. 

8. Becke, A.D. “Density-Functional Thermochemistry. III. The Role of Exact Exchange.” J. Chem. Phys., 

1993, 98(7), 5648-5652, DOI 10.1063/1.464913.  

9. Hehre, W.J.; Radom, L.; Schleyer, P.V.R.; Pople, J.A.; Ab initio Molecular Orbital Theory; Wiley: New 

York, 1986. 10.1002/jcc.540070314 

10. Schlegel, H.B.; “Optimization of Equilibrium Geometries and Transition Structures.”, J. Comput. Chem., 

1982, 3, 214-218, DOI 10.1002/jcc.540030212. 

11. Parr, R. G.; v. Szentpály, L.; Shubin, L.; “Electrophilicity Index“, J. Am. Chem. Soc. 1999, 121 (9),  

1922–1924, DOI: 10.1021/ja983494x 

12. Domingo, L. R.; Chamorro, E.; Pérez, P.; “Understanding the Reactivity of Captodative Ethylenes in 

Polar Cycloaddition Reactions. A Theoretical Study.” J. Org. Chem. 2008, 73, 4615 – 4624, DOI 

10.1021/jo800572a. 

13. a) Domingo, L. R.; Pérez, P.; “ The Nucleophilicity N Index in Orgnic Chemistry.” Org. Biomol. Chem. 

2011, 9, 7168-7175, DOI 10.1039/c1ob05856h. (b) Kohn, W.; Sham, L. J., “Self-Consistent Equations 

Including Exchange and Correlation Effects.” Phys. Rev. 1965, 140, 1133-1138, DOI 

10.1103/PhysRev.140.A1133 

14. Domingo, L. R.; Emamian, S. R.;  “Understanding the Mechanisms of [3+2] Cycloaddition Reactions. 

The Pseudoradical versus the Zwitterionic Mechanism.” Tetrahedron 2014, 70, 1267-1273, DOI 

0.1016/j.tet.2013.12.059. 

15. Cainelli, M.; Ormachea, C.; Mancini, P. M. E.; Kneeteman, M.; “A Theoretical Study of 2-nitrofuran vs 

3-nitrofuran as Dienophilic Electrophile in Polar Cycloaddition Reaction: Comparison of the 

Reactivity and Reaction Mechanism.” International Journal of Pure and Applied Chemistry 2016, 13,1-9, 

DOI 10.9734/IRJPAC/2016/30222.  

16. Jaramillo, P.; Domingo, L. R.; Chamorro, E.; Perez, P. A; “Further Exploration of a Nucleophilicity 

Index based on Gas-Phase Ionization Potentials.” J. Mol. Struct.: THEOCHEM 2008, 865, 68–72, DOI 

10.1016/j.theochem.2008.06.022. 

17. Domingo, L. R.; Pérez, P.; Sáez, J. A.; “Understanding the Local Reactivity in Polar Organic Reactions 

Through Electrophilic and Nucleophilic Parr Functions.” RSC Adv. 2013, 3, 1486-1494, DOI 

10.1039/C2RA22886F 83. 

18. a) Della Rosa, C.; Ormachea, C. M.; Sonzogni, A.; Kneeteman, M.; Domingo L.R; Mancini, P. M. E.; 

“Polar Diels-Alder Reactions Developed in a Protic Ionic Liquid: 3-Nitroindole as Dienophile. 

Theoretical Studies Using DFT Methods.” Letters in Organic Chemistry 2012, 9, 691-695, DOI 

1875-6255/12. b) Cainelli, M.; Ormachea, C.; Mancini, P. M. E.; Kneeteman, M.; “A Theoretical Study of 

the Diels-Alder Reaction between 3-nitrofuran and Different Dienes Developed in Ionic Liquids.” 

International Journal of Pure and Applied Chemistry 2016, 12(2), 1-10, DOI 10.9734/IRJPAC/2016/27380 

 

 



Proceedings 2017, 1, x FOR PEER REVIEW 8 of 8 

 

© 2017 by the authors. Submitted for possible open access publication under the  

terms and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 


