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AABBSSTTRRAACCTT  

The reaction of substituted furans a-c and Danishefsky's diene which yield 5-benzofuranol 
derivatives has been studied using the hardness, the polarizability and the electrophilicity of 
the corresponding D-A primary adducts as global reactivity indexes. The main objective of 
this work is to investigate the power of these global indexes in predicting the major 
regioisomer. It has been demonstrated that both the hardness as well as the electrophilicity 
power of the adducts are appropriate descriptors for predicting the major product of the 
reactions at least in the cases study here. The maximum hardness principle and the minimun 
electropilicity principle are obeyed in these regiospecific Diels–Alder reactions. The 
stereoselectivity of the D-A reactions has also been studied. 

IINNTTRROODDUUCCTTIIOONN  

A great number of natural products and biologically significant synthetic compounds 
possess a benzofuran ring as part of their structures.1 Consequently, a large number of 
procedures have been developed for the preparation of benzofuran derivatives.2 

The main purpose of this work is to analyze the regiochemical outcomes obtained by one 
of the procedures that were proposed for synthesizing benzofuran derivatives, using some 
DFT-based global descriptors of the reaction products.2(b) This procedure involves Diels-Alder 
(D-A) reactions using furans substituted with electron withdrawing groups as dienophiles and 
Danishefsky’s diene. In the three cases studied here, cycloaddition products showed 
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extrusion of the nitro group, hydrolysis of the silyl enol ether and elimination of methanol to 
give the corresponding 5-hydroxybenzofurans (Scheme 1). 

 

 

Scheme 1. Experimentally observed products of the D-A reactions between furan 
derivatives and Danishefsky’s diene.2(b) 

 

Despite the fact that the transition state theory is widely used as a strict and successful 
approach to study the regiochemistry in cycloaddition reactions, the location of the 
transition structures is not always so easy.  

Therefore, new Density Functional Theory (DFT) based concepts and indexes have been 
developed recently in order to model the chemical reactivity and site selectivity in different 
cycloaddition reactions.3 For instance, we have demonstrated that some local and global 
indexes calculated on the reactants can be used to rationalize the regioselectivity for the D-A 
reactions studied here.4   

More recently, the analysis based on the use of global reactivity indexes has been 
extended to the reaction products and it has been confirmed that the electrophilicity index 
could be utilized as an indicator of regioselectivity and stereoselectivity in a serie of 
reactions. 5 

This theoretical background motivated us to study the regio- and stereoselectivity of 
certain D-A reactions using some global reactivity indexes of the corresponding cycloadducts 
as a complement of the study that has been previously done and moreover, as a contribution 
to the general knowledge in the field. 

 
 

GGEENNEERRAALL  EEXXPPEERRIIMMEENNTTAALL  PPRROOCCEEDDUURREE  

The gas-phase equilibrium geometries of all species described here were obtained by full 
optimization at the B3LYP/6-31G(d)6 level using the GAUSSIAN03 program.7 All stationary 
points found were characterized as true minima by frequency calculations.  

When investigated the solvent effects by means of single-point (SP) calculations on the 
optimized gas-phase structures, using a self-consistent continuum method8 in its conductor-
like approximation (CPCM).9 The solvent used was benzene, as in the experiments.2(b) 

The chemical hardness, the chemical potential, the global electrophilicity index and the 
polarizability of the species of interest have been calculated using Eqs. 1-4. 
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RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN                                                                                                                                                                                        

For each reaction (Scheme 1) four channels, which lead to the regioisomers I, I', II and II' 
are feasible (Scheme 2). Clearly, depending on the orientation of the nitro and methoxy 
groups, two stereoisomers can be obtained in each channel (i.e. endo and exo adducts). 

As a part of our general interest in the D-A reactions between furan derivatives and 
Danishefsky's diene, we explored the electronic features of the isomeric adducts using some 
DFT-based descriptors. The data are summarized in Tables 1-4. [Total energies are shown in 
Kcal/mol. α, η and ω are shown in eV. The Zero Point Energy (ZPE) was added to the total 
energy]. 

 

Scheme 2. Possible regioisomeric D-A adducts. 

( )
2

HOMOLUMO εεµ +
= (2) 

(1) ( )HOMOLUMO εεη −=

η
µω
2

2

= (3) 

( )
3

zzyyxx ααα
α

++
= (4) 



 

4

 

Table 1. Global properties for the D-A adducts I and I' 
[gas-phase calculations, B3LYP/6-31g(d)].  

 

Dienophile D-A Adduct [E + ZPE] η ω α 

I. endo -745907.351 4.536 1.592 4374.388 

I’. endo -745908.042 4.484 1.679 4370.307 

I. exo -745905.160 4.558 1.662 4334.009 
a 

I’. exo -745907.973 4.468 1.706 4347.505 

I. endo -888873.335 4.506 1.690 5233.546 

I’. endo -888873.681 4.471 1.771 5243.674 

I. exo -888871.168 4.531 1.765 5132.040 
b (s-cis) 

I’. exo -888873.681 4.503 1.839 5140.867 

I. endo -888872.690 4.517 1.668 5226.108 

I’. endo -888873.497 4.481 1.758 5233.721 

I. exo -888870.868 4.541 1.739 5127.599 
b (s-trans) 

I’. exo -888873.820 4.487 1.812 5136.924 

I. endo -888875.249 4.550 1.696 5198.710 

I’. endo -888875.388 4.371 1.879 5168.755 

I. exo -888875.065 4.452 1.854 5147.774 
c (s-cis) 

I’. exo -888875.388 4.370 1.894 5148.991 

I. endo -888875.642 4.517 1.671 5205.409 

I’. endo -888875.065 4.354 1.853 5180.185 

I. exo -888875.434 4.435 1.831 5141.874 
c (s-trans) 

I’. exo -888875.434 4.370 1.856 5152.322 
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Table 2. Global properties for the D-A adducts II and II' 
[benzene calculations, SP CPCM/B3LYP/6-31g(d)].  

 

Dienophile D-A Adduct [E + ZPE] η ω α 

II. endo -888866.514 3.679 2.493 5217.186 

II’. endo -888866.152 3.857 2.374 5225.608 

II. exo -888863.287 3.808 2.424 5127.664 

b 

II’. exo -888866.996 3.898 2.348 5155.630 

II. endo -888866.357 3.840 2.441 5240.966 

II’. endo -888866.138 3.838 2.387 5283.492 

II. exo -888864.328 3.731 2.528 5170.019 

c 

II’. exo -888867.808 3.873 2.367 5184.136 

 

 

Table 3. Global properties for the D-A adducts I and I'  
[benzene calculations, SP CPCM/B3LYP/6-31g(d)].  

 

Dienophile D-A Adduct [E + ZPE]a η ω 

I. endo -745911.663 4.310 1.772 

I’. endo -745912.217 4.277 1.850 

I. exo -745909.541 4.277 1.862 

a 

I’. exo -745912.309 4.200 1.901 

I. endo -888878.409 4.288 1.865 

I’. endo -888879.262 4.266 1.935 

I. exo -888876.449 4.268 1.955 

b (s-cis) 

I’. exo -888879.078 4.278 2.018 

I. endo -888877.971 4.297 1.852 b (s-trans) 

I’. endo -888879.032 4.267 1.934 
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I. exo -888876.149 4.272 1.944 

I’. exo -888879.078 4.262 2.004 

I. endo -888880.692 4.305 1.899 

I’. endo -888880.277 4.168 2.043 

I. exo -888880.254 4.193 2.051 

c (s-cis) 

I’. exo -888880.577 4.124 2.079 

I. endo -888880.992 4.288 1.885 

I’. endo -888880.461 4.169 2.020 

I. exo -888880.438 4.187 2.034 

c (s-trans) 

I’. exo -888880.554 4.127 2.045 

 

 

Table 4. Global properties for the D-A adducts II and II' 
[benzene calculations, SP CPCM/B3LYP/6-31g(d)].  

 

Dienophile D-A Adduct [E + ZPE] η ω 

II. endo -888871.283 3.505 2.676 

II’. endo -888871.444 3.632 2.614 

II. exo -888868.608 3.589 2.647 

b 

II’. exo -888872.090 3.67553 2.609 

II. endo -888871.998 3.604 2.678 

II’. endo -888871.052 3.602 2.622 

II. exo -888869.576 3.529 2.742 

c 

II’. exo -888872.989 3.646 2.638 

 

Study of the regioselectivity of the D-A reactions 

 The regioisomer that have the higher value of η and the lower values of ZPE, α and ω, 
should correspond to the major product.10 The calculated hardness and electrophilicity 
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power correctly predict the regioisomers I.a-I.c  as the main adducts of the D-A reactions (the 
corresponding values are highlighted in bold in Tables 1 and 3). However, the calculated 
total energies and polarizabilities show a random behaviour. Therefore, neither of these two 
parameters can predict the predominant regioisomer of the D-A reactions in a correct way. 

 The results obtained in gas phase revealed the same tendency as in benzene. The 
chemical hardness and the electrophilicity power are useful parameters to predict which 
regioisomers will lead to the main product of the D-A reactions. 

We can conclude that the predominant regioisomeric adduct of the reactions between 
furan derivatives and Danishefsky’s diene has always the less electrophilicity and high 
hardness values. Therefore, the regioselectivity experimentally observed can be confirmed 
by this approach.  

 

Study of the stereoselectivity of the D-A reactions 

The obtained energies show that the I.endo isomer is more stable than the I.exo one 
(Tables 1-4). Moreover, the more stable I.endo isomer has lower electrophilicity value than 
the I.exo isomer in all cases. Regarding the hardness, we found that only in the presence of 
benzene media the maximum hardness principle is obeyed.  
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