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Summary: Density Functional Theory ( DFT) computational studies were performed on two isomeric transition 
state structures for the cy. clopropene cycloa(klition to.]iiran in order to determine the importance of secondary 
orbital interactions (SO1) on the stabili~, of transition state structures. © 1997 Elsevier Science Ltd. All rights reserved. 

Computational methods are becoming increasingly popular practical tools for the experimentalist to predict a 
reaction's outcome and the physical properties of the chemical system prior to performing the experiment and, 
consequently, to explain their experimental observations. 1 Some of the most promising computational 
appmaebes to organic chemistry are the Density Functional Theory (DFT) computational methods. 2 They are of 
relatively recent origin thus there are fewer computational studies conducted with them than with the widely used 
ab initio methods. One of the goals of our research is to implement computational methods into finding solutions 
to our everyday synthetic problems. Because cycloaddition reactions are very important in the stereoselective 
formation of hydrocarbon skeletons during the preparation of many natural products, we have decided to closely 
examine the exo-endo selectivity of these reactions. We have demonstrated that DFT methods have high 
accuracy when predicting the geometries 3, vibrational spectra 4, heats of formation 5, bond dissociation energies 6, 
ionization energies 7, electron affinities 8, and activation barriers 9 for many chemical systems. Here we will 
present the DFT study of the exo-en(k~ selectivity of Diels-Alder i~eactions on the example of the cyclopropene 
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Table 1. Structural parameters for transition state structures computed w!th ab initio and DFT methods 

Exo Transition State Structure 
Theor~ Model r63/A ~2/A r 164/A t67/A r43/A a763/° 
HF/6-3 l+G(d) 2.214 2.741 2.391 1.338 1.343 100.3 
B3LYP/6-31+G(d) 2.265 2.781 2.386 1.351 1.366 100.3 
BLYP/6-31+G(d) 2.281 2.805 2.274 1.365 1.385 100.3 

Endo Transition State Structure 
Tbeo~ Model x~,4/~, r63/) i, r153/,~ t~57/A r54/A a764/° 
HF/6-3 l+G(d) 2.193 2.786 2.595 1.340 1.348 100.4 
B3LYP/6-31 +G(d) 2.234 2.814 2.576 1.354 1.370 100.5 
BLYP/6-31 +G(d) 2.236 2.836 2.612 1.368 1.389 100.6 
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The activation activation barrier for the addition of cyclopropene to furan has not been determined 
experimentally. Binger and coworkers 10 observed a slight exo preference in the cyclopropene addition to 1,3- 
diphenylisobenzofuran, however previous studies reported that the major product of this cycloaddition reaction is 
the endo cycloadduct. 11 Theexo cycloadduct is the major of cyclopropene addition to furan, contrary to the 
eycloadduct product obtained in the reaction between cyclopropene and butadiene. 12 On the other hand, Breslow 
and coworkers 13 isolated only the exo cycloadduct from the reaction between cyclopropenone and 1,3- 
diphenylisobenzofuran. This was confirmed by determining the crystal structure of the product. 14 

The computed geometries 15 for two isomeric transition states are presented in Table 1. All computational 
methods predict a synchronous formation of the two new C-C bonds and a concerted mechanism for the 
cycloaddition reaction. If we consider the two isomeric transition state structures obtained with DFT (B3LYP 
and BLYP) methods, then the exo transition state structure is the closest structure to the reactants. According to 
the Hammond postulate 23, the exo transition state structure should then have a lower energy than the isomeric 
endo transition state structure. Of course, these observations are only of a qualitative nature. To obtain a better 
picture of the kinetic control of the cyclopropene addition to furan, the computation of an activation barrier is 
necessary. 

We have demonstrated that the hybrid B3LYP DFT method produces extraordinarily accurate activation 
barriers while the gradient-corrected BLYP DFT method slightly underestimates (by approximately 1-3 kcal/mol) 
barriers for Diels-Alder reactions. 24 On the other hand, HF ab initio methods substantially overestimate and 
MP2 underestimate activation barriers for Diels-Alder reactions. 25 Our computed activation barrier for the 
cyclopropene addition to furan fit perfectly with these observations (Table 2). If the HF computed energy were 

Table 2. Total energies (a.u.) and activation barriers (kcal/mol) computed usin~ 6-3 l+G(d) basis set 

Method El Ell ]Sin EIV AF-.exo AEendo 
HF -115.823048 -228.625214 -344.394891 -344.393367 33.5 34.4 
MP2 -116.203921 -229.307501 -345.500590 -345.499585 6.8 7.4 
B3LYP -116.619038 -230.020576 -346.613746 -346.612620 16.2 16.9 
BLYP -116.556554 -229.939403 -346.471417 -346.470083 15.4 16.2 

El=eyclopropene total energy; Eil=furan total energy; Elil=exo transition state structure total energy; EIV= endo 
transition state structme total energy; AF_.exo=activation barrier through exo transition state; AEendo--'-:activation 
barrier through endo transition state 

the activation barrier, then the reaction between furan and cyclopropene would not be possible. On the other 
hand, MP2 computed that the reaction is occurs almost without any ban-ier. When considering the experimental 
procedure conducted with 1,3-diphenylisobenzofuran and cyclopropene, the activation banier should be around 
16 kcaYmol with a slight preference (-(}.5 kcal/mol) of the exo over the endo transition state structure. The 
B3LYP/6-31+G(d) theory model computed energies which one would expect. Recently, we performed DFr  
computational studies on the cyclopropene addition to butadiene. 26 This reaction produced the endo cycloadduct 
exclusively. B3LYP/6-3 l+G(d) computed the activation energy to be 13.5 kcal/mol with a 1.9 kcal/mol endo 
preference. Considering that furan is a poorer diene than butadiene for Diels-Alder additions, our results agree 
very well. 

It is well known that the majority of Diels-Alder reactions will form the endo cycloadduct predominantly, 
which is in agreement with Alder's endo rule. 27 Woodward and Hoffmann used secondary orbital interactions 
(SOD between the diene and dienophile to explain the entk~ stereoselectivity. 28 Our D F r  computational results 26 
are in full agreement with Apeloig and Matzner's ab initio calculations which provide evidence for the dominant 
role of secondary orbital interactions in dictating the emlo:exo ratio of cycloadducts. One of the most reliable 
ways to determine SOI is through bond orders. 29 The BO6-2 and BO6-3 represent secondary n -~  bonding 

interactions (n-re SOD in the transition state structure between the diene and dienophile in the exo and endo 

transition state structures, respectively (Table 3). As previously determined true bond distances, the n--~ SOI is 
dominant in the exo transition state structure (BOs are 0.00843 and 0.{)0663 in the exo and endo transition state 
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structures, respectively) contrary to the majority of Diels-Alder reactions. This suggests that there might be other 
SOI that are of a stronger nature than the n-n SOl. There are two SOl that stabilize both transition state 
structures. They are the orbital interaction between the methylene hydrogen of cyclopropene and the lone pair of 
furan (H-n SO1) and the methylene hydrogen of cyclopropene and the rc MO of furan (H-~ SOIl in the exo and 
endo transition state structures, respectively. The H-n SOl in the exo transition state structure is stronger than 
the H-n SOI in the endo transition state structure. For instance, B3LYP computed 0.02282 for the HI6-O bond 
order in the exo transition state structure and 0.01717 for the HIS-C3 bond order in the endo transition state 
structure. This indicates a greater stabilization of the exo transition state structure by SO1 (Table 3). As an effect 
of these SOI, corresponding changes in atomic charges and frontier molecular orbital 31 energies are observed. 
Thus there is a higher atomic charge difference for the hydrogen of the H-n SOl in the exo transition state 
structure than for the atomic charge diffet~ence for the H-n SO1 in the endo transition state structure (Table 3). 
Furthermore, the B3LYP computed difference between the frontier orbitals in the exo transition state structure 
(0.22255 a.u.) is substantially lower than for the endo transition state structure (0.22831 a.u.). These results 
clearly indicate a stronger secondary orbital overlap in the exo transition state structure. 

Table 3. Computed MuUikan bond orders (BO) 30, atomic charges (AC), and frontier orbital energies for two 
isomeric transition state structures usint~ the 6-31+G(d) basis set 

Theory Model BOfra BO~.~ BOI~.4 BOl,~-4 ACI,~ ACl(i HOMO LUMO 
Exo Transition State Structures 

HF 0.36231 -0.00508 (I.01234 0.00045 0.196712 0.209217 -0.30447 
B3LYP 0.33395 0.(X)843 (I.(12282 0.(X)089 (I.209578 (I.218010 -0.21432 
BLYP 0.34263 (I.(11281 0.(12619 0.(X1104 0.217797 0.209390 -0.17656 

Emlo Transition State Structures 

0.15431 
0.00823 

-0.01646 

BO6-4 BO6-3 BOl ,~-3  BO16-3 ACI,,i ACI6 HOMO LUMO 
HF 0.37688 -0.00269 0.01139 0.(X)012 0.196968 0.201530-0.30938 0.15810 
B3LYP 0.35389 0.00663 0.01717 0.(X)033 0.208687 0.213501-0.21884 0,00947 
BLYP 0.37017 0.00860 0.01910 0.00039 0.209767 0.213201 -0.18023 -0,01606 

BO=-bond order; AC=atomic charge; the numbers of atoms are the same as presented in Table 1, for example 
BO6-3 is the bond order between carbon atoms 6 and 3 in the exo transition state structure. 

In conclusion, we can state that both the HF and MP2 ab initio computational methods, which are applicable 
to larger molecular systems of interest for experimental chemists, are not capable of computing activation barriers 
for the cyclopropene addition to furan. HF produced activation barriers which were too high while MP2 
produced activation barriers which were too low. The very reliable B3LYP hybrid DFT method generated the 
expected activation baniers with a slight prefet~ence of the exo product formation over the endo product. The 
higher stability of the exo transition state structure is more stable due to a strong secondary orbital overlap 
between the methylene hydrogen of the cyclopropene moiety with the n-orbital of furan. 
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