LAB 9.  Endo/Exo Selectivity in Diels-Alder Cycloaddition Reactions


In this lab exercise you will model the Diels-Alder cycloaddition reaction of a cyclic diene in an attempt to predict the endo/exo stereochemistry of the major product.  You will model both the endo and the exo transition structures for the cycloaddition reactions of cyclopentadiene with maleic anhydride as well as the endo and the exo products.  
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Experiments have shown that the endo product is the kinetic (fastest formed) product, but it is not the thermodynamic (lowest energy) product.  Furthermore, endo products are usually preferred for conjugated dienophiles. The endo preference can be explained in several ways. Frontier Molecular Orbital (FMO) theory proposes that the favored transition structure is the one having the most favorable HOMOdiene – LUMOdienophile overlap as the transition state is approached. The ‘primary’ overlap in the TS (that leading to new bond formation, indicated by hashed lines) is assumed to be the same in both endo and exo transition states. However, ‘secondary’ overlap (between the carbonyl groups of the dienophile and the developing pi bond, indicated by dotted lines) is possible in the endo TS but not in the exo TS. 
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Computational Procedure:

You will perform AM1 geometry optimization calculations on both the endo and the exo transition structures. To model the transition structures, start by making a model of norbornene to use as a “template.” (Or use the one you have previously made.) Begin with cyclopentane; on one face of 
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the structure add an sp2 hybridized carbon to each of two carbons, skipping one ring carbon between them.  Connect the double bonds and minimize the energy of this structure (MMFF94).  Save this as your “product template,” modifying it as necessary to make transition structures.  Construct a guess at the transition state geometry by optimizing (using MMFF94) each transition structure starting with the two newly forming sigma bonds constrained to 2.1 Å (see below).
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Subsequently you can make appropriate substitutions into this structure, save each isomeric transition structure as a separate filename and first perform an AMI geometry optimization (with constraints), followed by an AM1 transition state optimization (without constraints, and including a frequency calculation to verify a T.S.) on each transition structure. You should animate the vibrations corresponding to the negative (imaginary) frequency to verify that you have found a saddle point (transition) structure (What should you observe?).  After the AM1 transition state optimization, do a single point HF/3-21G(*) energy calculation of each transition structure. Also model the precursor to the T.S.. To do this, change the lengths of the constrained (newly-forming) bonds to 3.5 Å, do a constrained MMFF optimization, then do a single point AM1 calculation on this supramolecule, requesting a calculation of the HOMO, HOMO-1, LUMO and LUMO+1 surfaces. Visualize these in various HOMO-LUMO pairs (ie, HOMO & LUMO, HOMO & LUMO+1, HOMO-1 & LUMO, etc.).  Which pair corresponds to the newly forming sigma or pi bonds?  Can you see in any pair some evidence of secondary orbital overlap that might stabilize the endo TS?  For each transition structure, record the bond lengths of the newly created single bonds (the ones that you had previously constrained to 2.1Å).   From the single point energy data calculate which pathway (endo or exo) has the lowest enthalpy of activation (keep in mind that the reactants for each pathway are the same). 

Also perform geometry optimization calculations of the stereoisomeric endo and exo products at the AM1 level followed by single point (energy) calculations using HF/3-21G(*) to determine which product is of lower energy. Use the TS structures as starting points for these calculations only if you do a MMFF optimization first (to change the geometry from that of the TS).
Are the relative transition state enthalpies consistent with the experimental observations of endo / exo stereoselectivity? (i.e., is that aspect of the reaction stereochemistry under kinetic control?)

Are the relative product enthalpies consistent with the experimental observations of endo / exo stereoselectivity? (i.e., is that aspect of the reaction stereochemistry under thermodynamic control?)

Is there any indication of secondary orbital interactions in the endo transition state or the supramolecule leading to it? In which structure (T.S. or its precursor) is the evidence most evident?
