LAB 5.  Modeling the Relative Stability of Alkenes and Carbocations

In this lab you will use density functional theory (DFT) calculations to determine the energies (single pont) of AM1 geometry-optimized structures of several isomeric alkenes and the carbocations resulting from their protonation. 

The alkene structures that you are to model are shown below.  You may recall that these structures were modeled in CHML 211 at the molecular mechanics and semi-empirical levels of theory with results that were somewhat different than the experimental results indicated.  These alkenes are the possible alkene isomers from the acid-catalyzed dehydration of 3,3-dimethyl-2-butanol, the product of NaBH4 reduction of pinacolone:

Reduction of pinacolone:
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The carbocations that you will model are those that could arise from acid-catalyzed dehydration (see below) of the above alcohol, directly or following rearrangement, and/or by protonation (Markovnikov or anti-Markovnikov) of the alkene isomers.

Acid-catalyzed dehydration:
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Modeling Assignment:  
Construct models in Titan of the following alkenes (or carbocations) and do a geometry optimization (equilibrium structure calculation) using the semi-empirical AM1 molecular orbital method and the default small basis set (STO-3G). Start your AM1 calculations with at least three different conformers of alkene 1, each being different rotamers with respect to the methyl groups. Be sure to specify the charge for the cations. Confirm that each optimized structure is indeed a minimum energy structure (and not a saddle point) by performing a frequency calculation and verifying that there are no imaginary frequencies. Record the AM1 heat of formation of each optimized structure. Then submit the lowest energy AM1 equilibrium structure of each alkene isomer (and each carbocation) for a density functional theory single point energy calculation using SVWN functional and the CC-PVTZ basis set.  (For the carbocations only,  also request that the atomic charges be computed.) Record the energy.  Be sure to retain at least 5 decimal places in the energy values from all ab initio and DFT calculations. For the calculations on the carbocations, also record the Mulliken and natural (NBO) charges on the most positive carbon atom. 
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Alkenes to be modeled:
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Carbocations to be modeled:
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Questions:

1. Which alkene isomer is lowest in energy according to the AM1 calculation?

2. Which alkene is lowest in energy according to the SVWN/CC-PVTZ calculation?

3. What is the DFT energy difference in kcal/mol between the carbocation intermediate that is lowest in energy and the second lowest according to the SVWN/CC-PVTZ calculation? Assuming that only the two lowest energy carbocations are in equilibrium at 95ºC, and assuming that G = H (i.e., neglecting entropy effects), calculate the equilibrium constant between the two isomeric carbocations using  G = -RTLnK.  Note that the energy values from ab initio and DFT calculations in Titan are expressed in atomic units (a.u.; also called Hartrees); 1 a.u. = 627.5095 kcal/mol.  R = 1.987 cal/mol-K.

4. What is the DFT energy difference in kcal/mol between the alkene that is lowest in energy and the second lowest energy alkene according to the SVWN/CC-PVTZ calculation?  (Use the same assumptions as in question 3 above.)

5. In CHM 212 lab a mixture of alkenes was obtained by distilling the dehydration reaction mixture at a temperature of approximately 95ºC.  Assuming that only two lowest energy alkene isomers (by SVWN/CC-PVTZ) are formed reversibly and assuming that G = H, calculate the equilibrium constant between the isomeric alkenes using your DFT energy values.  In lab, students found 84% of the tetrasubstituted alkene (1) and 16% of the disubstituted alkene (2).  What % composition would you expect based on your DFT calculation of the K?






