LAB 8.  Modeling the Pinacol Rearrangement; Locating a Transition Structure


In this lab exercise you will model a well known rearrangement, the pinacol rearrangement, which transforms 2,3-dimethylbutane-2,3-diol (1, pinacol) into pinacolone (2).  The rearrangement proceeds through two carbocationic intermediates (4 and 6). You will model both of these intermediates, make a guess at the transition struucture geometry that connects them, then perform a transition state optimization (including a frequency calculation) on your guess of the transition structure.  Finally, you will animate the vibrations corresponding to the negative (imaginary) frequency to verify that you have located a first order saddle point (transition) structure.

[image: image1.wmf](

C

H

3

)

2

C

C

(

C

H

3

)

2

O

H

O

H

C

H

3

C

C

(

C

H

3

)

3

O

1

2

H


The mechanism of the rearrangement involves protonation of 1 to give the protonated alcohol 3, loss of water to give the carbocation 4, and 1,2-methyl migration (via 5, top of page 2) to give the carbocation 6.  Loss of a proton from the oxygen atom in 6 yields pinacolone 2.
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In this lab exercise, you will use PM3 calculations to model the two carbocationic intermediates (4 and 6) and the transition structure (5, next page) along the reaction pathway that connects them. Single point Hartree-Fock energy calculations using the 6-31G** basis set will be performed on these geometries in order to obtain better values of the relative energies of the carbocation intermediates (relating to the thermodynamics of the process) and the transition structure between them (relating to the kinetics of the process).  You will also model the effect of aqueous solvation on the PM3 energies.
Computational Procedure:

Build models of the two carbocation intermediates (4 and 6) in this reaction step.  Optimize the structures of the intermediates at the PM3 semi-empirical level including the SM5.4/P aqueous solvation method, also requesting a frequency calculation (and “print" vibrational modes) to ensure that you have located a minimum energy structure.  Perform single point (energy) calculations on these structures at the HF/6-31G** level (not including solvent effects) and record the energy values.  In the builder mode, construct a model of a “guess” at the transition structure (5, next page) assuming that it has the migrating CH3 group midway between the carbon from which it migrates and the carbon to which it migrates, and having C-C “bond” lengths between the migrating methyl carbon and the other carbon atoms equal to 2.0 Å.  
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To do this, use the Expert builder to add a pentacoordinate carbon as the bridging methyl, then do a Merck (MMFF) energy minimization (E ().  Then select and constrain each C-C bond to the bridging methyl carbon to 2.0 Å and re-minimize the structure (MMFF, from the pull-down menu, applying constraints).  Remove the constraints and then optimize this model as a transition structure at the PM3 semi-empirical level including the SM5.4/P aqueous solvation method, also requesting a frequency calculation.  Animate the sole imaginary frequency to verify that it connects reactants and products of that reaction step. Also perform a single point (energy) calculation on this transition structure (without solvent effects) at the HF/6-31G** level and record the energy value.  Measure and record the lengths of the “bonds” between the migrating methyl carbon and the two carbon atoms that it is migrating between in the transition structure.

In your write-up, construct relative energy vs. reaction progress diagrams (plots) for the rearrangement of 4 via 5 to 6 at each level of calculation: PM3 (gas phase), PM3 w/ SM5.4/P solvation effects, and HF/6-31G**.  These should be presented using the same units (kcal/mol) and on the same graph for easy comparison.
1. Is the methyl shift step (structure 4 to structure 6) of the pinacol rearrangement exothermic or endothermic, according to the enthalpy calculations that you did?    (Note that these calculations do not consider entropy effects.)

2. Does the transition structure resemble more the reactant or the product of this reaction step (or is it exactly midway between them, structurally)?  How can you determine this?

3. What is the calculated gas phase PM3 energy barrier (in kcal/mol and in kJ/mol) for the methyl migration step (structure 4 to structure 6) of the rearrangement?

4. What is the calculated aqueous solution PM3 energy barrier and (in kcal/mol and in kJ/mol) for this reaction step?  

5. Does the inclusion of aqueous solvation effects favor the rearrangement (4 to 6) energetically relative to the gas-phase (according to your calculations)?

6. Comment on the height of the energy barrier calculated at the HF/6-31G** level vs. that calculated at the PM3 level.  Which do you think is more accurate?  What would be a more accurate method?
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