LAB 7.  Modeling the Bromination of Alkenes: Bromonium Ion Intermediates
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Bromine (Br2) adds to alkenes in a two-step mechanism involving a cyclic bromonium ion intermediate that subsequently undergoes SN2 attack by a bromide ion (or another nucleophile) to lead to trans products.  There is substantial NMR and even X-ray crystallographic evidence for the existence of cyclic bromonium ions (see A, below).  However, the selective formation of one regioisomer of final product, or the formation of cis products leads to the possibility that the intermediate may have the bromine bridging the two carbon atoms unsymmetrically (B) or attached to only one of the carbons (C or D) of the original carbon-carbon double bond.  In the latter two cases, the electron-donating capability of the substituent Y (including whether Y can donate by resonance or not) helps to determine the lowest energy structure of the cation intermediate.
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 In this lab exercise you will use AM1 semi-empirical calculations to model the five structures below, to examine the shapes of the geometry optimized structures, to compute the natural charges on C1, C2 and the bromine atom, and to examine the electrostatic potential plotted on an electron density isosurface in an effort to characterize the structure of the lowest energy cationic intermediate derived from the first step of bromination of a series of alkenes.
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Computational Procedure:

Construct models in Titan of the five bromonium ions shown above, and determine their equilibrium (optimized) geometries using the AM1 semi-empirical method.  As you perform the optimization, request that frequencies and atomic charges be calculated. Also, under Setup, Surfaces, add electrostatic potential mapped onto the electron density isosurface, and also LUMO (as a Surface, with no Property associated with it).  Examine the output file to determine that you have indeed located a minimum energy structure. (How do you know this?)  Record the two distances between the bromine and C1 and C2 .  Also measure the C-Y bond distance.  In order to have a valid basis of comparison, determine equilibrium geometries and natural charges at the AM1 level of simple model structures (of your choosing) that should have “typical” C-Br or C-Y single bonds (and multiple bonds, where possible) and record the relevant bond lengths and natural charges.  Also measure and record the C1-C2-Br angle and the C2-C1-Br angle  in each of the optimized bromonium ions.  Uisng all of the computational ‘evidence’ that you have collected, decide which type of structure (A, B, C, or D) each of the five bromonium ions that you calculate most closely resembles, and discuss why you made your choice.
1.  Based on the geometry of the equilibrium structure, do any of the ions appear to be unbridged (like C or D)? If so, which one(s)?

2.  Based on the geometry of the equilibrium structure, do any of the ions appear to be unsymmetrically bridged (like B)? If so, which one(s)?

3.  Indicate which type of structure (A, B, C, or D) each of the five bromonium ions most resembles.

The preferred site of nucleophilic attack in each ion can be inferred from the shape and size of its lowest-energy unoccupied orbital (LUMO).  Display the LUMO for each ion, and use its shape as well as the display of the electrostatic potential mapped onto the electron density isosurface to predict the most likely site for nucleophilic attack (the site where the LUMO has the largest coefficient…i.e., appears largest, regardless of its color, which relates only to the sign of the wavefunction)
4.  Which of the ions (1 through 5) is likely to be attacked the most regioselectively (i.e., attack at one carbon favored over the other)?

5.  Which of the ions (1 through 5) is likely to be attacked the most stereoselectively (i.e., trans favored over cis/trans mixture)?

