LAB 4.  Calculating Ring Strain in Cycloalkanes; Isodesmic Reaction Schemes

In this lab you will use AM1 semi-empirical molecular orbital calculations to determine the amount of “ring strain” in cycloalkanes as a function of ring size. “Ring strain” arises in small ring structures from the deviation of bond angles from their “ideal” values and from the more severe eclipsing (torsional) interactions in small rings (because they are not flexible enough to twist to avoid these interactions.) The method that you will use is to employ an isodesmic reaction scheme, that is, one in which the number and type of bonds broken and formed is identical on the reactants side and the products side of the equation.  This approach tends to cancel out systematic errors and leads to more accurate results.  It should always be employed when comparing the energies of several structures. The isodesmic reaction scheme that you will employ is shown below.
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Procedure:

Build and optimize the geometries of the following compounds using the AM1 method: cyclopropane, cyclobutane, cyclopentane, cyclohexane, cycloheptane, cyclooctane.  Do the same for the normal open-chain hydrocarbons having the same number of carbon atoms, and for ethane.

Separately calculate the energy of each isodesmic reaction shown above for n = 1 to n = 6.  Do this by first calculating the enthalpies of formation of each of the species mentioned in the above paragraph.  Then, in an Excel spreadsheet, do the isodesmic reaction calculation to determine the enthalpy of reaction for each value of n.  Recall that Hess’s law allows you to determine the enthalpy of a reaction from the difference in the enthalpy of formation values of the products and the reactants:
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In order to calculate the (relative) strain energy, a reference standard must be employed.  Select as your standard the isodesmic reaction that gives the most favorable Hrxn (the greatest negative, or the smallest positive value). It is reasonable to expect to use as a standard the Hrxn for the isodesmic reaction involving hexane & cyclohexane, since it is generally known that a six-membered ring in a chair conformation is devoid of the usual kinds of strain associated with small ring compounds.  Thus, substract the Hrxn for the isodesmic reaction involving hexane & cyclohexane from the Hrxn for the isodesmic reaction involving the other pairs.  The result should be positive values of relative strain energy for each small ring relative to cyclohexane.
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1. Which cycloalkane ring size (3, 4, 5, 6, 7 or 8 member) has the most strain energy, according to your calculation?

2. Which ring size has the least strain energy, according to your calculation?

3. Plot ring strain energy vs. ring size (3-8).  What do you observe?

4. Compute the relative ring strain energy per CH2 group by dividing the relative strain energy by the number of CH2 groups in each ring structure.  Which ring size has the most strain energy per CH2 group?

5. Measure the C-C-C bond angles, the cis H-C-C-H dihedral angles, and the C-C bond lengths in the two most strained cycloalkanes and compare the values to those measured in the two least strained cycloalkanes. What do you observe?  Comment on how C-C bond lengths adjust to accommodate structural constraints such as distorted bond angles in small ring compounds. The experimental value for the C-C bond length in cyclopropane is 1.510 Å; that for cyclobutane is 1.548 Å, and the value for propane is 1.526 Å.  Why does cyclopropane has such short C-C bonds?
6. Experimental values for relative strain energy (in kcal/mol) are:  cyclopropane, 27; cyclobutane, 25;, cyclopentane, 6; cyclohexane, 0; cycloheptane, 7; cyclooctane, 11.   How do your calculated values compare to the experimental values?
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