CHEM 350, Fall 2006         Principles of Organic Chemistry I Lab
Prof. T. Nalli, WSUPRIVATE 

Expt #1 - Molecular Modeling and Properties of Alkanes and Alkyl Halides

Relevant Reading - Smith, Chapter 4, 7.1-7.3, Pavia, pp 152-157

Overview
Molecular models can be very helpful for the 3-D visualization of organic molecules. The models can be manipulated (for example, bonds can be rotated) in order to mimic the types of dynamic processes the actual molecules undergo. There are many different types of molecular models and each has its own particular weaknesses and strengths. 

Space-filling models accurately reflect the amount of space the atoms occupy at the expense of not being able to see the bonds very well. In contrast, ball and stick models (the type pictured throughout the Smith textbook) show the bonds in a molecule quite clearly but exaggerate the bond lengths tremendously. Consistent with the textbook, a black ball is usually used to represent carbon with red reserved for oxygen, blue for nitrogen, green for chlorine, and white for hydrogen.

The  Molymod( molecular modeling kit can be used to make both space-filling models and ball and stick models (see kit instructions). The bond angles in models made using this kit are not necessarily very accurate (especially those around trigonal planar atoms), but the bonds are easily rotated and bent thus allowing great flexibility in the number and type of molecules that can be represented.

Computer molecular modeling programs such as Chem3D are generally capable of rendering molecules in a variety of formats (i.e., space filling, skeletal, ball and stick) and also capable of providing quantitative information about the model/molecule (i.e. bond angles and lengths, energy, and interatomic distances). 

In the second part of the lab you will examine some of the physical and chemical properties, including water solubility, density, and reactivity with acids and bases, of some representative alkanes and alkyl halides.

Some Important Definitions
Conformation - A particular molecular structure that is arrived at through single bond rotation. Different conformations of a molecule are easily interconverted by single bond rotation(s).

Conformer - A conformation of a molecule that corresponds to a potential energy minimum for the molecule. (Note: the Smith textbook’s definition of this term is not correct.)

Molecular mechanics - A computational method that allows the relative energies of different conformations of a molecule to be approximated. (Note the term “relative” here! The energy of a structure calculated using molecular mechanics only has meaning when compared to similarly calculated energies for other conformations of the same molecule.) Molecular mechanics is based on the same basic principles that chemists use qualitatively to judge conformation stability.

Energy Minimization - Computer algorithms are available that vary the bond angles, torsion angles, and bond lengths in a molecule, calculating the energy and continuing until a conformation that corresponds to an energy minimum (i.e., a conformer) is found. These algorithms, by design, try not to change the molecule in a way that increases the energy. For this reason, they are not guaranteed to find the overall lowest energy conformation of a particular structure (the “global minimum”). Read more about global versus local minima in Pavia.

Minimum RMS Gradient – The energy minimizing algorithm in Chem3D uses this as a criterion of when to stop looking for a lower energy. A lower value means the computer will keep looking longer for a “true” minimum.

Strain – Any interaction in a structure that causes it to have a higher energy is called strain. The difference in energy between any particular conformation and the lowest energy conformer of the same molecule is a quantitative measure of the amount of strain it possesses.
PART A. MOLECULAR MODELING

Record all data, observations, and structural drawings directly in the lab notebook as you do this experiment. Make all models both with the Molymod kit and on the computer in Chem3D. Chem3D instructions are consistently given in italics throughout this handout.

When using the Molymod kit make sure to use tetrahedral carbon atoms (the black balls with 4 holes!)

When using Chem3D it will be easier if all of our models look the same. First click <view> <settings> and set model type to "ball and stick", atom fill to "shadowed colors" and depth ratio to 20%. Also make sure the <Color by Depth> box is checked. Finally, click <file> <set default settings> so that these settings will be permanent. (Note: some of you will inexplicably have a newer version of Chem3D and these instructions will not exactly apply.)

Conformations of Ethane

Construct a model of ethane, CH3(CH3. Look straight down the C-C bond and rotate it until the C-H bonds in front exactly bisect the H-C-H angles of the back carbon. You now have a model of the staggered conformation of ethane. This structure can be represented on paper in a number of ways, including wedge-dash formulas and Newman projections (see below).

In Chem3D, select the single bond tool (3rd from top in the toolbar displayed vertically on the left) and then click, drag, and release a short distance away in the main window. The resulting ethane model is already in the staggered conformation. The model can be rotated around in space much like the Molymod model. Click and drag on the bottom edge of the window to rotate the model around the Y axis and on the right edge of the window to rotate around the X axis. Alternatively, clicking the rotate tool (2nd from top) and clicking and dragging in the window gives you more flexible control over the model. Make sure you try each of these methods before [image: image1.wmf]N
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going on. 

Reproduce the above drawings in your notebook.

Now rotate one carbon atom on your model 60( with respect to the other carbon. You now have a model of the eclipsed conformation of ethane.

In Chem3D rotate the C-C bond by clicking on the selection tool (top tool), then select the C-C bond by clicking on it. (Both carbons of the bond should now be highlighted.) Now click and drag on the bar on the left edge of the window while watching the message that appears at the top of the window until the message indicates you have rotated the bond 60º (or -60º). Click anywhere in the window outside of the model to "unselect" the bond. 

Draw eclipsed ethane using Newman and wedge/dash formulas.

Observe the two ethane conformations carefully. In which of the two ethane conformations do the sigma electrons of the C-H bonds on one carbon come closer to the sigma electrons of the C-H bonds of the other carbon? Which conformation would you expect to be less stable, the eclipsed or the staggered?

Make a graph of potential energy versus the angle between one of the C-H bonds on the front carbon and one of the C-H bonds on the back carbon (the dihedral or torsion angle). Started with the eclipsed conformation (torsion angle = 0() and go through one full rotation (360(). Indicate on the graph where each conformation would be found.

Chem3D will allow you to make this graph quantitative by using molecular mechanics to estimate the relative energy of each conformation. Starting with the eclipsed conformation, click <MM2>, <Minimize Energy>, set the minimum RMS gradient to 0.5 then <run>. Record the total energy that appears in the "Messages" window into the data column of your notebook. Now click <MM2>, <Minimize Energy>, set the minimum RMS gradient to 0.001 and then <run> again. Watch what happens. Record the energy of this "optimized, staggered ethane conformation” in your notebook and go back and add quantitative labeling to your graph.
Conformations of Propane

Remove a hydrogen from the ethane model and add a CH3 group in its place. You now have a model of propane. Rotate each of the C-C bonds so that both of these bonds are staggered. A wedge/dash formula of the model should look like the figure below.
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In Chem3D select the single bond tool, then click on one of the carbons of your ethane model, drag, and release to add a third carbon. Minimize the energy as above, setting the minimum RMS gradient to 0.001, and you should end up with the all staggered propane conformation shown above. Record the minimized total energy into your notebook as before and label "all-staggered propane". 

Draw a Newman projection that represents this conformation of propane. Represent the extra methyl group simply by "CH3". (Note - the Newman projection should look the same regardless of which C-C bond you sight down.
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Rotate one of the C-C bonds in this model so that it is now eclipsed. It should look like the figure below.

Draw a Newman projection that shows the conformation around the eclipsed bond. 

Observe these last two models (eclipsed and staggered propane)  and predict the relative energies of each. Plot a graph of energy versus torsion angle for one of the C-C bonds in propane. (Assume the other C-C bond stays staggered.)

In Chem3D, with the select tool chosen, click one of the C-C bonds (alternatively select both carbons of the bond) and rotate the bond (the same way you did with ethane) until it is eclipsed. As before, click <MM2>,  <Minimize Energy>, <run> to get the energy of this "half-staggered, half eclipsed" conformation of propane. Record the result in your notebook. Go back and label the last graph with the relative energies.

Conformations of Butane
Remove a hydrogen from one of the end carbons of the propane model and add a CH3 group in its place. You now have a model of butane. Rotate each of the C-C bonds so [image: image4.wmf]H
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that they are all staggered and the two end CH3 groups are opposite each other. A wedge/dash formula of the model should look like the figure below. This model represents the anti conformation of butane. We will refer to it as conformation A.

In Chem 3D make n-butane from your propane model in the same way you made propane from ethane (i.e., by adding one more carbon). Make sure the 4 carbons form a zig-zag pattern before going on (start over if necessary). Minimize the energy of this model as before, setting the minimum RMS gradient to 0.001, and write down the total energy in your notebook.  Make sure that you are looking at the anti conformation (A) by selecting all four carbons (click the select tool, then click on each carbon while holding the shift key down and rotating the model if necessary) then click <Object>, <Set Dihedral Angle>, and see if the angle is 180º.  If it is not indicated as 180º then enter 180 and start over at the third sentence of this paragraph. 

Draw a Newman projection that shows the conformation of the bond between the center two carbons (use "CH3" to represent each of the end carbons).

Now rotate the center C-C bond 60(. This is conformation B. 

In Chem3D, select C-2 and C-3 (deselect C-1 and C-4) and rotate the model so that you are viewing it looking straight down the C-2, C-3 bond. Rotate the bond 60º by clicking and dragging on the left bar and watching the message at the top of the window. Minimize the energy (minimum RMS gradient = 0.5) and record the energy. 

Draw a Newman projection that shows the conformation of the bond between the center two carbons in B.  How much strain does conformation B possess?

Rotate the center bond another 60( to give conformation C. (Do this both with the Molymod model and the Chem3D model using similar procedures to above.) This model represents the gauche conformation of butane.  Minimize the energy (minimum RMS gradient = 0.001) and record the energy.

Draw a Newman projection that shows the conformation of the bond between the center two carbons in C. How much strain does gauche butane possess?

Use Chem3D to measure the torsion angle in the minimized gauche butane. Select all four carbons and 

Rotate the center bond another 60(. This is conformation D.  Draw a Newman projection that shows the conformation of the bond between the center two carbons. Minimize the energy (minimum RMS gradient = 0.5) and record it in your notebook. How much strain does conformation D possess?

Plot a graph of energy versus torsion angle of the central C-C bond in butane. Use the angle between end CH3 groups to define the torsion angle (i.e., D= 0(, C= 60(, etc). Make sure the graph goes through one full revolution of the C-C bond (goes from 0 to 360 degrees) and that it shows the relative energies of each conformation.

Conformations of some other Compounds
Now make models of and then draw a Newman projection of the gauche and anti conformers (around the C3-C4 bond) of each of the following compounds. Find the relative energy of each conformer using Chem3D molecular mechanics and use this to determine how much excess strain is present in the gauche conformer. Also measure the torsion angle around the central bond (defined by selecting atoms C2-C3-C4-C5) in the gauche conformer of each of these.

hexane

2,5-dimethylhexane 

2,2,5,5-tetramethylhexane

Make a model of 2,3-dimethylbutane. Look at the C2-C3 bond. There are two conformers of nearly equal stability for this molecule. Draw Newman projections of each. Determine the energy of each and measure torsion angles.

Post-lab Questions

1. Compare the difference in energy between the eclipsed and staggered forms of ethane and propane. Explain.

2. Which of the conformations examined for butane are properly referred to as conformers? Explain.

3. When finding the energies of eclipsed conformations in this lab, it was important to have the minimum RMS gradient set to a relatively large value of 0.5. For other minimizations we set the value to 0.001. Why?

4. The lowest energy conformation of butane is the anti, so why does the Chem3D program energy minimization sometimes terminate with the gauche form being found?

5. What was the torsion angle between the methyl groups found in the optimized gauche butane? The textbook states that the torsion angle for gauche butane is 60 degrees. Think carefully and try to explain why the value predicted by molecular mechanics is different.

6. Make a table or chart that compares the difference in energy (i.e., the strain) between the gauche and anti forms of butane, hexane, 2,5-dimethylhexane, and 2,2,5,5-tetramethylhexane. Explain both the general trend seen and any discontinuities in this trend. (Hint: all of these molecules are of the form, R-CH2-CH2-R with butane having R = CH3, hexane having R = CH3CH2, 2,5-dimethylhexane having R = (CH3)2CH-, and 2,2,5,5-tetramethylhexane having R = (CH3)3C-).

7. Explain why the energies of the two 2,3-dimethylbutane conformations are so closely balanced.  Simply looking at the number of gauche dimethyl interactions leads to the prediction that the difference in energy between the two should be around 0.9 kcal/mol. The measured energy difference is a lot less than that. Why?

Quick Reference Instructions for using ChemOffice

Useful Windows Shortcuts

New Window/Model 
<ctrl>-N

Copy



<ctrl>-C

Cut



<ctrl>-X

Paste



<ctrl>-V

Undo



<ctrl>-Z

Select Molecule

<ctrl>-A

Chem3D Manipulations

rotate model around y axis

click and drag on bottom edge of window

rotate model around x axis

click and drag on right edge of window

rotate model around z axis

use rotate tool, click and drag outside of circle

free rotate model


use rotate tool, click and drag inside of circle

rotate a bond



select bond then click and drag on left edge of window or double click on left edge and enter number of degrees to rotate

fit model to window

<ctrl>-T

increase model size


F7

decrease model size


F8

minimize energy


<MM2>, <Minimize Energy>, <Run>
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