CHM 242: Computational Chemistry Laboratory
We are going to study the Diels-Alder reaction:
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Login Procedure
Log in with the user name   chmuser#   

where # is the number of the machine (see sticker on monitor or computer).  

The password is    naohhcl#    

where again you should replace “#” with the machine number.


The left mouse button is the “normal” mouse button, as on a PC.

To run the molecular modeling program Cerius2, Choose “Desktop” in the upper left corner of the screen, and then choose “Open UNIX shell”.  When a window pops up, place the mouse arrow within the window, and type   cerius2
Building a Molecule - Diene
To build a molecule, choose “Build” in the upper menu bar, and then “3-D Sketcher”.  Choose “Sketch with C”.  In the model window, click to create the diene 2-methoxybutadiene: (see above).  Using the tools in the 3-D sketcher palette, build all atoms except hydrogens in your model, and specify the double bonds by choosing the double bond tool and selecting the two end atoms of the bond to be changed.  When the atoms and bond types are correct, choose “H ADJUST” to add hydrogens.

When the molecule is built, clean up the geometry by clicking and holding the “CLEAN” button at the bottom of the 3-D sketcher palette.  Hold the button down until all motion stops.

Close the 3-D sketcher palette by clicking the small blue box in its upper right corner.

Mouse Buttons
Practice manipulating the molecule in the model window.

The left mouse button is the “normal” mouse button, used for selecting, etc.

The middle mouse button is for translating a molecule


Middle and right buttons together zoom and shrink the molecule

The right mouse button is for rotating molecules:


Moving the mouse  in the center of screen rotates about a horizontal line


Moving the mouse  in the center of screen rotates about a vertical line

Moving the mouse  at the side of the screen rotates within the plane of the screen

Calculate the Electronic Structure of a Molecule
1. Click on the Menu Deck Bar (which by default is set at “Builders 1”), and choose “Quantum 1”

2. Within the Quantum 1 set of cards, choose “MOPAC”.  The MOPAC card will come forward.

3. Choose “Run”.  The card that appears is your interface for setting up a calculation the determine the electronic structure of your molecule.

4. Change the following items on the Run card:

a) Set the File Prefix to “diene”.  By default, it is “mopac”.

b) Set the Task to “Single Point Energy”.  This calculation calculates the Heat of Formation, ∆Hfo, for the current atomic conformation.

c) Set the Method to “AM1”.

d) Set the charge to zero.

5. Select the “Run” button on the Run Card to submit the calculation.

6. Once the calculation is complete, choose “Analyze –>” in the “MOPAC” Deck, and then “Files”.  You will see a Summary of Calculation, giving the Heat of Formation for your diene conformation.  Record this below:

Heat of Formation for 2-methoxybutadiene, inital geometry ___________________

Geometry Optimization 
7. Repeat Steps 1-6 above, except set the Task to be “Geometry Optimization”.  This will find the best positions for the atoms to give the lowest energy structure.  When asked, select “Overwrite Files”.  Record the energy below:

Heat of Formation for 2-methoxybutadiene, optimized geometry __________________

Question:  Did geometry optimization find a more stable geometry for your molecule?  i.e., does it have a lower energy?  

8. Label the molecule “diene” in the Model Manager List (i.e., change “Model1” to “diene”).

9. Molecular Orbitals (MO):  Now let’s further analyze the geometry optimized structure.  Back in the MOPAC Deck card, choose “Analyze —>“ again.  Select “Orbitals”.  You can then select any one of the orbitals shown, and push the upper left “Calculate” button.  A Molecular Orbital will be displayed.  Note that you can choose “Surfaces” in the “Analyze—>” menu and set the transparency to ~ 70% to see the underlying structure.

Note that “HOMO” means “Highest Occupied Molecular Orbital”, where Highest refers to the energy of the orbital.  “LUMO” means “Lowest Unoccupied Molecular Orbital”.

Question:  How many valence electrons are there in 2-methoxybutadiene? ________

How many occupied valence orbitals should there be? __________

What orbital number is the HOMO? ____________

Does the HOMO have a higher energy than the lower numbered orbitals? __________

Look at Orbital 2.  Is this a sigma or a pi orbital? __________

Look at the HOMO.  Is this a sigma or a pi orbital? __________

10. Electron Density:  Choose “Density” in the “Analyze —>” menu, and select the “Calculate Total Charge Density” button.  The electron density is the number of electrons per unit volume. The surface shown is an isosurface, i.e., the contour describing a certain number of electrons per volume.

11. Property Maps:  You can map a property onto a surface.  For example, do the following

a)  Electrostatic Potential describes the charge distribution in a molecule.  Let’s map this distribution onto the electron density surface.  Choose “Potential” under “Analyze —>”.  Click on “Calculate Electrostatic Potential”.  Then choose “Property Maps” under “Analyze —>”.  Find “diene_Potential.mbk”, select it and then “Load” this file.  Click on “Add Property”.  You will then see the electrostatic potential of this molecule superposed on the electron density.  Note that the red end of the spectrum denotes relatively positive regions, and the blue end denotes relatively negative regions.  The “Preferences” button in the Property Map box will give you the range of values the property takes on over the color spectrum (these can be adjusted).  

Question:  Is the electrostatic surface what you would expect for 2-methoxybutadiene?  Note that the methoxy group is electron donating.

What type of atom is most negative?  ___________________

What type of atom is most positive? ___________________

Of the two carbons participating in the Diels Alder reaction, which is more negative?  Draw a sketch of the molecule and label the more negative atom.

b) Next, map the HOMO onto the electrostatic surface.  From “Analyze —>”, “Property Maps”, choose diene_AlphaHOMO.mbk” and the “Load”.  Click on “Add Property” and the HOMO values will be mapped onto the electrostatic surface.  Note that both highly positive values of the HOMO and highly negative values indicate regions of high electron density.

Record the atom with the most “concentrated HOMO” ___________________

12. Return to the HOMO orbital by choosing "Analyze –>", "Orbitals" and then choose the HOMO 

Calculations for the Dienophile

We will now do a similar series of calculations for the dienophile, acrylonitrile.

Under "File" in the main menu, choose "Load Model".

We will load the model /sgi/chm242/dienophile.msi.  To do this, click on the yellow bar at the top of the Load Model dialog box.  Choose "/".  Double click on sgi in the list below.  Then double click on chm242.  Finally, double click on dienophile.msi.

Repeat the Calculate the Electronic Structure of a Molecule procedure, above, but first change the file prefix to “dienophile” and make sure the task is “Geometry Optimization”.

Display the LUMO molecular orbital by choosing “Analyze —>“, then “Orbitals”, and then “LUMO” and click on the calculate button.

Since the diene in a Diels-Alder reaction is electron rich, and the dienophile is electron poor, the HOMO of the diene (which has the electrons) at first approaches the dienophile and overlaps its HOMO with the unfilled LUMO of the dienophile.  Let’s see how the two molecules would have to approach one another.

Click on the diamond next to the diene to make it the “active” molecule.  Make sure its HOMO is displayed.

Rotate the diene so you are looking at its edge, with the methoxy group facing into the screen on the left.

Choose the “Overlay” mode of displaying molecules ( an icon showing two overlapping squares in the top part of the Model Manager).

Select the diamond to the left of “dienophile” in the molecule list.  Make sure turquoise “Visible” buttons to the right of the diene and dienophile molecules in the list are selected.

Holding down the ctrl key and the shift key at the same time, use the mouse to translated (middle mouse button) and rotate (right mouse button) the dienophile so the HOMO and LUMO of the atoms to be bonded overlap.  Can you tell whether a (1-4) or a (1-5) product be preferred?  Flip the dienophile around to show the approach that would create the (1-5) product.

With the dienophile still the “active” molecule (i.e., red diamond selected in list), calculate the electron density as in 10. above.  Add the LUMO as a property map, as in 11.b, but with the LUMO (dieneophile_AlphaLUMO.mbk) rather than the HOMO.

Question: Do the HOMO property map of the diene and the LUMO property map of the dienophile match better (i.e., have better overlap) for the (1-4) approach or the (1-5) approach?  Or are they fairly equivalent?

Make sure the dienophile is active, and calculate the electrostatic property map as in 11.a above.  

Question:  Which of the reacting carbons is most positive in the dienophile?   Sketch the molecule and label the more positive atom.

Question:  Assuming the most favored approach for reacting the two molecules is with the most negative atom of the diene matched with the most positive atom of the dienophile, which end product would be preferred, (1-4) or (1-5)?

Logging out

First quit cerius2 by going to the File menu at the top and choosing Exit or Quit.

Then press the right mouse button while the cursor is positioned over the background anywhere on the screen and choose “log out”. 

IMPORTANT NOTE:  Do not turn off the sgi’s.  They are designed to stay on all the time.
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