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Experiment 16:  An Introduction to Molecular Modeling


Molecular mechanics methods will be used to evaluate the conformations of five molecules, ethane, n-butane, propane, cyclohexane, and methylcyclohexane.  In preparation for the lab, read the essay “Molecular Modeling and Molecular Mechanics” (pp. 166-170) and the text for Experiment 16 (pp. 170-173).
Software Methods

Spartan is a computer software program that can do molecular modeling and theoretical calculations for organic and inorganic molecules.  Using Spartan a chemist can build molecular structures, view and manipulate them three dimensionally, and perform various molecular mechanics, ab initio and semi-empirical calculations.  

In this lab the student will build molecular structures, measure distances and angles within the structures and determine the heats of formations of the various conformations.


Two primary windows in Spartan will be used in this laboratory: 


a.  The “Main Screen” with the menus File, Model, Geometry, Build, Setup, 



Display, and Help across the top.  This is the area in which the 



calculations are done.


b.  The “Build Screen” with the menus File, Edit, Model and Geometry across 



the top.  On the left is the work area and on the right is the model kit.  The 



model kit contains atoms of different valences, functional groups and rings 



which can be easily chosen and used in building molecular structures. 



This is the area in which the structure of a molecule is built and modified.


The mouse is used to make selections in the menus and to move a structure on the screen.   The box below gives the functions of the mouse and certain keys.

	
	Mouse Button


	Keyboard
	left
	middle
	right

	-
	select
	X/Y rotate
	X/Y translate

	Shift
	-
	Z rotate
	scale

	Control
	-
	global X/Y rotate
	global X/Y translate

	Control + Shift
	-
	global Z rotate
	scale

	space bar
	-
	rotate bond
	stretch bond


Starting the Software


The work station is opened by first clicking on the icon for Organic Chemistry and then typing in the password.  The molecular modeling software is started by double clicking on the Spartan icon.  Click on the square in the upper right corner to enlarge the work area.
EXERCISE 1.  The Conformations of Ethane, CH3CH3 
Tasks:  Determine the heats of formation of the conformations of ethane

Method:


After you have started the Spartan program, you will be in the “Main Screen”.  Left click with the mouse on the File menu.  A new menu will drop down.  Click on New.  The “Build Screen” will then appear.  


Click on the icon for the tetrahedral carbon on the right.  Move the mouse arrow to the work area and click any place.  Click a second time at the end of any valence.  This will make a carbon-carbon bond.  The structure is now complete because the remaining open valences will automatically become hydrogens.

The conformation is chosen by setting the dihedral angle (torsional angle).  The dihedral angle is made by four atoms.  It is the number of degrees that the last atom is out of the plane relative to the other three atoms.

Click on the Geometry menu and chose Dihedral.  The four atoms in the dihedral angle are then chosen by clicking in order on the H-C-C-H atoms in the structure.  If this is not done in order, a bell will sound to indicate an error was made.  The appearance of the chosen atoms changes to green balls.  The value of the dihedral angle will then appear in a box.  This value is modified by deleting the current value and typing in a new one.  The two conformations of ethane that will be studied here are eclipsed (its dihedral angle is 0.0) and staggered (its dihedral angle is 60.0).  The eclipsed conformation will be made first by typing in 0.0.  Exit the box by clicking Done.  The conformation is now in the eclipsed conformation.  A box will appear giving the strain energy (steric energy) of the conformation.  Click on OK to exit the box.

Click on the File menu, choose Quit and save the structure with the name “ethane”.  You will then leave the “Build Screen” and enter the “Main Screen” again.  

The structure of ethane can appear in one of several forms, “ball-and-wire”, “ball-and-spoke” or “space-filling”.  Click on the Model menu and chose Ball and Wire for this exercise.

The software can now calculate of the heat of formation of the molecule.  In doing this it will adjust the shape to make the lowest energy form.  In order to maintain the eclipsed conformation, the dihedral angle must “constrained”.  This means that during the calculation the set angle will be kept constant.  Other parts of the shape may be modified, but the dihedral angle will be maintained.  Click on the Geometry menu and choose Constrain Dihedral.  Click again on the four atoms, H-C-C-H, which have the dihedral angle of 0.0.  A box will appear showing the dihedral angle.  Click on Constrain Dihedral.  The angle should 0.0, but it can be modified here if necessary.  Click on Save to close the box.

Click on the Setup menu and choose Semi-Empirical.  A box will now appear which enables one to set the method of calculation.  Type “ethane” in the Title line.  Click on the Task line and choose “Geometry Optimization”.  In the Model line, chose “AM1”.  The Solvent line should contain “None”, the Total Charge line “0” and the Multiplicity line “singlet”.  Click the box in front of Constraints on the right side.  Leave the box by clicking on Save at the bottom.  The parameters for the calculation have now been set.

Click again on the Setup menu and choose Submit.  This will begin the calculation.  Boxes reporting this submission and the completion of the calculation will appear.  Click on the Display menu.  If Output is chosen, a full report will appear with the results and a description of how the calculation was done .  If Properties and then Energy in kcal/mol are chosen, the heat of formation only will appear in a box.  Write down the value.

The structure is now changed to the staggered conformation.  Click on the Build menu and chose Edit Structure.  The “Build Screen” will now reappear.  The dihedral angle can be changed by again clicking on the Geometry menu and choosing Dihedral.  Choose the four atoms, H-C-C-H, in dihedral angle as you did before and enter an angle of “60.0”.  This will change the conformation to staggered.  Exit the box by clicking Done.  Minimize the structure.

Exit the “Build Screen” and repeat the calculation in the “Main Screen” by first constraining the dihedral angle to 60.0o in the Geometry menu and performing the calculation using the Setup menu.  Write down the heat of formation which is reported.


The structure of ethane is deleted by clicking the File menu and choosing Delete.

EXERCISE 2.  The Conformations of n-Butane, CH3CH2CH2CH3 
Tasks:  Determine the heats of formation of the conformations of n-butane.

Method:


The molecule, n-butane, has four major conformations.  The four carbons in these structures have dihedral angles of “0.0o” (“syn”), “60.0o” (“gauche”), “120.0o” (eclipsed-120”), and “180.0o” (“anti”).  The two structures with angles of 0.0o and 120.0o are eclipsed conformations.  The two structures with angles of 60.0o and 180.0o are staggered conformations.

Build the structure of n-butane as you did with ethane using the “Build Screen”.  Set the dihedral angle of the four carbons at “0.0o”.  Minimize the structure.  Quit the “Build Screen”.  In the “Main Screen” the dihedral angle is constrained at 0.0o and the calculation is done as before in the Setup menu.  

Repeat the calculation with the dihedral angles for the other three conformations: “60.0o”, “120.0o”, and “180.0o.  The structures are first built in the “Build Screen”.  (With these do not Minimize the structures.)  In the “Main Screen” constrain the dihedral angles and perform the calculations.
Questions:

a.  Which conformation of n-butane is most stable?  

b.  What factors determine which conformation is most stable?

EXERCISE 3.  The Conformations of Cyclohexane
Tasks:
Determine and compare the geometric properties (bond lengths, atomic 



distances and bond angles) of propane and the conformations of 


cyclohexane.  

Determine the heats of formation of the conformations of cyclohexane.

Method:


Build the structure of propane, CH3CH2CH3.  Minimize the structure.  Measure the C-H and C-C bond lengths, the H-H distances and the C-C-C angle.  This is done by opening the Geometry menu and clicking on Distance.  Then click on a bond.  The distance will appear in a box.  Use the Geometry menu and the Distance and Angle choices to measure several bond distances, H-H distances and C-C-C bond angles.  

Make the structure of cyclohexane with six tetrahedral carbons.  The last carbon should be added carefully to make a chair-like conformation.  The ring is closed by making a bond between the two end carbons.  This is done by clicking on Bond and then clicking on two open valences on the end carbons.  Minimize the structure.  The chair conformation should have been made.  Determine the heat of formation using the semi-empirical method.  Measure the C-H and C-C bond lengths, the H-H distances and the 
C-C-C angle.  Delete the structure.

Make the structure of cyclohexane again, but the last carbon should now be added carefully to make a boat-like conformation.  Minimize the structure.  The twist-boat conformation should have been made.  Repeat the energy and energy analysis.  Delete the structure.

Make the structure of cyclohexane a third time, and again make initially a boat-like conformation.  To make the actual boat conformation, click on the Geometry menu and choose Constrain Dihedral.  Click on the four atoms, C-C-C-C, which have a dihedral angle near 0.0o.  A box will appear showing the dihedral angle.  Click on Constrain Dihedral.  The angle should 0.0, but it can be modified here if necessary.  Click on Save to close the box.  Minimize the structure.  The boat conformation should have been made.  Repeat the energy and energy analysis.  Delete the structure.

Questions:
1.  How do the bond angles in the chair and boat conformations compare to propane?
2.  Are all the hydrogens in the chair conformation staggered?  Look down the carbon-carbon bond.

3.  In the conformations are any of the hydrogen-hydrogen distances less than 2.40 Ǻ.  If so, there would be steric strain.  

4.  Are the hydrogens in the boat conformation staggered or eclipsed.

EXERCISE 4.  The Conformations of Methylcyclohexane
Tasks:  Determine the heats of formation of the conformations of methylcyclohexane.
Method:


To build methylcyclohexane a preformed ring will be used.  It is chosen from the model kit below the individual atoms by clicking on Ring.  In the box click on Cyclohexyl and then click again within the work area to place the ring.  Add a tetrahedral carbon carefully to the ring so that it is in the axial position.  Minimize the structure.  In the “Main Screen” determine the heat of formation.  No constraints are needed.  Delete the structure.

Choose the cyclohexane ring again and carefully add the methyl group in the equatorial position.  Minimize the structure.  Determine the heat of formation.

Questions:
 

1.  Which conformation of methylcyclohexane has the lower energy?

2.  What is the difference in energy between the two conformations?

Turning off the Work Station


After the exercises are complete, click on the square icon in the upper left corner.  To exit the Spartan software, click on Quit.  To turn off the work station, click on Desktop in the upper left corner, then Log Out.  Click on Yes in answer to the question, “Do you want to log out now?”
Analysis and Report

Report your results in a table like the one included here and answer the questions.

Table of Results

	No.
	Molecule
	Atoms in Dihedral Angle
	Dihedral Angle, Constrained
	Conformation / Configuration
	Heat of Formation (kcal/mol)

	
	
	
	
	
	

	1.
	ethane
	H-C-C-H
	0o
	eclipsed
	

	
	
	
	60 o
	staggered
	

	
	
	
	
	
	

	2.
	butane
	C-C-C-C
	0 o
	syn
	

	
	
	
	60 o
	gauche
	

	
	
	
	120 o
	eclipsed-120
	

	
	
	
	180 o
	anti
	

	
	
	
	
	
	

	3.
	propane
	
	
	
	

	
	
	
	
	
	

	
	cyclohexane
	C-C-C-C
	
	chair
	

	
	
	
	
	twist-boat
	

	
	
	
	0o  
	boat
	

	
	
	
	
	
	

	4.
	methyl cyclohexane
	
	
	axial (a) methyl
	

	
	
	
	
	equatorial (e) methyl
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