Chemistry 2412
Name ______________________________
Clower
Assignment 2: Benzene structure and reactivity

20 points


The following assignment uses the Molecular Modeling Workbook and accompanying CD. You may wish to review the introductory tutorial to the SpartanView program (How to Use SpartanView, pp. 19-26) to become familiar with the program before attempting this assignment.
Benzene Structure:

Examine the structure of benzene in the molecular modeling problem 01-09: Resonance Structures: the Sum of the Parts and answer the following questions:
1. Draw a Lewis structure of benzene. Include all significant resonance structures.

2. What is the C-C-C bond angle in benzene? 

3. What is the hybridization of each C atom in benzene?

4. Is benzene planar?

5. Measure the six carbon-hydrogen bond lengths in benzene. Are they all the same?

6. Measure the six carbon-carbon bond lengths in benzene. Are they all the same? 
7. Compare the C-C bond length(s) in benzene to those in ethane and ethene. Which bonds are the shortest? Longest?

8. What conclusions can you make about the structure of benzene based on the C-C and C-H bond length(s)?
Benzene Reactivity

Although benzene is highly unsaturated, it does not react with reagents typical for alkene addition reactions in the same manner are alkenes. Consider the reaction of 2-butene and bromine.
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9. What type of reaction is this?

Now consider the reaction of benzene and bromine.
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10. What type of reaction is this?

11. What is the purpose of the FeBr3? Why is this necessary?

As you would expect from the different products, the mechanisms for these two reactions are different. The reaction of 2-butene and bromine is an example of an electrophilic addition. The first step of this reaction yields a carbocation intermediate. 
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12. Draw curved arrows to represent electron motion in the first step of this reaction.
13. Indicate which species in this step is the nucleophile and which is the electrophile.

One common mechanism for reactions with benzene is called electrophilic aromatic substitution. The first step of this reaction is identical to the first step in electrophilic addition to alkenes.
14. Draw the first step for the reaction of benzene and bromine.

15. Draw all resonance structures for the intermediate formed from this first step.

The second step of the electrophilic aromatic substitution reaction is a fast elimination.
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16. Draw curved arrows to represent electron motion in this step.

17. How does this step differ from the second step in an electrophilic addition to an alkene? 

The motivation of the second step in the electrophilic aromatic substitution reaction is the reformation of the aromatic benzene ring. Aromatic rings are very stable (low in energy) due to resonance and conjugation/orbital overlap. Let’s compare the reaction of benzene and bromine to form the two possible products below.
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18. Use data from the molecular modeling problem 16-02: Addition vs. Substitution to provide energy values for benzene and each product. (These energy values may differ slightly from values given in your textbook. You may prefer to express your energy values in the more familiar kcal or kJ. Conversion factors from au to kcal and kJ are on p.4 of your molecular modeling workbook.) 
19. Which reaction (addition or substitution) yields the products that are lower in energy?
20. On the graph below draw an energy diagram for both the addition and substitution reactions. Which mechanism predominates? Why?
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Electrophilic Aromatic Substitution reactions on Substituted Benzenes
Electrophilic substitution on a substituted benzene can result in three isomers (ortho, meta, or para) depending on the original substituent. One type of electrophilic substitution is nitration. The reagents used for nitration are nitric acid and sulfuric acid. The nitro group (-NO2) substitutes for one of the aromatic hydrogen atoms.

21. Draw the three isomers that can form as possible products in the nitration of aniline.
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How can we predict which of these isomers will form? Typically, the major product is either meta or a mixture of ortho and para. In order to predict the product, we must consider the stability of the intermediate structures. The ortho and para intermediates have similar electronic structures, so we will only consider the para intermediate. However, you should be aware that para substitution will be accompanied by ortho substitution.
22. Draw the intermediate formed when the nitro group substitutes at the para position. Include all contributing resonance structures.
23. Draw the intermediate formed when the nitro group substitutes at the meta position. Include all contributing resonance structures.

24. Determine the energy values for each intermediate in the molecular modeling problem 17-05: Directing Effects on Electrophilic Nitration. Using these values and your resonance structures, which intermediate do you conclude is more stable? Why?

25. Where will this substitution occur, at the meta position or the ortho and para positions?
Now let’s consider the isomers formed from the nitration of nitrobenzene.
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26. Draw the intermediate formed when the nitro group substitutes at the para position. Include all contributing resonance structures.

27. Draw the intermediate formed when the nitro group substitutes at the meta position. Include all contributing resonance structures.

28. Determine the energy values for each intermediate in the molecular modeling problem 17-05: Directing Effects on Electrophilic Nitration. Using these values and your resonance structures, which intermediate do you conclude is more stable? Why?
29. Where will this substitution occur, at the meta position or the ortho and para positions?

30. What correlation can you make about the structure of the original substituent and the directing effects of that substituent (meta or ortho,para)?
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