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Abstract:

Arrow-pushing mechanisms can be understood more readily if the changes from starting material
to product are systematically charted. This can be done by labeling the relevant atoms in the
starting material and in the product, then making lists of the bonds to be broken and the bonds to

be formed.
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Guided Inquiry in Sophomore Organic Lecture: Deducing Mechanisms by Reaction
Mapping
One objective of sophomore organic chemistry is to enable each student to construct their
understanding of organic reaction mechanisms. The efficacy of the guided inquiry/problem-
based learning approach to instruction in organic chemistry has been well documented,
particularly in the laboratory course."” Incorporating guided inquiry into the sophomore organic

lecture course'”'* has been more challenging, especially early in the course.

One hundred years ago, Robert Robinson introduced" the use of arrow-pushing to help
rationalize electron flow in an organic reaction. Nevertheless, it has been observed'* that even
some beginning Ph.D. students in organic chemistry cannot competently produce coherent
arrow-pushing explanations. Much work has gone into devising strategies to better teach that

proficiency."”'

We have incorporated guided inquiry/problem-based learning from very early in the sophomore
organic lecture by teaching the students to break down the solving of arrow-pushing mechanisms
into six discrete steps. The three examples here are drawn from exams in the first semester of a

sophomore organic course.

1. What is sort of mechanism is this? Initially, the students had three options: acid catalyzed,
nucleophilic anionic, and free radical. Later in the year, sigmatropic rearrangements (e.g. Diels-

Alder) were added.



2. Label the relevant atoms in the starting material, then deduce where each of those atoms is in

the product.

3. Make a list of bonds broken and a list of bonds formed. This becomes a series of tasks to be

accomplished.

4. Decide how you are going to begin. For acid-catalyzed mechanisms, this will be protonation
to activate for bond cleavage. For nucleophilic anionic machanisms, what is the initial

nucleophile? For free radical reactions, this will be generation of the initial radical.

5. Decide how you are going to end. For acid catalyzed mechanisms, this will usually be loss of a
proton. For nucleophilic anionic mechanisms, it is often protonation, perhaps on work up. For

free radical reactions, the last step is usually H atom transfer.

6. Begin the mechanism following this guidance, using curved arrows to show electron flow,

bond breaking and bond formation. At the same time, work in reverse, beginning with the

product and working backwards.

To illustrate, consider the transformation (Fig. 1) of 1 into 2. For ease of grading, it is easiest to

label the starting material before presenting the problem to the student.

1. This is an acid-catalyzed reaction.
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Fig. 1: Acid-catalyzed Reaction

2. As the problem is presented, the starting material is labeled. The first challenge is to

accurately label the relevant heavy atoms in the product

3. Make a list of bonds broken and a list of bonds formed. This becomes a series of tasks to be

accomplished.



4. For acid-catalyzed mechanisms, the first step is to protonate to activate for bond cleavage.

5. Decide how you are going to end. For acid catalyzed mechanisms, this will usually be loss of a

proton.

6. Begin the mechanism following this guidance, using curved arrows to show electron flow,

bond breaking and bond formation. At the same time, work in reverse, beginning with the

product and working backwards. This leads to the solution shown.

This process works as well with a bromination (Fig. 2).
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Fig. 2: Bromination-rearrangement Reaction
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1. This is a bromination.

2. The reaction begins with bromination of the alkene.

3. The intermediate bromonium ion rearranges to give the more stable carbocation.

4. The reaction concludes with loss of H*.

Free radical reactions are often introduced early in the sophomore organic lecture, alkane

halogenation, then not used further. Free radical reduction of a halide with Bu;SnH offers the

opportunity to chart free radical reactions over several steps (Fig. 3). Note that for free radical

reactions, single-headed arrows are used.

1. The first step in all such reactions is the abstraction of the H atom from the Sn-H bond, to

form the tin radical. The students were taught about the use of free radical initiators, but for

simplicity were told to start free radical reductions as illustrated.

2. The next step in all such reactions is the abstraction of halide from the starting material to give

the initial radical, in this case 14.



3. The last step in all such reactions is H atom abstraction by the final radical from Sn-H, to give
the final product, in this case 13. It follows, from the list of bonds formed, that the final radical

must be 16.
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Fig. 3: Free Radical Reduction

4. The challenge, then, is to transform the initial radical into the final radical. From the list of

bonds broken and bonds formed, “a” is connected to “‘e”.



5. Again from the list of bonds broken and bonds formed, the e-f bond has to break. That leads to

the final radical.

Each of the problems used here was the last problem on the last exam from the first semester of a
sophomore organic course. The students had been practicing this approach all through the
semester. Over each of those three years, with an enrollment each year of about 120, more than

100 of the students were able to make correct lists of bonds broken and bonds formed.

Conclusion: The approach outlined here formalizes and makes explicit the approach any
experienced organic chemist would take toward figuring out the mechanism of an organic
transformation. Teaching the approach in this stepwise fashion makes it particularly easy for the
student to grasp, and practice. Many additional problems with their answers, over a wide range

of difficulty, are available at http://www]1 .udel.edu/chem/valhalla/C331.html and

http://www]1 .udel.edu/chem/valhalla/C332.html.
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