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ABSTRACT: The dehydration of 2- or 4-methylcyclohexanol to obtain
isomers of methylcyclohexene is a classic organic chemistry experiment.
Students perform a distillation, collecting samples to analyze the progress of
the reaction. The reaction produces a major product that can be explained on
the basis of the regiochemistry of the # bond formation for the a—p
elimination process. Minor products can be attributed to the possible
rearrangement of the carbocation through a hydride shift. We have added
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computational analysis to this classic experiment to help students understand

alkene stability. The experiment was performed early in the sophomore organic chemistry laboratory, before students were

introduced to the mechanistic perspectives that govern the reaction. The iSpartan analysis of the possible methylcyclohexene

products combined with gas chromatography data provides students with an inquiry-based laboratory experience. A novice student
can analyze the computational information about the products to determine the trend in product stability and determine if a double-
bond is formed at an unexpected location in the molecule. The integration of computational tools provides more information to

students than performing the experiment in isolation.

KEYWORDS: Laboratory Instruction, Second-Year Undergraduate, Organic Chemistry, Computer-Based Learning,

Inquiry-Based/Discovery Learning, Alkenes, Elimination Reactions

B INTRODUCTION

The American Chemical Society’s Guidelines for bachelor’s
degree programs state that “The ability to compute chemical
properties and phenomena complements experimental work by
enhancing understanding and providing predictive power."]
Computational data is commonly incorporated into organic
chemistry textbooks to help students understand the relation-
ship between the structure and function of chemical
compounds.”~* Molecular modeling, in particular, can be a
versatile tool that allows students to examine reaction
mechanisms and explain experimental results.” It is the
predictive power of computational data that can aid students’
interpretation of experimental data and their ability to
rationalize chemical phenomena observed in the laboratory.3
Examples of the infusion of molecular modeling into organic
chemistry laboratory at the introductory and advanced levels
have been described for reactions such as the classic Fischer
esterification experiment and a contemporary ligand-free
Suzuki—Miyaura coupling reaction.”'" These efforts empha-
size the benefits of combining experimental and computational
data and encourage increased exposure to improve students’
competencies.

The rise of student-friendly software and less expensive
computing resources has made computational chemistry
curricula more feasible. Faculty at various institutions, for
instance, have implemented the use of iPads in the organic
chemistry lecture to minimize the use of paper, support
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collaborative learning, teach spectroscopy, and aid in the
visualization of organic structures.” ¢ Adding to this,
applications such as iSpartan contain features that allow
users to depict structures in two- and three-dimensional
formats that provide visual clarity, demonstrate the spatial
connectivity of atoms within the molecule, and allow for the
manipulation of a structure. The app also provides access to
molecular and atomic properties. The visualizations and energy
values afforded through the iSpartan app can help students
understand the relationship between the stability of a
compound and its energy. Studies show that it is challenging
for students to connect ideas from observed chemical reactions
to the textbook illustration of reactions.'” It has also been
shown that students may be able to identify products of a
reaction correctly, but they do not think about energy and
bonding in these transformations.'® The activity described in

this paper provided an opportunity to use iSpartan for this

purpose.
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Table 1. Possible Products for the Dehydration of 2- and 4-Methylcyclohexanol and Related Energies®

Products and Energies for the Dehydration of 2-Methylcyclohexan-1-ol

1-Methylcyclohexene 3-Methylcyclohexene Methylenecyclohexene
Spartan, Gibbs energy of reaction —-3.10 6.69 8.23
iSpartan, heat of formation —41.4 —33.5 —33.1
iSpartan, steric energy 16.0 27.2 309

Products and Energies for the Dehydration of 4-Methylcyclohexan-1-ol

1-Methylcyclohexene 3-Methylcyclohexene 4-Methylcyclohexene
Spartan, Gibbs energy of reaction —3.86 5.93 3.57
iSpartan, heat of formation —41.4 =335 =350
iSpartan, steric energy 16.0 272 30.0

“Energies calculated in Spartan and iSpartan as indicated. The Gibbs energy was calculated at 373.1 K, the minimum temperature utilized by the
students for the wet lab portion of the experiment. iSpartan energies are calculated at 298 K. All energies are reported as kJ/mol.

B THE ACTIVITY

Five sections of the Organic Chemistry I Laboratory are
offered in the fall semester. Each section enrolls a maximum of
16 students. The laboratory courses are taught independently
of the lecture course. That is, the delivery of content in the
laboratory is not correlated with the lecture course schedule.
Over the past decade, the first-semester organic chemistry
laboratory at Spelman College has evolved from having a
minimal technology presence to using technology as an
integral tool for disseminating information, performing assess-
ments, and allowing students to track their progress. For the
activity described here, course information was disseminated
through the learning management system (LMS). Background
information on the laboratory and experimental instructions
were provided to students through PowerPoint files accessible
through the LMS. Students are required to review the material,
along with the information provided in the laboratory manual,
before the laboratory period. Prelaboratory quizzes focused on
experiment-specific safety and techniques are administered
online as well.

The dehydration of alcohols can proceed through a
concerted pathway, the E2 mechanism, or through a two-
step E1 mechanism involving the ionization of the C—O bond.
The latter has the potential to produce a more stable molecule
due to the possibility of carbocation rearrangements. For the
dehydration of 2-methylcyclohexanol, it has been shown that
the presence of minor products increases as the reaction
progresses, a phenomenon referred to affectionately as the
Evelyn effect.”” Further kinetic and mechanistic studies have
characterized this reaction as E2-like with some possible EI
character.”””" Therefore, the reaction should yield products
localized to the «r and f# carbons defined by the hydroxyl group,
E2-like. However, minor products appear from carbocation
formation and rearrangement, EI character. Although the
experiment is straightforward to perform, interpreting the
results can be an intricate process.

For this activity, the dehydration of methylcyclohexanols,
students were given the experirnental procedure but had to
determine the outcome of the experiment and explain the
product ratio based on computational data. Table 1 shows the
energy data for the dehydration of 2-methylcyclohexanol and
4-rnethylcyclohexanol. The wet lab and cornputational
components were completed by students independently over
a period of 2 weeks. Half of the students were assigned the
starting molecule 2-methylcyclohexanol, while the other half
were assigned 4-methylcyclohexanol as the starting reagent. In
week 1, the experiment began with a distillation during which
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students collect an 8 mL fraction of distillate followed by a 6
mL fraction. The following week, both fractions were analyzed
using gas chromatography (GC) to determine the ratio and
identity of products formed. Students also utilized iSpartan to
draw the two-dimensional structure of each possible product.
The structures were transferred to the three-dimensional space
in the app where the structures were energy minimized and the
steric energies and heat of formations were determined.

Students utilized iSpartan during the laboratory period
through a classroom set of iPads (40 total), allowing each
student to complete their own calculations. The iSpartan app
extracts information from the Spartan Spectra and Properties
Database, supplying computational information on more than
5,000 molecules (including chemical properties, NMR and IR
spectra data, and orbitals and electrostatic potential rnaps).
Conformational analysis in the iSpartan app utilizes molecular
mechanics and provides instantaneous results on the energy
minimized conformation of the molecule.** The app generates
total energies using density functional theory, and for most
organic molecules, it also provides an estimated heat of
formation using the T1 thermochemistry recipe.23 On the basis
of a combination of quantum chemical models and empirical
parameters, the T1 calculation reproduces heats of formation
obtained from the G3(MP2) Model using 2—3 orders of
magnitude less computation. T1 reproduces experimental
heats with an RMS error of ~8 kJ/mol, the same error as
obtained from the G3(MP2) Model.** The laboratory activity
described here can be adapted for use with WebMO, Mobile
Molecular Modeling (-Mo3), or other comparable software.
Both WebMO and -Mo3 are available on Android devices, and
-Mo3 is free.

To aid the interpretation of the GC results, students were
supplied with a reference spectrum. 3- and 4-Methylcyclohex-
anol are not resolved on the GC being used, and
methylenecyclohexane is not formed in any significant
quantities.24 The students used the steric energy generated
by iSpartan to describe the relative stabilities of the products
present in each fraction. The heat of formation can also be
obtained from the app. However, care must be taken to ensure
that students understand the limits of this calculation. There is
the potential that products are formed by different mechanistic
routes, carbocation rearrangements, or isomerization. There-
fore, instructor intervention may be needed to ensure that
students understand the context and utility of the energy
calculation.

https://dx.doi.org/10.1021/acs jchemed.0c01134
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B REFLECTIONS ON STUDENT LEARNING

The Institutional Review Board approved this work at Spelman
College. Students provided informed consent before data
collection began. To ensure students’ anonymity, identifying
information was removed from all student work and replaced
with participant codes before analysis. Students included here
completed the course during the fall semesters in 2013, 2014,
2015, 2016, and 2017. More than 400 students completed the
activity, but only 109 lab reports were reviewed to assess the
implementation of the activity.

Handwritten student laboratory reports were scanned and
analyzed within Atlas.ti, a qualitative data analysis tool that
allowed for the coding of student responses. Statements were
coded to determine how students explained the relative
stability of isomers based on the iSpartan generated energy
data, GC results, and the relationship of this information to the
product distribution. The portion of a student’s discussion that
aligned with a given code was highlighted. Once all reports
were coded, Atlas.ti tallied the instances of each code across all
laboratory reports. Only one instance of a given code was
counted per report. A full list of codes used to characterize
students’ discussion of the results is detailed in the Supporting
Information.

A majority of students (85.3%) were able to identify 1-
methylcyclohexene as the isomer with the lowest relative
energy and noted that this lower relative energy coincided with
it being the most stable isomer. Students also recognized that
1-methylcyclohexene was the most abundant product for those
using 2-methylcyclohexane. For those using 4-methylcyclohex-
anol, 1l-methylcyclohexene is a minor product. However,
explaining this outcome required instructor intervention.
Nevertheless, 78.9% of students attempted to address the
GC results and their relationship to Zaitsev’s rule or product
stability, with 55.8% of these doing so successfully. A sample
student response from the discussion portion of the lab report
as follows:

“Because the formation of these two alkenes came from 2-
methylcyclohexanol as the starting material, the reaction
supports Zaitsev’s rule. This reaction also supports the

Evelyn effect. 1-Methylcyclohexene had the highest peak on

the chromatogram as well as the lowest energy. It is the most

stable of the molecules and is produced in the largest yield.”
“Since 4-methylcyclohexanol was used as the starting
material, through reviewing notes on Zaitsev's rule it was
concluded that the formation of products follows the
rule...the Evelyn effect is not represented in the dehydration
of 4-methylcyclohexanol.”

B REFLECTIONS ON TEACHING STRATEGIES AND
LESSONS LEARNED

The laboratories at Spelman Co].le§e are undergoing revisions
to become more inquiry-based. 727 Those efforts have
allowed us to revisit the dehydration of methycyclohexanols
experiment. The points offered here are a result of these
efforts.

1. Give students an unknown methylcyclohexanol. Students
can make a hypothesis about the major product that will
form for the reactions with 2-methylcyclohexanol and 4-
methylcyclohexanol. Students can determine their
unknown from the GC analysis. This approach can

reinforce students” understanding of the E2 mechanics,
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particularly the location of the elimination and the
product outcomes based on Zaitsev’s rule.

2. Give students a known methylcyclohexanol. Students can
make an inference about the identity of their major
product and confirm with GC and iSpartan analysis.
This option provides less opportunity for the type of
critical analysis of the regiochemistry that can occur with
option 1 above. However, it does reinforce students’
knowledge of Zaitsev’s rule and the relationship between
steric energy and the compound’s stability.

3. Examine the product ratio analysis. The outcomes
observed by students provide an opportunity to
reinforce the competition that occurs between mecha-
nistic pathways. This experiment points toward the
competition between the E2 and E1 mechanisms for the
reaction involving 4-methylcyclohexanol. Without pro-
viding information on the Evelyn effect, ask students to
analyze the product ratios from their two fractions, and
explain mechanistica]ly any unexpected products.

4. Have a small group discussion. Form student groups,
either 2 or 4 person groups, pairing students with
opposing starting materials. Students can compare
outcomes and have an opportunity to challenge
misconceptions about the reaction as well as outcomes
that result from experimental error. Students could also
be asked to consider why the Evelyn effect is relevant for
the dehydration involving 4-methylcyclohexanol but not
2-methylcyclohexanol. The group discussion can be
summarized as part of their laboratory write-up.

B CONCLUSION

iSpartan provides students a user-friendly way to generate
energy data that can be used to communicate their rationale of
the reaction results. The information also reinforces students’
knowledge of the relationship between the energies of a series
of molecules and their relative stabilities. It also adds an
additional measure of inquiry to the experiment. The teaching
strategies and lessons learned provide options for customizing
this activity to complement other concepts that could be
introduced using this activity.
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