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ABSTRACT: Catalysis and catalytic cycles are widely used in both research and industry. The addition of a catalysis experiment
inte the undergraduate laboratory curriculum is important and necessary training to expand student learning. Here, an experiment
demonstrating iron-based tandem catalysis was developed and implemented in an organic chemistry course for second-year and
upper-division undergraduate students at Mississippi State University. The experiment uses TLC and 'H NMR to track the reaction

and identify the core pharmaceutical structure produced during the experiment. Reactions contained inside the catalytic cycles
include iminium generation, imino-ene condensation, and aza-Prins reaction. The catalytic cycle approach allows for a decrease in
time for reaction, chemicals, and waste produced. This experiment was successfully tested over two semesters (110 students) at a
major university. Learning objectives were met to support student understanding of catalytic cycles and reaction mechanisms. This
laboratory experiment provided hands-on experience using TLC and 'H NMR to identify a core structure of pharmaceutical
compounds produced from petroleum.

KEYWORDS: Second-Year Undergraduate, Upper-Division Undergraduate, Organic Chemistry, Laboratory Instruction,
Hands-On Learning, NMR Spectroscopy, Catalysis, Thin Layer Chromatography

B INTRODUCTION ever-growing world population.'” Catalysis is also used in the

pharmaceutical industry for the economical production of

The global production of various materials and products, such as
20,21

drugs. In the petrochemical field, fluid catalytic cracking has

pharmaceutical drugs, relies heavily on catalytic reactions. The

American Chemical Society Committee on Professional Train- allowed the production of higher value products important to
ing encourages undergraduate programs to include chemistry both industry and research such as gasoline and olefins.
topics such as catalysis.” Catalytic reactions emphasize {1) However, as fossil fuel resources are depleted, there is more
reducing reagent amounts and lowering the energy required for focus toward alternative resources and green t:hemistry.22 Atom
the reaction, (2) minimizing or eliminating waste from economy is an aspect of green chemistry where the reaction
reactions, and (3) increasing efficiency in time, energy, or efficiency of converting reactants to desired products is
materials required to create products.2 calculated.?® This experiment has an atom economy of

Severalgfitkllytic reaction laboratory experiments have been 60.19%, indicating good reaction efliciency. Green chemistry
published”™™ " for organic chemistry that are air-stable; however,

) ) P also promotes minimal waste when designing experiments.zs
some experiments require the use of a glovebox or are . . . . ) .
. li—14 ) . This is emphasized with this experiment, and these catalytic
designed for upper-level courses. Of the organic chemistry )
. - - - reactions as the student product can be recycled to create the
air-stable experiments, the time for reactions te complete take ] ) )
3—6 . . L standard product used in TLC. Given the importance of catalytic
longer than half of an hour or require multiple sessions for

students to complete the experirnent,7 A number of STEM
(Science, Technology, Engineering, and Mathematics) careers Received:  May 5, 2022

involve catalytic cycles, for example, chemical E:ngineerinrcjrlS and Revised:  August 15, 2022
drug development.'® In industry, catalytic reactions such as the Published: August 31, 2022

Haber Bosch process is used for ammonia production, which is

then used to create fertilizer.'™'" This catalytic process has

dramatically increased the amount of food produced for the

© 2022 American Chemical Society and . )
Division of Chemical Education, Ing, hitpsi//doiorg/10.1021/acs.jchemed.2¢00451
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Scheme 1. Overview of Catalytic Cycles
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reactions and their use in other areas, undergraduates should be
exposed to catalytic cycles and their applications.

To our knowledge, there is no tandem catalysis experiment for
undergraduate students designed for producing core pharma-
ceutical molecule structures. Tandem catalysis is defined as
consecutive catalytic transformations of reactants via two or
more different catalytic reactions. Catalytic reactions can involve
homegeneous or heterogeneous catalysts, Herein, we describe
an air-stable tandem catalysis laboratory activity designed for
organic II chemistry from the Cui research group,24 Inside the
homogeneous catalytic reactions of this laboratory activity are
known mechanisms: iminium generation, imino-ene reaction,
and aza-Prins reaction, which overlap with previously covered
reactions. The experiment pl’oduces core structures in
pharmaceutical molecules that combine a-methylstyrene with
bis{tosylamido)methane using the Lewis acid iron triflate as the
homogeneous catalyst. The final prodact is 4-methyl-N-((4-
phenyl-1-tosyl-1,2,3,6-tetrahydropyridin-3-yl)methyl)-
benzenesulfonamide, which is a 1,2,3,6-tetrahydropyridine.

B PEDAGOGICAL GCALS

This tandem catalysis laboratory experiment is designed to
support student understanding of catalytic cycles and their
mechanisms and the impact of functional groups and to help
students acquire the skills practiced in a research laboratory.
After completing this experiment, students should be able to

e Practice drawing reaction mechanisms contained within
the catalytic cycles

® Prepare aminiature column and understand how it is used
to trap the iron catalyst

o Identify the peaks associated with the reaction product in
the 'H NMR spectrum
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e Analyze a TLC plate to monitor products and byproducts
Identify the impact of electron-withdrawing groups in
creating electrophilic carbons

o Identify the advantages of catalytic cycles

These pedagogical goals were evaluated from written answer
post-lab assignment questions and student survey questionnaire
responses.

H OVERVIEW OF LABORATORY EXPERIMENT

This laboratory experiment was incorporated into an organic II
chemistry laboratory course intended for undergraduate
students in their second year. This experiment was performed
with two groups of upper-level undergraduate students in the
summer 2021 semester CH 4521 Organic 2 laboratory course
(18 students in total} as well as (92 total students) upper-level
undergraduate students in the fall 2021 Organic 2 laboratory
course at our institution. Students worked in groups of 3, and all
students were able to carry out the experiment in the 3 h
laboratory period. Students completed a prelab quiz and
created a pre-laboratory report in which they demonstrated an
understanding of the safety involved. After the experiment,
students completed post-laboratory questions to further their
understanding of the experiment.

The experiment includes three known mechanisms inside the
catalytic cycles. In the first catalytic cycle, two known
mechanisms occur: iminium generation and the imino-ene
reaction, as shown in Scheme 1 at the top and inside the cycle
labeled Cycle 1.

The iminium generation occurs when the bis(tosylamido)-
methane is broken apart and one-half is coordinated with the
catalyst Fe(O'I'f);. This allows for the imino-ene reaction to
occur with the iminium ion and the @-methylstyrene. The bond

hrtpsi/idoiorg/10.1021/acs jchemead. 2¢00451
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Scheme 2. Comparison of Imino-Ene versus Diels—Alder
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forming and breaking patterns of the imino-ene reaction could
be compared to those of a Diels-Alder reaction, although
difterent products are formed, as shown in Scheme 2.

The imino-ene creates not only C—C single and deuble bonds
but also an N—H bond in the first catalytic cycle. The second
catalytic cycle contains a condensation and aza-Prins reaction
shown in the cycle labeled Cycle 2 in Scheme 1. In the
condensation reaction, the formed amide unit is converted to a
highly reactive iminium, which undergoes an intramolecular aza-
Prins reaction with the alkene unit, producing a siz-membered
heterocyclic alkene intermediate. Finally, the third catalytic cycle
performs an iterative imino-ene reaction with this intermediate
and the iron-coordinated iminium to afford the final product, as
shown in the cycle labeled Cycle 3 in Scheme 1.

B EXPERIMENTAL DETAILS

Experiment

The reactant, bis(tosylamido)methane, was prepared before lab
trom commercially available starting materials using an
established procedure24 and stored in a desiccator until the
laboratory meeting. When students began the experiment,
groups weighed and transferred bis(tosylamido)methane and
catalyst into a round-bottom flask and added dichloroethane and
a-methylstyrene. The reaction was stitred at 90 °C for 0.5 h.
‘While waiting for the reaction to reflux, students prepared a TLC
plate and miniature silica column using a glass pipet. After 0.5 h
of refluxing, the reaction mixture was transferred to a 100 mL
round-bottom flask and rotovapped. After dichloromethane was
added, the reaction mixture was filtered through the silica
column using a hand air pump into a new 100 mL round-bottom
flask.

Students collected a small sample with a capillary tube, dotted
their TLC plate, repeated for the standard product (hexane/
ethyl acetate 2:1, R, {retention factar) = 0.45), and allowed the
TLC to develop. The round-bottom flask was rotovapped to
isolate the product. Students used the TLC to determine if the
desired product was created by comparing their product against
the standard product, Students completed post-laboratory
questions that included analysis of results, drawing the catalytic
cycle mechanisms, identification of reaction categories, as well as
identifying peaks in a provided product 'H NMR spectrum. The
Supporting Information contains a detailed description of the
experiment.

"H NMR Spectrometry

The 'H NMR spectrum was obtained on a Bruker AVANCE IIT
500 MHz spectrometer.

Safety Hazards

Stadents must wear proper personal protective equipment

(PPE) at all times during the laboratory experiment. Students
should wear gloves when handling reagents, solvents, and
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solutions and transferring with pipettes to avoid skin contact and
caution when using hypodermic needles to transfer. Handle and
disposal of all hazardous materials should be in accordance with
the recommendations of their Material Safety Data Sheet
(MSDS). Dichloromethane, dichloroethane, @-methylstyrene,
silica, hexane, ethyl acetate, and iron(III) trifluoromethanesul-
fonate are hazardous if inhaled, ingested, or contact is made with
the eye or skin. Toxicity of bis{tosylamido)methane is not
known; avoid contact with eyes, skin, inhalation, or ingestion.
Toxicity of 4-methyl-N-((4-phenyl-1-tosyl-1,2,3,6-tetrahydro-
pyridin-3-y[)methyl)benzenesulfonamide is not known; aveid
contact with eyes, skin, inhalation, or ingestion.

B RESULTS AND DISCUSSION

The tandem catalysis reaction of a-methylstyrene with bis-
(tosylamido)methane using the Lewis acid iron triflate was
chosen in the design of this experiment to demonstrate the
creation of a pharmaceutically active core molecule from
petroleum derivatives. The experimental sctup is a simple reflux
apparatus in a fume hood, as shown in the laboratory manual, as
the reaction is air-stable and does not require the use of a
glovebox or Schlenk line. The use of a glass pipet column and
TLC exposes students to techniques used in research
laboratories. All students whe carried out the experiment had
been introduced to organic IT chemistry, Students were required
to read a detailed laboratory introduction, which consisted of the
theoretical background and experimental protocol. On the basis
of graded post-laboratory questions collected from the fall 2021
semester, the following results were noted as accomplishments
of the six pedagogical goals:

(a) Ona post-laboratory assignment question, students were
asked to draw the mechanism arrows for the mechanisms
contained within the catalytic cycles, as shown in Table 1.

Table 1. Percentage Correct and Partially Correct with
Catalytic Drawing Mechanisms

% correct {number % partially correct

question of students) {number of students)
(3a) imino-ene reaction 76.09 (70) 19.57 (18)
{3b) condensation reaction 66.30 (61) 32.61 (30)
(3¢} ava-Prins reaction 84.78 (78) 7.61 (7)
(3d) imino-ene reaction 83.70 (77) 10.87 (10)

(final catalytic cycle)

(b) Students were asked how they know the iron is trapped in
the column on a post-laboratory assignment guestion:
89.13% (82) answered correctly, and 2.17% (2) were able
to partially answer how they know the iron is trapped in
the column. An image of students purifying their solution
with their glass pipet column is shown in Figure 1.

hrtpsi/idoiorg/10.1021/acs jchemead. 2¢00451
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Figure 1. Students purifying solution with a glass pipet column.

(c}

(d)

(e)

()

Students were asked to assign as many peaks as possible
for their molecule on the 'H NMR spectrum on a post-
laboratory assignment question: 77.17% (71) were able to
assign at least 3 out of 17; 8.70% (8) were able to assign
peaks partially, and 14.13% (13) did not assign any peaks.
Students were asked to use TLC to determine if they
correctly made the product on a post-laboratory assign-
ment guestion. Students were also asked to describe what
any extra components might represent: 85.87% (79) were
able to fully interpret their TLC and identify the extra
components as byproducts or contaminates, and 6.52%
(6) were able to partially answer. An example TLC is
shown in Figure 2.

Students were asked to identify why the circled carbon in
the catalytic mechanism is such a good electrophile on a
post-laboratory assignment question: 70.65% (65)
correctly identified that the electron-withdrawing group
was impacting the carbon.

Students were asked to explain why the experiment is
called a tandem catalytic cycle and what are some
advantages of tandem catalytic cycles on a post-laboratory

pubs.acs.org/jchemeduc

3262

Laboratory Experiment

Figure 2. Prepared and developed TLC plate.

question: 88.04% (81) correctly identified the advantages
of catalytic cycles.

In addition, an anenymous student response survey consisting
of 13 Likert scale questions and three open-ended questions was
conducted to evaluate student satisfaction toward the developed
laboratory experiment from summer 2021 (15 of 18 completed
surveys). Evaluating student satisfaction toward the new
experiment, Figures 3 and Figures 4 summarize the student
responses to the Likert scale student questionnaire.

I UNDERSTAND WHAT THE MINIATURE 86.67%

COLUMN CAPTURED IN THE
EXPERIMENT

S0 13.33%

0.00%

73.33%
I UNDERSTAND HOW THE MINIATURE

COLUMN SEPARATES MIXTURES

v 20.00%

6.67%

66.67%
THE EXPERIMENT WAS INTERESTING

TO PERFORM

T 26.67%

6.67%

60.00%
THE POST-LAB QUESTIONS WERE

REASONABLE TO ANSWER

T 33.33%

6.67%

66.67%
I ENJOYED PERFORMING THIS

LABORATORY EXPERIMENT

s 33.33%

0.00%

93.33%
I WOULD RECOMMEND FOR OTHER

7,
STUDENTS TO DO THIS LAB. %, 6.61%

0.00%

Agree "sNeither Agree Nor Disagree mDisagree

Figure 3. Student responses to the Likert scale student questionnaire
{questions 1—7).

A larger number of students responded positively toward the
new lab and their understanding, with very few or no students
unsatisfied with the implementation or understanding of the
tandem catalysis lab. When reviewing student responses on
open-ended questions, the question “What did you like about
this experiment?” students noted being able to easily follow
along and understand the procedure, how quick the lab was, and
being able to obtain the product and feel successful. Responding
to the question “What did you not like about this experiment?”, a
few students complained about the wait time of the reaction

hrtpsi/idoiorg/10.1021/acs jchemead. 2¢00451
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I UNDERSTAND HOW THIS EXPERIMENT 66.67%
RELATES TO MY ORGANIC CHEMISTRY

LECTURE MATERIAL

s 26.67%

6.67%

(7

{/O/O//////A 33.33%

%

I UNDERSTAND HOW THE PEAKS IN THE 60.00%
HNMR SPECTRUM RELATE TO MY

PRODUCT

20.00%
20.00%

I UNDERSTAND THE IMPACT EWG
(ELECTRON WITHDRAWING GROUPS)
MAKE ON CREATING AN ELECTROPHILIC
CARBON

66.67%

73.33%
I UNDERSTAND THE IMPORTANCE OF

’,
CATALYTIC CYCLES Y, 20.00%
6.67%
I UNDERSTAND WHY THE TLC WAS 86.67%
CONDUCTED TO CHECK THE FINAL

PRODUCT

0.00%

BEE 13.33%

%
0.00%

B co7%

# Neither Agree Nor Disagree

86.67%
THE INTRODUCTION EXPLAINED THE

EXPERIMENT WELL 6.67%

6.67%

93.33%
THE INSTRUCTIONS WERE CLEAR AND

EASY TO UNDERSTAND
Agree

mDisagree

Figure 4. Student responses to the Likert scale student questionnaire
(questions 8—13},

refluxing (30 min). Finally, responding to the question “If you
were to repeat this experiment, what would you change about
the instructions?”, most students believed that the procedure did
not need changes.

Student responses to the questionnaire also supported the
accomplishment of 5 of the 6 pedagogical goals. For goal 2,
86.67% (13 of 15) agreed to understanding what the miniature
column captured in the experiment; 73.33% (11 of 15) agreed to
understanding how the miniature column separates mixtures,
with only 6.67% (1 of 15) disagreeing, For goal 3, 60% (9 of 15)
agreed to understanding how the peaks in the 'H NMR
spectrum relate to the product, while only 20% (3 of 15)
disagreed. For goal 4, 86.67% (13 of 15) agreed to under-
standing why the TLC was conducted to check the final product,
while only 13.33% (2 of 15) disagreed. For goal 5, 66.67% (10 of
15) agreed to understanding the impact of electron-withdrawing
groups on creating an electrophilic carbon with no disagree-
ment, For goal 6, 73.33% (11 of 15) agreed to understanding the
importance of catalytic cycles.

B CONCLUSIONS

An iron-based tandem catalysis from petroleum toward a
pharmaceutical lab experiment, illustrating product identifica-
tion by TLC and 'H NMR, was developed and implemented in
an vpper-level organic chemistry laboratory for undergraduates.
This experiment is an important addition to the curriculum as
students improve their experimental skills and gain hands-on
experience with research laboratory techniques. Furthermore,
students can understand how tandem catalysis is used in
industries such as the pharmaceutical industry to create a core
structure of pharmaceutical compounds from petroleum.
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