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ABSTRACT: A simple, inexpensive, discovery-based experi-
ment for undergraduate organic laboratories has been developed
that demonstrates the Lewis acid and shape-selective properties
of zeolites. Calcined zeolite Na-Y promotes the electrophilic
aromatic bromination of toluene with a significantly higher
para/ortho ratio than observed under conventional conditions.
The experiment can be completed in one three-hour laboratory
period. The zeolite can be recovered
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and regenerated for later reuse. A broad range of organic course topics from orientation in electrophilic aromatic

substitution to photochemistry can be discussed.
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. INTRODUCTION

With zeolites being employed in diverse applications, such as
water softening, production of animal litter, and refining of
petroleum, it is likely that most university students do not go a
day without coming into contact with products and materials
affected by or made with the aid of zeolites. Despite their
ubiquity and the excellent experiments available in the

chemical education literature,* they still are no more
prominent in undergraduate chemistry curricula than they were
20 years ago. Some of the important properties of zeolites can
be easily demonstrated through their promotion of
electrophilic aromatic substitution reactions.

Zeolites are aluminosilicates consisting of a network of SiO4

and AlO4 tetrahedra.’ The aluminum atoms bear a -1 formal
charge, requiring the presence of countercations. As a function of
these tetrahedral units and the conditions of their synthesis,
zeolites contain pores and channels through which small
molecules can pass and can occupy. Different zeolites have
framework structures that differ in their pore aperture sizes, cavity
dimensions, and channel arrangements (intersecting or not), and
within any given framework the Si/Al ratio and countercation
identity can vary. The nature of their structures and compositions
can also result in zeolites containing strong Brgnsted and/or Lewis
acid sites. These structural features lead to three types of
applications: ion exchange, adsorption and separation of

compounds, and catalysis or promotion of chemical reactions.’
The zeolite used in the present study is

a so-called large-pore zeolite known as zeolite Y (Figure 1)
with sodium countercations. For this reason it is denoted as
zeolite Na-Y.

In addition to the aforementioned properties, zeolites exhibit
shape selectivity, which is of great importance in catalysis and in
the promotion of reactions in general. The dimensions of the pores
and channels within the zeolite can influence either the admission
of reactants or the passage of products of differing sizes and
shapes; the beneficial outcome is that often one product will be
favored in scenarios where several would otherwise be possible.
However, in some pertinent examples of electrophilic aromatic
substitution reactions, the type of shape selectivity relies on a
better fit of the reaction transition state for production of one
isomer within the zeolite cavities, leading to the preferential
formation of the corresponding product. Although important
commercial examples are known,* one dramatic case of shape
selectivity suitable for undergraduate organic laboratories is the
electrophilic bromination of toluene. In acetic acid without
zeolites, bromination produces 67% para and 33% ortho
substitution products.5 By contrast, in methylene chloride under
ambient conditions in the presence of zeolite Na-Y, bromination
occurs within 1 h and provides a 98:1 para/ortho ratio in >99%
yield.6 The zeolite provides




Figure 1. Structure of zeolite Y. Vertices represent the locations of Si
or Al atoms; O atoms are not shown but are located at appropriate
positions between vertices. The largest entry port has a ring diameter
of 7.4 A, and the internal cavities formed at the intersections of three
mutually perpendicular channels have diameters of around 13 A.
Reproduced with permission from ref 3. Copyright 2017 Structure
Commission of the International Zeolite Association.

Lewis acid sites for bromination and is shape-selective for
the para substitution product transition state. Since HBr is a
byproduct that deactivates the Lewis acid sites, zeolite Na-
Y promotes the reaction rather than catalyzing it.

Although excellent undergraduate experiments demonstrat-ing
the properties of zeolites have been reported,l few involve the
catalysis or promotion of organic reactions."™*  Fewer
demonstrate shape selectivitylh’k'I and can be conducted in one
laboratory period without relatively sophisticated equipment.
Although Cooke et allh reported a reaction that fulfills some of
these criteria, the process described most likely occurs on the

surface of the zeolite and does not demonstrate shape
selectivity in the sense described earlier.

. EXPERIMENT

Water strongly binds to zeolites and inhibits their potential
to catalyze or promote reactions; organic residues are
similarly deleterious. Thus, calcination is necessary to
combust organic material, and the high temperatures
required ensure that the zeolite is available in its anhydrous
form. Zeolite Na-Y can be effectively prepared for multiple
classes of students by heating it to 550—600 °C for 24 h

under an O2 atmosphere. Alternatively, air can be used
instead of oxygen. Once the calcination is complete, the
zeolite must be placed in a vacuum desiccator until needed.

The experimental procedure is rather quick and simple.
Cyclohexane (5 mL), calcined zeolite Na-Y (0.55 g), and
10% (w/w) toluene in cyclohexane (0.70 mL) are placed in
a 25 mL round-bottom flask and stirred for 5 min. Bromine
in cyclohexane (10% w/w, 0.43 mL) is added, and the flask
is stoppered and completely wrapped in foil. After 1 h of
stirring in the dark, the mixture is vacuum-filtered through a
fine-porosity sintered glass funnel. The filtrate is analyzed
by gas chromatography—mass spectrometry (GC-MS), or
simple GC can be used instead. If the equipment is readily
available, the product mixture can also be analyzed by e
NMR spectros-copy.

In our implementation of this experiment, the students worked
individually. They injected their own samples and acquired the
data on the GC-MS instrument. Initially, methylene chloride was
used as the solvent, as suggested in the original literature
procedure,6 but later this was changed to the greener choice of
cyclohexane with very comparable results.

. HAZARDS

The procedure must be carried out in a fume hood, and safety
goggles should be worn. Bromine is corrosive and toxic.

Table 1. Isomer Ratio upon Bromination of Toluene with Zeolite Na-Y
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Average results of 110 students with cyclohexane as the solvent. bAverage results of 126 students with methylene chloride as the solvent.
Because of problems with the performance of the equipment at the time the students analyzed their samples in 2012 and 2014, the samples
were reanalyzed later by the supervisor, and these are the results included in the table for them. For other years, the data obtained by the

students themselves are used. “Zeolite samples used in previous years were calcined and then reused for these experiments, supplemented

where necessary with fresh zeolite. dReference 6. *Reference 5.



Cyclohexane and toluene are flammable. Zeolite Na-Y is an
irritant. 2-Bromotoluene is an irritant and flammable. 4-
Bromotoluene is an irritant. All of the compounds should
be handled in ways that are consistent with the
corresponding MSDSs.

B RESULTS AND DISCUSSION
The experiment was designed to be a discovery learning

experience according to the terms used by Domin.” Ina prelab
lecture and the student procedure, zeolites, their Lewis acid
properties, and their ability to separate compounds were
described, but shape-selective catalysis or promotion of
chemical reactions was not specifically mentioned. The isomer
ratio in acetic acid was provided to students, and in their
reports they were asked to explain the high selectivity for the
para product in their own zeolite-promoted process (Table 1).
The learning objectives for the experiment and their
assessment are described in the instructor notes.

The chemistry of zeolites leads to diverse opportunities for
discussion, including structural features, the ability of zeolites
to catalyze or promote chemical reactions in general, and more
specifically, the important aspects of the electrophilic aromatic

substitution under consideration in the current experiment.8
The specific reaction used here is conducted under ambient
conditions, thereby minimizing energy requirements in line

with one of the 12 principles of green chemistry,9 and
although it is not a true catalyst for this reaction, the zeolite
can be recovered and reused. The zeolite samples recovered
from the students’ filtrations have been calcined and reused up
to four times with minimal apparent effect on the selectivity,
reactivity, or overall yield. The very high selectivity for the
para isomer leads to a reduction in waste, in line with another
principle of green chemistry.

Another important aspect of the synthesis is that photo-
bromination of the toluene methyl group is facile and benzyl
bromide will be observed if the reaction mixture is not protected

from light. The product mixture can be analyzed by cc.®

Alternatively, 4 NMR spectroscopy can be used to study the
reaction mixture, or the experiment can be pursued as a traditional
synthesis if desired (details for the latter two options are discussed
in greater detail in the Supporting Information). GC-MS was used
here because it was pedagogically convenient to cover certain
aspects of mass spectrometry. As would be expected, the mass
spectra of 2-bromotoluene and 4-bromotoluene are similar, and
identification was based upon retention times. Using GC-MS
provides an opportunity to demonstrate the appearance of halogen
isotopes in mass spectra. As indicated by GC-MS,
bromocyclohexane some-times forms, and this and the formation
of benzyl bromide give the opportunity for an instructor to discuss
photochemistry and radical reactions to explain these
observations. Furthermore, Smith et al.% have shown that a similar
procedure can be applied to other alkylbenzenes, which allows for
discussion of the effects of substituents on the reaction.

Data from student experiments were collected from 236
students over six spring semesters (2011-2014, 2016-2017). The
typical isomer ratios from student experiments are provided in
Table 1. Student results within a given year were consistent and
showed the same general trends within acceptable ranges of error;
importantly, the results were largely unaffected by the choice of
cyclohexane or methylene chloride as the solvent. By 2014, some
of the zeolite samples had been used and calcined three or four
times, yet the observed para to

ortho ratio remained essentially the same. More than 96%
of the student data clearly allowed students to observe the
effects of shape selectivity in the zeolite-promoted reaction
compared with the reaction without zeolite Na-Y.

A useful feature of this experiment is that although it is highly
reproducible and therefore likely that all students will obtain good
results, it remains possible to evaluate their technique and
attention to detail. Poor technique becomes apparent in several
ways. If the reaction mixture is not protected from light, benzyl
bromide will be observed. If too little toluene or too much
bromine is inadvertently used, then photobromination of the
solvent may be observed upon exposure of the mixture to light
after the reaction. Although it does not happen immediately,
rehydration of the zeolite in the laboratory atmosphere will occur,
resulting in lower percent conversion of toluene. Storage of the
calcined zeolite in a vacuum desiccator for five days had no
apparent effect on the para/ortho ratio results. In fact, samples of
zeolite stored for 3 weeks gave usable results, albeit with lower
percentage toluene conversion. Although experi-ments showed
that the students may expose their zeolites to air for at least 30
min and possibly longer (see the Supporting Information), it is
recommended that students use their zeolite samples within 15
min after removing them from the vacuum desiccator and
weighing them. Although an excess of toluene is used, the amount
of unreacted toluene can be a measure of the alacrity and care
with which the students handled their Na-Y.

The experiment was inexpensive to perform, and cost
less than $3 per student. Less than 14 mL of waste should
be generated per student. The zeolite was recovered and
was suitable for reuse upon calcination. Since bromine is
corrosive and toxic, only amounts sufficient for one
laboratory class were placed in the lab at any given time.

. CONCLUSIONS

The promotion of electrophilic aromatic bromination of
toluene by zeolite Na-Y was remarkably easy to modify into a
simple, inexpensive, discovery-based lab experiment for
under-graduate laboratory courses. This experiment effectively
demonstrated the Lewis acid and shape-selective properties of
a zeolite while simultaneously allowing for the review or
introduction of several seemingly unrelated lecture and
laboratory topics. The experiment can be completed in one
three-hour laboratory period, and most students obtain results
that demonstrate important properties of zeolites.
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