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ABSTRACT: A demonstration experiment of the synthesis of a novel tetrazole derivative via a multicomponent reaction (Ugi
tetrazole four component reaction, UT-4CR) bearing a luminol moiety and a subsequent exploitation of its chemiluminescent
properties is described. A complex product is generated in just one simple step, so simple that children can do it: “kinderleicht”,
German for dead easy. Students are stimulated, inspired, and involved in a multilevel active learning process using the Steps to
Inquiry framework as a metacognitive tool that raises student awareness regarding scientific process and prompts them to ask their
own questions discussing the merits of a mechanism and evaluating its effectiveness before they start their own cycles of inquiry.
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S tudents learn best if they are engaged in active learning; if demonstrate the chemical principles involved after making sure
they are motivated to deal with observations and concepts that students are fascinated by what they observe.””'' A
before the introduction of scientific concepts, jargon, and facts; chemiluminescent reaction is a typical chemical reaction with a
and if they have the sense that they are part of a community of “wow factor”'” due to its light-emitting product; thus, it is often
learners in a classroom environment that is very supportive of employed for an interesting and fascinating lecture or for school
their learning.' > The inclusion of classroom activities that demonstrations.'® In the course of the thermal transformation of
involve higher-order thinking skills* and the use of metacogni- reactants to products, bio- and chemiluminescence can occur
tive tools that encourage students to reflect on their observations when the chemical reaction energy of a so-called high-energy
are suggested by the National Science Standards (1996) intermediate can be transformed into electronic excitation
guidelines.s As such, successful demonstrations and discovery energy of the product, a process called chemiexcitation, in the
laboratories can pique students’ curiosity, enhance their appropriate energy range for visible light generation. The decay

understanding of scientific concepts, and motivate them when
coupled with active learning practices in science. In this context,
Rees et al.’s® use of interactive diagrams following a
demonstration prompting students to ask open-ended questions
vital for scientific inquiry was followed. Coupled with Vygotski’s
constructivist approach” and Rees et al.’s’ Steps to Inquiry
framework model,® our students were scaffolded when
answering questions in groups (Figure 1) such as “What did I
observe?, How does this mechanism work?, What caused the
observed change?, What components are responsible for what I am
observing?, What are the advantages of such a mechanism?, What
are potential applications?, What are the implications of such an
approach?” before they conducted their own investigations
(Supporting Information).

Particularly in chemistry, experiments with color and texture
changes, odors, temperature changes, and more are often used to

of this excited state to a lower energy level causes light emission.
In chemiluminescence, this high-energy intermediate is
normally man-made.'* Most chemiluminescence probes emit
light which triggers student curiosity and urges them to pose
questions in their attempt to make connections regarding this
mechanism.

In fact, the reaction starts by the oxidation of the probe, by an
oxidizing agent, into an unstable peroxide, bringing this light-
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Figure 1. Interactive diagram to facilitate our students’ inquiry with defined steps.

emission material into its excited state, it then rapidly decays to
the ground state with emitting light."> Luminol is one of the
most famous chemiluminescent chemicals (Figure 2).'¢ It
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Figure 2. Activation of luminol (pale white powder; upper photo) with
an oxidizing agent (hydrogen peroxide) in a basic environment in the
presence of a catalyst. The excess energy is liberated as a photon that is

visible as blue light.

exhibits chemiluminescence, with a blue glow, when mixed with
an appropriate oxidizing agent. To exhibit its luminescence,
luminol is activated with an oxidant, which is usually a solution
of hydrogen peroxide in a basic environment (pH > 7). In the
presence of a catalyst such as an iron, copper, or periodate
compound, the hydrogen peroxide decomposes to form a
superoxide anion and water. Upon reacting with the hydroxide
due to its basic environment, luminol then forms a dianion
whereas the superoxide produced from the hydrogen peroxide
reacts with the luminol dianion.'”'® The product of this
reaction, a peroxide, is very unstable and immediately
decomposes with the loss of nitrogen to produce S-amino-
phthalic acid with electrons in an excited state.'” As the excited
state relaxes to the ground state, energy is liberated as a photon
which is visible as blue light. The glow visibility lasts from
seconds up to hours depending on the reaction conditions.””*"

Multicomponent reactions (MCRs) can be a very useful
alternative to sequential, time-consuming multistep synthesis**
as they constitute one-pot reactions employing three or more
starting materials, where most of the atoms of the starting
materials are incorporated in the final product regardless the
mechanisms involved.”>** Several descriptive tags are regularly
attached to MCRs (Figure 3) such as atom economy (the
majority if not all of the atoms of the starting materials are
incorporated in the product), efficiency (the product is formed
in only one-step instead of multiple sequential steps),
convergence, and sustainability. Due to their unique properties,
we propose herein that MCRs can play an important role in the
chemical education of junior or senior undergraduate students
due to their ease to performance (no special equipment or
experimental conditions such as inert atmosphere, dry solvents,
or catalysts are needed), readily available building blocks, and
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Figure 3. Basic characteristics of modern multicomponent reactions
(MCRs).

demonstration of the principles of green chemistry.””~>" By

applying deductive logic to the structure and outcomes of
objective questions, students attempt to define multicomponent
reactions and become witnesses of an alternative “way of
thinking” which adopts a much more convergent approach to
synthetic problems, rather than the classic, lengthy synthesis.
This is evident in the student’s immediate response: “How is this
happening?” (See interactive diagram in Supporting Informa-
tion.)

B RESULTS AND DISCUSSION

Purpose of the Demonstration: A Student-Based Oriented
Teaching

Following a spectacular reaction, the introduction to the often
neglected MCR world created an unforgettable and meaningful
experience for students. The objective of this exercise was to
scaffold students so as to notice that, after incorporating luminol
into a multicomponent reaction, they could visualize the
assembly of the different building blocks before they could
finally exploit the chemiluminescent properties of the new
derivative. Upon experiencing for themselves the characteristic
glow after the addition of the oxidative 1‘eagent,18’28 student
interest was stimulated leading to the onset of a very fruitful
discussion for the principles of chemiluminescence and MCRs
(e.g, check the students answers to the following questions:
“What did I observe?” “What could I measure or observe about the
event?” “What could I change or vary that may affect what I can
observe?” See the interactive diagram, steps I and II, SI).
Specific details regarding evidence of the teaching method
and therefore evidence of learning might not seem initially
evident in our approach. However, this is understandable as we

https://dx.doi.org/10.1021/acs.jchemed.0c00290
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followed an open inquiry approach following the demonstration.
After watching the demonstration, a vast majority of our
students were eager to ask questions that teachers would take
note of but not directly answer. Following the key principles of
open inquiry, teachers encouraged more questions, touching
upon how we can acquire measurable and falsifiable data,
dependent and independent variables, research methods,
validity, and reliability. Then, they would ask students to make
hypotheses as to how what was demonstrated worked. Being
placed in the center of and taking ownership of their own
learning, students were encouraged to work out how this works
in a self-directed experimental sense following the demon-
stration. Challenging and active learning experimental environ-
ments do not entail following instructions recipe-wise. As such,
teachers facilitated student pair work in the process of
elucidating how this reaction works, in most cases by trial and
error. This approach also required students to be resilient to
failure and realize that there are dependent and independent
variables in science that students can control or modify until
they reach the desired outcome. A common practice among
teachers, in our case, was to frame the questions and make
students aware of the many variables that may be responsible for
the final effect demonstrated. Teachers elicited the questions but
did not answer them. They used common IBL (inquiry-based
learning) tools like concept mapping in order to make the
research process stages more visible to students. Visualization of
experimental process, data, and progress is of paramount
importance at this stage.°”" Teachers only gave emphasis to
inquiry skills following an inductive approach tailored to each
student’s knowledge gaps, queries, and interests. They
scaffolded the learning involved trying to hone students’
higher-order skills like creativity and analysis. Following such a
student-centered approach, teachers were not always able to
include more details as they attempted only to calibrate
individual students’ needs by asking more open-ended questions
and providing scaffolding in the sense of online resources.
Although many papers have covered chemiluminescence in
the past, via luminol, mostly having luminol as the attention
center,'”>”~* here we have a strong focus on the potential of
multicomponent reactions in the synthesis of compounds of
interest so as to render the MCR merits such as ease of
performance, complexity, extreme diversity in a single step,
sustainability, visibility, and testability. In the MCR world,
students were encouraged to employ a different mentality in
order to approach a synthetic problem and evaluate the “green-
ness” of chemical processes. With the use of chemluminesence
of the final adduct, students could visualize the assembly of four
different building blocks to a unique, more complex, final
compound and discussed the benefits of MCRs. In this context
and although students did not measure per se the difference of
chemiluminesence between luminol and the final product, the
main pedagogical outcome of our work was achieved as students
were actively engaged in the evaluation of the demonstrated
mechanism within a working framework of viable green
chemistry applications that aim to synthesize molecules with
specific properties in order to solve current or future problems.
In fact, the assembly of four different moieties with at least two
points of diversification (see reaction 1) into one compound
with chemiluminiscent properties can easily create enormous
libraries that could be screened in a high-throughput fashion
when compared to typical or no medicinal chemistry targets.
These compounds can be utilized not only in biology, medicine,
and imaging but also in material science, microwave irradiation,
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and green chemistry. All these important and interdisciplinary
features were addressed with this demonstration experiment.

The Demonstration Experiment

Synthesis. The luminol compound acts as the amine
component in the Ugi tetrazole four component reaction
(UT-4CR). This is a variant of the classical Ugi reaction with a
great variability of building blocks and tolerability of orthogonal
functional groups and is very easy to perform (reaction 1).**
Tetrazole derivatives are a prime class of heterocycles; they are
very important in medicinal chemistry and drug design in which
MCR chemistry offers convergent access to multiple of those
scaffolds providing the three important elements of novelty,
diversity, and complexity. After testing their own initial
hypotheses regarding what other compounds luminol (1)
could react with (see SI), students realize that 1 can react with
an aldehyde (2), isocyanide (3), and trimethylsilyl azide (4) in
order to yield compound S which incorporates a tetrazole
moiety along with luminol.

0
0
NH
NH R'-CHO NH
2 - NH
NH, O UT-4CR N’!\‘ N
1 + > \N)\(NH O
® O 52
RZN=C TMSNg ROR
5
3 4

(1)

Indeed, in a very facile setup, we have reacted, under microwave
conditions (see Experimental Section for more details),
isobutyraldehyde, tert-butyl isocyanide, trimethylsilyl azide,
and the luminol in methanol as solvent, affording the targeted
compound § as foreseen (reaction 2). Compound § is a gray
solid, very easy to transfer, weigh, and store (Figure 4).

o)
o]
NH CHO
NH NH
- NH
NH, O MW, 100°C, 1 h N,[\J N
MeOH ‘N)I“H o
\P TMSN; #\
\2E
- 5,62%

()

Figure 4. (A) Tetrazole adduct § as gray solid. (B) Solution of
compound § in MeOH (left), with same solution under UV light at 366
nm (right).

Chemiluminescence. In order to carry out the demon-
stration, we proceed to its final and conclusive part. Therefore,
we mixed novel compound $ with an oxidizing agent such as
hydrogen peroxide under the appropriate conditions (reaction
3, see Experimental Section and SI for more details)."'5 Then, the
characteristic blue glow gradually appears and lasts about 40 s.

https://dx.doi.org/10.1021/acs.jchemed.0c00290
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http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.0c00290/suppl_file/ed0c00290_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00290?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00290?fig=eq2&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.0c00290/suppl_file/ed0c00290_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00290?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00290?fig=eq2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00290?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00290?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00290?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.0c00290?fig=fig4&ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://dx.doi.org/10.1021/acs.jchemed.0c00290?ref=pdf

Journal of Chemical Education

pubs.acs.org/jchemeduc

Demonstratlon

Figure S. Slow addition of the solution of the hydrogen peroxide to the aqueous basic solution of compound S. The characteristic blue glow is gradually

produced.

Figure 6. Students having fun in the dark while they are learning the basic concepts of chemluminesence through the novel luminol-tetrazole
derivative. They are slowly adding the solution of hydrogen peroxide with a Pasteur pipet and observe the phenomenon.

Interestingly, students immediately notice the color change
while being in a dark room. The effect is very strong and
characteristic/typical of the reaction (Figures S and 6).
N-N
———>\

N-N
N, \
%)Iw catalyst //N\)I\JH o)

Following the observations and results of this demonstration,
students not only experienced and reflected on fundamental
principles of organic chemistry and photochemistry but also
discussed and evaluated a modern approach of how to synthesize
a functionalized molecule. (For example, check the student
replies to the following questions: “What will I change?” “What I
will not change?” “What is my prediction and why?” See the

interactive diagram, steps III and IV, in SL) As such, students

o

NH

]
\ (¢}
NH H20; (3%), water %

(3)
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with hands-on real synthesis of an unprecedented compound
(such as compound 5) became more familiar with a series of
principles such as microwave irradiation, basic organic synthesis,
and green and sustainable chemistry. Moreover, they reported
that they were inspired and stimulated, having as a driving force
their own curiosity (Figure S2, Supporting Information). In this
context, we support that chemistry teaching can be considerably
more effective when it involves reflection and evaluation of the
methods employed by scientists exploring a reaction or
properties of compounds rather than a dry conversion of
symbols or numbers. The above demonstration could be
performed either by the tutor or students themselves depending
on the presence of basic laboratory safety skills and student
competences.

This demonstration can have further pedagogical applications
depending on the content knowledge of university students.
When we piloted this experiment with undergraduate students,
we noticed the implications of incorporating four different

https://dx.doi.org/10.1021/acs.jchemed.0c00290
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compounds (all commercially available) into a new, complex
molecule that had never been described in the literature. Not
surprisingly, students reported that they found that novelty
factor fascinating. At a more advanced level (college or graduate
students), this example could also serve as an NMR exercise by
correctly assigning the peaks (see SI). In the same vein, students
might not always make accurate observations or explanations,
but through active engagement’ they become familiar with the
principles of microwave-assisted organic synthesis.’®** Last but
not least, compound $ could be developed as an imaging probe
or utilized in material sciences.

B HAZARDS

Before the commencement of any chemical demonstration, it is
advisible to review the American Chemical Society Safety
Guidelines for Chemical Demonstrations.”” Standard safety
procedures should be followed; when handling the chemicals
and preparing the solutions, chemical splash goggles, nitrile
gloves, and proper lab attire should be worn. All reagents and
solvents have to be stored in a well-ventilated place and be kept
cool. In addition, contact of chemicals with skin and eyes should
be avoided. Luminol is not a hazardous substance and does not
contain hazardous ingredients (Article 2 REACH Regulation
(EC) 1907/2006). Isobutyraldehyde, trimethylsilyl azide, and
tert-butyl isocyanide are highly flammable. All sources of ignition
(heat, spark, open flames, and hot surfaces) should be kept away.
tert-Butyl isocyanide has a strong smell and should be handled in
a suitable fume hood. Although the scale of the proposed
experiments is safe and convenient to work with, in terms of the
smell, it is proposed to keep an open beaker or flask with 25—50
mL of 1 M HCl or 1 M NaOCI inside the fume hood to
extinguish all the vapors. Additionally, but not necessarily all the
glassware could be washed with a solution of 1 M HCl or 1 M
NaOCI after usage to hydrolyze the isocyanide residues.
Important information on the SDS files is included in the SI.

B EXPERIMENTAL SECTION
General Methods

All the reagents and solvents were purchased from Sigma-
Aldrich, AK Scientific, Fluorochem, Abcr GmbH, and Acros and
were used without further purification. All microwave irradiation
reactions were carried out in a Biotage Initiator microwave
synthesizer. Thin layer chromatography was performed on
Millipore precoated silica gel plates (0.20 mm thick, particle size
25 pum). Nuclear magnetic resonance spectra were recorded on
Bruker Avance 500 spectrometers {'"H NMR (500 MHz), "*C
NMR (126 MHz)}. Chemical shifts for 'H NMR were reported
as & values, and coupling constants were in hertz (Hz). The
following abbreviations were used for spin multiplicity: s
singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet,
quin = quintet, dd = double of doublets, ddd = double doublet of
doublets, m = multiplet. Chemical shifts for *C NMR were
reported in ppm relative to the solvent peak.

Synthesis of the
5-((1-(1-(tert-Butyl)-1H-tetrazol-5-yl)-2-methylpropyl)-
amino)-2,3-dihydrophthalazine-1,4-dione (5)

Luminol (0.177 g, 1.0 mmol) dissolved in methanol (1 mL),
isobutyraldehyde (0.09 mL, 1.0 mmol), tert-butyl isocyanide
(0.12 mL, 1.1 mmol), and trimethylsilyl azide (0.14 mL, 1.1
mmol) were added into a $ mL microwave vial. The solution was
irradiated in a microwave oven for 1 h at 100 °C. After
completion of the reaction (TLC control), the residue was dried
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under reduced pressure via rotary evaporation and was purified
using flash chromatography (dichloromethane—methanol, 4:1)
to afford the desired product as a gray solid in 62% yield.

Chemiluminescence of the Tetrazole Derivative 5

To a stirred solution of the previously synthesized compound §
(0.357 g, 1 mmol) in deionized water (1 L) in an Erlenmeyer
flask, Na,CO; (4.0 g), NaHCO; (24.0 g), (NH,),CO5 (0.5 g),
and CuSO,-SH,0 (0.4 g) were added and dissolved under
stirring. In another flask, a solution of 3% H,0, (50 mL) in
deionized water (950 mL, total volume 1 L) was prepared.
Mixing of the two solutions gives the characteristic blue glow.
The novel luminol-tetrazole derivative was visibly glowing for
approximately 40 s.

B CONCLUSIONS

Inquiry, reflection, and critical evaluation processes are deemed
essential skills prior to researchers creating new knowledge and
subjecting it to peer review, before they can make adaptations
and apply it in new settings. This demonstration combined with
Rees et al.’s® reflection prompts can provide a model for how
college or school teaching can likewise engage students in active
learning. Chemists ask questions, and they search for answers by
gathering, collating, and interpreting data, sharing proposed
explanations and solutions, and then trying these new proposals
out in different contexts. This may raise new questions, and so
the process continues in a cyclic fashion. Here, we take
advantage of all the vital components of scientific inquiry upon
demonstrating the synthesis and properties of a novel
chemiluminescent compound by a multicomponent assembly
process.
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