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MECHANOCHEMISTRY APPLIED TO THE SYNTHESIS OF 2-PHENYLIMIDAZO[1,2-a]PYRIDINE AS A

TEACHING TOOL FOR GREEN CHEMISTRY
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In the present work, we developed an experimental class for undergraduate students concerning the linear synthesis of
2-phenylimidazo[1,2-a]pyridine through mechanochemical techniques. This approach aims to conceptualize the green chemistry
principles through a safe, robust, atom-economic, energy-efficient, and solvent-free method for preparing these classes of compounds

by manual grinding and vortex mixing. The methodology was easily applied in experimental classes for chemistry students and could

be easily expanded to other courses such as pharmacy and biotechnology.
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INTRODUCTION

In recent years, sustainable development has emerged as an
important concept for preserving the environment and society. In
contrast, for many years, the chemical industry was considered a
major polluter of the environment due to its generation of hazardous
waste that, when treated improperly, constitutes a great danger to
life. In this sense, starting in the 1990s, some attitudes and treaties
were initiated to reduce the generation of chemical residues in all
production lines.' These attitudes culminated in 1998 with the release
of the book by Anastas and Warner? entitled “Green Chemistry:
Theory and Practice”, which shows a series of attitudes to be
followed for sustainable development in green chemistry. From there,
a perfect green chemical process is guided by a series of procedures
called the 12 principles of green chemistry, which are (i) waste
prevention, (if) atom economy, (i) less hazardous chemical synthesis,
(iv) designing safer chemicals, (v) safer solvents and auxiliaries,
(vi) design for energy efficiency, (vii) use of renewable feedstocks,
(viii) reduce derivatives, (ix) catalysis, (x) design for degradation,
(xi) real-time pollution prevention and (xii) safer chemistry for
accident prevention.?

Many of these principles are found in mechanochemistry, which
arises as a sustainable alternative for organic synthesis. This technique
is based on the use of mechanical friction (mechanical energy) as a
way to make contact between molecules and consequently promote
a chemical reaction.* Originated in prehistory, where mechanical
energy was used to create fire and grind grains and food, it was
initially adapted to chemical procedures with a mortar and pestle.
It currently has equipment dedicated to this purpose. Regarding the
use of mechanochemistry in organic synthesis, it is an important
sustainable chemical tool since it has several advantages: it does not
require the use of solvents, there is a decrease in reaction time and
formation of waste compared to traditional methods; in some cases,
it improves the reaction yield.*

Bringing these principles of green chemistry and alternative
synthetic methodologies to an educational context is critical. In
this sense, experimental classes play a vital role in learning. The
experimental procedures bridge the gap between theory and practice,
inspire curiosity, enhance critical thinking, promote teamwork, and
connect scientific concepts to the real world. These classes not only
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help students understand complex concepts but also develop a lifelong
love of science and prepare them for future challenges. Therefore,
they are an indispensable tool in modern education.®

With this in mind, the present work describes an experimental
class that stimulates thinking in sustainable chemistry (green
chemistry) and alternative synthetic protocols through the
mechanochemical preparation of 2-phenylimidazo[1,2-a]pyridine.
The approach was performed for both 2-bromoacetophenone starting
material and desired imidazo[1,2-a]pyridine. Additionally, two
mechanochemical techniques for organic synthesis are presented,
which are manual grinding and the use of spheres in a vortex
mixer, as depicted in Scheme 1, both easily applicable in teaching
laboratories.

o]

©)4\/Br

MECHANO-
CHEMISTRY

o

Scheme 1. General synthetic pathway
Theoretical aspects

The imidazo[1,2-o]pyridines are characterized by the junction
of two heterocyclic nuclei in their structure: imidazole and pyridine.
This heterocycle was described for the first time in 1925 by
Tachitschibabim,” and for a long time, this class of compounds was
little studied due to the lack of efficient methods for their synthesis.
However, in recent decades, a series of methodologies, particularly
those catalyzed by metal, have made it possible to synthesize
imidazo[1,2-a]pyridines.® From then on, a series of applications for
this compound class was described, emphasizing the pharmacological
area. This is depicted in Figure 1, where the structural unit can be
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Figure 1. Imidazo[ 1,2-a]pyridine skeleton in commercial drugs

found in zolpidem, used to treat insomnia; zolimidine, used for
peptic ulcers and gastroesophageal reflux disease; miroprofen, sold
as an analgesic and anti-inflammatory, and olprinone, which is a
cardiotonic agent.’

Due to the importance of this class of compounds,
several methodologies are described for the synthesis of
imidazo[1,2-a]pyridines. One of the most versatile ways present
in the literature'® to obtain this compound is through the use of
2-aminopyridines and o-haloketones as starting substrates, as
presented in Scheme 2.
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Scheme 2. Retrosynthetic analysis of imidazo[1,2-a]pyridines

In turn, a-haloketones are prepared by ketone a-bromination,
a reaction in which a bromine moiety (-Br) is added to the carbon
directly linked to the carbonyl group (C=0O). The introduction of
bromine at the alpha position is an essential step in the synthesis
of many organic compounds because it creates a reactive chemical
function that can be used in subsequent reactions.!" The most
classic and well-known methodology for a-bromination of ketones
is to use molecular bromine (Br,) under acid catalysis. However,
this methodology may present some selectivity problems, with
dibromination of the alpha position of the ketone and bromination
of other positions of the starting substrate, also known as
overbromination.'? Thus, among the existing oa-bromination
methods, N-bromosuccinimide (NBS) is highlighted as a bromine
source being a versatile tool for bromination reactions since NBS
is a reagent that allows more specific and economical control over
the addition of bromine to alpha carbons.'*!* Furthermore, NBS is a
solid reagent, easy to handle, highly available, and can be easily used
in chemical methodologies, such as mechanochemistry. In this way,
both steps of preparation of 2-bromoacetophenone starting material
and 2-phenylimidazo[1,2-o]pyridine product can be carried out in a
mechanochemical procedure.

RESULTS AND DISCUSSION

The mechanochemical experiment was completed by 32 third-
year undergraduate chemistry students, who worked in groups
of two, performing both steps of preparation and purification of
2-bromoacetophenone and synthesis of 2-phenylimidazo[ 1,2-a]pyridine
in a single class of 4 h. In manual grinding, every 10 min, the two
team members alternate in the grinding process. The product was
allowed to dry under air for over a week. Then, the reaction yield
was calculated, the melting point was determined, and spectroscopic
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characterization ("H NMR, C NMR, and FTIR) was performed.

The a-bromination of acetophenone is usually carried out
with N-bromosuccinimide (1 equiv.) and p-toluenesulfonic acid
(1 equiv.) under reflux for 12 h."* It is worth mentioning that the
mechanochemical version of this procedure has not been reported.
Thus, this procedure was optimized and validated before being
implemented in class. After a brief reaction optimization, which
involved adjusting the manual grinding time and the amount of
p-toluenesulfonic acid, acetophenone (1) was successfully converted
to 2-bromoacetophenone (2) in a satisfactory yield of 96% after 30 min
of grinding, as depicted in Scheme 3. This preliminary investigation is
discussed in the theoretical introduction of the experimental class as
a practical example of developing a greener procedure, wherein the
solvent was eliminated, and the reaction time was reduced.
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Scheme 3. Synthesis of 2-bromoacetophenone through manual grinding

Br

In this way, the students performed a gram-scale mechanochemical
synthesis of 2-bromoacetophenone employing the optimized reaction
conditions. The protocol can be executed with both a mortar and
a pestle or a thick wall (4 mm) test tube and a glass rod. The
N-bromosuccinimide, used without purification as a brown solid,
served as an indicator of reaction progress, as the mixture changed
from an initial brown hue to a pale-yellow color in the conclusion
of the process. Furthermore, due to the relatively low melting point
of 2-bromoacetophenone (48-51 °C), the reaction mixture gradually
turned pasty over time, as depicted in Figure 2.

t =30 min

t =0 min

Figure 2. Physical aspects of mechanochemical reaction

After the reaction was completed, the mixture was dissolved
in ethyl acetate and washed with aqueous sodium thiosulfate and
aqueous sodium bicarbonate to remove the remaining NBS and acid
catalyst, respectively. The product was allowed to dry under air for
over a week. Then, the reaction yield was calculated, the melting
point was determined, and spectroscopic characterization (‘H NMR,
BC NMR, and FTIR) was performed. The 2-bromoacetophenone was
obtained with an average yield of 96% and a range of 90-99%. Besides
the spectroscopic characterization, the students were encouraged to
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evaluate the purity of the compounds by thin-layer chromatography.
As both acetophenone and 2-bromoacetophenone have the same
R; values, visualization reagents were used to observe the chemical
transformation through the different colors that appeared, and the
limitations of the technique were discussed.

In the sequence, the second step involved the reaction of
2-bromoacetophenone (2) with 2-aminopyridine (3), as depicted
in Scheme 4. The same procedure was performed with manual
grinding for 30 min. The resulting solid was dissolved in hot
acetone (15 mL), cooled in an ice bath, and added cold hexane
(50 mL) to promote the product precipitation. After filtration, the
2-phenylimidazo[1,2-a]pyridine (4) was obtained in an average yield
of 77% in a 40-81% range. The variation in reaction yield observed in
the groups was related to the amount of hot acetone (or ethyl acetate)
added to dissolve the reaction mixture. Excess of the polar solvent is
detrimental to product precipitation.
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Scheme 4. Mechanochemical synthesis of 2-phenylimidazo[ 1,2-apyridine

The students measured the melting point of the precipitate,
obtaining an average value of 135 + 3.0 °C, which is in agreement with
2-phenylimidazol[1,2-a]pyridine. The spectroscopic data confirmed
the structure of the product of interest. These data can be found in
the Supplementary Material section.

Additionally, with the successful preparation of compounds 2
and 4 using manual grinding, the protocol was modernized by
incorporating a ball mill apparatus, as presented in Scheme 5. After
adding the starting substrates and some steel spheres to a plastic
falcon-type tube, it was sealed and placed under agitation in a
laboratory vortex for 10 min. This resulted in the products of interest
with yields similar to those obtained through manual grinding, as
depicted in Figure 2. This experiment was demonstrative, aiming to
compare the results obtained through vortex mixing with that obtained
by the students with the manual grinding.
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Scheme 5. Ball milling approach in the 2-phenylimidazo[1,2-a]pyridine
mechanosynthesis

Finally, as the experimental procedures concluded, the concepts
of green chemistry discussed throughout the course were highlighted,
along with the theoretical aspects of a-carbonyl substitution and
condensation reactions in organic synthesis. The students were
challenged to present the reaction mechanisms involved, as well as
to analyze the characterization data.
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CONCLUSIONS

In summary, the implemented experimental class allows
the students to have a better understanding of green chemistry
concepts, performing an environmentally friendly methodology
using mechanochemistry in synthesizing 2-bromoacetophenone
and 2-phenylimidazo[1,2-a]pyridine. This methodology is easily,
accessible, cheap, robust, and leads to the formation of expected
products at high yields.

EXPERIMENTAL
Materials and methods

Starting materials obtained from commercial suppliers were used
unless otherwise stated. The manual grinding procedure was carried
out with a mortar and a pestle. The vortex mixing procedure was
performed with a 5 mL falcon-type tube charged with 3 steel spheres
of approximately 4.0 mm of diameter in a digital vortex mixer iSwix
VT (Neuation, Gujarat, India). "H and *C NMR spectra were acquired
on a Bruker Avance III 500 NMR spectrometer (Rheinstetten,
Germany) operating at 11.75 Tesla, fitted with a broadband inverse
(BBI) probe at 25 °C. The deuterated chloroform (CDCl;) was used
as the solvent. The spectra were processed using the Bruker TopSpin
software. 'H and "*C chemical shifts are given in J (ppm) related to
the tetramethylsilane (TMS) signal at ¢ 0.00 as an internal reference.
Spectra in the infrared region were obtained in the form of a KBr
disc on a Spectrum 400 equipment (PerkinElmer, Shelton, USA).

Mechanochemical synthesis of 2-bromoacetophenone through
manual grinding

In the mortar, N-bromosuccinimide (2.0 g, 11.25 mmol),
acetophenone (1.2 mL, 10.0 mmol) and p-toluenesulfonic acid
(1.9 g, 11.0 mmol) were added. The mixture was ground with
the pestle for 30 min. The mixture was diluted in 25 mL of
ethyl acetate (EtOAc), washed with 1 mol L' sodium thiosulfate
solution (1 x 20 mL), 1 mol L' sodium bicarbonate solution
(1 x20mL), and deionized water (1 x 20 mL). The organic phase was
dried with sodium sulfate (Na,SO,), and the solvent was removed in a
rotary evaporator to afford pure 2-bromoacetophenone in 96% yield.

Mechanochemical synthesis of 2-bromoacetophenone through
vortex mixing

In a falcon-type charged with steel spheres, N-bromosuccinimide
(2.0 g, 11.25 mmol), acetophenone (1.2 mL, 10.0 mmol), and
p-toluenesulfonic acid (1.9 g, 11.0 mmol) were added. The tube was
sealed and submitted to 700 rpm in a vortex for 10 min. After this,
the reaction mixture was diluted in 25 mL of EtOAc, extracted with
1 mol L' sodium thiosulfate solution (1 x 20 mL), 1 mol L' sodium
bicarbonate solution (1 x 20 mL), and deionized water (1 x 20 mL).
The organic phase was dried with Na,SO,, and the solvent was
removed in a rotary evaporator.

Mechanochemical synthesis of 2-phenylimidazo[1,2-a.[pyridine
through manual grinding

In a mortar, 2-bromoacetophenone (1.10 g, 5.5 mmol) and
2-aminopyridine (0.5 g, 5.3 mmol) were added and ground with
the pestle for 30 min. Then, the mixture was diluted in 15.0 mL
of hot EtOAc or acetone in a 100 mL beaker and cooled in an
ice bath. After adding 50 mL of ice-cold hexane, the precipitated
2-phenylimidazo[1,2-a]pyridine was filtered under vacuum, affording
4 in 77% yield without further purification.
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Mechanochemical synthesis of 2-phenylimidazo[1,2-o.[pyridine
through vortex mixing

2-Bromoacetophenone (1.10 g, 5.5 mmol) and 2-aminopyridine
(0.5 g, 5.3 mmol) were added in a falcon-type charged with steel
spheres. The tube was sealed and stirred at 700 rpm in a vortex for
10 min. The mixture was diluted in 15.0 mL of hot EtOAc or acetone
and transferred to a 100 mL beaker. Then, 50 mL of ice-cold hexane
was added, and the precipitated 2-phenylimidazo[ 1,2-o]pyridine was
filtered under a vacuum.

SUPPLEMENTARY MATERIAL

Images of the steps of the mechanochemical reactions, 'H,
BC NMR, and IR spectra, data of the compounds are described in
the supplementary material, available at http://quimicanova.sbq.org.
br/, as a PDF file, with free access.
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