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ABSTRACT: Recently proposed solar reflectors developed
from satellite dishes have the ability to be incorporated into
student laboratory procedures to eliminate electricity use while
demonstrating green chemistry techniques at the same time.
There have been recent attempts to make chemical synthesis
procedures more environmentally friendly. As a result, demand
to incorporate more green chemistry techniques into student
laboratories has increased. Electricity use is one area of
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environmental concern because fossil fuels are used for the majority of electrical energy in the United States. An effective means
for minimizing the amount of electricity needed to drive chemical reactions to completion is proposed through the use of solar
parabolic reflectors. A comparative study is conducted using an electrical and solar heat source on the Diels—Alder cycloaddition
reaction of maleic anhydride and anthracene. This reaction is chosen as the test reaction due to its widespread use among many
undergraduate chemistry programs. Analysis of the products is performed by NMR spectroscopy.
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B INTRODUCTION

The main objective of green chemistry is to attempt to make
chemicals and processes more sustainable in the environment
by developing a cleaner, more environmentally friendly
process." To many scientists, this is a tremendous challenge
because there is no established method that ensures a truly
green process is being implemented. Therefore, generally, only
small changes to a setup of synthetic chemical procedures are
made in order to reduce hazard levels and alleviate waste
generation. One area of environmental concern is the electricity
needed to perform a reaction. In the United States, most of the
electricity is generated from fossil fuels. The use of fossil fuels
has some form of environmental impact associated with them.
Nearly two-thirds of the total greenhouse gas emissions in the
United States result from the use of fossil fuels for energy.”
Furthermore, 1.3 billion people globally live without electricity
and do not have the capability to perform the simplest of tasks
that require electricity.>

Fossil fuel consumption continues to rise in several countries.
In 2009, China consumed 1,537 million tons oil equivalent
(9.6% higher than their consumption level in 2008).* The
United States has seen a rise in the use of natural gas as the
country had a 3.5% increase in natural gas production in 2009.*
At the end of 2009, global reserves of natural gas were 6,621
trillion cubic feet.* If global production continues to increase at
1.2% per year, reserves would last approximately 63 years.*
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As a solution to the electrical use problem, solar-based
energy generation processes to perform chemical reactions have
been published, engineered, and implemented in various parts
of the United States.”® Recently, to perform chemical reactions,
the development of a solar reflector was described that can be
used to perform high-temperature chemical reactions using
only directed solar irradiation as the heat source.” A solar
reflector was designed using a recycled satellite dish and given
reflective properties by covering the dish surface with metalized
Mylar tape. A Friedel—Crafts acylation reaction was performed
for a period of 3 h using directed solar irradiation as the sole
thermal heat source to heat to the solvent reflux temperature
(88—90 °C). The desired product was obtained in good yield
and verified via NMR spectroscopy and GC/MS.

The Diels—Alder cycloaddition is one of the centerpiece
reactions in synthetic organic chemistry. This reaction typically
involves the formation of bonds through a concerted shift of
electrons in a cyclic manner.® The most common incarnation is
the formation of an alicyclic compound containing only carbon
atoms from the reaction of an electron rich diene (with four x
electrons) with an electron poor dienophile (with another set
of two 7 electrons).” This particular reaction is covered in great
detail in most undergraduate and graduate organic chemistry
textbooks.® Furthermore, the Diels—Alder reaction has been
one of the most relevant and most popular reactions for
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undergraduate students for years as evidenced by publications
within this Journal.''~'°

The synthesis of 9,10-dihydroanthraceno-9,10-endo-a,f3-
succinic anhydride through the Diels—Alder reaction of
anthracene and maleic anhydride is a reaction that is performed
annually in numerous undergraduate organic chemistry
programs.'®>° Because this reaction consists of a total of six
electrons (four 7 electrons from the diene, and two 7 electrons
from the dienophile), this reaction typically occurs thermally,
that is, only with heat. The original procedure for this
laboratory exercise® exhibits features that make it a premier
candidate for a reaction that can be molded into a good
undergraduate experiment in green chemistry:

1. The reaction requires thermal heating in order to be

performed.
2. It is not necessary to run water through a condenser due
to the use of a high-boiling solvent.
3. The starting materials display low toxicity.
4. Diels—Alder cycloaddition reactions are notorious for
22
remarkable atom economy.

In order to improve upon the green features of this chemical
reaction, alterations were made to the original synthetic
pathway.”' A comparative study of conventional and solar
procedures was conducted during the summer 2014 and fall
2014 by students in a second-year undergraduate organic
chemistry course and by first-year chemistry majors in general
chemistry courses. The pedagogic goal of this student exercise
is to demonstrate one of the 12 Principles of Green
Chemistry”® to undergraduate students. The principle that is
being demonstrated is the sixth principle: Design for Energy
Efficiency. By performing this exercise, students see that
alternative energy sources for heating procedures can be
incorporated into synthetic reactions to produce statistically
equivalent product yields.

B EXPERIMENT

Students work individually. Anthracene (337 mmol, 0.600 g)
and maleic anhydride (306 mmol, 0.300 g) are dissolved in
xylene (6.00 mL) in a 10 mL round-bottom flask. Round
bottom flasks used in the solar experiments are painted black
approximately halfway up the flask using VHT Flame Proof
paint, which can withstand intermittent temperatures up to
1093 °C (Figure 1).

Figure 1. Close-up of painted flask.
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The round-bottom flask is connected to a condenser fitted
with a drying tube containing calcium chloride. For the
electrical experiment, the apparatus is secured in an aluminum
heating block on a hot plate, a stir bar is added, and the mixture
is heated to reflux (Figure 2). For the solar experiment, the

Figure 2. In-lab experiment reaction setup using hot plate.

flask is attached to the solar reflector in the place that the feed
horn of the satellite dish was located to reflect sunlight as a
focused beam of solar energy toward the bottom of the flask
(Figure 3); no stir bar is added because the natural reflux of the
solvent provides enough mixing for the reaction to be
successful.®

Figure 3. Solar experiment reaction setup using solar reflector.

Each reaction is refluxed for 30 min, at which point the
reaction mixture is cooled in an ice bath for up to 1 h to allow
the product to crystallize. The product is collected, washed with
cold xylene, and air-dried, at which point product evaluation is
performed by '"H NMR analysis and FTIR spectroscopy (see
the Supporting Information).
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B HAZARDS

This experiment does not contain any safety risks that are out
of the ordinary. However, proper precautions should be applied
when handling any of the reagents and solvents used in the
experiment. Maleic anhydride is a skin irritant whose contact
should be avoided. Xylene is a flammable liquid, irritant, and
must be dispensed using proper personal protective equipment
and while working in a fume hood. Anthracene, deuterated-
chloroform, and the reaction product (9,10-dihydroanthraceno-
9,10-endo-at,f-succinic anhydride) are skin irritants whose
contact with skin should be avoided.

B RESULTS AND DISCUSSION

Students obtained an 80.8% (average) yield of 9,10-
dihydroanthraceno-9,10-endo-a,$-succinic anhydride when the
Diels—Alder cycloaddition reaction of anthracene and maleic
anhydride was performed with the solar reflector in 22
attempts. The round-bottom flasks were painted black in
order to prevent photochemical side reactions and to allow for
a more efficient heating process. By painting the flask black, the
black paint absorbs the heat energy from the sun at a more
efficient rate and sunlight is not allowed to pass directly
through the glass. Because a high-boiling solvent (xylene) was
used for the reaction, running water was deemed unnecessary.
The comparative study using an electric heat source had an
average yield of 80.0% yield for 26 students (Table 1). All

Table 1. Percent Yield Comparison Between Electricity Vs
Solar Heat Source of 9,10-Dihydroanthraceno-9,10-endo-
a,f-succinic Anhydride

Average Percent Yield

Heat Source  Student Attempts (%) Range (%)
Electricity 26 80 56.6—95.2
Solar 22 80.8 63.5-97.0

experiments were run in duplicate. Seasonal variations did not
affect the results obtained and as long as sunlight was present.
The solar heat source can be used as a heating source for this
chemical reaction at any outside temperature as long as enough
sunlight is present to provide at least S00 W/m?® solar
irradiation (Table 2). The undergraduate students performing

Table 2. 9,10-Dihydroanthraceno-9,10-endo-a,f-succinic
Anhydride Yield Comparison between Varying Levels of
Solar Irradiation

Parameters 13-Jul-14  8-Aug-14  24-Aug-14 9-Sep-14
Outside Conditions  Sunny Sunny Cloudy Partly
Cloudy
Average Solar 958 953 420 W/m* 620 W/m?
Irradiation W/m? W/m?
Time To Begin 2 min 2 min Did not 4 min
Reflux reflux
Student Attempts 4 6 2 6
Percent Yield 82.60% 79.00% 0.00% 76.00%

the reactions were of various levels of chemical experience.
Students were either currently enrolled in an introductory
undergraduate organic chemistry course or were first-year
chemistry majors that were enrolled in a general chemistry
course. There were no differences in the expectations for
students at different levels in their academic career. All students
(first- and second-year) were trained to use NMR spectroscopy
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and FTIR spectroscopy, took both spectra themselves, and
analyzed their samples with the help of faculty and staff. NMR
and IR spectra provided in the Supporting Information are
representative student obtained spectra.

Students analyzed the product samples through melting
point analysis of the product and spectroscopy. Melting point
analysis provided evidence that both solar and electrical heating
sources for all students produced the desired product. An
average melting point of 258—260 °C was obtained by students
for their product for both heating methods. By comparing the
melting point to the literature value'® for all starting materials
and product, students concluded that they synthesized the
desired. Furthermore, students observed that NMR spectra and
the FTIR spectra of the product showed no difference between
the solar reflector and the conventional procedure.

Through the use of NMR and FTIR spectra, students were
able to analyze their products. With help from faculty and staff,
students determined the chemical structure of the compound
that was produced through peak patterns and integration in the
NMR spectra. Through comparison of NMR and FTIR spectra
of starting materials to the product, students were clearly able
to see that a new compound had been synthesized based upon
the appearance/disappearance of peaks/stretches in the various
spectra.

By comparing the solar results with results from the reactions
performed in the laboratory, students were able to observe that
was no statistical difference in the performance of the reaction
based upon heating source. Thus, students were able to
conclude that the sun is a viable alternative heating source for
the Diels—Alder reaction.

H CONCLUSION

A solar heat source was used successfully in place of an
electrically based heating source to synthesize the product from
a well-known, high-temperature reaction with yields that were
comparable to the same scale reaction performed using an
electric heating source. A solar heat source is a viable option for
the replacement of electric heating sources and can be used as a
teaching tool for students eager to learn new developmental
methods of green chemistry. Through the use of a solar heat
source, students used a waste-free source of renewable energy
with none of the carbon waste from using electricity. By
comparing their results to the results obtained in the laboratory,
students fulfilled the pedagogic goal of this project by observing
that there was statistically no difference in yield between either
heat sources and the same product was synthesized using either
heating method. Thus, students were able to come to the
conclusion that the sun was a viable heating alternative for the
Diels—Alder reaction. Currently, more complex chemical
reactions are being conducted using the solar reflector heat
source.

B ASSOCIATED CONTENT
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Experiment handout and instructor notes. This material is
available via the Internet at http://pubs.acs.org.
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