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A synthetic procedure for obtaining the fluorescent coumarin umbelliferone (7-hydroxycoumarin) and its spectral parameters were

fully developed aiming at an undergraduate organic chemistry laboratory class. Umbelliferone is traditionally prepared via Pechmann

condensation using malic acid, resorcinol and sulfuric acid as catalyst. The use of domestic microwave oven and the absence of

solvent allow our methodology to be simple, fast and easy applied in obtaining umbelliferone at organic chemistry laboratory being

greener than classical techniques of synthesis. In this class the student will learn how to measure the potency of a microwave oven,
the applicability of this kind of irradiation in the organic synthesis of fluorescent compounds and how to determine the pKa of an

organic compound through an UV/VIS spectrometric analysis. These experiments were designed to be suitable for a second and

third year undergraduate curriculum.
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INTRODUCTION

Microwave-assisted organic synthesis (MAOS) has attracted
attention in recent years and it is increasingly present in synthetic
laboratories.! The importance of this technique of synthesis comes
from its influence in drug discovery?*® and the growth of use in
industrial processes.?

The use of microwave oven in organic synthesis has demonstrated
benefits compared to conventional heating, due to selective heating
and dependence of only the nature of the matter.* Moreover, the
reduction in reaction times, higher chemical yields and the possibility
of eliminating solvents, get interesting the introduction of this
emerging technology to undergraduate students.’

Instead of classical heating techniques, when reactions are
heating by conductance using an external source (e.g. oil bath),
microwave heating occurs through two principal mechanisms,
dipolar polarization and ionic conduction. The microwaves provide
efficient internal heating by the interaction of the electric dipoles of
polar molecules, with the electromagnetic field applied. When the
electromagnetic field is removed, the molecules back to original state,
releasing energy as heat which is absorbed during the alignment of
the molecules.**

Domestic microwave ovens applied in synthetic organic protocols
normally present low control over reaction conditions, which can lead
to risks of incidents due to overheating and projection. To avoid this
problem a considerable number of interesting organic synthesis has
been made without solvent.® A wide variety of papers and review
articles describe the advantages of using microwave assisted organic
synthesis: the possibility of higher yields, less thermal decomposition
and higher heating rate in contrast to classical heating.”®

Organic reactions have a large importance in the undergraduate
curriculum due to the wide variety of applications in industrial
processes.**In this context, synthesis of coumarin rings (1) (Figure 1)
gets great attention due to their diversified applications, such as
optical brightener, fluorescent sensor, polarity probe, anticoagulant,
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anti-HIV, antioxidant, anti-inflammatory, antifungal, antitumor and
antibiotic.”!! Umbelliferone (2) (Figure 1) is a well-known fluorescent
7-OH-coumarin found in plants, with high fluorescence quantum
yields,'> antioxidant properties and has been used in sunscreen
lotions.'® In addition, the umbelliferone has interesting photophysical
properties ascribed to intramolecular charge transfer (ICT) states,
associated the intense m—7* transitions and presence of hydrogen
acid, can also be properly exploited, for example, in a pH indicator
and fluorescent sensor.'*
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Figure 1. Chromenone ring (coumarin) 1 and 7-OH-coumarin (umbellife-
rone) 2

Traditionally, the synthesis of umbelliferone (2) is performed
through Pechmann condensation,' using resorcinol, malic acid, and
acid (sulfuric'® or perchloric acid'’) as catalyst and solvent (ethanol)"”
at high temperatures (90 °C — 120 °C) for approximately 2-4 hours.
However, new methodologies using synthetic microwave without any
solvent have been developed for the Pechmann condensation,'® and
recently, Symeonidis and co-workers synthesized a set of coumarin
derivatives using a synthetic microwave oven in good yields in most
of the cases."

The organic chemistry laboratory class described herein explores
the optimization of the microwave synthesis of umbelliferone (2),
a fluorescent molecule, using a domestic microwave oven, and its
pKa value determination. Many organic chemistry concepts are
covered, including Pechmann condensation, conjugation and acid-
base properties, likewise important analytical techniques such as
TLC, UV-Vis, fluorescence and NMR spectroscopy. The approach
given to each organic chemistry concept or analytical technique is
determined by the instructor according to the needs of the students.
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RESULTS AND DISCUSSION

The first part of the practice, the measurement of the real power
furnished by the different levels of microwave oven, is really important
because each manufacturer has a different power specifications and
irradiation distribution inside the cavity.” The hottest region was
initially determined by irradiating a fax paper at level 10 (maximum)
for 60s. The darker region on the paper indicated the point where
the greatest irradiation of the microwaves occurred, it was observed
at the edges of the paper (Figure 2). The temperature increase of a
certain mass of water is directly proportional to the incidence of
microwave irradiation and, through the variation of temperature, one
can calculate the power of the microwave oven in the different levels
according to Equation 1.

P = (Hc.n.AT)/ t ()

where: P = Power; He = Heat capacity of water (75,312 J.K'.mol™");
n = Number of mols of water; AT = Temperature variation; t = Time (s)

Figure 2. (a) Thermo sensitive fax paper before irradiation; (b) Thermo

sensitive fax paper after irradiation, the dark region indicates higher incident
radiation

To explore the real microwave effect and to find the best reactional
conditions, we planned all the tests positioning the flask at the edge
of the plate. As result, a total of 30 sec irradiation divided in three
pulses of 10 sec was the best condition (Table 2S). This division in
three heat steps is important to avoid an overheating of the reactional
medium with concomitant product degradation and accidents.

The synthesis of umbelliferone (2) (Scheme 1) is performed via
Pechmann condensation, a simple and widespread method to obtain
coumarins.'®! This reaction occurs in two mechanistic steps: (i)
malic acid (3) generates the formyl acetic acid (4), in situ, which
will act as electrophile of the reaction. Additionally to the production
of formic acid, CO and water are generated in the acid medium. (ii)
Formyl acetic acid (4) suffers a nucleophilic attack from resorcinol
(5) to afford umbelliferone (2) as product. The synthesis completion
was monitored by TLC.

The optimized protocol synthesis of umbelliferone (2) using
domestic microwave oven demonstrated good yields, absence of
organic solvents and abruptly decrease in reaction time in comparison
to traditional protocol described in literature (Table 1).®

As known, hydroxy-coumarins might act as pH indicator. Thus we
determined the pKa of compound 1 by means of spectrophotometric
titration. It was observed that an increase in pH led to a slight
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Table 1. Comparison of MAOS to traditional synthetic route to obtain um-
belliferone (2)

Metric MAOS* Traditional’
Time 30 sec 3-4h

Solvent None H,SO,/Ethanol
Yield 77-92 % 71-82 %

“Synthetic procedure using microwave protocol, malic acid, resorcinol and
acid as reagents;'” "Conventional heating.'®

hypochromic effect in the band centered at 320 nm while a new band
arises at 365 nm forming an isosbestic point at approximately 336 nm.
This behavior is associated to the stabilization of T—m* transition,
since the deprotonation of 7-hydroxyl-coumarins increase the
conjugation of the system.

The pKa value obtained for umbelliferone (2) in our laboratory
class, using the Henderson Hasselback equation (2), was 7.6,
quite similar to the value described in the literature 7.7.% The pKa
determination allows the students to understand this concept and
also are very stimulating due to intense brightness of umbelliferone
(2) observed under a 365 nm lamp, before and mainly after base
addition (Figure 3).
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Figure 3. UV-vis spectra of umbelliferone (2) in Tris-HCl and after successive
additions of Tris base

To determine the pKa value, a graph of log ((A-Ay)/(A,-A)) versus
pH is plotted. The pKa is determined by the point of intersection
of the y-axis (pH-axis), i.e. by the linear coefficient of the straight
equation obtained (Figure 4).

CONCLUSION

All this practical class takes place over two laboratory classes
and as such is suitable for second and third year undergraduate lab.
The experiment shows important concepts in organic chemistry
and analytical techniques. As discussed, the synthetic methodology
approach as an eco-friendly alternative to traditional synthetic
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Scheme 1. Synthesis of umbelliferone through formation of formyl acetic acid in situ
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Figure 4. Graph of pH versus log ((A -Af)/(A,- A)) at 323 nm

methods for undergraduate students has demonstrated efficiency with
good yields, being accessible due to their easy to execute and low cost.
This experiment allows discussion of several interdisciplinary topics
in chemistry, such as green chemistry, natural products, Pechmann
condensation, microwave synthesis, UV-vis, TLC and fluorescence.
Finally, this laboratory experiment can engage all students and is
commonly recognized as the preferred practice class due to use
of domestic microwave allied to the fluorescence observed which
will help students in their understanding of how the mechanism of
deprotonation of 7-OH-coumarins occurs.

EXPERIMENTAL OVERVIEW
Microwave parameters adjustment

The determination of the ideal domestic microwave parameters
was divided in two steps. The first one was consisted in determining
the region with higher radiation incidence using a thermo sensitive
fax paper. In a simple experiment, the thermo sensitive fax paper
was fixed over the microwave plate and irradiated for 5 seconds
at the maximum power level (Figure 2). The second step was the
determination of the real output power furnished by each microwave
level step: a beaker with 500 mL of water was positioned at the edge
of microwave plate (higher microwave incidence) and irradiated
according to the possible domestic microwave power levels (Level
1,2, 3, 6, 8 and 10). In both cases the initial and final temperature
of the water were measured and the experimental power values
calculated by the equation (1). Results and more details are
described in supporting information.

Synthesis of umbelliferone (2)

The synthetic procedure for obtaining umbelliferone (2) was
carried out in only two steps (Scheme 2). The resorcinol (5) (20
mmol), malic acid (3) (20 mmol) and concentrated sulfuric acid
(100 mmol) were added in an Erlenmeyer flask (50 mL) and a glass
funnel was adapted output of the flask. After adjusting the ideal
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Scheme 2. Synthetic procedure for obtaining umbelliferone (2)
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reaction conditions of the domestic microwave oven (Table 2S), the
Erlenmeyer with the reaction mixture was positioned at the edge of
the microwave plate and irradiated for 30 seconds (Level 6) and then
hot water was added 2-10 mL to the slurry. The mixture was cooled
to room temperature, followed by crushed ice addition to give a
precipitate which was filtered off and dried to afford the correspondent
compound. The yield ranged from 52-77% depending on the amount
of water added. The structural elucidation was obtained using 'H
NMR and "*C NMR spectroscopy.

The pKa determination

The pKa determination was evaluated by successive additions
of Tris base over umbelliferone (2) dissolved in Tris-HCI solution.
Briefly, 0.1 mol of Tris (1.2 g) was dissolved in 100 ml of water and
the pH was adjusted to 6.1 with HCI. A non-quantitative amount
of umbelliferone (2) was solubilized in Tris-HC1 (pH 6.18). The
solution was filtered using a Millipore membrane filter apparatus and
the UV-vis spectra was measured after successive additions of Tris
base. Initially, the UV-vis spectra of umbelliferone (2) demonstrated
an absorption band at 320 nm. After successive additions of Tris
base, a new absorption band arises at 365 nm corresponding to the
deprotonated specie of umbelliferone (2) and a defined isosbestic
point at 336 nm was observed. To calculate the pKa value we used de
Henderson-Hasselback equation (Equation 2) where the absorption
of the species in different pH was considered. A graph of pH versus
log ((A -Af)/(A,- A)) was plotted and the pKa value of umbelliferone
(2) was determined as 7.6.

_ [4
pH = pKa + log [HA] 2)

where: [A] = Concentration of deprotonated species; [HA] =
Concetration of protonated species.

The Equation 2 can be expressed in terms of absorbance like
Equation 3:

pH=pKa + log 4 7A/b)
(Ay—=4)

3

where: A = absorption of the mixture; A= final absorption; A,= initial
absorption.

The final absorption band is correspondent to the deprotonated
umbelliferone (2) specie whereas the initial one is correspondent to
the protonated molecule.

Fluorescence

To introduce to the students the concepts of fluorescence
technique, a fluorescence spectrum of umbelliferone (2) was obtained.
A non-quantitative amount of umbelliferone (2) was dissolved in
water (pH = 6.0). The solution was filtered with using a Millipore
membrane filter apparatus and the fluorescence spectra was measured
irradiating at 320 nm. Umbelliferone (2) has shown a maximum
emission band at 450 nm (blue region) (Figure 8S).
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Hazards

All students must use glasses, lab coats and gloves. The
experiment should be done in a well ventilated laboratory because
release of gas occurs which can cause eye, skin and respiration
irritation. All preparation and reaction are carried out under fume
hood conditions, in which the risk of exposure is minimal. Resorcinol
can be damage with chronic exposure, absorbed through open wound
or ingested. Sulfuric acid should be handled with care because it
is a corrosive liquid that can cause severe burns and malic acid in
excessive contact with the skin can cause irritation.

Lesson Planning

The practical class was designed to be taken by second and third
year undergraduate chemistry students at Rural Federal University
of Rio de Janeiro (UFRRJ). During the class, the students worked in
pairs to synthesize the umbelliferone (2) and determine its pKa value
after successive titrations with basic solution. The chemistry practical
class was divided into two parts needing two days to be completed
(day one: synthesize the umbelliferone; day two: determined its pKa
value), during sessions of 4 h and 3h, respectively.

Before the practice, all students need to read a text and answer
some questions about the theme (supporting information), these
questions allow the students to learn about the topics as Pechmann
condensation, microwave synthesis, pKa definition, UV-vis,
fluorescence and 'H NMR spectroscopy.

The instructor should emphasize that the microwave synthesis is
greener than traditional chemistry,?! demonstrating the reduction of
time reaction, the possible absence of solvent and the higher yields.
This concept can be easy understood comparing the results obtained
during the laboratory practical with the traditional methodology
previous described in literature (Table 1).!° The standard protocol
using conventional heating to synthesize umbelliferone (2) can be
performed by a laboratory assistant or just presented to students
(Table 1).

Finally, it is very interesting to the instructor presenting the
fluorescent characteristics of umbelliferone (2), using an apparatus
containing a long wave UV lamp (365 nm) and a dark box.
Furthermore, it is possible to introduce the pKa principle showing
how the fluorescence is pH dependent due to the deprotonation of
the hydroxyl group.

SUPPLEMENTARY MATERIAL

The Supporting Information is available on http://quimicanova.
sbq.org.br. Instructions for students, safety information, "H NMR and
13C NMR spectra of umbelliferone (2), UV-Vis spectroscopy assay
and note for instructors.
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