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Aqueous-mediated DABCO and DABCO-ionic
liquid catalysed synthesis of 3-acetylcoumarins:
exploration by kinetic, electrochemical and
spectroscopic studies

Arpita A. Shanbhag, 2 Lokesh A. Shastri®* and Samundeeswari L. Shastri

A more efficient, green and user-friendly approach for the synthesis of a combinatorial library of 3-
acetylcoumarins from easily available ethylacetoacetate (EAA) and o-hydroxyaldehydes in water at room
temperature was developed with excellent yields by modifying novel methods. The experimental method
is facile and more economical than traditional methods, requiring no further product purification.
Furthermore, the experimental conditions were optimized at the gram scale. The catalyst was reusable,
resulting in excellent yields in a shorter time. Additionally, the by-product ethanol formed in the reaction
was distilled out. Interestingly, the use of DABCO, DABCO-ionic liquids and DABCO salts as catalysts
yielded excellent results (95-98%) in a shorter time. All products were identified by comparing their
physical and spectroscopic data. The versatility of the developed green approach encouraged us to
investigate the kinetics of the slowest step in the reaction and arrive at a rate law for the reaction. The
kinetic and thermodynamic experimental results prompted us to undertake spectroscopic studies,
including IR and *H NMR, which demonstrated that the catalyst initiated the mechanism. Additionally,
cyclic voltammetry (CV), a key electroanalytical tool, showed both the spontaneity of the reaction and
the tautomerism of EAA.

Knoevenagel condensation is commonly used for the synthesis of 3-acetylcoumarins, where piperidine is employed as a base. However, this base is removed

through an excess alcohol washing, during which a significant amount of soluble product may be lost, resulting in a reduced yield. Second, piperidine is toxic
upon skin contact or inhalation, potentially causing severe skin burns and eye damage. Our focus is on developing a protocol to accelerate 3-acetylcoumarins

synthesis using a green method. In this context, we envisioned the use of highly efficient catalysts (DABCO and DABCO-ionic liquid) that could be easily
recovered and reused. The by-product is ethanol, which can be distilled under reduced pressure and reused when necessary. Remarkably, we achieved this

reaction at room temperatures in very short time periods, and we verified the process using kinetic, electrochemical, and spectroscopic studies. So far, spec-
troscopic techniques have shown the tautomerism of EAA using various methods. Curiosity regarding EAA tautomerism and also the arrested form of

tautomerism made us propose the use of the electrochemical technique CV, which is still reliable and not time consuming. The isolated products were more
than 95% pure (no purification required). Our work emphasizes the importance of the following UN sustainable development goals: affordable and clean energy

(SDG 7) and industry, innovation and infrastructure (SDG 9).

Introduction

beans. Although coumarin is a naturally active substance, its
activity can be enhanced by combining it with various chemical

Half of all known organic compounds are heterocycles, making
this class of chemicals extremely significant. Indeed, the
majority of vitamins, optoelectronics, pharmaceuticals, and
several other natural goods are heterocycles. Benzopyrones
represent an important class of heterocyclic compounds, of
which benzo-a-pyrones, commonly called coumarins, are
significant and involve the fusion of a pyrone ring with
a benzene nucleus." Vogel® first isolated coumarin from tonka
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moieties. Conventional methods for producing the coumarin
nucleus include the Pechmann,® Knoevenagel,* Perkin,® Refor-
matsky,® and Wittig” condensation processes. Ongoing
attempts have been made towards novel, practical and adapt-
able methods for synthesizing the coumarin nucleus with clear
structural characteristics. Several modifications, including
variations in the catalyst and reaction conditions, have been
introduced to improve the efficacy of these classical reactions.?
In recent years, versatile coumarin synthesis has been achieved
through organopalladium intermediates.” Additionally,
coumarins and their derivatives have been utilized as key

© 2024 The Author(s). Published by the Royal Society of Chemistry
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components in a wide range of applications, including laser
dyes,*® fluorescent metal ion sensors,” solution dynamic
probes,” and, more recently, organic sensitizers in high-
efficiency dye-sensitized solar cells.*®

For instance, derivatives of 3-acetylcoumarins have found
numerous useful applications, including as fluorescence
brighteners,** inhibitors of Zn corrosion in acidic media,* and
in biological applications due to their various activities, such as
antibacterial," EGFR inhibition,’”” anti-breast cancer,'® a-
amylase inhibition," antimycobacterial,*® anti-inflammatory
and analgesic,”** and fluorescence dye properties.>® Accord-
ing to previous studies, 3-acetylcoumarins have been synthe-
sized using various catalysts,**>° with the various protocols
having distinct advantages and disadvantages. Ultimately,
chemists usually aim for new approaches that can offer more
merits and less demerits, such as a workable procedure, high
purity of product, good yield, and no effects on human health or
the environment. Undoubtedly, there are a few advantages in
the reported works, but there are more disadvantages too in
terms of the usage of organic solvents for the reaction, excess
usage of solvents for washing, usage of certain hazardous
catalysts in the reactions that can cause health issues, and
economic concerns about the more costlier catalyst and
reagents used. However, many eco-friendly DABCO-based
organocatalysts have been screened in organic synthesis, and
these catalysts were found to show good to excellent perfor-
mance in many organic reactions.*

Many methods have been reported, among which the
Knoevenagel condensation is commonly used for the synthesis
of 3-acetylcoumarins; however, piperidine is used as a base,
which is removed by excess alcohol washing, which may also
lead to the loss of soluble product and a reduction in the %
yield. Other reported methods have similar disadvantages with
product isolation and purification. Also, many reports have
discussed the organic reaction mechanism via quantitative
approaches. In recent years, qualitative approaches, such as
electrochemical and spectroscopic methodologies, have yielded
more authentic and impressive information about organic
reaction mechanisms involving electron transfer. Such electron
transfer can tune the thermodynamic or kinetic selectivity to
form organic reactive intermediates. These intermediates can
aid understanding the feasibility and kinetics of electron
transfer, which clearly depends on the concentration of the
reactant/catalyst.

Moreover, electroanalytical techniques offer a variety of ways to
learn about the basic interactions, lifetimes, and reactivities that
underlie redox reactions.* Nevertheless, the organic synthetic
community has not embraced these tools extensively, with the
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majority of these techniques still being within the domain of
analytical and physical chemists. This perspective seeks to
provide an overview of the essential approaches for a synthetic
chemist audience, with recommendations on how to get useful
information on mechanistic issues. The information summarized
herein will exemplify electrochemistry as a tool to choose the
perfect catalyst, and for the identification and quantification of
organic intermediate, kinetics, etc. A deeper comprehension of
organic processes will be possible with knowledge of how these
factors impact a mechanism, and could facilitate the creation of
innovative synthetic strategies. Herein, we have come up with
a user-friendly, green approach for the synthesis of 3-acetylcou-
marins; in which water acts as a green solvent and DABCO-based
green base and catalyst. A detailed investigation was carried out
for the formation of 3-acetyl coumarin and also its mechanism
was determined using kinetic, thermodynamic, cyclic voltamme-
try, and spectroscopic approaches.

Results and discussion
Optimization study

A green method involving the condensation of EAA (1) with o-
hydroxyaldehydes (2) took place smoothly in the presence of
diazabicyclo [2, 2, 2] octane (DABCO) as a base in water at room
temperature, which resulted in the formation of 3-acetylcou-
marins (3) in excellent yield (Scheme 2). As a model reaction, the
condensation of 1 with 2a to generate 3-acetylcoumarin (3a) was
investigated (Scheme 1) using various bases to optimize the
yield, and the obtained results are presented in Table 1. The
reaction was relatively fast (~10-15 min) when 1 equiv. of
DABCO was employed stoichiometrically. The other tested
bases, like DBU (Table 1, entry 4) and DMAP (Table 1, entry 5),
also gave good yields of the desired product 3a. In contrast,
MeONa (Table 1, entry 1), EtONa (Table 1, entry 2), and NaOAc
(Table 1, entry 3) gave poor yields and needed a longer time.
Thus, it is clear from the aforementioned experiments that the
best yield of 3-acetylcoumarin 3a could be obtained by
employing DABCO as a green catalyst and water as a solvent.
Initially, the reaction was performed using various bases
(Table 1) to avoid the use of piperidine as a base in the reaction,
and water as medium, as a green solvent, instead of alcohol and
also other solvents (DCM, toluene, 1,4-dioxane). Studies of the
effects on the reaction from the excess usage of bases (alkox-
ides, acetates, and tert-amines) and varying the time duration
were done in water as a medium at room temperature, with
heating applied as needed. In the case of sodium methoxide,
the formation of the product was noticed, but the reaction could
not be completed even after increasing the equivalence of

Ja

Scheme 1 Screening of different bases/catalysts* in the model reaction between EAA 1 and salicylaldehyde 2a.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Scope of the reaction of o-hydroxyaldehydes 2a—h with EAA 1 employing different catalysts. % Yield taken in the gram scale and

melting point in °C. *Heating (65-70 °C), **literature value 24362~

MeONa as well as raising the temperature (~95 °C), and the
isolated product was obtained in a yield of less than 60% (Table
1, entry 1). Similarly, sodium ethoxide resulted in almost the

same yield (Table 1, entry 2); whereas sodium acetate as a base
showed much less product formation even at higher tempera-
ture and with a longer reaction time (Table 1, entry 3). In search
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Table 1 Optimization of the synthesis of 3-acetylcoumarin using

various bases (Scheme 1)

Entry Bases/catalysts Time Yield%
1 MeONa 2-3h <60
2 EtONa 2-3h <60
3 NaOAc 2-3 days <50
4 DBU 15-20 min 75
5 DMAP 15-20 min 78
6 DABCO 10-15 min 95
7 [H-dabco][C]] 15-20 min 98
8 [H-dabco][OAc] 20-25 min 85
9 DABCO-CuCl 15-20 min 95
10 DABCO-Cul 15-20 min 96

for new catalyst, previous literature reports informed us that
most of the 3-acetylcoumarins were obtained using secondary/
tert-amine bases other than water as a solvent. Therefore,
keeping in mind the solubility of the base in water, we per-
formed the reaction in H,O with a catalytic quantity of DBU as
the base. Surprisingly, the results of the reaction were quite
excellent, and the reaction proceeded smoothly with a good
yield within 20 min at room temperature (Table 1, entry 4).
Similarly, DMAP (Table 1, entry 5) also showed almost the same
results. Further screening was performed using DABCO, with
excellent product formation in a shorter time with an isolated
yield of more than 95% (Table 1, entry 6). The use of DABCO
showed excellent results for the synthesis of 3-acetylcoumarin
derivatives, compared to DBU and DMAP.

DABCO-based catalyst

Further, the DABCO-based catalyst was explored by using
a modified DABCO-ionic liquid and DABCO salts for the

10 - o % 100

60 £ 60

3
40 0 0
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synthesis of the title compounds. In view of previous studies,
the effects of ionic liquids in certain reactions are believed to be
very interesting; hence to evaluate the profile of ionic liquids,
[H-dabco][AcO] and [H-dabco][Cl] were studied in condensation
reactions in the present work. These ionic liquids were
synthesized according to the literature reports.** As we can see
from the results summarized in Table 1, the condensation
reaction of EAA (1) with o-hydroxyaldehyde (2a) in water at room
temperature with the DABCO-ionic liquid used as the catalyst
was found to be excellent. The [H-dabco][Cl]-catalyzed (Table 1,
entry 7) reaction showed extremely good results in terms of yield
and reaction time, whereas the [H-dabco][AcO] catalyst (Table 1,
entry 8) showed a lower yield and required a little more time.
However, apart from DABCO-ionic liquids, we intended to
investigate whether it was possible to conduct the reaction
using DABCO-CuX complex. The novel DABCO-CuX complex**
was synthesized by grinding a 1:1 equivalent ratio of DABCO
and CuX and the using this complex for the synthesis of 3-
acetylcoumarin (3a) in water as a medium using EAA (1) with o-
hydroxyaldehyde (2a) at room temperature. Interestingly, the
DABCO-CuX complex-catalyzed condensation reaction showed
quite excellent yields (=96%, Table 1, entries 9-10), which were
nearly similar to those obtained with DABCO-ionic liquids.

Recovering of ethanol

The solid obtained in experiments based on the model reaction
was filtered thoroughly and washed with water to remove excess
DABCO-based catalyst. The filtrate containing the water-soluble
DABCO catalyst and by-product ethanol were separated by
distillation under reduced pressure. The experiment was con-
ducted in the gram scale in order to calculate the by-product

3

5 Cycles : . N . .

4 5 Cycles
80 n
60 6
60
: ‘U ”
l -

Cycles

1 5

Fig. 1 Reuse of the catalysts (a) DABCO, (b) [H-dabco][Cl], (c) [H-dabco][AcO], (d) DABCO-CuCl, and (e) DABCO-Cul in the model reaction

between EAA 1 and salicylaldehyde 2a in the presence of water.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ethanol. Salicylaldehyde 2a (5 g, 1 eq., 40.95 mmol) upon reac-
tion with EAA 1 (5.340 g, 1 eq., 38.40 mmol) in the presence of
DABCO catalyst gave 1.490 g (97%) ethanol as a by-product.

Reusability of the DABCO-based catalyst

The DABCO, DABCO-ionic liquids, and DABCO-complex cata-
lyst screening results inspired us to extend our investigations to
study the reusability of these catalysts for the reaction. As
a model reaction EAA (1) reacted with salicylaldehyde (2a) in
water using one equivalent of DABCO to give product 3a in
a 95% yield in the first cycle (Fig. 1a). The second cycle gave
almost the same percentage yields. However, upon increasing
the time duration from 30-90 min for the third to fifth cycle, the
percentage (%) yield formation decreased from 84% to 72%.
The reusability results based on the experimental observa-
tions for the modification of DABCO into DABCO-ionic liquids
[H-dabco][Cl] and [H-dabco][AcO] are summarized in Fig. 1b
and c, respectively. The reuse of the [H-dabco][Cl] ionic liquid
was explored for the synthesis of 3-acetyl coumarin derivatives
via eco-friendly conditions by taking EAA (1) and salicylalde-
hyde (2a) at room temperature. Surprisingly, we noticed that the
product formation of 3a was 98% and 96% I the first two cycles,
respectively (Fig. 1b, cycle 1 and 2). Further catalyst reusability
experiments were conducted for up to five cycles, ad it was
found that the percentage of product formation decreased. For,
[H-dabco][AcO] ionic liquids, smooth progress of the reaction
was noticed for a certain period of time, i.e. 20-25 min, after
which no progress of the reaction was observed, even with
prolonged stirring and about 15-20% of the starting material
remained, with the results shown in Fig. 1c. From these results,
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it could be observed that the ionic liquid system [H-dabco][Cl]
was superior to [H-dabco][AcO] in terms of yield and time.

Further, the catalyst reusability investigations were extended
by modifying DABCO to DABCO-CuX salts (X = Cl, I), in order to
understand the efficiency of DABCO, and the reaction was then
performed using the DABCO-CuX catalyst at room temperature
in water with 1 and 2a. More interestingly, the reaction pro-
ceeded very smoothly within 20 min with a 95% conversion of
the target molecule in the first cycle; while, in the second to fifth
cycles, the efficiency of the catalyst was drastically reduced
(Fig. 1d and e).

The catalyst reusability experimental investigation results
indicated that DABCO and DABCO-ionic liquids are extremely
good for clean synthesis of the title compounds compared to
DABCO-CuX salts.

Catalytic efficiency

The catalytic efficiency of the DABCO-based organocatalysts was
screened. A graph of the variation of the catalytic efficiency as
a function of reuse times (cycles) is shown in Fig. 2. The variation
in catalytic efficiency was affected by certain key properties, such
as hydration effect,** solvation effect,® viscosity,® and
hydrogen bonding™*/, leading to a decrease in the catalytic activity.

Scope for methodology

To test the generality of the condensation and to realize the
synthesis of a small combinatorial library of 3-acetylcoumarins
(3a—j) from EAA (1) and different o-hydroxyaldehydes (2a-j), we
aimed to furnish the title compounds in good yields by using
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Fig. 2 Variation of the catalytic efficiency as function of the catalyst reuse times (cycles) for (f) DABCO, (g) [H-dabco][Cll, (h) [H-dabcol[AcOl], (i)
DABCO-CuCl, and (j) DABCO-Cul in the model reaction between EAA 1 and salicylaldehyde 2a in the presence of water.
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DABCO and DABCO-ionic liquids as a catalyst and water as
a medium at room temperature (Scheme 2). Based on our
experimental observations, the electron-releasing or -with-
drawing group on o-hydroxyaldehydes played a major role;
mainly, the electron-donating group led to excellent yield. In the
case of strong electron-withdrawing groups, such as nitro
substituent para-to the hydroxy group of o-hydroxyaldehydes, the
reaction took longer, with a low yield (=30% and 2-3 days) at
room temperature, while under heating (65 °C-70 °C), the
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reaction gave a 75% yield within 2-3 h. A comparative investi-
gation was made for the synthesis of 3-acetyl coumarins and the
results are shown in Table 2. These synthesized compounds are
utilized in various applications, such as material science and
medicinal chemistry.

Experimental determination of the reaction mechanism

The versatility of the green approach encouraged us to under-
stand the reaction mechanism, which was faster and cleaner

Table 2 Comparison of methods for the synthesis of 3-acetylcoumarin with present work
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Reaction conditions Solvent Catalyst Time (min) Yield (%) Reference
1 Stirring, r.t Ethanol Piperidine 20 83.5 24a
2 Microwave irradiation, 136 °C Ethanol Piperidine 6 88 24b
3 Reflux Ethanol Piperidine 30 92 24c
4  Microwave irradiation Solvent free Piperidine — 92.6 24d
5  Continuous-flow units, 25-130 °C Ethyl acetate Piperidine — 72 24e
6  Ultrasound irradiation, 45 °C Solvent free MgFe,0, nanoparticles 10 92-96 25a
7  Microwave irradiation 120 °C or thermal, 100 °C  Solvent free ZnO nano 5-9,36-72 90 25b
8  Stirring, 35-40 °C Ethanol PhI(OAc), 30-60 82-92 26a
9  Stirring, 60-80 °C Dimethyl formamide Fe;O(BPDC); containing 180 65-96 26b
tert-butyl hydroperoxide
10  Stirring, 90 °C 2.16% H,0 [MMIm][MSO,] containing 15 99 27a
L-proline
11 Stirring, 25-30 °C Water Choline chloride 20-45 90 27b
12  Stirring, 60-80 °C Solvent free L-proline 30 98 28a
13  Stirring, r.t —80 °C Water L-lysine 2880 (48 h) 35-87 28b
14 Stirred, 80 °C Solvent free CsA 210 (3.5h) 88 29
15 Reflux Ethanol HPA 120 (2 h) 50-98 30
*  Stirring, r.t. (present work) Water DABCO and DABCO-based  10-20 95-98 —

© 2024 The Author(s). Published by the Royal Society of Chemistry
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compared to earlier reported methods. However, no such
investigation was found in the literature involving DABCO
organocatalyzed reactions. Hence, in order to gain an insight
into the effects of the organocatalyst DABCO, we carried out
a certain approach to determine the kinetic rate, and thermo-
dynamic activation parameters in the aqueous phase. Also,
a spectroscopic approach was applied for identification of the
product formation quantitatively and qualitatively. The ob-
tained experimental evidence supported the use of a stoichio-
metric amount of substrates, and the effects of the solvent,
catalyst, temperature, and reaction time.

UV method

The absorption spectra of the reaction mixtures were measured
at different concentrations of the organocatalyst DABCO, water
as a solvent, and also both the reactants EAA (1) and salicy-
laldehyde (2a) under standard conditions. The results obtained
from the absorption spectra are presented in Tables 3-5 and the
reaction profile diagrams are plotted as the OD vs. time in
Fig. 3-5.

Effect of water on the rate of reaction

To validate the reaction, initially the experiment was conducted
using an equimolar ratio of both reactants (EAA (1), salicy-
laldehyde (2a)) and also DABCO catalyst as 1 eq. (Table 3, entry
1) in 10 ml of water. From the experimental results, the reaction
began in the 37th min and was completed in 300 min, as

Table 3 Effect of the concentration of [DABCO] and [H,O] in the
synthesis of 3-acetylcoumarin from salicylaldehyde (1 eq.) with EAA (1
eq.) at 303 K

Entry DABCO (eq.) Water (ml) Time (min) Rate
1 1 10 300 0.01
2 1 5 120 0.03
3 1 1 10 0.04
4 0.5 1 22 0.03
5 0.1 1 28 0.03

Table 4 Effect of salicylaldehyde concentration on the reaction (EAA
(1 eq.) + DABCO (1 eq.) + water (1 ml)

Entry Sal (eq.) K Loglk] Log[R]

1 1 0.0403 —1.3947 —0.3033
0.5 0.0276 —1.5591 —0.6043

3 0.1 0.0076 —-2.1191 —1.3036

Table 5 Effect of EAA concentration on the reaction (Sal (1 eq.) +
DABCO (1 eq.) + water (1 ml))

Entry EAA (eq.) k Log[k] Log[R]

1 1 0.0403 —1.3947 —0.3035
2 0.5 0.0111 —1.9547 —0.6047
3 0.1 0.0086 —2.0655 —1.3036

4014 | RSC Sustainability, 2024, 2, 4008-4027
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monitored continuously by a UV spectrometer and TLC
(Fig. 3A). Subsequently, the experiment was performed by
reducing the water volume to 5 ml and 1 ml (Table 3, entries 2
and 3). The obtained results were quite excellent in the case of
1 ml water, and the reaction was completed in 10 min (Fig. 3C);
while the reaction in 5 ml water needed 120 min for
completion(Fig. 3B).

The aforementioned experiment illustrates that lowering the
volume of water increased the reaction rate. Moreover, in
raising the water volume out of our curiosity to up to 20-50 ml,
it was observed that the reaction happened but took much
longer for completion of the reaction (3-5 days), as monitored
using TLC. Since, the solvation effect could explain the drastic
drop in the reaction rate,* the rate-determining step does not
take water concentration into consideration.

Effect of DABCO on the rate of reaction

Moreover, the above investigation encouraged us to explore the
reaction by varying the ratio of the organocatalyst DABCO in
1 ml of water while keeping the other reactants constant (Table
3, entries 4 and 5). The experimental results revealed that the
rate of reaction was independent of the base concentration.
Therefore, the base concentration term was not included in the
rate-determining step. From the UV spectroscopic data, we
could conclude the rate of reaction as rieq. = To.5eq. = To.1cq.
(Table 3, entries 3-5; Fig. 3C-E). Although, there was no catalyst
involvement in the rate-determining step, it is essential for the
reaction as it initiates as well as it controls the tautomerism of
EAA, thereby starting an irreversible reaction by forming
complex X with DABCO (Fig. 7, Phase Ib). The more preferred
irreversible reaction step of EAA-DABCO complex formation X
was confirmed using cyclic voltammetry (Fig. 12).

Effect of salicylaldehyde and EAA concentration on the rate of
reaction

In the catalytic domain, both the salicylaldehyde (2a) and EAA
(1) concentration effects on the rate of the reaction were tested.
In the case of salicylaldehyde, the rate of reaction increased with
the increase in concentration of salicylaldehyde while keeping
the concentrations of the other species constant. Similarly,
when the EAA concentration was increased while keeping the
concentrations of the other species constant, the rate of reac-
tion also increased. From the UV spectroscopic data, we could
conclude that the rate of reaction for salicylaldehyde was ry¢q. >
To.seq. > Toaeq. (Table 4, entries 1-3; Fig. 4F-H); and for EAA as
Tieq. > To.5eq. > To.1eq. (Table 5, entries 1-3; Fig. 5M-0). Fig. 4I-K
and Fig. 5P-R display the linear regression plot between the OD
vs. time for the reaction. The correlation coefficients of the
model reaction were observed as 0.9993, 0.9993, and 0.9996 for
different concentration of salicylaldehyde with slopes of 0.0403,
0.0276, and 0.0076. Similarly, the correlation coefficients of the
model reaction were observed as 0.9983, 0.9959, and 0.9989 for
the different concentrations of EAA with slopes of 0.0403,
0.0111, and 0.0086. Fig. 4L and 5S illustrate the order of reaction
from the plot of log(reactant) wvs. log(k) for varying

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Reaction profiles (A—E) for the experiments conducted and listed as entries 1-5 in Table 3. The solid red dots indicate the reactant and

green dots are for the product.

concentrations of salicylaldehyde and EAA with average slopes
of 0.9008 and 0.8308 and a correlation coefficient of 1.

Rate law derivation

A kinetic investigation would typically involve the postulation of
likely mechanisms and a comparison between the observed rate
expression and those anticipated from theoretical approaches.
It is possible to exclude from consideration any mechanisms
that are incompatible with the reported kinetics.**

Based on the kinetic experimental observations, the reaction
mechanism is proposed in Fig. 7. The rate law for reaction was
derived by means of spectroscopic data; wherein, the formation
of intermediate Y was shown to be the slowest rate-determining
step (Fig. 7, Phase II). Also, by UV method, it was confirmed that
only the concentration of salicylaldehyde and EAA were involved
in the rate-determining step. To illustrate the development of

© 2024 The Author(s). Published by the Royal Society of Chemistry

a kinetic expression from a postulated reaction mechanism
(Fig. 7), we know that the slowest step is the rate-determining
step for a reaction, and the rate equation can be written as,*

Rate = k,[ED][Sal]

Where k, = rate constant at Phase II.
[ED] = EAA-DABCO complex

[Sal]’ = [Sal]’

Where [Sal], = concentration of salicylaldehyde at time ‘¢.
[Sal} = [Sal], where [Sal} means salicylaldehyde free from all
components of reactions

[EAA] = [EAA] + [ED]

RSC Sustainability, 2024, 2, 4008-4027 | 4015
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Fig. 6 (T-V) Reaction profiles for the experiments conducted and listed as entries 1-3 in Table 6. (W-Y) Regression plots of OD vs. time. (Z) Plot

of log[k] vs. [1\T] in determining the activation parameters. The solid red

= [EAAY + ki[EAAY

Where [EAA] = concentration of EAA at time ‘¢'.
[EAA} = [EAA], where [EAA} means EAA free from all
components of reactions

[EAA]" = [EAAY {1 + ky}

Where k; = rate constant at Phase I
[ED] = [EAA]' — [EAAY
Rate = k>{[EAA] — [EAA}}[Sal]
=k {[EAA] — [EAAT/(1 + k;)}[Sal]
= k{1 — (1/1 + k;)}[EAA][Sal]
= ko{ky/1 + k1 }[EAA][Sal]
= {kiko/(1 + k1)}[EAA][Sal]
Rate = k[EAA][Sal] where, k = {kiko/(1 + ky)}
The reaction orders were calculated from the slopes of
log(kobs) vs. log(concentration) plots by varying the concentra-
tions of salicylaldehyde (Table 4, entries 1-3; Fig. 4L) and EAA

(Table 5, entries 1-3; Fig. 5S) while keeping all the other
conditions constant.

© 2024 The Author(s). Published by the Royal Society of Chemistry

dots indicate the reactant and the green dots are for the product.

Under optimized experimental conditions, the rate law can
be written as, R o [salicylaldehyde]’?°°® [EAA]*#3%% order =
0.9008 + 0.8308 = 1.732.

Effect of temperature

The rate of reaction was measured at different temperatures,
considering the same reaction conditions as chosen for the
spectroscopic studies. Once again, the UV spectroscopic data
allowed concluding the rate of reaction as ryg > 30 > 0, L€.
0.8293 > 0.0403 > 0.0059 mol ' L s~* (Table 6, entries 1-3;
Fig. 6(T-V)). Fig. 6(W-Y) display linear regression plots between
the OD vs. time for the reactants. The correlation coefficients of
the model reaction were observed as 0.9893, 0.9993, and 0.9975
for different temperatures with slopes of 0.8293, 0.0403, and
0.0059, respectively. With every 10 °C raise in temperature, the
rate of the reaction increased by r,, > r3; while the rate of
reaction decreased with every 10 °C drop in temperature by

130 > I20.
Table 6 Effect of temperature on the synthesis of 3-acetyl coumarin

using Sal (1 eq.) + EAA (1 eq.) + DABCO (1 eq.) + water (1 ml) in
determining the activation parameters

Entry Temperature (K) (1/T) x 1000 k Logk

1 313 3.193 0.8293 —1.859
2 303 3.298 0.0403 —3.172
3 293 3.411 0.0059 —4.007
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Fig. 7 Proposed reaction mechanism.

A detailed thermodynamic analysis of the activation
parameters for the synthesis of 3-acetyl coumarin was per-
formed and the activation parameters obtained from the slopes
of logkops vs. 1/T plots by varying the temperature [Table 6,
Fig. 6Z] for the model reaction salicylaldehyde (1 eq.), EAA (1
eq.), DABCO (1 eq.), and water (1 ml), as shown in Table 6,
entries 1-3, and Fig. 6Z. Further, the activation parameters were
also calculated for the slowest step of the reaction, and the
activation energy was found to be E, = 44.95 kcal mol .
Similarly, the other activation parameters were also calculated
and provided in Table 7. In the table, the positive AS* indicates
that the EAA-DABCO complex was more ordered/stable than the
intermediate, while the positive A H” proves the condensation
reaction was endothermic and the positive A G shows the non-
spontaneity of the slowest step.

Spectroscopy and cyclic voltammeter evidence

The kinetic and thermodynamic experimental results prompted us
to undertake investigations utilizing electrochemical techniques,

Table 7 Activation parameters with respect to the slowest step of the
reaction (E, = 44.95 kcal mol™)

Values
Parameters 313.16 K 303.16 K 293.16 K
AH" (keal mol™) 44.32 44.34 44.36
AS* (cal K™ mol ™) 74.39 73.17 74.45
AG" (kcal mol ™) 21.03 22.16 22.54

4018 | RSC Sustainability, 2024, 2, 4008-4027

such as cyclic voltammetry (CV) and spectrochemical analysis, as
these tools can help instantly provide more information on the
spontaneity effect of a catalyst on the rate of a reaction.

IR spectra and "H NMR: a time-dependent study

Many methods have been adapted for clarifying the reaction
mechanism, including spectroscopy for studying the reaction
mechanism for homogeneous organic reactions. Spectroscopy
plays a crucial role in providing evidence for organic reactions
by allowing chemists to analyze the structural changes that
occur during a chemical transformation. Spectroscopic tech-
niques, such as infrared (IR) spectroscopy, can identify func-
tional groups present in organic molecules; also, during
a chemical reaction, the appearance or disappearance of certain
peaks in the IR spectrum can indicate the formation or
consumption of specific functional groups, providing evidence
for the reaction.” Even nuclear magnetic resonance (NMR)
spectroscopy can be used to monitor the progress of a reaction
in real-time. By taking NMR spectra at different time intervals
during a reaction, chemists can observe changes in the chem-
ical shifts and multiplicities of certain nuclei, which can
provide insights into the formation of new products or inter-
mediates. NMR spectroscopy provides detailed information
about the connectivity and stereochemical nature of organic
molecules.*' Ultimately, by making it possible to identify,
characterize, and track chemical changes at the molecular level,
spectroscopy is a potent tool for providing evidence for organic
reactions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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There is a wide variety of intramolecular interaction that
affect infrared group frequencies and band intensities. The
important intra molecular factors are mass effects, electric
effects (inductive and resonance effects), hydrogen bonding,
symmetry, conjugation, bond angle strain, field effects, and
vibrational coupling effects.*” The effects of intramolecular
interactions in the infrared spectra of molecules make it
possible to investigate different types of structural problems.
Here, we utilized observations of the reaction changes
happening by considering the peak intensities and values. We
have focussed mainly on phenolic -OH, C=0, and aldehydic
CH stretching frequencies; wherein, salicylaldehydes' aldehydic

© 2024 The Author(s). Published by the Royal Society of Chemistry

C=0 was observed at 1672 cm™ ' (Fig. 8A), while at 4th to
8th min two C=O0O band frequencies were found at 1736 and
1675 cm™ ', which indicate the beginning of the formation of
the intermediate structure Y and 3-acetyl coumarin. Hence, we
rushed towards looking for aldehydic characteristic CH
stretching vibration bands, which are generally observed
around 2800-2650 cm ', here as two weak bands in this region.
The observed two bands at 2746 cm™ " and another at 2876 cm ™"
for salicylaldehyde (Fig. 8A) disappeared during product
formation. We also noticed that the hydrogen deformation
vibration band of ~-CHO group appeared at 766 cm ™" (ref. 43)
(Fig. 8A). In the IR spectra, the peak intensity diminished slowly

RSC Sustainability, 2024, 2, 4008-4027 | 4019
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Fig. 9 Plot of abundance vs. chemical shift for 'H NMR spectral analysis as a time-dependent study.

as well as a shift of the peak towards higher wavelength was
observed, from which we may explain the progress of the reac-
tion up to the 10th min as shown in Fig. 8B-D. Moreover, the IR  dependent nuclear magnetic resonance (NMR) from 0 to

4020 | RSC Sustainability, 2024, 2, 4008-4027

spectra could only explain the reaction up to a certain extent,
but not precisely. Thus, we switched towards studies using time-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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10 min. A technique in monitoring structural changes using
time-dependent '"H NMR was proposed and then proved. All the
components in the reaction, other than DABCO and H,O, were
found to influence the overall kinetics, as proven in the 'H and
UV studies. Three sets of standardized reaction conditions were
chosen for studying the structural changes occurring in the
reaction of salicylaldehyde (1 eq.) upon reaction with EAA (1 eq.)
in the presence of the DABCO catalyst (1 eq.) and 1 ml of water
at room temperature. Subsequently, these three sets of reac-
tions were performed, quenched at 4, 8, and 10 min, extracted
with ethyl acetate, and then the ethyl acetate was removed using
a rota vapour technique, leaving behind the isolated compound,
which was then analyzed by 'H NMR and compared to the
reactants, i.e. salicylaldehyde and EAA.

Peaks resonating in the 'H NMR spectrum of pure EAA
(Fig. 9E) indicated the presence of both EAA and the enol form
of EAA species. While the choice of the perfect analytical tool is
a tedious process, choosing right enables getting precise
answers. As a result, we were able to tackle the issue caused in
"H NMR with the proton integration values with the use of CV.
As shown in Fig. 11C3, two reductive peaks appeared in the CV
for EAA caused by the formation of the two enol forms E1 and
E2, respectively (see Fig. 7, Phase Ia), and these forms are
impossible to distinguish using only the NMR technique. The
feasibility of two H, peaks at 4.983 (with tautomerism) and
3.462 ppm (without tautomerism) (see Fig. 7, Phase Ia) shows
the reversible nature of EAA.** For arresting this reversibility of
tautomerism in EAA, a bicyclic tertiary amine base DABCO was
used which holds the acidic proton of the keto-enol form,
thereby making a stable six-membered ring ‘X’ (Fig. 7, Phase Ib),
as proved by the disappearance of the H, peak at 3.462 ppm and
appearance of two magnetically equivalent peaks of DABCO at
3.361 and 2.691 ppm in the '"H NMR spectrum, as shown in
Fig. 9F. Also, the formation of X was the fastest step, as deter-
mined through "H NMR and CV.

The Knoevenagel condensation reaction happens between
the aldehydic functional group of salicylaldehyde with the EAA-

C1
15 ipa= 116.82 pA

E,,=+1234V

1(nA)

Eq=-0.6992V

E.=-1350V

T T T T T T T
=20 -5 -1.0 0.5 0.0 0.5 1.0 1.5 20

E (V) vs Ag/AgCl
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DABCO complex, resulting in the formation of intermediate ‘Y’,
namely ethyl 2-(2-hydroxybenzylidene)-3-oxobutanoate (Fig. 7,
Phase II). A close examination of the "H NMR spectra allowed us
to conclude that the product formation began as early as 4 min,
as can be seen from Fig. 9H with the peaks for H, and H;
resonating at 4.879 and 2.490 ppm, as well as the presence of an
intermediate Y represented by H; at 2.173, while the EAA-
DABCO complex represented by Hg,, Hg; at 3.361 and
2.691 ppm appeared at up to the 4th min. Interestingly, at the
8th min, a disappearance of H; (2.173 ppm) was noted, wherein
Hg; and Hy, peaks were observed, and the presence of the
phenolic -OH group in intermediate Y was observed through
the "H NMR data around 11 ppm, as shown in Fig. 91. Thus, the
intermediate formation was the slowest rate-determining step
in the reaction k, *°

Intramolecular ring closure of the phenolic ~-OH with the
ethyl ester part of intermediate Y was found to be fastest step ks
in the reaction. By keenly observing the "H NMR spectra at the
10™ min (Fig. 9]), the reaction was found to be complete,
showing only the product 3-acetyl coumarin peaks with the
disappearance of the phenolic OH, Hg, H;, Hg, and Hy peaks of
the intermediate at the 10th min.

Cyclic voltammeter study

Nowadays, electroanalytical methods are well recognized and
applied in many chemical fields. Their typical applications
include the investigation of redox processes, the study of elec-
trochemical reactions between ions and the surface atoms of
electrodes, studies to comprehend reaction intermediates and
the stability of reaction products, the qualitative description of
electrode reaction mechanisms, and qualitative determination
of the characteristics of the charge-transfer reactions between
electrolyte ions and electrons from the electrode surface.*®
Since, the current in a circuit is proportional to the electrode's
surface area, it is possible to measure the rate of reaction simply
by measuring the current flowing through the circuit, using the
formula I = dQ/dt; therefore, the rate of reduction or oxidation

Cc2

ipa= +30.30 pA

Ey=+1.234V

1(nA)

=20 -1.5 -1.0 0.5 0.0 0.5 1.0 1.5 20

E (V) vs Ag/AgCl

Fig.10 Plot of the current vs. potential: C1 represents the quasi-reversible tautomerism of EAA, C2 represents the arrested form of EAA-DABCO

— a favoured irreversible reaction.
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at the electrode surface can be determined by the current.
Numerous other elements also affect this current, primarily the
concentration of the redox species, the electrode's size, shape,
and material, the solution resistance, the cell volume, and the
quantity of electrons transported.*

Spontaneity and stability of tautomerism in EAA and its
complex with DABCO catalyst

In order to equate the kinetic and thermodynamic results, cyclic
voltammetry was employed, as this allows determining quick
electron transfer from a molecule and allows predicting the
mechanism of a reaction. In our work, we used Ag/AgCl in 1 M
KCl as the reference electrode, platinum electrode as the
counter electrode, and a glassy carbon electrode as the working
electrode, because it was found that, at this surface (as opposed
to metal electrodes such as Ag, Au, Hg, and Pt), voltammetry
suffers the least interferences from adsorption processes.*®
Accordingly, the reactions performed so far were chosen, and
we prepared two sets of standardized solutions: EAA (1 eq.)
dissolved in 10 ml phosphate buffer solution of pH 7 and
another same set in the presence of DABCO catalyst (1 eq.).

As is well known, EAA having o-H, is more acidic and
undergoes tautomerism very quickly and reversibly.* We
proved this reversible nature of EAA by using cyclic voltamme-
try. Initially, the potential was scanned linearly over time;
wherein, the potential reaches a suitably negative or positive
potential, and chemical species undergo oxidation or reduction
at the electrode surface, producing an electrical current. This
current is monitored during the process of the potential scan in
order to figure out how much of a chemical species is under-
going a redox reaction per unit time. The current increases as
the potential rises through the redox-active species’ half-wave
potential (E;;,), making oxidation more thermodynamically
favourable. Eventually, however, the oxidation process is
limited by species diffusion to the electrode surface, resulting in
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a diffusional tail marked by a drop in current. After that, the
electrode’s potential sweep is reversed and scanned in the other
direction until the starting potential is attained.*® For a chemi-
cally reversible electron-transfer process as denoted in Fig. 7, i.e.
Phase I without the DABCO catalyst, the reduction of the elec-
trochemically generated species resulted in a cathodic (reduc-
tive) current, leading to the voltammogram at a scan rate of
50 mV s " displayed in Fig. 10C1. The features of cyclic vol-
tammograms that are generally reported in the literature are the
anodic and cathodic peak heights, iy, and i, and the peak
separation AE,,. For an electrochemically reversible process, E;,
is measured as halfway between the anodic and cathodic peak
potentials. Here, one anodic peak around E, = +1.234 V and two
mesmerising cathodic peaks around Ecg = —0.6992 V and Ecc =
—1.350 V were observed and distinguished by CV only rather
than by the NMR technique; this reveals the tautomerism of
acidic o-H, occurring on either side, in which tautomerism
occurring at the keto carbonyl is more favoured (Ecc) than at the
ester carbonyl (Ecg), as judged based on the peak area. The peak
to peak separation AE,; = Eyy — Ecp = +1.933 Vand AEp,, = E,,
— E.. = +2.584 V reveal the quasi-reversible nature of the reac-
tion.”* For arresting this reversibility of tautomerism in EAA,
a bicyclic tertiary amine base DABCO was used, which holds the
acidic proton of the keto-enol form, thereby making a stable six-
membered ring ‘X’, as proved and shown in Fig. 7, Phase Ib,
leading to the voltammogram at a scan rate of 50 mV s~ dis-
played in Fig. 10C2. The peak around +1.234 V remained while
the two reductive peaks vanished; also the height of these peaks
=ipalipe #1; which explains the most favoured irreversible
reaction.®> Meanwhile, it was also observed that this step was
the fastest step k1 (Fig. 7), as confirmed by CV (Fig. 10) and 'H
NMR (Fig. 9). Curiosity prompted us to also observe the current
intensity peak, whereby the intensity was increased for EAA-
DABCO complex (+30.30 pA) over EAA (+16.82 pA) (see Fig. 10C1

c3

rt

104 ligN

E,, =-0.7088

[

C4

IAA-DABCO
rt —

E, =751

Eyy =1710

i(nA)

[
Anodic shift

Cathodic shift

E (V) vs Ag/AgCl

T T T T T
200 -5 -0 05 00 05 10 1.5 20

E (V) vs Ag/AgCl

Fig. 11 Plot of the current vs. potential, where C3 represents the quasi-reversible tautomerism of EAA, and C4 represents the quasi-reversible
tautomerism of EAA in the presence of a non-stoichiometric amount of DABCO.
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and C2); which proves that oxidation was more thermodynam-
ically favourable with the formation of a stable complex.

Effect of temperature over tautomerism in EAA and its
complex with DABCO catalyst

Despite its significance, insufficient research has been con-
ducted on the impact of temperature on the kinetic behaviour,
leading to a lack of conclusive findings.*® Fig. 11 illustrates the
typical CV voltammograms at a scan rate of 50 mV s~ * for two
different sets of solutions of EAA (1 eq.) and another same set in
the presence of DABCO catalyst (0.0125 eq.).

The electron mobility/shift in the a-H, acidic proton of EAA
was examined (Fig. 11C3) under liquid N, to room temperature.
It was found that the tautomerism stopped in liquid N, atmo-
sphere and that the mesomeric effect slowing began from —10 °
C with raising the temperature, which could be detected by an
increase in the current. All the separations between the oxida-
tion and reduction peak potentials (A E,) could be observed in
Fig. 11C3 and were much greater than 60 mvV, indicating
a quasi-reversible reaction.

In order to examine the displacement of the potential (V) of
the anodic and cathodic shifts and also the intensity of the
oxidative current peak during the EAA-DABCO complexation
reaction, a non-stoichiometric experimental proportion of
DABCO was taken. The anodic peak of pure EAA around E,, =
1.206 V (Fig. 11C3) was shifted to E,, = 1.106 V (Fig. 11C4),
implying the formation of a complex was beginning and a new
peak could thus be observed for the EAA-DABCO complex
around E,, = 1.710 V. Similarly, the complexation of EAA-
DABCO caused a shift in the cathodic peak of EAA around E., =
—0.7088 V (Fig. 11C3) to E,, = —0.7515 V (Fig. 11C4) upon
complexation. Second, the reductive peak abruptly changed and
shifted to E,;, = —1.515 V (Fig. 11C4), revealing that the
tautomerism of acidic a-H, occurred on either side, in which
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the tautomerism occurring at the keto carbonyl was favoured
(Ecp) over that on the ester carbonyl (E.,), as judged based on the
peak area. Furthermore, the vanishing of both the anodic and
cathodic peaks of EAA upon the perfect stoichiometric
complexation with DABCO was studied.

Effect of DABCO concentration over tautomerism of EAA -
until the favoured irreversible process

Fig. 12 illustrates the typical CV voltammograms at a scan rate
of 50 mV s~ ' for varying concentrations of DABCO on EAA
tautomerism solution in 10 ml phosphate buffer at pH 7. Here,
it can be seen that the anodic peak current (ip,,) increased as the
concentration of the DABCO catalyst increased. We were
curious enough to check the cyclic voltammogram for each
concentration, which discloses two distinct observations: first,
the oxidation peak pattern changed with increasing the peak
current as the concentration of DABCO increased, indicating
the more thermodynamically favourable formation of a stable
complex. Second, the reduction peak decreased with increasing
the concentration of DABCO and straightened precisely at 1 eq.
concentration, indicating the conversion of a quasi-reversible to
an irreversible process. Consequently, 1 eq. DABCO concentra-
tion was the optimal quantity to hold the complete enol form of
EAA-DABCO, making it irreversible by complexing.

Experimental
General information

All the reactions were monitored by TLC (Merck silica gel F-254
plates) and the isolated products were characterized by FTIR
(KBr pellets; dated 29-10-2023), and "H NMR (400 MHz; dated
04-11-2023) respectively. Chemical shifts were reported in parts
per million (ppm) downfield from the TMS internal standard.
Electrochemical investigations were carried out on a CHI6134E

Y

25

L0eq

0.01 eq

i (LA)

——00leq
——003eq
025eq
Z 0375 eq| A
———05¢q 2N Y
M—065¢ = /

——075¢q

~0.875 eq|
10¢q |

25 00 oS
E (V) vs Ag/AgCl

ey

i (pA)

1 1 I I I I I I

20 -15 -1.0 0.5 0.0 0.5 1.0 1.5

E (V) vs Ag/AgCl

10 0w 05

20 s 05
20 E (V) vs AgAgCl

Fig. 12 Plot of the current vs. potential showing the conversation of the quasi-reversible to an irreversible process with increasing the

concentration of DABCO (from 0.0125 to 1 eq.).
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electrochemical analyzer with a standard three-electrode cell
set-up (CH Instruments Ltd Co., USA).

General procedure for the synthesis of 3-acetylcoumarins (3a-
h)

A mixture of EAA (1 eq.), substituted o-hydroxyaldehydes (1 eq.),
and catalyst (DABCO, DABCO- ionic liquids) was stirred at room
temperature until TLC monitoring analysis indicated (10-20
min) that the reaction was complete. The solid that separated
was filtered and washed thoroughly with water.

Procedure for recovering of the DABCO catalyst and ethanol

Following the general procedure described above, initially, the
filtrate obtained was taken and distilled under reduced pressure
to recover ethanol. Moreover, the aqueous solution containing
only the catalyst and free from ethanol was reused once again
for the reaction. The catalyst could be reused at least 5 times.

Conclusions

From this investigation, we have shown a most useful facile
green synthesis of 3-acetylcoumarins for the first time in water,
offering high purity and yield under mild conditions. The
condensation reaction worked well with a stoichiometric
amount of catalyst in aqueous medium at room temperature.
This methodology offers a good scope for the synthesis of a wide
variety of 3-acetylcoumarins compared to earlier reported
approaches. Also, the catalysts DABCO and DABCO-ionic
liquids could be easily recovered and reused more efficiently.
Meanwhile, the by-product ethanol could also be recovered and
used wherever essential. We demonstrated the effect of the
DABCO catalyst/reactants on the rate kinetics of the reaction
and thermodynamic activation parameters. From these studies,
it was revealed that the DABCO catalyst initiates the reaction
very quickly and completes the reaction via holding the
tautomerism, by EAA-DABCO complexation. While the inter-
esting step of EAA-DABCO complexation and its involvement in
the progress of the reaction were determined through FT-IR and
time-dependent "H NMR studies. More interestingly for the first
time, the tautomeric form of EAA and its complexation with
DABCO were studied in detail through CV, suggesting that the
tautomerism of EAA happens fast, whereas in the EAA-DABCO
complex tautomerism was arrested, leading to completion of
the reaction in a shorter time. The salient features of this
method are its totally eco-friendly condition, the reusability of
the catalyst and by-product, and it is more economical. More-
over, this protocol can be used for the large-scale synthesis of
substituted-3-acetylcoumarins; thus, the present procedure is
a significant improvement over existing methods. More broadly,
the exploration of this remarkable method may lead to new
condensation reactions.
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