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Cholinium ionic liquids as cheap and reusable catalysts for the synthesis of

coumarins via Pechmann reaction under solvent-free condition
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The influence of ionic liquid on the
keto/enol tautomeric equilibria of ethyl
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The ionic liquid [N11,O0H][HSO4] was found
to be an efficient and reusable catalyst for
the Pechmann reaction under solvent-free
conditions. The Uv-vis studies suggested
the increase of the acidity and the
introduction of hydroxyl group to the cation
benefit to the existence of keto tautomer of
ethyl acetoacetate, which then lead to the
excellent performance of [N;;,OH][HSO4].
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Abstract: A cheap cholinium ionic liquid N, N’-dimethylaminoethanol hydrosulfate
([N1120H][HSO4]) was found to be an efficient and reusable catalyst for the
Pechmann condensation under solvent-free conditions. The coumarin products can be
simply separated and the ionic liquid catalyst can be recycled and reused for at least
six runs without noticeable decrease in the catalytic activity. The Uv-vis studies
suggested the increase of the acidity and the introduction of hydroxyl group to the
cation benefit to the existence of keto tautomer of ethyl acetoacetate, which then lead

to the excellent performance of [N;1,OH][HSO4].
Keywords: cholinium - ionic liquid - Pechmann reaction - coumarin - keto/enol
tautomeric equilibrium.
1. Introduction

Coumarin is the core unit of a number of natural products and exhibits various
biological activities such as antimicrobial,1 antithrombotic,2 anticancer,3 anti-HIV,*
antioxidant® and central nervous system modulating activities." They have been
widely used in pharmaceuticals, perfumes, agrochemicals, and cosmetics. The
synthesis of coumarin derivatives has received great attention in the synthetic organic
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and medicinal chemistry, and several routes including Pechmann,” Perkin,®
Knoevenagel’, Reformatsky'®, and Witting reactions'' have been developed. Among
these routes, Pechmann reaction is the most widely used method since it proceeds
from simple and available starting materials of phenols and B—ketoesters. However,
acidic catalysts have to be used such as concentrated H,S0,'%, P,05" , trifluoroacetic
acid", TiCL"°, HC104/Si0,"®, phosphotungstic acid'’, Nafion resin'®, AI-MCM-41"°,
superacidic sulfated zirconia®®, superacid-functionalized mesoporous nanocages >,
nanostructure sulfated tin oxide”, zirconium phosphotungstateB, SnCL*, and
sulfonic acid-functionalized ionic liquid®. Most of these catalytic systems suffered
from severe drawbacks such as the use of a large amount of catalyst, frequently long
reaction time and low yields, sometimes high-cost for the preparation of catalyst and
the difficulty or even impossibility in the catalyst reutilization. Therefore, it is still in
great necessary to develop low-cost and highly efficient catalytic systems for the
synthesis of courmarins with the possibility to reutilize the catalyst.

Due to the high biocompatibilility, wide resource and low preparation cost,
cholinium-based ionic liquids (CILs) have been widely used in electrochemistry27,
metal processing®, ionothermal synthesis®, and catalytic procedures’®>3. As a

continuous work on the utilization of CILs in green catalysis®” **> **

, the catalytic
performance of a series of CILs on the synthesis of courmins through the Pechmann
reaction were investigated in this work. It was found that the existence of hydroxyl
group on the cation and the enhancement in the acidity strength of the anions favored
the catalytic activity for the Pechmann reaction, and the ionic liquid with acidic anion
of hydrogen sulfate and protic cation of N,N-dimethylaminoethanol ([N;;;,OH][HSO4])

was found to be an efficient and reusable catalyst for the synthesis of courmarins

under solvent-free conditions. This catalytic system is cheap and affordable with the
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advantages of easy experimental and work-up procedures and no use of toxic catalyst
and solvents, and the catalyst can be recovered and reused at least six runs without
significant activity decrease.

2. Experimental Section

2.1 Materials and methods

All chemicals of AR grade were commercially available and used without further
purification. The synthesis methods for the ionic liquids were similar to the
procedures reported in our previous work [30, 33]. According to the procedure
described in literature [34], the deep eutectic mixtures of choline chloride and diacids
were prepared at the molar ratio of 1:1 through simple mixing at 110°C under stirring
for 2 hours. Melting points were determined on a XRC-1 Microscipic Melting Point
Measurer without correction. 'H NMR spectra were recorded on a Bruker AV-400
instrument at room temperature by using TMS as internal standard. For easy
understanding, chemical structures for the cation of cholinium-based ionic liquids

were shown in Scheme 1.

\?\I@H N \N% AN >§ P
/ / /

Niiz N;,OH choline

Scheme 1. The cation structure of cholinium-based ionic liquids

2.2 Typical procedures for the Pechmann reaction catalyzed by CILs

A mixture of phenol (2 mmol), ethyl acetoacetate (2.2 mmol) and ionic liquid (0.1
mmol) was added into a 10ml round-bottom flask and stirred at 90°C for the desired
reaction time. After the reaction was completed as monitored by TLC, the reaction
mixture was cooled to room temperature, and ice-cold water was added to the mixture

to precipitate the product. The crude product was then recrystallized from ethanol to
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give pure product. The ionic liquids contained in the filtrate can be reused for the next
run after the evaporation of water.
2.3 UV-vis experiments

The UV-vis spectra were recorded using a TU-1900 UV-vis spectrometer to detect
the keto/enol tautomeric equilibrium of ethyl acetoacetate (EAA). The concentration
of EAA in methanol was kept at 5x10*mol/L, and the molar ratio of EAA to ionic
liquid was kept at 1:0.05. The maximum absorbance of the enol tautomer of EAA is at

244nm.

3. Results and discussion
3.1 The catalytic activity of different ionic liquids on the Pechmann reaction

The reaction between resorcinol and EAA was selected as a model system to
study the catalytic activity of different ionic liquids on the Pechmann reaction, and the
results are collected in Table 1. It was found that the ionic liquids with cholinium
cation and weak acidic anions have no significant catalytic activity on the Pechmann
reaction (entries 1-3, Table 1), while the ionic liquids with strong acidic anion of
[HSO,4] showed moderate catalytic activity and 50% isolated yield could be obtained
for the target compound in 12 hours (entry 4, Table 1). This suggests that acidity of
the ionic liquids is essential for the Pechmann reaction. Then the catalytic activities of
several acidic deep eutectic mixtures based on choline chloride on the Pechmann
reaction were also studied (entries 5-7, Table 1). Compared with [choline][HSO4],
[N1120H][HSOy4] has stronger acidity33 , thus showing excellent catalytic activity for
the Pechmann reaction, and 87% isolated yield has been observed for the target
compound within 1.5 hours (entry 8, Table 1). However, the ionic liquids
[N1120H][H,PO4] and [N;;,0H]CI showed no catalytic activity (entries 9-10, Table 1)
although they have the same cation with [N;;;OH][HSO4]. This is because their
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acidity is weaker than the ionic liquid composed with HSO, anion as suggested by
their Hammett acidity functions.> On the other hand, the ionic liquid composed of
[HSO4] anion and N,N-dimethylethylamine cation ([N;;2][HSO4]) can only get 50%
isolated yield after 4 hours of reaction (entry 11, Table 1). These results suggest that
besides the acidity of the anion, hydroxyl group on the cation of the ionic liquid is
also important for the catalysis of this reaction.

Table 1. The catalytic activity of different ionic liquids on the Pechmann reaction.

0 0 HO. 0 o
HO OH T
M ionic liquid
O Iz T
90°C
CH,4
entry”"b Ionic liquid Reaction time (h) Isolated yield (%)

1 [choline][Ac] 10 —
2 [choline]Cl 10 —
3 [choline][H,PO4] 12 —
4 [choline][HSO4] 12 50
5 [choline]Cl/oxalic acid 12 43
6 [choline]Cl/malonic acid 12 40
7 [choline]Cl/succinic acid 12 10
8 [N1120H][HSOy4] 2 87
9 [N1120H][H,PO4] 12 —
10 [N;120H]CI 10 —
11 [N112][HSOq4] 4 50

* The molar ratio of resorcinol to ethyl acetoacetate to ionic liquid was 1:1.1:1, and

the reaction was conducted at 90°C.

3.2 The influences of the catalyst amount and reaction temperature on the
catalytic activity of ionic liquids

The influence of the catalyst amount on the catalytic activity of [N;;,OH][HSO4]
on the Pechmann reaction was studied and the results were given in Table 2. It was

5
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interesting to find that the catalytic activity of the ionic liquid increased with the
decrease of the molar ratio of ionic liquid to resorcinol from 1.5 to 0.05 (entries 1-5,
Table 2), while the further decrease in the amount of ionic liquid from 0.05 to 0.02 led
to the decrease of the catalytic activity (entry 6, Table 2). This suggests that the
optimal molar ratio of ionic liquid to resorcinol should be at 0.05. Then the influence
of the temperature on the reaction was studied by using the optimized catalyst amount.
It was shown that the decrease in temperature reduced the catalytic activity (entries 6-
8, Table 2). However, when the temperature was increased to 120°C, the enhancement
in catalytic activity accompanied by the decrease in selectivity (detected by TLC), and
only 90% isolated yield was found for the target compound (entry 9, Table 2).

Table 2. The influence of catalyst amount and temperature on the model reaction.

Entry Molar ratio Reaction Reaction Isolated

(ionic liquid: resorcinol) temperature(°C) time(h) yield(%)
1 1.5:1 90 2 86
2 1:1 90 2 87
3 0.5:1 90 3.5 94
4 0.2:1 90 3.5 98
5 0.05:1 90 3 99
6 0.02:1 90 3.5 90
7 0.05:1 60 5.5 75
8 0.05:1 25 5.5 —
9 0.05:1 120 2 90

3.3 The effect of ionic liquid on the keto/enol tautomeric equilibria of EAA and
the plausible reaction mechanism for the Pechmann reaction

According to the well accepted reaction mechanism for the acid catalyzed
Pechmann reaction, the increased polarization of C=0 bond of B—ketoesters would
benefit to its reactivity. When it comes to EAA, the polarization change of C=0 will

affect its keto/enol tautomeric equilibrium. Therefore, we studied the effect of several
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ionic liquids with [HSO4] anion on the keto/enol tautomeric equilibrium of EAA in
methanol and the results are illustrated in Fig 1. It can be seen that when the selected
ionic liquids were added to the methanol solution of EAA, absorbance of the enol
decreased in the sequence of [choline][HSO4] > [Nj12][HSO4] > [N;;20H][HSO4].
This suggests that the addition of ionic liquid will increase the keto content in the
tautomeric equilibrium and ionic liquid [N;;,OH][HSO4], which has stronger acidity
than [choline][HSO4] and a hydroxyl group on the cation, is the most favorable for the
existence of keto. Therefore, a plausible reaction mechanism was proposed and
illustrated in Fig. 2. It is suggested that the hydroxyl group on the cation of
[N1120H][HSOy4] acts as a hydrogen bond donor to polarize the carbonyl group of
EAA and increase keto content of EAA. This makes the carbonyl group more

susceptible to the subsequent nucleophilic attacks by resorcinol.

0.5

a a. pure methanol
b. [choline] [HSO,]

c. [N, 1[H80,]
d. [N, ,0H][HSO,]
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Fig. 1. The influence of ionic liquids on the keto/enol tautomeric equilibria of EAA.
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Fig. 2. The plausible reaction mechanism.

3.4 The synthesis of coumarins via Pechmann reaction -catalyzed by
[N1120H][HSO4]

The reactivity of other phenols with B-keto esters using [N;;,OH][HSO4] as
catalyst was also investigated and the results were collected in Table 3. It can be seen
that dihydric phenol and trihydric phenol can react with EAA smoothly, giving target
compound almost quantitative yields (entries 1, 6-7, Table 3), and their corresponding
reactions with methyl acetoacetate (MAA) can also arrive at excellent isolated yield
(entries 8-10, Table 3). However, the introduce of weak electro-donating group such
as methyl group led to the decrease of catalytic activity (entries 4-5, Table 3), and the
reactivity of monohydric phenol with electro-withdrawing groups such as -NH, and
CH;0- are also lowered compared with dihydric phenol and trihydric phenol (entries
2-3, Table 3). The reaction between resorcinol and other keto ester such as ethyl 2-

methylacetoacetate (EMAA) can also give moderate yield under the same catalytic
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conditions (entry 12), but its reaction with methyl 4-methoxyacetoacetate (MMOAA)

only proceed with low yield.

Table 3. The synthesis of coumarins derivatives.

N;1,0H][HSO
AN OH M N [N1120H][ 4]
+ R O/ 2

1

R|/ F 90°C

Reaction Reaction Isolated
Entry Phenols -keto ester temperature time (h) yield
(°O) (%)
HO OH
1 \Cf EAA 90 3 99
H;CO. OH
20 O/ EAA 90 7 70
HO NH2
3 \@ EAA 90 8 50
OH
4° \Q/ EAA 90 24 63
OH
b HO OH
5 EAA 90 6 95
HO. OH
6° \q EAA 90 6 98
OH
OH
7° HO\@/()H EAA 120 7 99
HO OH
g O/ MAA 90 6 90
HO. OH
9? \g MAA 90 6 92

o
T
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OH
10° HO\@/OH MAA 120 6 85
HO OH
11 \©/ EMAA 90 8 65
HO OH
12 O/ MMOAA 90 8 20

* The molar ratio of ionic liquid to phenol was 0.05:1; ° The molar ratio of ionic liquid to

phenol was 0.5:1.

3.5 The reusability of [N;;;OH][HSOy] catalyst in Pechmann reaction

After the reaction was completed, the recovered ionic liquid catalyst
[N1120H][HSOy4] from the filtrate was concentrated by rotary evaporation, dried under
vacuum at 50°C and then utilized for the next run of Pechmann reaction between

resorcinol and EAA. It was found from Fig. 3 that there was no significant activity

decrease after six runs for the model reaction.

100

80

60

yield(%)

40

20

T T T f T
1 2 3 4 5 6

run number

Fig. 3. The reutilization of [N;;,OH][HSOy4].

4. Conclusions

In summary, the catalytic activities of a series of cholinium-based ionic liquids on

the Pechmann reaction were investigated, and a cheap and reusable ionic liquid,
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[N1120H][HSO4], was found to be an highly efficient catalyst for the Pechmann
condensation reaction under solvent-free condition. The excellent catalytic
performance of [N;;,OH][HSO4] on the Pechmann reaction was suggested to come
from the hydrogen bond activation effect of the cation and the acidity of the anion.
This catalytic methodology benefits from several green aspects such as no use of toxic
catalysts and solvents, ease of preparation, recovery and reutilization of the catalyst,
simple experimental procedure and high chemoselectivity. Further work about the
utilization of this class of ionic liquids to catalyze other organic transformations is in
progress in our laboratory.
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