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This work reports on the use of the amino acid ionic liquids (AAILs) which have been used as catalysts in Kno-
evenagel condensation of various aldehydes with malononitrile. For research we use tetrabutylammonium ionic
liquids based on eight natural amino acids. The reaction was carried out in an aqueous medium. Using water as
solvent provided efficient and simple method of isolation of pure product with high yield. Moreover, amino acid
ionic liquid dissolved in water could be reused many times without any loss of its catalytic activity. The influence
of the anion was studied. Moreover the effect of technological parameters such as: the temperature, the catalyst
content, and the reaction time on yield of reaction were investigated.
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INTRODUCTION

Knoevenagel condensation is an important organic
reaction. It occurs between carbonyl compounds (alde-
hydes or ketones) and active methylene compounds, with
carbon-carbon bond formation'. It has been a subject of
interest for the production of highly processed chemicals,
such as coumarin derivatives®™ fragrances* and UV filters
in cosmetics®. Moreover, synthetic routes to many drugs
and therapeutic substances involve production of a key
intermediary via Knoevenagel condensation®®,

In the early 90’s, the development of a new trend in
chemistry has forced many changes in the approach to
organic synthesis, and among others to the Knoevenagel
condensation’. Green Chemistry approach to the synthesis
of chemicals defined and described by Paul Anastas and
John C. Warner in 1998 made it necessary to design
technologies safer both for the environment as well as
for people!™!!. Thus, there are great efforts to make
relevant changes in the processes used in chemical and
related industries.

The basic principle in designing new technologies are
the reduction and elimination of the use of hazardous
substances. In this context the use of organic, harmful
and volatile solvents should be limited. Moreover, the
catalytic processes in the presence of active and selective
catalysts, which allow the reactants to be better utilized,
are preferred.

The Knoevenagel reaction, as majority of organic re-
actions was commonly carried out in organic solvents.
New approach to this reaction was to use water as an
environmentally inert solvent'*"5 and also to apply so-
Ivent-free processes' 16,

Ionic liquids can serve well as substitutes to volatile or-
ganic solvents because of their unique properties desirable
as ideal solvents, such as low volatility, nonflamability,
good thermal stability and recyclability. Additionally they
can act as catalysts.

Some studies report utilization of ionic liquids only as
reaction medium of the Knoevenagel reaction in which
addition of catalyst is involved. For example reaction of

various aldehydes with Meldrum’s acid was conducted
in a very popular imidazolium ionic liquid, BMIMBE,,
in the presence of catalytic amounts of piperidine!’. The
same catalyst was used in BMIMOH and BMIMBr, in the
condensation of 1H-pyrrole-2-carbaldehyde with a range
of phenyl acetonitriles'. Tonic liquid HexMIMPF, was
used in the reaction of benzaldehyde with malononitrile,
in the presence of glycine as the catalyst”.

On the other hand, many reports reveal catalytic pro-
perties of ionic liquids in the Knoevenagel reaction®*?’.
Ionic liquids used as catalysts have various structures
of anions and cations. Among them there are 1,3-dial-
kylimidazolium ionic liquids with different organic and
inorganic anions, such as acetate, trifluoroacetate?’,
methanesulfonate, para-toluenesulfonate, and dimethyl
phosphate®®. There are known ionic liquids with imida-
zolium cation functionalized with acetic acid, which act
as Broensted acids®'.

There are many other examples of ionic liquids with
diverse structures that have beneficial effect on the
Knoevenagel condensation of various reactants. Am-
monium ionic liquids with 2-hydroxyethylammonium
cation and organic acids anions were also successfully
used as catalysts in condensation of aldehydes with
2,4-thiazolidinedione?>. Moreover, protic ammonium
ionic liquids (cations: Et;NH or Me;NH) with HSO,",
HPO,* or acetate anion were catalysts and solvents in
condensation of 2-chloro-3-formylquinoline with diffe-
rent active methylene compounds?®. Protic ionic liquid
formed from urotropine and acetic acid was used in the
Knoevenagel condensation of aromatic aldehydes with
ethyl 2-cyanoacetate®.

The aim of our study was combination of water as
reaction medium and ionic liquid as co-solvent and
catalyst in the Knoevenagel reaction.

Our interest was focused on the application of amino
acid ionic liquids (AAILs), which have an important
advantage over other ionic liquid classes. They are pro-
duced from renewable raw materials — amino acids and
are biocompatible and well biodegradable.



Our interest was focused on the application of amino
acid ionic liquids (AAILs), which were a combination
of tetrabutylammonium cation with amino acid anions
(ITBAJ[AA]).

There are two examples of AAILs application in the
Knoevenagel reaction®,

EXPERIMENTAL

Material

Tetrabutylammonium hydroxide (40% wt. in water),
tetrabutylammonium hydrogensulfate (97%), tetrabuty-
lammonium chloride (=97%), malononitrile (=99%),
aldehydes (benzaldehyde, salicylaldehyde, 3-hydroxyben-
zaldehyde, 4-chlorobenzaldehyde, 5-chlorosalicylaldehy-
de, 3-methoxybenzaldehyde, 4-hydroxy-3-methoxyben-
zaldehyde, 3,4-dimethoxybenzaldehyde, 2-furalaldehyde,
2-hydroxy-1-naphthaldehyde), amino acids (L-leucine,
L-valine, L-isoleucine, L-threonine, L-histidine, L-me-
thionine, L-tyrosine, L-tryptophan) were purchased from
Sigma-Aldrich. 4-(Dimethylamino)benzaldehyde and
absolute ethanol were purchased from Avantor Perfor-
mance Materials. All materials were used as received.

Analytical methods

"H-NMR spectra were recorded using Bruker DPX-
-400 spectrometer. The chemical shifts were referred to
tetramethylsilane as internal standard.

Synthetic procedures
General procedures for synthesis of [TBA]J[AA]

Tetrabutylammonium salts of amino acids were syn-
thesized from tetrabutylammonium hydroxide and amino
acids by procedure similar to previously described® 2

Amino acid (1.2 equivalents) was dissolved in the
aqueous solution of tetrabutylammonium hydroxide
(1 equivalent). The mixture was stirred at room tempe-
rature for 24 h. Then, the water was evaporated at 60°C
under vacuum by using rotary evaporator. The excess of
amino acid was precipitated from residue with absolute
ethanol and filtered. Then, ethanol was distilled off from
filtrate under vacuum. The target tetrabutylammonium
salt of amino acids [TBA][AA] was dried in vacuum
oven at 60°C.

Structures of tetrabutylammonium salts of amino acids
were confirmed by '"H-NMR with d,-DMSO as solvent.

General procedure for the Knoevenagel condensation

In a typical experiment the appropriate amount of
catalyst (0.63, 1.25, 2.5 or 5.0 mol%) was put into a ro-
und-bottomed flask (25 mL) equipped with a magnetic
stirring bar and dissolved in water at fixed temperature
(25°C or 50°C). Then malononitrile (5 mmol) and ap-
propriate aldehyde (5 mmol) were added, the flask was
closed with a rubber stopper and the mixture was stirred
vigorously for at least 0.5 h. Next, the reaction mixture
was cooled in an ice bath and the precipitated product
was filtered and washed with cold water on a filter.
Then, the product was dried and weighed. In general,
no further purification was needed. Purity and structure
of the products were confirmed by '"H NMR spectra, in
CDCl,; as solvent. Melting points of the products were
also determined.
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Recycling experiments

In the first experiment of the cycle, 46.6 mg (0.125
mmol) of [TBA][Leu] was dissolved in 15 mL of water
at 25°C. Then, 330 mg (5 mmol) of malononitrile and
531 mg (5 mmol) of benzaldehyde were added and the
mixture was stirred vigorously for 0.5 h. Next, the reaction
mixture was cooled in an ice bath and the precipitated
product was filtered. The obtained filtrate was collected,
placed in a reaction flask and used in the next cycle.
The filtered product was washed with cold water, dried
and weighed to determine the yield.

RESULTS AND DISCUSSION

In our studies tetrabutylammonium salts of eight
amino acids ([TBA][AA]) were tested as catalysts of
the Knoevenagel reaction between malononitrile and
aldehydes (Fig. 1).

NG
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Figure 1. Model Knoevenagel reaction of malononitrile with
benzaldehyde

In contrast to the earlier studies?®*, we conducted the
reaction in water as medium and we isolated pure pro-
duct without the use of chlorinated solvents. AAILSs are
soluble in water and are stable in the aqueous solution.
The product of the Knoevenagel reaction precipitated
from the reaction mixture and could be easily separated
by filtration.

In the first step of our studies, the effect of tetra-
butylammonium salts on the yield of the product was
determined. The model reaction of malononitrile and
benzaldehyde was carried out in 30 minutes with vigo-
rous mixing, at room temperature. Preparative yields of
2-benzylidenemalononitrile were between 74% and 89%.
The highest yields were noted for tetrabutylammonium
L-valinate and L-leucinate (Table 1).

Table 1. Effect of the amino acid anion in AAILs on the yield
of 2-benzylidenemalononitrile

Catalyst Yield [%]°
[TBAJ[Leu] 89
[TBA][Val] 89
[TBA][lle] 81
[TBA][Thr] 74
[TBA][His] 81
[TBA][Met] 85
[TBAI[Ty] 80
[TBA][Trp] 79
without 0
L-Leu 9
[TBAJ[CI] 55
[TBAJ[HSO4] 47

@ Reaction conditions: 5 mmol of malononitrile; 5 mmol of
benzaldehyde; 15mL of water; 0.125 mmol of catalyst; 25°C;
30 minutes; ® Preparative yield.

Apart from the tetrabutylammonium salts of ami-
no acids we also used different tetrabutylammonium
salts, for comparative purposes. It was found, that the
addition of tetrabutylammonium chloride (TBACI) or
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Figure 2. Mechanism of the Knoevenagel reaction catalyzed by [TBA][AA] in aqueous solution

hydrogensulfate (TBAHSO,) gave lower yields, 55%
and 47% respectively.

In the reaction conducted under the same conditions,
but without TBA salts, we didn’t observe the formation
of the product.

These results showed that tetrabutylammonium salts
are catalysts of the Knoevenagel reaction. Combinations
of tetrabutylammonium cation with amino acid anions
proved to be the most preferred. Low yield (9%) ob-
tained in the presence of L-leucine instead of its TBA
salt, indicated the substantial role of the amino acid
anion for the reaction mechanism (Fig. 2).

Anion (amino acid, CI” or HSO,”) combined with
TBA cation participates in this reaction. It affects the
malononitrile and facilitates deprotonation of methylene
group. Proton acceptor abilities of anions are dependent
on their basicity. Amino acid anions are stronger bases/
proton acceptors than chloride or hydrogensulfate anions,
so AA salts make deprotonation of malononitrile easier.
Therefore, we observed higher yields of the Knoevenagel
reaction in the presence of [TBA][AA] than either [TBA]
[C]] or [TBA][HSO,]. Additionally, tetrabutylammonium
cation can interact with carbonyl oxygen atom of alde-
hyde, and the electron withdrawing effect causes carbon
atom of carbonyl group to become more susceptible to
the nucleophilic attack (Fig. 2).

In the next step, the effect of concentration of tetra-
butylammonium L-leucinate, as exemplary AAIL, on the
yield of 2-benzylidenemalononitrile was tested. Moreover,
the amount of water as the medium was also changed
to indicate the optimal synthesis conditions and product
isolation (Table 2).

Table 2. Effect of [TBA][Leu] concentration and amount of
water on the yield of 2-benzylidenemalononitrile (Re-
action conditions: 5 mmol of malononitrile; 5 mmol
of benzaldehyde; 25°C; 30 minutes)

TBA][Leu] concentration Water Yield
Enty | [TBAl ["/]f,mol]b [mL] [%]°
1 0.63 15 64
2 1.25 15 82
3 2.5 15 89
4 5.0 15 87
5 2.5 5 85
6 2.5 10 84
7 2.5 20 78
8 2.5 25 74

@ Reaction conditions: 5 mmol of malononitrile; 5 mmol of benzal-
dehyde; 25°C; 30 minutes; ® vs. malononitrile; ¢ preparative yield.

The yield of product increased when [TBA][Leu] con-
centration was changed from 0.63% to 2.5% (Table 2).
The increase in AAIL concentration above 2.5% had no
effect on the further improvement of the yield. Moreover,
we observed that the amount of water should be main-

tained on the level of 1-3 mL per 1 mmol of reactant
to achieve the high yield of pure 2-benzylidenemalono-
nitrile. Water was necessary to prevent a competitive
reaction of aldehyde with amine group of AAIL. As we
described earlier, in anhydrous medium AAILs react
with aldehyde with formation of amino acid ionic liquid
supported Schiff bases (AAIL-SB)*. So the utilization
of pure AAIL in the Knoevenagel reaction instead of its
aqueous solution resulted in solidification of the reaction
mixture and production of 2-benzylidenemalononitrile
contaminated with reactants and AAIL-SB.

The effectiveness of [TBA][Leu] aqueous solution was
also checked in the Knoevenagel condensation between
malononitrile and structurally diverse aromatic aldehydes.
Benzene ring of aldehyde contained halogens atoms, alkyl,
hydroxy and methoxy groups as substituents (Table 3).
All products were identified by NMR analysis that gave
evidence of obtaining pure product without the need of
additional purification. The appropriate condensation
product was produced with moderate to high (13+98%)
yield for the majority of the used aldehydes at 25°C in
30 minutes reaction time. We observed that the yield
was depended on both the type of substituent and its
position in the ring. For example, the product from
2-hydroxybenzaldehyde and malononitrile was obtained
with 86% yield, from 3-hydroxybenzaldehyde - 29% and
from 3-methoxybenzaldehyde — 91%.

Aldehydes, which formed the product with malononi-
trile at 25°C with low or moderate yield reacted more
effectively at a higher temperature of 50°C and in longer
reaction time (Table 3). For example 2-(2-hydroxynaph-
thalen-1-ylmethylene)malononitrile reached 86% yield
after 24 h at 50°C, while at 25°C it was formed with
only 13% yield.

The advantage of the used method was the simplicity
at which the product can be separated by filtration after
cooling the reaction mixture. The remaining aqueous
solution of AAIL was used again to determine its ac-
tivity in the reaction. A sequence of experiments were
conducted using filtrates obtained from the previous
synthesis (Fig. 3).

In six consecutive experiments no significant loss of
catalytic activity was noticed (Table 4). Even in ninth
cycle the yield of 2-benzylidenemalononitrile was high
(68%). The little decrease could be the effect of mass
loss of the recycled aqueous solution of AAILs.

We have also tested utility of our methodology for
another compounds with active methylene group, such
as methyl cyanoacetate and dimethyl malonate (Table 5).
We obtained moderate results for the reaction with
various aldehydes and observed like other authors®,
a decrease in reactivity of active methylene compounds



Table 3. Knoevenagel condensation of malononitrile with vari-
ous aldehydes catalyzed by aqueous solution of [TBA]

[Leu]?
Temperature; Yield
Entry Aldehyde reaction time [%]
. Qcm 25°C: 0.5 h 89
CHO
2 25°C;0.5h 86
OH
[+
3. cho 25°C;0.5h %8
OH
25°C; 0.5h 46
4. c-@”“’ 50°C,1h o7
CHO
5. 25°C; 0.5 h 91
H,CO
. cHo 25°C; 0.5h 29
. 50°C, 1h &
HO
CHO
, OH 25°C;0.5h 13
| O‘ SOOC‘ 1 h 86
. Ho CHO 25°C: 0.5h 67
. 50°C, 1h o7
H,CO
el CHO
o @/ 25°C; 0.5 h 81
HyCO CHO
10. 25°C; 0.5 h 90
H.CO
\ 25°C;0.5h 43
11. /NQGHO 50°C, 24 h 84

@ Reaction conditions: 5 mmol of malononitrile; 5 mmol of
benzaldehyde; 15 mL of water.

AB + MN

B89

A= HO

Figure 3. Scheme of the recycling experiment

with replacement of cyano group to ester group. Ester
group is weaker electron-acceptor than cyano group, so
it decreases acidity of the methylene active compound.
The modification of the method and extending the range
of used amino acid ionic liquids are in a progress of

our research.
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Table 4. The yield of 2-benzylidenemalononitrile in the reaction
of benzaldehyde and malononitrile in the consecutive
experiments with the recycled [TBA][Leu] aqueous

solution®

9]
<

o

9

Yield [%]

88

94

81

83

85

84

72

78

OO |IN([O|O|B[WIN|=

68

@ Reaction conditions: 5 mmol of malononitrile; 5 mmol of ben-
zaldehyde; 25°C; 30 minutes; 15 mL of water and 0.125 mmol
of [TBA][Leu] were added in the first cycle.

Table 5. Knoevenagel condensation of methyl cyanoacetate (A)
and dimethyl malonate (B) with various aldehydes
catalyzed by aqueous solution of [TBA][Leu]*

Methylene active Yield
Entry Aldehyde compound (%]
CHO
3. A <1
OH
Ci
4. <\:>—cno A 39
OH
5. CIO—CHO A 19
CHO
6. A 4
HyCO
CHO
7. A 57
HO
CHO
OH
8. A 30
0 CHO
9. U/ A 86
H,CO CHO
10. A 33
HyCO

@ Reaction conditions: 5 mmol of A or B; 5 mmol of aldehyde;
15 mL of water; 0.125 mmol of [TBA][Leu]; reaction temperature:
25°C; reaction time: 0.5.
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CONCLUSIONS

We provided methodology for eco-friendly, very simple,
clean synthesis of Knoevenagel reaction product from
diverse aldehydes and malononitrile in aqueous solution
of amino acid ionic liquids (AAILs). AAILs can be
used in catalytic amount providing good yields under
mild conditions. The product was separated in pure
form by filtration and the remaining amino acid ionic
liquid solution was successfully reused without decrease
in the product yield even after 6 cycles. Our studies
established that amino acid in anionic form is needed
to the catalytic process. The role of amino acid anion
is to cause deprotonation and increasing nucleophilicity
of malononitrile. Moreover, TBA cation activates the
aldehyde to nucleophilic attack.
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