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Due to increasing demands for ecofriendly processes within the framework of green

chemistry, and having shown substantial properties, especially in terms of toxicity,
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tic solvents (DESs) have become a suitable candidate as green solvents for reaction
Email: mostafa.abbasi93@yahoo.com media in the past decade. In this work, condensation reaction of some para- and meta-
substituted benzaldehydes and Malononitrile was kinetically investigated in ethylene
glycol-choline chloride (ethaline) as a DES mixed with water, in the whole range of
mole fractions, at room temperature. The correlation of second-order rate coefficients
based on Hammett’s substituent constants yield a linear straight line with positive
slope in different mole fractions of ethaline—water mixtures. The measured second-
order rate coefficients of the reaction showed a dramatic variation in ethaline—water

mixtures with the increasing mole fraction of water.
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1 | INTRODUCTION

our body and ecosystem, have been marked by some envi-
ronment friendly solvents and potential friendly solvents such

Solvents have been known as important portion in many
chemical and physical processes (solubility, reaction rates,
selectivity, choosing the suitable solvent allows for thermo-
dynamic and kinetic control on chemical reactions, chemi-
cal equilibria, position, and intensity of spectral absorption
bands).!* The understanding of solvent effects on chemi-
cal reactivity requires precise knowledge of various solute—
solvent interactions. Due to the complexity of the solvation
phenomena, there are no credible methods for a quantitative
description and prediction of kinds of interactions. Solvent
effects are mainly expounded as resulting from changes in
media polarity, a general term that is related to the solvating
ability of the solvent.

During the past times, replacement reaction media for
volatile organic compound, which has a negative impact on

as water,® supercritical water and carbon dioxide,”® ionic
liquids,’~!! and deep eutectic solvents (DESs).'?~14

DESs have been recently considered as ecofriendly sol-
vents in chemical processing, due to their interesting physi-
cal and chemical properties.!>~'® Furthermore, DESs can be
formed simply by mixing two or more components, a salt (eg,
choline (2-hydroxyethyl-trimethylammonium) chloride) with
a hydrogen bond donor compound (HBD), which are pro-
duced a composite with melting point (below 100°C) lower
than that of each individual component. Therefore, many new
DESs have been rapidly expanded as designer solvents. In
addition, DESs, as the type of designer and green solvents,
have some identified properties such as poor conduction, low
vapor pressure, high viscosity, and high thermal stability.'?
These compounds have been applied as both solvent and
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FIGURE 1 The reaction mechanism of malononitrile and substituted benzaldehydes. The reaction begins by deprotonation of the activated

methylene to give anion I. This anion reacts with the aldehyde that after protonation forms intermediate II. After elimination of water from this

intermediate, the final product is formed

catalyst for condensation reactions, and it seems to be the
excellent media for such reactions. !>

One of the most important procedures for the forma-
tion of Carbon—Carbon bonds and unsaturated compounds
is Knoevenagel condensation reaction.”’ Due to its impor-
tance and ability for the synthesis of pharmaceutical and
biological active compounds, it has been used widely in
organic synthesizes.”! There are many methods for per-
forming of Knoevenagel condensation reaction in organic
solvents with catalyst.?>2* Xu et al*> accomplished Kno-
evenagel condensation reaction over microporous graphitic
carbon nitride (CN-Mic) as an effective heterogeneous
base catalyst. Recently, Liu et al'> proceeded this reaction
in choline chloride and urea based DESs as a reusable,
non-toxic, biodegradable, easily available, and low cost
catalyst.

In continuing our investigations on DESs,
present work, we report a kinetics study of the condensation
reaction between substituted benzaldehydes and Malononi-
trile for the first time (Figure 1). The rate coefficient of the
reaction was determined in various compositions of aque-
ous solution of ethylene glycol-choline chloride (ethaline),
as a well-known DES, at 25°C. Moreover, the rate coeffi-
cient data variations were studied according to linear and non-
linear free energy relationship models such as Hammett equa-
tion and preferential solvation model. We should indicate that

2627 in the

such studies are not aimed at developing an industrial pro-
cess but expand the boundaries of knowledge and could be
the beginning of the development of industrial applications in
the future.

2 | EXPERIMENTALS AND
METHODS

2.1 | Materials

Choline chloride (>98%), ethylene glycol (>99.8%), and Mal-
ononitrile were obtained from Merck. Also, benzaldehyde and
its derivatives were purchased from Merck (all materials in
high purity grade). Solid compounds were recrystallized from
water/ethanol and water/acetone. Doubly distilled water was
used in all solvent samples. Choline chloride was dried with
a high-vacuum oven for 48 h at 313 K. Ethylene glycol was
dried by 3 A molecular sieve. The water content of the dried
compound was determined by coulometric Karl Fischer titra-
tion yielding < 500 ppm. In order to obtain ethaline, choline
chloride was mixed with ethylene glycol in a molar ratio of
1:2 and stirred under heating (near 353.15 K) until a homo-
geneous colorless liquid was formed. The mixtures of etha-
line and water over the entire range of ethaline mole frac-
tions were gravimetrically prepared. Each binary mixture was
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TABLE 1 The generality of the reaction of benzaldehydes with
Malononitrile

Yield References

Entry R (%)»P M.P< (°C) M.P. (°C)
1 H 91 83-85 82-8428

2 3-NO, 92 105-107 104*

3 4-NO, 98 160-162 158-159%8
4 4-Cl 95 159-161 161-16228
5 2-OH 89 183-185 186-188%
6 4-OMe 90 111-113 113-114%*

Isolated yield.

PReaction conditions: Aromatic aldehyde (0.5 mmol), Malononitrile (0.5 mmol),
DES (0.5 mL), 4 h, r.t.

°M.P. is melting point.

transferred to the quartz cuvette of a spectrophotometer before
each kinetic run.

2.2 | Kinetic study procedure

The kinetics of Malononitrile with substituted benzaldehy-
des were investigated spectrophotometrically in different mix-
tures of ethaline with H,O, by using a GBC UV-vis cintra
101 spectrophotometer coupled with a thermocell at 25°C.
The kinetic runs were studied by measuring the product
absorbance from 260 to 350 nm at constant concentration of
substituted benzaldehydes (107 mol dm?) and Malononitrile
(1072 mol dm?). Other components, such as solvents, reac-
tants, and intermediates, did not absorb in these wavelengths.
Prior to kinetic runs, the stability of the products was tested
in ethaline with H,O media for 24 h. The reaction kinetics
of Malononitrile with substituted benzaldehydes were stud-
ied under pseudo-first-order conditions. All experiments were
recorded at least in triplicate and averaged.

2.3 | Synthesis section

The products of the reaction were synthesized by addition of
the equimolar amount of Malononitrile and each substituted
benzaldehyde, directly. In order to enhance the efficiency, the
reactions were performed in aqueous solution of ethaline as
a DES.!> The mixtures were stirred at room temperature for
4 h. Then water was added to the reaction mixture to precipi-
tate the product of the reaction. The product was filtered and
recrystallized in ethyl acetate. Final products were obtained in
excellent yield, and results were summarized in Table 1.

3 | RESULTS AND DISCUSSION

The second-order coefficients of the reaction between Mal-
ononitrile with substituted benzaldehydes were determined
under pseudo first-order conditions and over the whole range
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of mole fractions of water in ethaline. Data have been summa-
rized in Table 2. In all reactions, reaction coefficients show a
clear maximum around the mole fraction of 0.8 with respect
to water.

3.1 | Preferential solvation

In the recent decades, studies of the preferential solvation
model have increased noticeably in mixture of solvents.30-33
This simple model as nonlinear equation has shown impor-
tance in describing the solute—solvent and solvent—solvent
structural information. Preferential solvation model is based
on two solvent exchange processes in the microsphere of the
solvated molecule according to the following equations:

I(S1), + 252 = I(S2), + 251 (1)
I(S1), + S2 = I(S12), + S1 )

where I indicated the solute, S1 and S2 refer to the two pure
solvents, and S12 represents a solvent formed by the inter-
action of solvents 1 and 2. The solvent S12 can have differ-
ent properties from those of solvents 1 and 2. I(S1), I(S2),
and I(S12) refer to solvation of the solute by solvents S1, S2,
and S12, respectively. Equations 1 and 2 indicate the total
exchange of solvent 1 by solvent 2 or mixed solvent in the
solvation microsphere of the solute. Moreover, the constants
Jos15f121> and f,, corresponding to the phenomena described
by Equations 1 and 2 can be calculated using Equations 3-5:

fa = —xz/XI (3)
/ 0. 0.2
(x5/x})
X/
= 4
VALYS 0/ “)
f
ﬁm=le )

where x; is the mole fraction of the solvent i in the micro-
sphere of the solvated solute, x? represent the mole fraction
of solvent in the bulk solution. Thus, the physical property of
a binary mixture (Y) can be calculated from those of pure sol-
vents S1, S2, and S12 (Y}, Y5, and Y,, respectively), accord-
ing to Equation 6:

2 2

2 2
(=) + £ + frapn (1= xDx

The solute—solvent interactions in terms of solvatochromic
properties have been widely studied as the physical proper-
ties Yin binary mixture.?6-27-39-33-35 Since there are reasonable
correlations between activation free energy of the reaction and
solvatochromic parameters, this model can be explained by
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TABLE 2 Second-order coefficients (k,, M~! s71) for the reaction of substituted benzaldehydes with malononitrile in various mole fraction of

water in ethaline at 25°C

Mole fraction of H,O
Substituents in benzaldehyde 0 0.1 0.2 0.3
p-OMe (10° X k) 0.55 0.81 2.1 4.6
p-CH; (10% X k,) 0.80 1.1 2.7 5.3
None (107 X k) 1.2 1.5 3.0 7.1
m-OH (102 X k,) 1.4 2.0 4.2 8.4
p-C1 (10% x k,) 1.7 2.3 5.6 11.7
m-Br (10% X k,) 1.8 2.7 6.2 14.2
m-NO, (10% X k) 2.5 33 8.9 222
p-NO, (10? X k,) 32 5.1 12.6 28.1

0.4 0.5 0.6 0.7 0.8 0.9 1
5.7 6.4 9.4 10.2 11.5 8.75 4.8
7.5 8.5 11.1 13.9 14.4 10.9 6.3
9.1 11.3 16.2 18.4 253 19.2 9.2
13.2 15.1 18.3 25.1 31.5 232 10.0
15.6 18.9 23.9 31.3 359 27.5 13.3
23.1 28.5 31.8 39.5 57.6 39.3 17.2
31.2 35.0 579 68.7 82.8 63.1 32.1
35.6 43.8 65.6 86.3 107.1 72.7 38.1

TABLE 3 The preferential solvation parameters of water—ethaline mixtures calculated by fitting second-order rate coefficient of the reaction in

Equation 6

Substituents in benzaldehyde Y, Y,

p-OMe —1.26 -2.29
p-CH, -1.17 -2.14
None -0.97 -1.97
m-OH —-0.96 —-1.89
p-Cl —-0.86 -1.82
m-Br —-0.73 —1.80
m-NO, —0.47 -1.67
p-NO, -0.41 -1.53

Y, S Sin 10° x s r
—0.02 0.97 1.25 8.7 0.974
—0.17 1.44 2.12 5.3 0.983
0.01 2.27 2.70 7.8 0.977
0.03 2.63 6.29 7.1 0.979
—0.004 2.82 4.95 5.9 0.982
0.27 2.37 3.9 8.8 0.979
0.50 2.26 3.51 9.2 0.980
0.45 2.81 4.89 6.1 0.985

Y|, Y,, and Y}, are logk, in ethaline, water, and mixed solvents, respectively. s and r? refer to the standard error and linear regression coefficient, respectively.
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FIGURE 2 The typical plot of logk versus the mole fraction
water. The solid curves have been calculated from coefficients of
Equation 6 given in Table 3, and the points are experimental data

applying the logk as a Y parameter. Interesting results were
observed, which are summarized in Table 3. The ability of
Equation 6 in reproducing the reaction rate coefficients has
been demonstrated in Figure 2. In the most of reactions, pref-
erential solvation results reveal that f5,; values are more than

the unit. It means that the solutes are preferentially influenced
by water. Likewise, the f},,; parameter indicates that solutes
are preferentially solvated by the mixed solvent in ethaline—
water mixtures. The solvent—solvent interaction between etha-
line and water can be result in the non-ideal behavior that was
observed for logk values. Complex molecules formed from
two solvents, which are preferentially present in the micro-
sphere solvation of the solutes, solvate the reactants and the
transition state. Therefore, a positive deviation from ideal
behavior is observed for logk. The ethaline as a protic DES
has a high HBD interaction with Malononitrile. Therefore, it
can affect the ability of the nucleophilicity of the Malononi-
trile.

3.2 | Structural LFER

The well-known Hammett correlation classically is applied to
predict the effects of substituents and solvents on reaction-
rate constants between organic compounds.’® Some authors
have investigated the effects of the chemical reactions in
solution comprehensively since the proposal of Hammett’s
equation.’”3° The Hammett equation is expressed by the fol-
lowing formula:

log k = log k¢ + po @)
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TABLE 4 Hammett’s parameters for the reaction of Malononitrile with substituted benzaldehydes in the mixture of H,O and ethaline at 25°C

XH,0 0 0.1 0.2 0.3 04
p 0.631 0.656 0.687 0.736 0.750
P 0.938 0.946 0.974 0.993 0.979

0.0+

-0.5

-1.0

logk,

-1.5 4

-2.0

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

(o2

FIGURE 3 Typical Hammett plot of logk versus constant ¢ for
the reaction in the solvent mixtures (x, is the mole fraction of water)

where k is the rate constant of the reaction. The symbol
ko defines the rate coefficient corresponding to reaction of
unsubstituted benzaldehyde with Malononitrile, ¢ is a con-
stant which demonstrates the characteristic of the substituent
group. Its value indicates the resonance and inductive effects
of substituent, simultaneously, when attached to a benzene
ring. The electron-withdrawing substituents decrease the elec-
tron density of the aromatic ring whereas electron-donating
substituents have an increasing effect. Values of ¢ have been
summarized in some reports.*’ Reactions with a negative p
are accelerated by electron-donating groups while the posi-
tive p in a reaction shows that reaction rate decrease in the
presence of an electron-donating group. The LFER investiga-
tions according to Hammett equation were performed in the
solvent mixtures. Results have been summarized in Table 4
and show a good linear behavior with positive slope (Fig-
ure 3). The positive values of the Hammett slope imply that
electron-withdrawing substituents accelerate the reaction rate.
It can be attributed to the increasing electrophile characteri-
zation of substituted benzaldehydes and decreases the elec-
tron density on the C-atom of aldehyde of the transition state
structure. In the other word, the electron-with drawing sub-
stituents amplify the possibility of nucleophilic attack on the
carbon of the carbonyl group. This is an expectable result in
condensation reactions. On the other hand, the low magnitude
of p values (less than unit) proposed that the electrophilicity of
the substituted benzaldehydes is not a preferable effect on the
reaction rate. The addition of water content in ethaline, both

0.5 0.6 0.7 0.8 0.9 1
0.767 0.806 0.841 0.886 0.854 0.822
0.972 0.999 0.994 0.978 0.983 0.993

second-order rate coefficients and p values increase slowly up
to Xy = 0.8 then decrease to its corresponding value in the
neat water. These variations demonstrate positive deviations
from ideal behavior. It shows that the reaction has the highest
rate and sensitivity about the characteristic of substituent.

4 | CONCLUSIONS

Both the solvent composition and the structure of reactants
showed considerable changes in the reaction rate of Malonon-
itrile with the substituted benzaldehydes. The second-order
rate constant of the reaction represented an increase slowly
to a maximum with adding the water, and then it decreased
to its corresponding value in the neat water. The correlation
of second-order rate coefficients based on Hammett’s sub-
stituent constants yielded a linear line with positive slope. It
can be attributed to the increasing electrophile characteriza-
tion of substituted benzaldehydes and decrease the electron
density on the C-atom of aldehyde of the transition state struc-
ture. The results obtained in the application of the preferential
solvation model demonstrated that the non-ideal behavior of
logk in mixture of solvents can be related to the difference
between the bulk composition of the solvents and the micro-
sphere solvation of the solutes. As it mentioned, this paper
is about fundamental chemistry and not with developing of a
new industrial process but also, for industrial use, the reaction
can be performed in the lower molar fraction of water like 0.2,
or even in pure DES solvent as a green process. As the results
show, the reaction can be carefully performed in this condi-
tion. Furthermore, DES can be easily recovered by addition of
an organic solvent like dichloromethane, to the reaction media
and separation of organic compounds and products.*!#>
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