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Abstract

Kinetics of reactions between benzaldehyde and diethyl acetylenedicarboxylate with para- substituted anilines
for the one-pot formation of 3,4,5-substituted furan-2(5H)-ones have been studied spectrally at different
temperatures in formic acid. For all substituents on para position of aniline ring, the reaction followed the
second-order kinetics. The partial orders with respect to substituted aniline and the diethyl
acetylenedicarboxylate was one and one, and also the reactions revealed zero-order kinetics in relation to
benzaldehyde. Para-Electron donating substituents on aniline ring increased the rate of reaction. On the basis of
experimental data, a three steps mechanism has been proposed. Kinetic values (k and E,) and associated

activation parameters (AH*, AG* and AS*) of the reactions were determined.
Keywords: Kinetics; Mechanism; furan-2(5H)-ones; para- substituted aniline

1. Introduction

A multicomponent reaction (MCR) is a process in which three or more accessible components combining
together to produce a final product that display features of all inputs and thus offers greater possibilities for
molecular diversity per step with a minimum of synthetic time and effort in a single reaction.

Synthesis of furan-2(5H)-ones as a subunit in a large number of natural products [1-5] is a significant target for
organic and medicinal chemists. Highly substituted furans are a structural component of a vast number of
biologically active natural and synthetic compounds such as anticancer [6, 7], anti-inflammatory [8], antifungal
[9, 10], antimicrobial [11, 12], and antiviral HIV-1 [13—15]. The reactions leading to the formation of furanones
are frequently reported by several research groups, however, they have proposed the reactions mechanism
without offering evidence to support them [16-20]. There are a number of reasons for tendency to know reaction
mechanisms. Knowledge of mechanisms aids the synthetic chemist in predicting by products and improving
reaction conditions, the most powerful tool for the experimental study of reaction mechanisms is chemical
kinetics. Kinetics is the study of the speed with which a chemical reaction occurs, and with all of the factors
which influence these rates [21].

The spectroscopic technique is the largest and important techniques used in chemistry. The most widely method
used for kinetic and mechanistic studies of chemical reactions is ultraviolet-visible (UV-visible) spectroscopy.
Several research studies have documented over a large area of different reactions which have previously been
reported using the UV-visible spectrophotometry technique [22-30]. In our previous work, experimental and
theoretical kinetics studies and mechanism investigation have fully been discussed for various reactions [31—
37]. In continuing our investigations on the kinetic of the organic reactions, we focused on 3, 4, 5-substituted

furan-2(5H)-ones by one-pot multicomponent reaction that was reported by MT Maghsoodlou and coworkers
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[38]. Depending upon the stoichiometry and conditions, other products have also been reported for this reaction
[39-42]. However, under optimized conditions reported by MT Maghsoodlou and et al (Fig. 1) [38], 3, 4, 5-
substituted furan-2(5H)-ones are obtained in high ylides (%90-98). In the current work for the first time, we
describe kinetic results together with the detailed mechanistic studies for the mentioned reactions based on a
global kinetic analysis methodology using the UV-vis spectrophotometry apparatus. Also, this work focused
especially on the effects of temperature, different para- substituted anilines on the activation parameters of

preparation reaction of 3,4,5-substituted furan-2(5H)-ones.
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Fig. 1: The three-component synthesis of furan-2(5H)-ones [38]

2. Experimental

2.1. Chemicals and Apparatus Used

All chemicals were used without further purification. Substituted-aniline 1, diethyl acetylenedicarboxylate 2 and
benzaldehyde 3 were supplied by Merck (Darmstadt, Germany), Acros (Geel, Belgium) and Fluka (Buchs,
Switzerland. Extra pure formic acid and acetic acid were also obtained from Merck (Darmstadt, Germany).

A Cary UV-vis spectrophotometer model Bio-300 with a 10 mm light-path quartz spectrophotometer cell
equipped with thermostated housing cell was used to record absorption spectra in order to follow reaction

kinetics.

2.2. General procedure

The first experiment is performed with 10? M solutions of aniline 1, diethyl acetylenedicarboxylate 2 and
benzaldehyde 3 in formic acid solvent. The progress of reaction is monitored by the absorbance changes as a
function of wavelengths (Fig. 2). Since at wavelength of 420 nm, reactants 1, 2 and 3 have no relatively
absorbance values, it provides the opportunity to fully investigate the kinetics and mechanism of the reaction.
Hence, the product absorbance changes with time are undertaken under the same condition at wavelength of 420
nm (Fig. 3) at 20°C. As can be seen in Fig. 3, the original experimental absorbance curve versus time (dotted
line) is exactly fitted to second order fit curve (solid line). So the reaction is second order (a + f + y= 2), the
overall reaction rate is described by the kinetic equation:

rate = ko, [1]" [2]°[3]® (1
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Then the second-order rate constant (ko =3.50 min"'.M?) is automatically calculated using the standard

equations within the program at 20°C [34].
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Fig. 2. Absorption changes versus wavelength for Fig. 3. The original experimental absorbance curve
the reaction Between 1 (102 M), 2 (10% M) and 3  versus time at selected wavelength of 420 nm for the
(10 M) in formic acid for generation of product 4 reaction between 1 (102 M) and 2 (102 M) with 3 (107
M) in formic acid. Dotted line is experimental values

and the solid line is a fit curve

3. Results and Discussion:

3.1. Effects of concentration

In order to obtain partial order with respect to aniline 1, pseudo-order condition is performed for the reaction. So
in the second experiment, we followed the reaction kinetics by plotting the UV-vis absorbance versus time at
wavelength of 420 nm with 1 (10° M), 2 (10> M) and 3 (10" M) at 20.0 °C in formic acid. For this case the rate
law can be expressed:

rate = k o[ 112]°[3]"

rate = kqps[3]" 2)
kops = K oul 1112)°

All kinetic mathematical fits (the zero, first or second fit curve) are done using the software [43] associated with
the UV-Vis spectrophotometer instrument. The original experimental absorbance against time data make a
pseudo-first-order available fit curve at 420 nm, which exactly fits the experimental curve, Fig. 4-A. Herein,
observation rate constant (k) is automatically calculated for the equation (2) by the software associated within
the UV-vis instrument. It is obviously that the reaction is of the first order type with respect to aniline 1 (a=1).
Also, to gain the partial order of reaction with respect to reactant 3, third experiment is done under pseudo-
order condition [(10'2 M, 1), [(10‘2 M, 2) and [(10'3 M, 3)]. In this experiment the original experimental
absorbance versus time provides a second-order curve (ko = 3.49 min” .M?, Fig. 4-B) like the first experiment.
Due to the concentration changes of reactant 3 had no effect on the reaction rate, then reaction is zero-order with
respect to reactant 3 (y=0). Also, in fourth experiment, we followed kinetics under pseudo order condition of
reactant 2. As can be seen in Fig. 4-C, the reaction shows first order kinetics that it means the partial order with
respect to reactant 2 is one (B=1). So, the reaction between aniline 1 and diethyl acetylenedicarboxylate 2 with
benzaldehyde 3 follows second-order kinetics.

According to the obtained results from the four experiments, the rate law of reaction can be written:
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from the first experiment: & + f§ + y=2

from the second experiment: a= 1

from the third experiment: a + =2 and y=0
from the fourth experiment: f=1

rate = k o, [1] [2]
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Fig. 4-A. Plot of absorbance versus time at 420 nm
for the reaction between 1 (10'2 M), 2 (10'2 M) and 3
(10 M) in formic acid. Dotted line is experimental

values, and the solid line is fit curve
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Fig. 4-B. Plot of absorbance versus time at 420 nm for
the reaction between 1 (10~ M), 2 (10> M) and 3 (10
M) in formic acid. Dotted line is experimental values,

and the solid line is fit curve
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Fig. 4-C. Plot of absorbance versus time at 420 nm for the reaction between 1 (102 mol.L™"), 2 (10 mol.L™")

and 3 (107 mol.L™") in formic acid, dotted line is experimental values, and the solid line is fit curve

3.2. Effect of solvents and temperature

The solvent dielectric constant and polarity are important parameters that influence rate constants. Solvent
effects on the rate of reaction depend on the relative stabilization of the starting materials and the corresponding
transition state through solvation [44, 45]. For investigation of the effect of medium dielectric constant on the
rate of reaction, the same kinetic procedure is followed in the presence of acetic acid in 20 °C.

It is found that as medium dielectric constant decreased, the reaction rate reduced from formic acid (ko = 3.50
min™ .M?) to acetic acid (ko = 0.713 min" .M?).

Temperature is considered a major factor that affects the rate of a chemical reaction. The influences of

temperature on the reaction rate were studied in the range of 20° C to 60 °C with 10 °C intervals for each
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reaction and the values of second-order rate constants are determined. Kinetic data are shown in Table 1.
Reaction rate constant has a temperature dependency, which is usually given by the Arrhenius equation

Most reactions are found to obey the Arrhenius equation:
_Ea
k = Aexp(—_*) 3)
Taking the natural logarithm of both sides of the equation provides:
Ink = InA — 22 4)
RT
Where E, is the activation energy of reaction, R is universal gas constant (8.314 J K™ mol™), and 4 is frequency

factor.

The activation energy of reaction is usually determined experimentally by plotting the graph of Ink versus the
reciprocal of the temperature 1/7, which will yield a straight line with a slope of — i—; and an intercept [nA (Fig.
5). The highest activation energy (E, = 80.12 kJ .mol'l) is obtained for NO,-aniline, that means reaction will
occur slower than alone aniline and para-donating substituent-aniline. Nevertheless, the differences in activation
energies are not much, because the substituents on aniline ring are far from the center of reaction. The Eyring
equation is used in chemical kinetics to describe the variance of the rate of a chemical reaction with temperature
and was used to evaluate activation parameters involving AH* (activation enthalpy), AS™* (activation entropy)
[46].

The linear form of the Eyring equation is given below:

ln§=—§+%+lnkf 4)
That kg = Boltzmann’s constant, T = temperature, h = Planck’s constant and R = universal gas constant

The values for AH* (activation enthalpy), AS* (activation entropy) can be determined from slopes and
intercepts of ln; versus 1/T plot (Fig. 6). Obtained activation parameters for para- substituted aniline are given
in Tables 2 and 3.

Also, the transition state equation was used to calculate activation parameters AH*, AS* in order to check the
results obtained from the two methods (Eyring and the transition state theory). According to the transition state

theory, activation energy can be related to activation enthalpy (equation 6) and also pre-exponential factor is

relevant to activation entropy according to equations (8) and (9), respectively [46]:

E, = AH* + 2RT (6)
kgT 857
A = ETBe R +2 (7)
2
AS* = R(LnA — Ln(*=2%) (8)

The values obtained on the basis of transition state theory inferred that the activation enthalpy is the lowest for
donating substituent- aniline that have the higher reaction rates and the highest for withdrawing substituent-
aniline with the lowest reaction rates (Table 3). Note that the negative activation entropy indicated a greater
degree of ordering in the transition state than in the initial state. These results suggest that the transition state in
first step of reaction, Fig. 8, involving donating substituent-aniline is ordered more effectively stabilized than
the transition state containing withdrawing substituent-aniline (Tables 2 and 3). The activation Gibbs free

energy has also been evaluated from the following form of the Gibbs—Helmholtz equation:
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AG* = AH* — TAS* )
The activation free energy is essentially the energy requirement to get a molecule (or a mole of them) to undergo
the reaction. It is of interest to note that activation free energies AG* for the different substituents are positive.
The value of the activation free energy for donating substituent-aniline is lower than withdrawing substituent-
aniline that means the reaction will occur harder for withdrawing substituent-aniline.

To investigate the impact of the different substituents on the rate constant of reaction and activation parameters,
we changed the substituents R on aniline from the electron donating (Methoxy, Ethyl) to the electron
withdrawing (Fluorine, Nitro) group. The reaction provides respective Schiff base and is reversible in absence of
reactant 3. The first step of reaction consists of Michael addition. According to the experimental observations,
the first step is slow (please see mechanism section 3.3). Then, electron donating groups cause the aniline more

nucleophilic and accelerate the reaction.

Table 1. Reaction rate constant (ko (min’l.M’z)) in different temperatures and different substituted-aniline

under the same conditions for the reaction between 1 (102 M) and 2 (10 M) with 3 (10 M) in formic acid

(1) (am)  substituted-aniline 20.0°C 30.0°C 40.0°C 50.0°C 60.0°C
420 OMe- aniline 8.10 (0.0028)"  24.31(0.0057)  52.53 (0.0063)  115.42(0.0023) 210.31 (0.0039)
420 Ethyl- aniline 6.16 (0.0026) 15.9(0.0068)  34.88(0.0074)  91.97 (0.0064)  174.10 (0.0075)
420 aniline 3.50(0.0046)  9.06(0.0038)  20.40 (0.0038)  48.45(0.0025)  115.35(0.0037)
420 F- aniline 0.75(0.0029)  2.10(0.0057) 5.12 (0.0037) 12.87 (0.0010)  32.938 (0.0037)
420 NO,- aniline 0.44 (0.0022) 1.40 (0.0029) 3.42 (0.0026) 9.33(0.0021)  23.84 (0.0072)

*: Standard deviation (SD)

Table 2. Activation parameters (AS*, AH*, AG* and E,) using the Arrhenius equation (3) and Eyring
equation (5 and 6) in 20 °C

substituted-aniline AH?* (kJ.mol™) AS* (J.mol'K™) AG* (kJ.mol™) Ea (kJ.mol™)
OMe- aniline 63.08 -11.20 59.24 65.67
Ethyl- aniline 65.91 -4.67 64.92 68.51
aniline 68.17 -2.01 68.76 70.76
F- aniline 73.46 3.40 74.83 76.05
NO:- aniline 77.53 13.10 80.81 80.12

Table 3. Activation parameters (AS*, AH*, AG* and InA) using the Arrhenius equation (3) and The

transition state equation (6, 7 and 8) in 20 °C

substituted-aniline AH? (kJ.mol™) AS* (J.mol'K™) AG* (kJ.mol™) InA
OMe- aniline 60.71 -18.87 66.34 29.15
Ethyl- aniline 63.55 -12.36 67.24 29.94
aniline 65.80 -9.68 68.69 30.26

F- aniline 71.09 -4.27 72.37 30.91
NO:- aniline 75.16 5.42 73.55 32.08
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Fig. 5. Dependence of second order (ink o= Ink 1) on  Fig, 6. Eyring plot (in k"T”T versus T) according to

reciprocal temperature for the reaction between equations (5) for the reaction between 1, 2 and 3

reactants 1, 2 and 3 in formic acid measured at . . .
in formic acid
wavelength 420 nm in accordance with Arrhenius

equation

3.3. Mechanism

In separate experiments, reactions between aniline 1 and diethylacetylendicarboxylate 2 (Re.1), aniline 1 and
benzaldehyde 3 (Re. 2), and then diethylacetylendicarboxylate 2 and benzaldehyde 3 (Re. 3) are performed
under the same concentration of each reactant (102 M) at 20°C. The Re. 1 is monitored by recording scans of the
entire spectra with 5 min intervals in 45 min reaction time at 20 °C (Fig. 7-A). The Re. 2 was monitored by
recording scans of the entire spectra with 1 min intervals during the whole reaction time (5 min) at 20 °C (Fig.
7-B). There are no reactions between reactants 2 and 3 due to the lack of any progress. Moreover, some 'HNMR
information about the reaction products is presented in supplementary file, and also the about first intermediate
I, was reported previously [47, 48]. According to these references, the first step of the reaction consists of
Michael addition and is slow which respective diethyl 2-aryloamino-fumarate I; can be readily synthesize and
characterized according to known protocols and can be purified by convenient distillation, then, Iy can be used
for subsequent steps [49, 50]. As a result of these preliminary investigations and experimental observations, the
speculative mechanism containing three steps with starting reaction between reactants 1 and 2 (the more rapidly

occurring reaction amongst competing reactions) is proposed in Fig. 8.
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Fig. 7-A: Changes in absorption spectra vs.
wavelength in 20°C for the reaction between
aniline 1 and diethylacetylendicarboxylate 2
in formic acid as reaction proceeds into a 10
mm light-path cell. The total acquisition time
was 45 min; the time increment was set to 5

min. Herein, the upward of direction of the

arrow indicate that the progress of reaction

Wavelength (nm)

Fig. 7-B: Changes in absorption spectra vs.
wavelength in 20°C for the reaction between

aniline 1 and benzaldehyde 3 in formic acid as
reaction proceeds into a 10 mm light-path
cell. The total acquisition time was 5 min; the
time increment was set to 1min. Herein, the

upward of direction of the arrow indicate that

the progress of reaction

360 370 380 390
Wavelength (nm)

For the reaction, a steady state treatment is coupled with the kinetic observations. So, the rate law is written
using the final step of the proposed mechanism in Fig. 8 for the generation of product 4:
rate = ks[l,] (10)
Also, the overall reaction can be written as:
rate = k,[1][2] (11)
This makes it possible to accept that the first step is the rate-determining step (RDS) of the reaction and the
overall order of reaction is two (since k; is the only rate constant which appeared in the equation (11). This
equation, obtained from the proposed mechanism, is same with the rate law that resulted from UV-vis
experiment (rate = k ., [1] [2]). It is possible to analyze the effect of the solvent on the reaction, because the first
step (k1) is the rate determining step, in this case in both solvents the transition state partially charged, in solvent
with higher dielectric constant the transition state is highly solvated relative to the reactant molecules that have
no any charge.
If the second step to be a rate determining step, therefore, the first step is fast with forward rate constant (k)

and return rate constant (k_;).We can write the rate law:

d[I1
rate = ky[1][3], "2 = ky [1][2] = k_y [1,] = k,[1,][3] = 0 (12)
_ _ka[1][2]
1] = i (13)
_ kakq[1][2][3]
rate = =~ (14)

According to the above assumption, k, is a rate determining step, therefore it is logical to express k_; > k,[3].
As a result, rate law becomes:

rate — k2kalI2IE] (15)

k_q
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Herein, the overall order of recent rate law is three and is not compatible with the rate law arising from UV-vis

experiment (rate = k ., [1] [2]), so the second step could not be a rate determining step.
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Fig. 8. Speculative mechanism for the reaction between aniline 1 and diethylacetylenedicarboxylate 2 with para-

substituted benzaldehyde 3 for generation of product 4 in formic acid

4. Conclusions

Kinetics and mechanism of the reactions between para- substituted anilines 1 and diethyl acetylenedicarboxylate
2 with benzaldehyde 3 were investigated in formic acid and the below results were obtained:

A mechanism involving three steps was proposed for the reactions. The overall order of reaction followed
second-order kinetics and the partial orders with respect to para-substituted aniline, diethyl
acetylenedicarboxylate and benzaldehyde were one, one and zero, respectively. Also, the first step of the

reaction is recognized as a rate-limiting step according to the experimental data. The electron donating group on
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substituted aniline more stabilized the transition state than the electron withdrawing group and with decreasing
the activation energy the value of rate constant (k;) was speed up. The rate of reaction was also accelerated by
increasing the temperature and was in agreement with Arrhenius, Eyring equations and the transition state

equations.
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