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ABSTRACT

The kinetics of the halogenation of pyrazole and thiazole has been investigated using molecular chlorine and
iodine. These are electrophilic substitution reactions and have been studied in aqueous medium. As the
reactions are too rapid to be studied by conventional technigues, hydrodynamic voltammetry has been used to
follow the progress of the reactions. The kinetic data for the two substrates and for the two different
halogenating reagents provides relative substrate reactivity, which has been determined quantitatively. The
thermodynamic parameters are calculated and correlated with the mechanism of the reactions.
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INTRODUCTION

Pyrazole and Thiazole are azoles which are a group of five membered heterocycles with two heteroatoms in the ring.
These heterocycles comprise various pharmaceuticals having antitumor, anticancer, anti-HIV activities [1-5].
Heterocycles based efficient solar cells, organic semiconductors and electronics have also been receiving attention in
recent years [6,7]. These compounds are highly reactive towards electrophilic attack. These substitution reactions
seem important because of uses of these derivatives in synthetic and pharmaceutical intermediates [8-10]. Some of
the halogenated derivatives are biologically active against various fungi and bacteria [11]. It therefore seems
significant to study the kinetics of such halogenation reactions so that the quantitative assessment of relative
reactivity can be determined. The kinetics of bromination of some five membered heterocycles such as imidazole,
pyrazole and thiazole etc. have already been studied using brominating agents [12].

In view of the above, it is envisaged to study the kinetics of pyrazole and thiazole using two halogenating agents,
molecular iodine and molecular chlorine. The reactions are too rapid to be studied by any conventional technique.
Hence the present study is carried out by using a simple yet efficient technique, namely hydrodynamic voltammetry
[13-15]. The data obtained by this study would be useful to assess the reactivity of two heterocycles with respect to
two halogenating agents, which was lacking hitherto.

EXPERIMENTAL SECTION

Materials
Pyrazole and thiazole of analytical grade purchased from Sigma Aldrich were used in the present study and the
required concentrations of the substrates were prepared in aqueous medium. Aqueous solution of molecular chlorine
was prepared by using A. R. grade bleaching powder and concentrated hydrochloric acid. Dropwise addition of
concentrated hydrochloric acid to 50 g bleaching powder liberates the CI2 gas, which was collected in conductivity
water with the following reaction -

CaOCI2+2HCI wmmp CaCl2+H20+CI21
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Molecular iodine solution was prepared using A. R. grade iodine crystals. lodine crystals were dissolved by in
conductivity water with occasional shaking and keeping overnight. Both the solutions viz. molecular chlorine and
molecular iodine were stored in an air-tight and light-tight container. Prior to the study each time these solutions
were standardized to determine their exact concentrations.

Method
Calibration of diffusion current
The electrodes used in the present study are rotating platinum electrode (RPE) [cathode] and saturated calomel
electrode (SCE) [anode] connected in an electrical circuit of the cell. The halogenating agents undergo cathodic
reduction by the following reactions:

Cl,+2e=2CI

I,+2e=21"

Giving diffusion current in each case.
The diffusion current was measured in terms of galvanometer deflection using lamp and scale arrangement in cm
which is converted into the unit of nano ampere (nA). The diffusion current values were recorded at various known
concentrations of Cl, and 1, in the required range. The calibration data for the various known concentrations of
chlorine and iodine 298.35 K are shown in Table 1. Similarly calibration was carried out at five different
temperatures prior to each kinetic measurement. Linear plots have been obtained for the diffusion current vs
concentrations of Cl, and I,.

Kinetic measurements: Equimolar solutions of Pyrazole and Chlorine both containing 100 fold potassium nitrate
were poured simultaneously in a beaker assembled with RPE and SCE after attaining the desired temperature of the
thermostat to make the total volume of 50.0 ml. At the moment of mixing a stopwatch was started. The extent of the
reaction was measured by recording the diffusion currents at various time intervals. The use of large concentration
of the supporting electrolyte i.e. KNO; ensures linear proportionality of the diffusion limited current at the RPE due
to unreacted Cl,.The diffusion current measured is a function of decaying concentration of Cl, at various time
intervals. Reaction follows the second order kinetics and therefore half-life can be extended by diluting the solutions

as per the following equation.
1
typ=—

ak
where ty, =half-life , a=initial concentration of the substrate and k=Specific reaction rate. This facilitates convenient
kinetic measurements at various time intervals. As solutions are dilute, reaction times are small and the volume of
the reaction mixture is small, green chemistry principles are followed. The concentrations of unreacted chlorine at
these time intervals were determined from the calibration curve (Table 2).
The above procedure was repeated twice for checking the reproducibility of the galvanometer measurements and
these were found to be within the limits of £0.2 nA. The graph of [Cl,]™" Vs time was found to be linear with the
intercept equals to inverse of initial concentration of chlorine and the slope of the graph gives the value of the
specific reaction rate. Similarly the kinetic measurements were repeated at five different temperatures. The results of
are shown by Figure 1. The kinetic measurements were also repeated at five different temperatures for the iodination
of pyrazole by molecular iodine. Similar studies have also been carried out for the kinetics of thiazole using Cl, and
I, as halogenating agents.

Table 1: Calibration of the diffusion current due to molecular chlorine and molecular iodine at the temperature 298.3 K

[CI2] (10-5M) Galvanometer [12] (10-4M) Galvanometer deflection
deflection (nA) (nA)
0.2 9.1 0.8 9.3
04 17.9 1.6 174
0.6 24.2 24 24.7
0.8 334 3.2 33.0
1.0 40.0 4.0 40.0
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Table 2: Kinetics of chlorination of pyrazole by molecular chlorine at 298.3 K

Initial concentration of Chlorine: 1 x 10°°M; Initial concentration of Pyrazole : 1 x 10° M;
Concentration of KNOs: 1 x 10°°M.

Time (s) Diffusion current (nA) [CI2] (10-6M) [CI2]-1 (106 M-1)
10 31.1 7.4 0.135
20 17.9 6.7 0.149
30 26.0 6.1 0.163
40 2238 5.4 0.185
50 21.0 49 0.204
60 181 41 0.243
80 158 3.7 0.270
90 15.1 35 0.285
100 14.8 3.2 0.312
0.6
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Figure 1: Kinetics of chlorination of pyrazole by molecular chlorine at different temperatures
RESULTS AND DISCUSSION

In the present study [CI2] -1 or [12] -1 versus time is a linear plot hence it is concluded that the reactions are of second

order. The slope of the plots gives the specific reaction rates as per the second order equation,
1 x

at a—-x
The kinetic measurements have an error of less than +2% in view of the reproducibility of the diffusion current values.
The specific reaction rates (k) for the chlorination of pyrazole and thiazole at five different temperatures have been
determined (Table 3). The study has also been repeated for the iodination of pyrazole and thiazole. The specific reaction
rates for these iodination are given in Table 4.
The variation of specific reaction rate with the temperature helps to evaluate the thermodynamics parameters such as the
energy of activation (Ea), enthalpy change of activation (A H*) and entropy change of activation (AS*) which are
summarised in Tables 5 and 6.

170



Shantaram L Bonde et al

J. Chem. Pharm. Res., 2018, 10(8): 168-174

Table 3: Variation of specific reaction rate with temperature for the chlorination of pyrazole and thiazole

Temperature (K) Specific reaction rate constant (M-1 s-1)
Chlorination of Pyrazole Chlorination of Thiazole

293.15 1697.8 1156.7

298.35 2169 1484.5

303.15 2591.1 1716.5

308.55 3022.3 2008.9

313.75 4046.2 2613.3

Table 4: Variation of specific reaction rate with temperature for the iodination of pyrazole and thiazole

Specific reaction rate constant k (M-1 s-1)
Temperature (K)
lodination of Pyrazole lodination of Thiazole

293.15 9.43 8.24
298.35 15.22 11.60
303.15 23.09 13.80
308.55 28.54 15.11
313.75 41.84 20.13

Table 5: Kinetic and thermodynamic parameters for pyrazole

Parameters Chlorination lodination
Specific Reaction Rate at 298.35 (M-1s-1) 2169 15.22
Energy of activation (kJmol-1) 27.57 39.51
Entropy of activation (Jk-1mol-1) -105.26 -106.36
Enthalpy of activation (kJ mol-1) 26.61 34.55
Free energy of activation ( kJ mole-1) 54.02 28.47
Table 6: Kinetic and thermodynamic parameters for thiazole
Parameters Chlorination lodination
Specific Reaction Rate at 298.35 (M-1s-1) 1484.50 11.60
Energy of activation (kJmol-1) 31.47 48.25
Entropy of activation (Jk-1mol-1) -95.33 -79.32
Enthalpy of activation (kJ mol-1) 26.57 43.29
Free energy of activation ( kJ mole-1) 54.96 19.64

From the thermodynamic data and specific reaction rates, the energy of activation is determined and the order of
halogenations is found. The activation energy (Ea) for chlorination of both the substrates is lower than that of
iodination. Chlorination is thus faster than that of the iodination. The enthalpy of activation (AH*) represent the
difference in energy between the ground state and the transition state in a chemical reaction [16]. The higher AH*
obtained for the iodination of both the substrate than that of their chlorination signifies that the more energy is
required for the product formation which makes the iodination reaction slower than that of chlorination. The
negative entropy of activation (AS*) obtained in the present study indicates that the entropy decreases on the
formation of the transition state, which often indicates the associative mechanism with single activated complex

formation.
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Considering the kinetic and thermodynamic parameters the following relation is always true,

kchlorination>k iodination and kpyrazole >kthiazole

In all these cases the principle of stereochemistry has been quantitatively justified. Pyrazole is 1, 2 azole while
thiazole is 1,3 azole. The two nitrogen atoms at 1, 2 positions in pyrazole are adjacent and they highly attract
electron clouds towards them. This base weakening interaction of adjacent N atoms in pyrazole makes it less basic.
In case of thiazole presence of sulphur reduces nucleophilicity of thiazole, therefore it is less reactive towards
electrophilic substitution for the electronegative nitrogen withdraws electron density from the ring and makes it less
reactive towards the electrophile.

The comparative study between iodination and chlorination of these substrates show that the specific reaction rates
for the chlorination reactions are higher than that for iodination reactions.

Several factors contribute towards the electrophilic substitution reactions. Charge density is one of the important
factors which explains the behaviour of halogenations. Even though iodine is more electropositive than chlorine it
has less charge density than that of chlorine because of its greater size. The decrease in charge density reduces the
attraction for valence electrons of neighbouring atom thereby decreasing the reactivity in electrophilic substitution
reaction. Hence iodination seems to be slower than that of chlorination even though the iodine is more
electropositive.

The mechanism of halogenation can be explained as follows.

The polarisation of halogens (X2) [where X2=CI2 and 12] occurs in presence of polar solvent to create the bond
dipole of the X-X bond.This dipole allows the halogens to have a formal positive charge on one halogen atom
Xd+and formal negative charge on the other halogen atom X3&-. The pi electron cloud of the double bond of the
substrates i.e. pyrazole and thiazole attacks the positive end or electrophile Xo+, creating a resonance stabilised
carbocation. Substrate loses the aromaticity in this step and becomes unstable. The negative end of the halogen X3-
abstracts the proton and the molecule regains the stability by deprotonation of the carbocations.

The plausible mechanism is shown below which is iodination of pyrazole (Figure 2) and chlorination of pyrazole
(Figure 3).

¥y ®
NH | ——NH NH
|—1 + / \ _— \N R / + HI
~— N N
|
Figure 2: lodination of pyrazole by 12 in aqueous medium
¥
/\ NH cl ——NH NH
Cl——cCI + / \ E—— \ — HCI
~

N gH A N

Cl

Figure 3: Chlorination of pyrazole by CI2 in aqueous medium

Similar mechanisms can also be written for iodination of thiazoleby 12and chlorination of thiazole by CI2 in an
aqueous medium. Figure 4 shows the structure of 4-iodopyrazole and 4-chloropyrazole.

The products obtained in the present kinetic study were confirmed by recording the 1H NMR spectra. Figure 5
shows the 1H NMR spectrum for iodinated pyrazole. The appearance of doublet approximately at 7.1ppm (1H) at
C3 and another doublet approximately at 7.5 ppm (1H) at C5 indicates the formation of mono iodo derivative. The
broad singlet at 5.6ppm (1H) indicates the signal due to H attached to nitrogen at position 1. In Figure 6 1H NMR
spectrum for the chlorinated pyrazole is shown. The appearance of doublet approximately at 7.1ppm (1H) at C3 and
another doublet approximately at 7.5 ppm (1H) at C5 indicates the formation of mono chloro

derivative. The H attached to the nitrogen at position 1 gives the singlet at 9.9ppm. Both the spectrum confirms the
substitution of iodine and chlorine takes place at position 4 in the pyrazole.
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Figure 4: Structure of 4-iodopyrazole and 4-chloropyrazole
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Figure 6: 1H NMR of 4-Chloropyrazole
Similarly the *H NMR of iodinated and chlorinated thiazole have also been recorded which confirms the mono halo
derivative of thiazole.

CONCLUSION

The verification of the quantitative assessment of the relative reactivity of the two five membered aromatic
heterocyclic compounds such as pyrazole and thiazole is provided by the kinetic studies of their chlorination and
iodination in an aqueous medium. Even the thermodynamics parameters support the conclusion drawn above by the
kinetic studies. The higher reactivity observed for the pyrazole than that of thiazole for both the halogenating
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reagents is in accordance with the stereochemistry principles. The comparative reactivity of these two halogenating
reagents thus has been provided quantitatively which was known qualitatively hitherto.
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