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In this paper we report a nano concentration of ruthenium(l11) used as a homogenous catalyst for the
oxidation of thiamine (THM) by chloramine T(CAT) alongwith its mechanistic pathway,
spectrophotometrically.Such studies are greatly helpful in gaining an insight into the interaction of
metal ions through the study of the mechanistic pathway of THM in redox reactions. The reaction
followed a pseudo first-order rate constant throughout the variation of CAT in the oxidation of THM.
It was observed that the first-order kinetics with respect to [Ru(I11)], [THM] and [H'].1t is clear from
the experiential values of rate constant increase with increased concentration of each reactant. The
investigators, thus, concluded that the variations of [p-toluene sulphonamide, PTS] and halide ions
have an insignificant effect on the reaction rate. Protonated CAT, TsNHCI, and chloro complex of
Ru(lll), [RuCls(H,0)]*", have been suggested as the reactive species in acidic medium. The
stochiometry of the reaction is 1:1 in the presence of catalyst. The two main products, 4-amino-2-
methyl-4,5-dihydropyrimidine-5-carbaldehyde and 2-(4-methyl-1,3-thiazol-5-yl)ethanol and 2-(4-
methyl-1,3-thiazol-5-yl)ethanol were separated, and identified by column chromatography, TLC and
FT-IR. Consequently, the interaction between the complex species and THM is supported kinetic
orders of reaction by spectrophotometric verification, positive entropy of activation and the first-order
rate constant increased with the decrease in the dielectric constant and increase ionic strength of the
medium. The reaction constants involved in the mechanism were computed and the overall activation
parameters were evaluated which lend support to the proposed mechanism.

Keywords: THM, Dielectric constant,lonic strength, Polymerization, Catalysis and Activation
parameters.

1. INTRODUCTION

This research paper describes a spectrophotometrical investigation of a nano concentration of
Ru(ll) used as homogenous catalysis oxidation of THM by CAT in acidic standard kinetics. The
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mechanism of a chemical reaction cannot be completely described without the determination of its
rate.The Kinetic revision of a broad variety of chemical reaction is not only necessary for clean
research but at all-time supplementary in industrial developed research with quality control.
Investigations of analysis as well as methods of Kinetic have turned out to be a vital technique in
enzyme, photo-chemistry and chemical catalysis, etc. The relevant study of oxidation of drugs is of
immense significance both in mechanistic and synthetic point of view and it has approach’s life also on
the chemical system processes. Studies of the order of kinetics and mechanistic of redox reactions has
been paying attention the notice of all chemists in the world and mechanistic of more than a few
reactions have been undoubtedly delineated. Organic chemists used kinetic studies to find the
mechanism of the organic reactions elsewhere and biochemists use kinetics to learn the rates of
enzyme-catalyzed reactions. Chemical engineers used kinetics to calculate how quick the products will
be formed and use thermodynamics to forecast the equilibrium work of art of the reaction mixtures.
Polymer chemists used kinetics to explore the kinetics of the polymerization. Here in the present
investigation we try to calculate the nano [Ru(lll)] used as homogenous catalysis of the THM
oxidation by CAT in acidic condition. Thiamine is sulfur-containing vitamin of the B complex and its
chemical structure 2 [3-[(4 Amino,-methylpyrimidin-5-yl)methyl] 4methyl-thiazol-5-yl] ethanol
(Fig.1) contains a thiazole ring with methyl, and aminopyrimidine with hydroxyethyl side chains
linked by a methylene bridge.

A

Figure 1. Chemical Structure of THM with 3D view

It is a biologically and pharmaceutically important vitamin, used in the biosynthesis in gamma
aminobutyric acid (GABA) and neurotransmitter acetylcholine. It has also been used for the
management of beri beri desease and cured. Since the discovery and isolation of THM, a number
of  protocols have been used in its determination, including spectrophotometery[1-5], microbial[6-7],
spectrofurometry[8-16], chemiluminscence[17], potentiometric[18-20], rate of reaction[21] and Uv
photo degradation [4-5]. Most often, the methods focus on some extraction, expensive and intensive
solvent and device are being used and most of the methods are time consuming. Spectrofurometry
methods are frequently additional sensitive and selective than this methods applicable. CAT a well-
known part of this group, (p-Me-C6H4SO2NCINa.3H20 or CAT), is a well-recognized analytical
reagent, and the mechanism catalyzed aspects in numerous reactions have been done [22-27]. The
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redox reaction of CAT decrease with an increase of the pH of the medium and the reaction
conditions[28].

The CAT is a resource of +halogen and the most effective oxidant in both condition [29-30]
and all the possible reaction for CAT had been well illustrated [25-27 and 31]. To our knowledge, this
is the first report that aimed at the novel, and efficient procedure on the nano concentration of Ru(lll)
developed as homogenous catalysis for the oxidation of THM by CAT and their mechanistic pathway.
Literature survey has revealed that no attention has been paid towards the oxidation of THM with
oxidant CAT from the mechanistic point of view. The objectives of the work presented in this paper
elucidate the plausible reaction mechanism, the formation of a complex which later decomposes at
slow step, the obtainment and identification of the products, the efficiency of catalysis and also the
evaluation of the reaction at different temperatures which allowed determining the activation
parameter.

2. MATERIALS AND METHODS

2.1. Materials and Reagents

Appropriate amounts of Thiamine (Himedia), was prepared by dissolving a known amount in
double distilled water. Chloramine-T (E. Merck) was purified by the method of Morris et al. [32]. An
aqueous solution of CAT was prepared, standardized periodically by the iodometric titration, and
stored in brown bottles to prevent its photochemical deterioration. The catalyst, ruthenium(lI1) chloride
(Sigma) solution was prepared in HCI and standardized against EDTA [33]. Acetonitrile (Sigma) and
acrylonitrile (Sigma) were used directly as received to study on the effect of solvent polarity in varying
proportions (v/v) of water-acetonitrile mixtures on the reaction medium and free radical formation,
respectively. All the other reagents were of analytical grade, and their solutions were prepared by
dissolving the requisite amounts in doubly distilled water. HCI and NaClO, were employed to maintain
the pH and ionic strength respectively.

2.2. Kinetic procedure

All the measurements were completed in glass Stoppard Pyrex boiling tubes coated black to do
away with photochemical deterioration. The reaction was initiated by mixing previously thermo stated
solutions of CAT and THM, which also contained requisite amounts of ruthenium(l11) chloride, HCI,
at constant ionic strength NaClO, (I = 1.0 mol dm™) adjusted by Bronsted and Bjerrum Theory and the
total volume constant of 50 ml keep with water.All the kinetic runs were equilibrated at 298K for 30
min.The progress of the reaction was monitored by estimating the amount of unreacted CATs
iodometrically through a UVD-2960 double beam PC connected UV-vis spectrophotometer. All the
potentiometric measurements were done with EL20 Education Line pH meter from Mettle Toledo Inc.
The course of reaction was studied for at least two half-lives. The first-order rate constant was
evaluated from a plot of log [CAT] versus time (Fig.2) and was reproducible within +5%. Regression
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analysis of the experimental data to obtain the regression co-efficient, r was performed by using
Microsoft 2010.
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Figure 2. First order plots of Ru(l1l) catalyzed oxidation of THM by CAT in acidic medium.

3. RESULTS AND DISCUSSION

3.1. Stoichiometry and Product Analysis

Varying ratios of CAT to THM were equilibrated for 48 h in an inert atmosphere at 25°C in
presence of catalyst. The unreacted concentration of oxidant was determined spectrophotometrically.
The stoichiometry of the reaction was calculated by the limiting logarithmic method [34] and the
results showed that one mole of THM consumed per mole of CAT in the presence of catalysts was 1:1.
Scheme 1 represented the stoichiometric results in an acidic medium.
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Scheme.l. A schematic representation of a stoichiometric ratio of the reaction mechanism for Ru(lIl)
catalyzed oxidation of THM by CAT.
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The product of THM-Ru-CAT mixture in the form of a stoichiometric ratio under stirred
condition was satisfactory to run for 48 h in an inert atmosphere at 25°C. After completion of the
stirring, the reaction products were separated, isolated and identified by column chromatography, TLC
and FT-IR.
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Figure 3. Chemical structure of the products of THM with balls & sticks 3D view(A)(B)

The two main products, FT-IR spectrum of first product 4-amino-2-methyl-4,5-
dihydropyrimidine-5-carbaldehyde and 2-(4-methyl-1,3-thiazol-5-yl)ethanol (Fig.3) shows a peak at,
1652 cm™ due to v(C=0) stretching of aldehyde; 3312 to 3395 cm™ due to NH stretching absorption
respectively. The IR spectrum of second product 2-(4-methyl-1,3-thiazol-5-yl)ethanol (Fig.3) showed
an absorption band at 3110,1518,1484 and 1252 cm™ indicating the presence of CH3,C=C,C=N and C-
S-C respectively and a broad peak at 3325 cm™ due to v(OH) stretching . The p-Toluenesulfonamide
was extracted with ethyl acetate and identified by paper chromatography (Rf = 0.905). This method is
supported by the literature [35-36].

3.2. Influence of varying catalyst concentrations on the rate

The concentration of catalyst was varied from 5.0 x10 to 1.0 x10® mol dm-3 keeping constant
of other reaction ingredients. Pseudo-first-order rate constants were evaluated in view of
concentrations of peracid and substrate (Fig.4). A plot of first-order rate constant against the
concentration at the catalyst was made with straight line indicating first-order reaction in view of
concentrations of catalyst.
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Figure 4.Confirmation of rate law (5) of Ru(lll) catalysed oxidation of THM by CAT in the form of
Eq. 6

3.3. Influence of varying oxidizing concentrations on the rate

The concentration of oxidizing was varied at fixed concentrations of other ingredients in an
inert atmosphere at 25°C were calculated from the plot of rate constant against the concentration of
CAT with straight line confirming first order with respect to oxidizing concentrations (Table 1).

Table 1. Effect of variations of CAT concentrations on the ruthenium(111) mediated oxidation of THM
by CAT in acid medium at 25 °C

; Observed Calculated

1.0 7.51 7.51
2.5 7.57 7.51
5.0 7.56 7.51
7.5 7.55 7.51
10.0 7.55 7.51

3.4. Influence of varying substrate concentrations on the rate

In order to find out the Influence of rate on the concentration of substrate, the substrate was
varied at constant concentration of other ingredients. The pseudo first-order rate constants (Table 2)
were found to be increased with the increase in substrate concentrations. Further, the plot of first-order
rate constant against the substrate concentrations is good with unity. At lower concentration of
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substrate, the reaction was first order, and at higher concentration of substrate the reaction was
independent.

Table 2. Effect of variations of THM concentrations on the ruthenium(l11)mediated oxidation of THM
by CAT in acid medium at 25 °C

Observed Calculated
6.20 6.18
6.44 6.45
7.25 7.28
7.48 751
7.64 1.77

3.5. Influence of varying acidity concentrations on the rate

The change in the Kkinetic rate of reaction with the change as the concentration of acidity is
observed in present investigation.The first-order rate constants’ decreases with the increase in acidity
concentration (Table.3). The plot of 1/ keps Versus log [H'] is linear and yields a fractional slope

(Fig.4).

Table 3. Effect of variations of H" concentrations on the ruthenium(111) mediated oxidation of THM
by CAT in acid medium at 25 °C

; Observed Calculated

0.50 7.45 7.46
1.50 7.38 7.31
2.00 7.25 7.26
2.50 7.09 7.11
3.00 6.91 6.90

3.6. Influence of varying ionic strength and relative permittivity of the medium

The effect of ionic strength on the rate of the reaction was studied by varying the NaClIO4 from
0.1 to 2.0 mol dm-3, and keeping all other ingredients constant. It was found that the rate of the
reaction is increased with increase ionic strength of the medium(Table 4).
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Table 4. Effect of variations of ionic Strength and dielectric constant on the ruthenium(111) mediated
oxidation of THM by CAT in acid medium at 25 °C

lonic strength I( D ) 35 dielectric constant D( 1) 1.0 mol dm™

[ Kops X 10° D Kops % 10°
0.1 mol dm™ 2.35 60 4.36
0.5 mol dm™ 3.22 55 4.44
1.0mol dm? 4.35 50 5.22
1.5mol dm™ 4.38 45 6.41
2.0mol dm 4.39 40 7.19
2.5mol dm™ 4.45 35 7.63

The influence of the relative permittivity of the medium (D) was calculated by varying the
CH3CN-H,0 content (v/v) and keeping all other ingredients constant.The rate of reaction increases
with decreasing CH3CN content(Table 4).. The plot of log kops Versus 1/D was linear (Fig 5) with a
negative slope.
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Figure 5. Effect of relative permittivity and substrate on the medium of Ru(lll) catalysed oxidation of
THM by CAT in acidic medium.

The values of D for CH3CN-H,0 content (v/v) was calculated from the following equation
D=DyVw +DaVa
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where Dy and D, are the dielectric permittivities of H,O and CH3CN and Vy and V, are the
volume fractions of H,O and CH3CN. The blank experiments of reacting with CAT and THM with
alone CH3CN did not affect on the rate of the reaction.

3.7. Influence of acronitrile study for the free radicals

The test for free radicals was carried out by taking THM, CAT and Ru(lll) in a round bottom
with screw cap and rubber liner test tube and the acrylonitrile solution in another test tube. After
equilibrated the system, the solutions were mixed and the reaction mixture was left for 24 h. A white
precipitate of the THM product formed. This indicates that the reaction was routed through a free-radical
path. It is also ascertained by the decrease in rate with initial addition of monomer.

3.8. Influence of varying temperature on the rate

The effect of temperature on the reaction rate was studied for all the kinetic runs at four
different temperatures (20-37°C), keeping other ingredients conditions constant. The pseudo first-order
rate constants thus obtained values are listed in Table 2. The activation parameters (Ea, AH* and AS")
have been evaluated using Arrhenius and Eyring equations from the linear Arrhenius plot of log Kops
versus 1/T.

3.9. Reactive variety of CAT

In general, CAT undergoes a two-electron change in its reactions forming the reduction
products, TsNH, and sodium chloride. The oxidation potential of CAT-TsNH, varies with the medium
of the pH [37]. CAT behaves different types of reactive species in solution [38-39].

TsNCI + Na (i) TsNCI™ + Na*
Ka

TsSNCI™ + H" (ii)
(CAT) (where, Ts represents CH3C6H4SO2-group).
Thus, CAT exists as a free acid (TSNHCI) in acidic media. The dissociation constant of free
acid at a pH ca. 4.5 is 2.8x10° by Morris et al. Further, free acid can undergo disproportionate or

hydrolysis according to following reactions [40]:
2 TsNHCI (iii)

TsNHCI

TsNCI, +TsNH,

TsSNHCI + H20(iv) TsNH, +HOCI
TSNHCI + H+(v) TsNH.CI*
TsNH,Cl+ +H20(vi) TsNH, + (H,OCI)*

It appears from the equilibrium (i)—(vi), that various probable oxidizing species of CAT exists
in acidic media such as TsSNHCI, TsNCl,, TsNH,CI, TsNH,, HOCI and H,OCI". In the present work,
the rate dependence on [H] that the deprotonation of TsNH,CI" results for the formation of TsSNHCI,
which is a probable oxidizing species involved in the oxidation of LF in acid medium (Scheme 2).
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Scheme 2. A general reaction mechanism for Ru(lll) catalyzed oxidation of THM by CAT in acidic
medium.

3.10. Catalytic activity

It has been pointed out by Moelwyn-Hughes [41] that, even in presence of the catalyst, the

uncatalyzed reactions also proceed simultaneously, so that
kobs = Ko + K [catalyst]*

Here, kobs is the observed pseudo first-order rate constant obtained in the presence of Ru(lll)
catalyst, ko is the pseudo first-order rate constant for the uncatalyzed reaction, k. is the catalytic
constant and x is the order of the reaction with respect to [Ru(Il)]. In the present investigations, ‘x’
value was found to be unity. Thus, the value of k; is calculated using the following Eqg.

Kobs = Ko + ke /[Ru(11)]

3.11. Reactive species of Ruthenium (I11) chloride

Ruthenium (111) chloride catalysis is very complex as a result of the formation of different
intermediate complexes, free radicals and oxidizing states. A small number of investigation have been
reported as Ru(l1l) complex in aqueous condition by the ion exchange and spectrophotometric method
[42-44]. They obtained a number of  octahedral complexes in the hydrated form as
[RuCls(H-0)]*",[RUCI4(H-0),] ", [RuCls(H,0)s], [RuClx(H20)s]" and [RuCI(H,0)s]** . However, in
other studies Ru(lll) behaves different reactive variety in acid solution [45-47], the following
equations can exist as:

RuCls-xH,0 + 3HCI — [RuClg]’™ + xH,0 + 3H" (vii)
[RUCIg]*” + H,0 — [RuCls(H,0)]* + CI™ (viii)

In the present study, chloride ion does not play any role in any circumstances in the reaction
form on the rate and hence the reactive species, [RuCls(H,0)]*, is assumed to be the homogenous
catalyst.

The reaction between CAT and THM in the presence of Ru(lll) catalyst has a stoichiometry of
1:1 with a first order dependence both on the [CAT] and on the [Ru(lll)], and less than a unit-order
dependence on both the per acid and substrate concentrations. No effect of added products such as, p-
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toluenesulfonamide (PTS), and the addition of halides ions NaCl and NaBr did not affect the rate of
the reaction. These results indicate that the halide ions play no role in the reactions. Similarly, the
reaction was studied for the effect of [HCI], keeping other ingredients constant, the rate of reaction
decreased with the increase in [HCI] (Table 3). The plot of log k versus log [HCI] was linear (r =
0.9951) with a negative slope of 0.41, showing an inverse fractional-order dependence of rate on
[HCI]. Hence, the dependence of rate on [HCI] confirms the effect of [H+] only.

A mechanism and derivation of rate law according to the reaction (Scheme 2) a detailed
plausible mechanism of oxidation of THM by CAT in acidic medium using Ru(lll) as homogeneous
catalyst may be well accommodated (Scheme 3).
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Scheme 3. A schematic representation of composite rate constant reaction mechanism for Ru(lll)
catalyzed oxidation of THM by CAT in acidic medium.

Oxidation of THM by CAT in in presence of Ru(lll) catalyst is a non-complementary reaction
through six equivalent changes. In the light of these considerations, a plausible form of this reaction
scheme and structures of the complex intermediate species are depicted in Scheme2. A plausible
mechanism is explained in Scheme 3, it appears that the TsNH2CI® deprotonate in an initial
equilibrium to form the conjugate free acid TSNHCI. In the second step, the donor nitrogen atom of the
TsNHCI combines with metal centre of the Ru(lll) catalyst to form an intermediate complex. Further,
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intermediate complex reacts with substrate forming a complex, which is reduced in a slow step to give
the product TsNH2, a free radical and an unstable complex derived from THM with regenerating the
catalyst, Ru(lll). This free radical undergoes hydrolysis to give another intermediate product, (2,4-
Dimethyl-pyrimidin-5-yl)-methanol. This intermediate product, (2,4-Dimethyl-pyrimidin-5-yl)-
methanol reacts with X in a fast step to give the final product 4-amino-2-methylpyrimidine-5-
carbaldehyde. The unstable complex formed in the rate determining step react with H+ to give another
final product, 2-(4-methylthiazol-5-yl)-ethanol. The effect of the dielectric constant in presence of 1.0
mol dm™ NaClO4 solution, keeping other ingredients constant. It was found that the rate constant
increases with decreasing dielectric constant as the ionic species are involved in the reaction medium.
This means reactants are more solvated at low dielectric constant rather than that at higher values [48].

A plot of 1/kobs versus 1/[THM] (Fig.4) shows an intercept which is in confirmity with the
complex formation. The formation of this complex was proved kinetically by Michaelis—Menten plot,
I.e., a non-zero intercept. The probable structure of the complex is

_ 2-
RUCI5(H,0) <=0

H
CI—N—ﬁ

O
NH R
2 Cl
N7 X N+//\S
)|\ = =
N

The results can be verified by spectrophotometric measurements of the complex formation
between the substrate and catalyst mixtures. A bathochromic shift, of complex ca .5 nm from 240 to
245 nm is observed. Analogous effects upon complex formation have been observed in other
investigations [18].

The total effective concentration of CAT can be written as

[CAT]; = [TsNH,CI'] + [TsNHCI] + [X] + [Complex] (1)

On the basis of scheme 2, solving equations for [TsNH2CI'], [TsNHCI] and [X] and
Substituting in equation 1 we get

KKK [CAT It [ THM ] [RudID ]

Complex] = 2)
oDl W 76, 26172 [Ru(l) 1 K Kofyl THM [RuClID ]
Since,

Rate = M = k[Complex] (3

dt
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Substituting equation (2) in equation (3), the following rate law can be obtained:

Rate = _GICATI kK[ CAT T THM] [Ru(lID)] "
dt [H" ¥ K;+ KK Ru(lD ]+ KKK THM ] [Ru(IID ]

Rate law 4 may be rearranged to Eq. 5, which leads to the following rate law:

Rate ) KIS KoK [THM] [Ru(IID) ] -

[CAT], HKovs = [H" I K;+ K Ko[Ru(lD ] + K7 KoK3 [THM] [Ru(IID ]

Eqg. (4) is the rate law on the basis of which observed kinetic orders with respect to the
reactants of the reaction evaluated.On reversing Eqg. (5), we get eq.(6)

1 _ [H*] 1 1 1
+ + + —
Kobs kK KoK [THMI[Ru(ID] &Ko/ THMIIRu(ID] k& [THM] &

(6)

or

1 L) ] 1 1

- 3 + +
kops  KIGITHMI | KyKo[Ru(ID) - A(RudID] ] "

The equation 7, indicates that the linear plots of 1/kobs vs. 1/[THM] , [H+] and 1/ [Ru(l11)] was
obtained with a straight line and positive intercept on y-axis (Figs 4 and 5), this proves the validity of
the rate law (4), and hence, the proposed reaction scheme has been derived. Similarly, k, K; Ky and K3
was calculated and found as 5.32x102 s—1, 5.68x103 mol 1-1, 4.12x10-2 mol-1 I, 3.11x10-4 mol-1,
respectively. The values of catalytic constant kc was evaluated at different temperatures (298-318 K)
and kc was found to be increased with the increase in temperature. Further, plots of log kc versus 1/T
were linear (r > 0.9823) and the values of activation parameters for the catalysts were computed. All
these values are shortened in Table 5. The proposed reaction mechanisms are supported by the
experimental moderate values of activation energy. The other activation parameters were calculated
and obtained a high positive asset value of the free energy of activation,) and of the enthalpy of
activation support the formation of highly solvated transition state. The value of AS” within the range
for radical reaction has been recognized in the nature of electron pairing and unpairing processes and
to the loss of degrees of freedom to the reactants ahead in the formation of rigid transition state [49-50]
The negative of AS” value indicates that the complex is more ordered than the reactants [51].
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Table 5. Values of the catalytic constant (k.) at different temperatures and activation parameters for
the oxidation of THM

293 3.413 4.34
298 3.356 7.51
303 3.300 7.56
308 3.246 7.86

Activation parameters

Ea (kJ mol™) 102.1
AH" (kJ mol™) 98.2
AS*(J Kt mol™) -112.5
AG* (kJ mol™) 82.3

The reduction product, PTS did not retard the reaction rate significantly, that means PTS is not
involved in any step prior to the rate limiting step. A detailed mechanistic explanation is given in
Scheme 3.

4. CONCLUSIONS

On the basis of experimental data, a detailed kinetic model of THM catalysis and oxidation is
discussed in this research paper. Relevant information about the reaction mechanism, with highlights
on the major reaction paths and intermediates, can be taken from this kinetic modeling work. This
kinetic study points out that the free radicals and together with intermediates. The two main products,
4-amino-2-methyl-4,5-dihydropyrimidine-5-carbaldehyde and 2-(4-methyl-1,3-thiazol-5-yl)ethanol
were separated, and identified by column chromatography, TLC and FT-IR. The oxidant, TsNhcl+
exists in acid medium as TsNhcl, which takes part in the chemical reaction. The rate constant of slow
step and other equilibrium constants involved in the mechanism are evaluated and activation
parameters with respect to slow step of reaction were computed. The overall mechanistic sequence
described here, is consistent with the products formed.
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