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ABSTRACT

Tranexamic acid (TA) possess antifibrinolytic properties and finds extensive applications in pharmaceu-
ticals. Its oxidation-kinetic study is of much significance in understanding the mechanistic profile of TA
in biological systems. In this context, a systematic kinetic study of palladium(II) (Pd(II)) catalyzed oxi-
dation of TA by sodium N-bromobenzenesulfonamide or bromamine-B (BAB) in alkaline medium and
uncatalyzed reaction in perchloric acid medium at 303 K was investigated. In acid medium, the reaction
exhibits a first-order dependence of rate on [BAB], and less than unity order dependence on [TA],. The
reaction rate shows inverse less than unity order dependence with respect to [H*]. In alkaline medium,
the reaction shows first-order dependence on both [BAB], and [Pd(II)] and zero-order with respect to
[TA]o. The order with respect to [OH~] is less than unity. Activation parameters have been evaluated.
The oxidation reactions are nearly 10-fold faster in acid medium in comparison with alkaline medium.
In alkaline medium, the Pd(Il) catalyzed reactions are about 6-fold faster than the uncatalyzed reaction.
Further, the catalytic constant (K¢) has been calculated at different temperatures and activation param-
eters with respect to Pd(II) catalyst have also been evaluated. The conjugate acid CgH5SO,NHBr and the
anion CgH5SO,N~Br of BAB have been postulated as the reactive oxidizing species in acid and alkaline
media, respectively. The proposed mechanisms and derived rate laws are in agreement with the observed
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kinetics.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The diverse nature of the chemistry of N-metallo-N-haloaryl-
sulfonamides, generally known as organic N-haloamines, is due
to their ability to act as sources of halonium cations, hypohalite
species and N-anions [1]. Chloramine-T (CAT) and chloramine-
B (CAB) are the prominent members of organic haloamines and
their chemistry has been well documented [1-6]. Bromamine-B
(CgH5SO,NBrNa 1.5H,0; BAB), the bromine analogue of CAB, is
found to be a better oxidizing agent than its chloro compound.
Although BAB is a better oxidant, not much attention has been
focussed particularly on the kinetic and mechanistic aspects of oxi-
dation of pharmaceuticals with this reagent [7-9].

Tranexamic acid (trans-4-(aminomethyl)cyclohexane car-
boxylic acid; TA) is a antifibrinolytic drug. The hemostatic
properties of this drug mainly relate to its ability to inhibit the acti-
vation of plasminogen to plasmin thereby preventing excess loss
of blood in hyperfibrinolytic conditions [10]. It is used for bleeding
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or risk of bleeding upon increased fibrinolysis in cases such as
malignant neoplasms, post operational bleeding, gastro-intestinal
bleeding and hematuria [11,12]. Recently, it gained attention as
skin-whitening agent due to its inhibitory effect on UV-induced
pigmentation in vivo [13]. To the best of our knowledge, there is
no report available in the literature with regard to the kinetics
of oxidation of this drug by any oxidant from the stand point of
its mechanistic aspects. The oxidation-kinetic study is of much
benefit in understanding the mechanistic profile of TA in acidic and
alkaline media, so that the study could throw some light on the
mechanism of metabolic conversion of TA in biological systems.
Consequently, the present kinetic study gives an impetus, as the
substrate TA is a potent drug.

Catalysis by platinum metal ions, plays a vital role in under-
standing the mechanistic chemistry of a particular redox reaction.
The use of platinum metal ions as catalysts in redox reactions
has become important due to their strong catalytic influence in
many chemical processes such as oxidation, reduction, carboxy-
lation, halogenation and hydrogenation reactions [14,15]. Kinetic
studies of redox reactions using such metal ions may reveal mech-
anistic details of the reactions which are advantageously used in
the interpretation of these reactions. From the literature survey,
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it is evident that a lot of attention has been paid on the role of
palladium(II)chloride (Pd(Il)) catalyst in a number of redox reac-
tions, particularly in alkaline medium, but negligible attention has
been paid on the use of Pd(Il) as a homogenous catalyst for the oxi-
dation of pharmaceuticals. This give us an impulse to investigate
the present redox system in alkaline medium in the presence of
Pd(II) catalyst in order to delineate the interaction and mechanism
of Pd(II) with TA and BAB.

During preliminary investigations, TA-BAB oxidation reactions
were found to be facile in HCIO4 medium but were become very
sluggish in alkaline medium. Alternatively, we found that Pd(Il)
catalyst even at trace concentrations (ca. 6.0 x 10~ moldm~3)
can potentially catalyze the TA-BAB redox reactions in alkaline
medium and the rate becomes measurable by titrimetric method.
Consequently, in the present communication, we report for the first
time the results of the detailed investigations on the kinetic and
mechanistic aspects of TA-BAB reaction in HCIO4 medium and also
in alkaline medium catalyzed by Pd(II). This research programme
is designed through oxidation-kinetic studies with the following
objectives: (i) to accumulate kinetic data, (ii) to formulate elegant
schemes, (iii) to design rigorous kinetic models, (iv) to deduce the
thermodynamic parameters, (v) to ascertain the various reactive
species, (vi) to characterize the oxidation products, (vii) to explore
the role and catalytic efficiency of Pd(II) catalyst in alkaline medium
and (viii) to correlate the reactivity of the present redox system in
acid and alkaline media.
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2. Experimental
2.1. Material

Bromamine-B (BAB) was prepared [16] by the partial debromi-
nation of dibromamine-B (DBB), which was obtained as follows:
chloramine-B (30g) was dissolved in water (560 ml) and liquid
bromine (6 ml) was added dropwise from a burette with constant
stirring. The yellow precipitate of DBB formed was thoroughly
washed with water, filtered under suction, and dried in a vacuum
desiccator. Dibromamine-B (31.5g) was added in small batches
with constant stirring to 50 ml of 4.0 moldm~3 NaOH. The mass
was cooled in ice, filtered under suction and the product was dried
over anhydrous calcium chloride. The purity of BAB was checked
iodometrically through its active bromine content. An aqueous
solution of BAB was prepared, standardized by iodometric method
and preserved in brown bottles to prevent any of its photochem-
ical deterioration. Tranexamic acid was purchased from Aldrich
and was used as received. An aqueous solution of TA was freshly
prepared whenever required. A stock solution of PdCl, (Lancaster,
England) was prepared by dissolving the sample in 0.1 moldm~3
HCl and was used as a catalyst in alkaline medium. Allowance was
made for the amount of HCl present in catalyst solution, while
preparing for kinetic runs in alkaline medium. Solvent isotope
studies were made in D, 0 (99.24% purity) medium which was sup-
plied from Bhabha Atomic Research Centre, Mumbai, India. Reagent

COOH

‘2 @_QN/{+NH3+2Na*+2Br'
|

COOH

grade chemicals and doubly distilled water were used throughout
the work.

2.2. Kinetic measurement

Kinetic runs were performed under pseudo first-order condi-
tions with a known excess of TA over BAB at 303 K. The kinetic
procedure followed is similar to that reported earlier [9]. The course
of the reaction was studied more than two half-lives. The pseudo
first-order rate constants (k’s~1), calculated from the linear plots
of log [BAB] versus time, were reproducible within 4+5%. Regres-
sion coefficient (r) of the experimental data was carried out on an
fx-100W statistical calculator.

2.3. Reaction stoichiometry

The reaction mixtures containing different concentra-
tions of BAB and TA in 4.0x 103moldm—3 HCIO4/NaOH
(6.0 x 10-6 moldm=3 Pd(Il) in alkaline medium) were allowed
to react for 24 h at 303 K. The unchanged oxidant in the reaction
mixture was determined by iodometric titrations. The analysis
showed that one mole of TA reacted with two moles of the oxidant
in both the media. The observed stoichiometry can be represented
by Eq. (1):

O

0
(1)

2.4. Product characterization

The TA-BAB reaction mixture was allowed to progress in the
presence of acid and alkali separately for 24 h at 303 K under stirred
condition. After completion of the reaction, the reaction prod-
ucts were neutralized with alkali/acid and extracted with ether.
The organic products were subjected to spot tests and chromato-
graphic analysis (TLC technique), which revealed the formation
of trans-cyclohexane-1,4-dicarboxylic acid as the oxidation prod-
uct of TA and benzenesulfonamide as the reduction product of
BAB. These products were confirmed by GC-MS analysis. GC-MS
data was obtained on a 17A Shimadzu gas chromatograph with
a QP-5050A Shimadzu mass spectrometer. The mass spectrum
showed a molecular ion peak at 172 amu clearly confirming trans-
cyclohexane-1,4-dicarboxylic acid (Fig. 1).

Benzenesulfonamide (PhSO;NH,), was extracted with ethyl
acetate and identified [16] by TLC using petroleum ether-CHClI5-1-
butanol (2:2:1, v/v) as the solvent system and iodine as spray
reagent (Ry=0.88). Further, the molecular ion peak of 157 amu
clearly confirms benzene sulphonamide. All other peaks in GC-MS
are interpreted in accordance with the observed structure. Ammo-
nia was detected by Nessler’s reagent test.

3. Results and discussion

Pseudo first-order conditions ([TA], > [BAB],) were maintained
for all the kinetic runs in both the media. The kinetics of oxidation of
TA by BAB was investigated at several initial concentrations of the
reactants in acid and alkaline media. Since the kinetic and mecha-
nistic traits are different in acid and alkaline media, for the sake of
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Fig. 1. Mass spectrum of trans-cyclohexane-1,4-dicarboxylic acid with its parent
molecular ion peak at mass/charge 172.

convenience the salient features obtained in these two media are
discussed separately in the following.

3.1. Kinetics of oxidation of TA by BAB in HCIO4 medium

At constant [TA],, [HCIO4] and temperature, where
[TA]o > [BAB]o, plots of log [BAB], versus time are linear
(r>0.9824), indicating a first-order dependence of rate on [BAB],.
The pseudo-first-order rate constants (k's~!), are independent of
[BAB], (Table 1) confirming the first-order dependence of rate
on [BAB],. The dependence of the rate on [TA], was studied in
the concentration range of 0.1 x 1073 to 20.0 x 10-3 moldm3
(Table 1). Values of k' increased with increase in [TA], in the
concentration range of 0.1 x 10~3 to 6.0 x 10-3 moldm3. A plot

Table 1
Influence of oxidant, substrate and acid concentrations on the reaction rate at 303 K.
[BAB]o(x10* moldm=3)  [TA]o(x103 [HC1O4] k' (x10%s™1)
moldm~3) (x103 moldm—3)

0.5 1.5 4.0 7.25
0.75 1.5 4.0 7.21
1.0 1.5 4.0 7.30
2.0 1.5 4.0 7.38
4.0 1.5 4.0 7.24
1.0 0.1 4.0 0.94
1.0 0.2 4.0 1.96
1.0 0.4 4.0 3.95
1.0 0.5 4.0 4.55
1.0 0.75 4.0 5.28
1.0 1.5 4.0 7.31
1.0 3.0 4.0 9.59
1.0 6.0 4.0 12.9
1.0 8.0 4.0 12.8
1.0 12.0 4.0 129
1.0 16.0 4.0 13.0
1.0 20.0 4.0 12.7
1.0 1.5 0.1 141
1.0 1.5 0.2 14.3
1.0 1.5 0.4 14.0
1.0 1.5 0.8 14.2
1.0 1.5 1.0 14.3
1.0 1.5 2.0 10.2
1.0 1.5 4.0 7.31
1.0 1.5 8.0 427
1.0 1.5 10.0 3.92
1.0 1.5 12.0 3.32
1.0 1.5 15.0 2.80
1.0 1.5 20.0 1.94
1.0 1.5 30.0 1.36
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Fig. 2. A plot of k'’ versus [TA]. Experimental conditions are as in Table 1.

of logk’ versus log [TA] in the concentration range of 0.1 x 103
to 0.4 x 10-3 moldm—3 was linear (r=0.9984) with a unit slope,
indicating a first-order dependence of the rate on [TA],. Further,
a plot of k' versus [TA], in this concentration range was linear
(r=0.9999) passing through the origin, confirming the first-order
dependence on [TA],. A log-log plot of rate versus TA in the con-
centration range of 0.5 x 10-3 to 6.0 x 103 moldm~—3 was linear
(r=0.9998) with a slope less than unity (0.47) and a plot of k' versus
[TA]o in this concentration range was linear (r=0.9870) with a
y-intercept, confirming the order as less than unity with respect to
[TAl]o. The order with respect to [TA], in the concentration range
0f 8.0 x 1073 t0 20.0 x 103 mol dm~3 exhibits zero-order kinetics.
However, the log-log plot for the entire range studied (0.1 x 10-3
t0 20.0 x 103 mol dm~3) exhibit non-linear dependence of rate on
[TA]o. Plot of k' versus [TA] for the complete concentration range
studied is illustrated in Fig. 2.

The effect of HCIO4 on the rate of the reaction was studied
in the concentration range of 0.1 x 10~3 to 30.0 x 10~3 moldm—3
(Table 1). The reaction rate was decreased with increase in HClO4
in the concentration range of 1.0 x 10~3 to 30.0 x 10-3 moldm3.
A plot of logk’ versus log [HClO4] in the concentration range of
1.0 x 10-3 to 10.0 x 1073 moldm~3 was linear (r=0.9959) with a
negative slope less than unity (—0.60). Further, a plot of k' ver-
sus [H*] in the same range was fairly linear (r=0.9724) with an
intercept, confirming the order to be less than unity. Furthermore,
at lower concentration range of 0.1 x 10-3 t0 0.8 x 10~3 moldm3,
the rate exhibits zero-order kinetics whereas at higher concentra-
tions of HClO4 in the range of 12.0 x 103 t0 30.0 x 10~3 moldm3,
the reaction shows inverse first-order dependence. However, the
log-log plot of rate versus HClO4 for the entire range studied
(0.1x 1073 to 30.0 x 10~3 moldm~3) exhibit non-linear depen-
dence of rate on [HCIO4]. Plot of k’ versus [HCIO4] for the complete
concentration range studied (0.1 x 103 to 30.0 x 10~3 moldm~3)
is presented in Fig. 3.

The effect of initially added benzenesulfonamide (BSA) on the
rate of the reaction was studied in the concentration range from
1.0x 1073 to 6.0 x 10-3 moldm~3, keeping all other experimen-
tal conditions constant. It was found that benzenesulfonamide
had no significant effect on the reaction rate, suggesting its non-
involvement in pre-equilibrium to the rate-determining step. Ionic
strength (I) of the medium was varied by varying the concen-
tration of sodium perchlorate (0.1 moldm=3 to 0.4 moldm—3). No
significant effect on the rate of reaction was noticed. It indicates
the involvement of non-ionic species in the rate-determining step.
Hence, no attempt was made to keep ionic strength of the medium
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Fig. 3. A plot of k' versus [H*]. Experimental conditions are as in Table 1.

constant during kinetic runs in acid medium. Addition of halide
ions, CI~ or Br~ ions in the form of their sodium salts (1.0 x 10-3
to 10.0 x 103 moldm~3) demonstrated no pronounced effect on
the rate of reaction. This suggests that no interhalogen or bromine
is formed during the reaction sequence and that there is a direct
interaction of oxidizing species with the substrate. Solvent isotope
effect was studied using D, 0. It was noticed that the reaction rate
was further retarded with k'=5.45 x 10~4s~1 in D,0. The rate of
the reaction in H,0 is 7.31 x 10451, leading to a solvent iso-
tope effect k' (H,0)/k’ (D,0)=1.34. The influence of temperature
on the reaction rate was studied by performing the kinetic runs at
different temperatures, in the range of 293 to 313 K, keeping the
other experimental conditions constant. From the linear Arrhenius
plot of log k' versus 1/T (r=0.9937), values of activation parameters
(Eq, AH#, AS#, AG#* and logA) for overall reaction were com-
puted. The results obtained are presented in Table 2. Addition of
the reaction mixture to aqueous acrylamide solution did not initi-
ate polymerization, showing the absence of free radical species. It
indicates the non-radical pathways in the reaction sequence.

3.2. Kinetics of oxidation of TA by BAB in NaOH medium
catalyzed by Pd(1l)

In the presence of excess of [TA]o, the rate was first-order in
[BAB],, since plots of log [BAB], versus time were linear (r>0.9910)
at fixed [TA]o, [NaOH], [Pd(II)] and temperature. The pseudo first-

Table 2
Influence of temperature on the reaction rate and activation parameters for the
oxidation of TA by BAB in acid medium?.

Temperature (K)k (x10%s71) k3 (x10%s71)
A B

293 3.73 6.02

298 4.37 8.71

303 7.31 143

308 9.77 18.2

313 154 25.0

E, (kjmol-1) 66.6 536

AH# (kjmol1) 64.1+0.01 51.0+0.01

AG# (kjmol-1) 92.6+0.28 94.7+0.84

AS#* (K- mol-1) ~93.8+029 ~1438+19

logA 8.7+0.06 6.7 +0.05

A, rate constants and activation parameters for the overall reaction; B, rate constants
and activation parameters for the rate-determining step.

2 [BAB],=1.0 x 10~ moldm~3; [TA]o=1.5 x 103 moldm~3;
[HCIO4]=4.0 x 103 moldm—3.

Table 3
Influence of oxidant, substrate, alkali and catalyst concentrations on the reaction
rate at 303 K2.

[BABJo(x10* [TAlo(x103  [NaOH](x10®  [PA(I)](x105 K (x10%s1)
moldm3) moldm~3) moldm~3) moldm3)

0.5 1.5 4.0 6.0 5.20
0.75 1.5 4.0 6.0 5.14
1.0 1.5 4.0 6.0 5.06
2.0 1.5 4.0 6.0 5.18
5.0 1.5 4.0 6.0 5.24
1.0 0.5 4.0 6.0 5.10
1.0 0.75 4.0 6.0 4.92
1.0 1.5 4.0 6.0 5.06
1.0 3.0 4.0 6.0 4.96
1.0 6.0 4.0 6.0 5.21
1.0 1.5 1.0 6.0 2.04
1.0 1.5 2.0 6.0 3.16
1.0 1.5 4.0 6.0 5.06
1.0 1.5 8.0 6.0 8.32
1.0 1.5 10.0 6.0 9.68
1.0 15 4.0 3.0 2.69
1.0 15 4.0 6.0 5.06
1.0 1.5 4.0 8.0 7.50
1.0 1.5 4.0 12.0 10.5
1.0 15 4.0 25.0 25.6

2 [=0.30 moldm3.

order rate constant was unaffected by the variation in [BAB],
(Table 3), confirming a first-order dependence of the rate on [BAB]o.
It is seen that in Table 3, the values of k’ are unaffected with varia-
tionin [TA]o. This result denotes that the order with respect to [TA],
is zero. The rate of the reaction increases with increase in [NaOH]
(Table 3) and a log-log plot of rate versus [NaOH] was found to
be linear (r=0.9916) with a slope less than unity (0.70) The rate
increased with anincrease in [Pd(II)] catalyst (Table 3) and the slope
of log k' versus log [Pd(II)] plot (r=0.9825) was found to be unity,
thus illustrating the first-order dependence of rate on [Pd(II)]. Addi-
tion of benzenesulfonamide (1.0 x 10~3 to 6.0 x 10~3 moldm~3)
and NaCl or NaBr (1.0 x 103 t0 10.0 x 10-3 moldm~3) had no pro-
nounced effect on the reaction rate. An increase in ionic strength
(I) of the reaction system by addition of NaClO4 in a range of
0.1-0.4 mol dm~3 increased the rate of the reaction. The rate con-
stants at 0.1, 0.2, 0.3, and 0.4 mol dm~3 were found to be 3.58, 4.32,
5.06 and 6.20 x 10~4s~1, respectively. The effect of ionic strength
on the rate constant is explained by Bronsted and Bjerrum equation
[17]. This equation shows that a plot of log k' versus I'/2 would be
linear and the slope depends on the charges of the reacting ions. In
the present case such a plot is linear (Fig. 4; r=0.9913) with a pos-

0.75

0.55

0.50 L e e L L L
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
11/2

Fig. 4. Plot of log k' versus I'/2, Experimental conditions are as in Table 3.
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Table 4
Influence of temperature on the reaction rate and activation parameters for the
oxidation of TA by BAB in alkaline medium with and without Pd (II) catalyst®.

Temperature (K) k' (x10%s1) Kc (x102%)
A B

293 2.13(0.25) 1.04

298 3.02 (0.40) 1.46

303 5.06 (0.79) 2.37

308 7.94 (1.20) 3.74

313 11.52(2.09) 5.24

Eq (Kjmol 1) 73.0 (95.8) 63.8

AH# (K mol1) 70.5+0.13 (93.3+0.01) 61.3+0.01

AG# (kJmol-1) 93.4+0.16 (95.0 +0.70) 59.3+0.57

AS# (k- mol-1) _75.8+0.36 (—25.4+0.25) 6.36+1.77

logA 11.0+0.03 (14.7 +£0.48) 11.2+0.77

A, values outside the parenthesis are the rate constants and activation parameters for
Pd(II) catalyzed reactions. A, values inside the parenthesis are the rate constants and
activation parameters for the uncatalyzed reactions. B, values of catalytic constants
and activation parameters with respect to Pd(II) catalyst.

2 [BAB],=1.0x 104 moldm3; [TA],=1.5x 10> moldm3; [NaOH]=4.0 x
103moldm=3 and in catalyzed reaction [Pd(I)]=6.0x 10~ moldm3;
[=0.30 moldm~3.

itive slope. It suggests the involvement of similar charges (in the
present case negative ionic charges) in the rate-determining step
of the proposed mechanism. Hence, the ionic strength of the sys-
tem was maintained at a constant value of 0.30 moldm—3 using a
concentrated solution of NaClOy4 for all the kinetic runs in alkaline
medium in order to swamp the reaction. Rate studies made in D,0
medium, showed that k' (D,0) is 6.20 x 10~%s~! while the corre-
sponding k' (H,0) is 5.06 x 10~4s~! leading to a solvent isotope
effect, k' (H,0)/k’ (D,0) of 0.82. Activation parameters were calcu-
lated (Table 4) by studying the reaction at different temperatures
(293-313K) using Arhenuius plot (r=0.9850). The presence of free
radical species in the reaction mixture could not be proved.

3.3. Reactive species of bromamine-B

Organic N-haloamines are known to be mild oxidants in both
acidic and alkaline media. As organic haloamines have similar
chemical properties, it is expected that identical equilibria exist in
solutions of these compounds [18]. Bromamine-B, which is anal-
ogous to chloramine-T and chloramine-B, behaves like a strong
electrolyte in both acidic and alkaline media. In general, BAB
undergoes a two-electron change in its reactions. The oxidation
potential of BAB/PhSO,NH, is pH dependent and decreases with
an increase in the pH of the medium, having values of 1.14V at pH
0.65 and 0.50V at pH 12.0. Depending on the pH of the medium,
BAB (PhSO,NBrNa) furnishes different types of reactive species
[18-22]. The possible oxidizing species in acidified BAB solutions
are PhSO,NHBr, PhSO,NBr,, HOBr and perhaps H,O*Br. In alkaline
medium, where PhSO,NBr, and H,O*Br do not exist, the expected
reactive species are PhSO,NHBr, HOBr, PhSO,N~Br and OBr-.

3.4. Reactive species of Pd(II) catalyst

Pd(II) catalysis and inhibition reactions have been reported
in various redox reactions [6,23,24]. The redox reactions in the
presence of Pd(Il) have also shown a complex kinetics. Gener-
ally, the palladium complexes are somewhat less stable from both
kinetic and thermodynamic sense, than their platinum analogues.
They are known to form different complexes in alkaline solutions
[24,25] and the plausible Pd(II) complex species are [Pd(OH)Cl3]3-,
[Pd(OH),Cl,]?~ and probably [Pd(OH),]?~. Since the tetra-hydroxo
complex of Pd(II), [Pd(OH)4]?~ is relatively unstable, it has been
ruled out as the catalytic species. Further, in the present investi-
gations the acceleration of rate with increase in [OH~] and also
zero effect of rate on [Cl~] on the rate of reaction clearly ruling out

the possibility of [Pd(OH)Cl3]2~ as the catalyst species. The facts
presented above constrain us to assume that the [Pd(OH),Cl,]*~
complex ion is the reactive catalyst species in the present case.
Similar species has been employed in our early work [6].

3.5. Reaction scheme and rate law in acid medium

The possible oxidizing species in acidified BAB solutions are
PhSO,NHBr, PhSO,NBr,, HOBr and possibly H,O*Br. However,
since the involvement of PhSO,NBr, as the reactive species pre-
dicts a second-order dependence of the rate on [BAB],, which is
contrary to the experimental observation, PhSO,NBr;, is ruled out
as the oxidizing species. If HOBr is the active species, then a first-
order retardation of the rate by the added benzenesulfonamide
(PhSO,NH;) should have been observed, which is not found to
be so, thereby ruling out the involvement of HOBr in the reac-
tion sequence. Further, these two species are present in a very
low concentrations at the experimental conditions employed [20].
Hardy and Johnston [18], who studied the pH dependent relative
concentrations of the species present in acidified CAT solutions of
comparable molarities, have shown that CH3CgH4SO,NHCI is the
likely oxidizing species. In view of the similarity in properties of
CAT and BAB [18], similar argument can be extended to BAB also.
Hence in the present investigations, PhSO,NHBr is assumed as the
most probable oxidizing reactive species. Further, Narayanan and
Rao [26] and Subhashini et al. [27] have reported that CAT and
CAB can be further protonated as in the following Egs. (2) and (3),
respectively:

CH3CgH4SO,NHCI + HY = CH3CgH4SO,N + HCl 2)
CeH5SO,NHCI + H" = CgH5SO,N + H,Cl (3)

We believe that in the case of BAB also, protonated species
PhSO,N*H,Br is involved. In the present case however, an
inverse-fractional-order in [H*] suggests that the deprotonation
of PhSO,N*H,Br results in the formation of PhSO,NHBr, which is
likely to be the active oxidizing species involved in the mechanism.

In the light of these considerations, the mechanism for the oxi-
dation of TA with BAB in acid medium is formulated as given in
Scheme 1. In the initial acid retarding fast equilibrium step (step
(i)), of Scheme 1, deprotonation of PhSO,N*H,Br takes place to
give the conjugate acid PhSO,NHBr. In the successive equilibrium
fast step (ii), PhSO,NHBr directly reacts with the substrate to form
the substrate-oxidant complex (I). This decomposes in the rate-
determining step (rds) to give another intermediate complex (II)
with the elimination of PhSO,NH,. Further, complex (II) reacts with
one more mole of the oxidant species followed by several fast steps
leading to the formation of the main product.

If [BAB]; represents the total concentration of BAB, then:

[BAB]; =[PhSO,N*H;Br]+[PhSO, NHBr]+[complex(I)],
which:

from

_ KiKy[BABJ,[TA]
[COmplex(l)] - [H+] +I<l +I<1I<2[TA] (4)

From the slow/rate-determining step (iii) of Scheme 1:
d[BAB]
dt
Substitution for [complex (I)] from Eq. (4) into Eq. (5), we get the
following rate law:
Rate — K K2k3 [BAB][[TA]
[H+] + K7 + K1 K[ TA]
Rate law (6) is in good agreement with the observed results such as
first-order in [BAB],, less than unity order in [TA], and also inverse

less than unity order with respect to [H*] at the concentrations of
TA in the range of 0.5 x 10~3 to 6.0 x 10~3 mol dm~3.

Rate = = k3[complex(I)] (5)

(6)
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(1) PhSO,N*H,Br PhSO,NHBr + H*
fast
COOH COOH
(i)
+ PhSO,NHBr
fast CH,— Br
CH _NH N ................ I\]l_l[)hs()2
(TA) H complex (I)
COOH COOH
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(iii) slow and rds + PhSO,NH
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Scheme 1. A general mechanistic scheme for the oxidation of TA by BAB in acid medium.

Since rate=k’ [BAB];, under pseudo-first-order conditions of
[BAB]o « [TA]o, then:
. Kq1Kok3[TA]
[H] + Ky + K1 K, [TA]
Eq. (6) can be analyzed in detail as follows:
(a) Variation with respect to [TA]o:
Case (i): If [H*]+K;>> K K[TA], the rate law (6) becomes:
K;Kyks[BAB],[TA]
[HT ]+ K
The above rate law (8) shows a first-order kinetics with respect
to [TA], as observed in the concentration range of 0.1 x 10~3 to

0.4 x 103 moldm~3.
Case (ii): If K{ K3[TA] >> K; +[H*], the rate law (6) becomes:

Rate = k3[BAB];

(7)

Rate = (8)

(9)

The above rate law (9) shows a zero-order kinetics with respect
to [TA]o as observed in the concentration range of 12.0 x 10—3
to 20.0 x 103 moldm~3. The detailed kinetic studies were car-
ried out under intermediate concentrations of above two extremes
(0.5 x 103 t0 6.0 x 10~3 mol dm~3). All these results are in confor-
mity with the derived rate law (6).

(b) Variation with respect to [H*]:

Case (i): If [H*] > K; +K{K>[TA], the rate law (6) becomes:
K1Kzks[BABJ, [TA]

Rate = [H*]

(10)

The above rate law (10) shows inverse first-order dependence
with respect to [H*] as observed in the concentration range of
12.0x 103 t0 30.0 x 103 moldm~3.

Case (ii): If Ky + K1 K3[TA] > [H*], the rate law (6) becomes:

K1Koks[BAB], [TA]

R =
e = KK [TA]

(11)
The above rate law (11) shows a zero-order dependence with
respect to [H*] as observed in the concentration range of 0.1 x 10-3
to 0.8 x 10~3 moldm—3. The detailed kinetic studies were carried
out under intermediate concentrations of above two extremes
(1.0x 1073 to 10.0 x 103 moldm~3). All these results are in con-
formity with the derived rate law (6).
Further, Eq. (7) can be transformed as:

1 [H*] 1 1

K = KKk [TA] T Kokl TA] T 13 (12)
11 H+ K 1
¥ = [TA] {K1K2k3 Koks } s (13)
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Fig. 5. Plots of 1/k’ versus 1/[TA] at different temperatures in acid medium. Experimental conditions are as in Table 1.

1 1 L !
k- H'] { K1K2k3[TA] } - {K2’<3[TA] " E} .

A plot of 1/k’ versus 1/[TA] from Eq. (13) yields a:

slope = + K—l
pe= Kyks

and an intercept = 1/ks. Similarly, a plot of 1/k’ versus [H*] from Eq.
(14) yields a:

[H*]
K1K2ks

Slope = and anintercept = {

1

Kak3[TA] * E}
Therefore, from the slopes and intercepts of Eqgs. (13) and
(14), the values of the equilibrium constants K; and K;, and
decomposition constant k3 were calculated for the standard run
with [BAB]o=1.0x 10~*moldm~3; [TA]o=1.5 x 10~3 moldm™3;
[HClO4]=4.0 x 103 moldm~3 at 303K. The values obtained
are K;=5.0x103moldm—3, K,=8.66x103dm3>mol~! and
k3=1.54x10"3s"1,

The proposed Scheme 1 is supported by the following experi-
mental observations:

Michaelis—Menten type of kinetics [28] was followed to study
the effect of [TA], on the rate of reaction at different temperatures.
The effect of [TA], on the rate at different temperatures was shown
by the plots of 1/k’ versus 1/[TA] (Fig. 5; r>0.9875) and the decom-
position constant k3 for the rate-determining step was calculated
using Eq. (13) at each temperature. Activation parameters for the
decomposition step of the TA-BAB complex (step (iii) of Scheme 1),
were evaluated using Arrhenius plot of log k3 versus 1/T(r=0.9824).
These data are tabulated in Table 2. A comparison with the acti-
vation parameters obtained for the composite reaction shows that
the values mainly refer to the rate-determining step supporting the
fact that reaction before the rate-determining step is fast, involving
trivial activation energy.

Study of isotope effects on the reaction rate gives us informa-
tion about the reaction mechanism during the rate-determining
step. When measuring isotope effects for reactions involving a sub-
stitution of hydrogen with deuterium, the isotope effect would be
expressed as k' (H,0)/k’ (D,0). It is interesting to note that the rate

1
K1K2k3[TA]

in D0 medium is slower than that in H,O and this can be explained
based on the concept of solvent isotope. For a reaction involving a
fast pre-equilibrium H* or OH~ ion transfer, the rate increases in
D,0 medium. Since D30* and OD~ are a stronger acid and a stronger
base than H30* and OH~ ions by a factor of 2-3, a solvent isotope
effect of this magnitude is to be expected [29,30]. The reverse holds
for reactions involving retardation by H* or OH~ ions. Hence the
proposed mechanism is supported by the decrease in rate in D,0
medium, indicating retardation by H" ion. The extent of solvent iso-
tope effect, however, is small (k'(H,0)/k'(D,0) = 1.34) compared to
the expected value, which can be referred to the inverse less than
unity order dependence of rate on [H*].

The proposed mechanism is supported by the moderate values
of energy of activation and also on other activation parameters.
The moderate value of the energy of activation and high positive
value of enthalpy of activation indicate that the transition state is
highly solvated. The observed entropy of activation value is large
and negative. It may be interpreted that the fraction of collisions
become more stringent and decomposition of activated complex
is quite a slow process. Further, the proposed mechanism is also
in agreement with the observed negligible influence of benzene-
sulfonamide, halide ions and ionic strength of the medium on the
reaction rate.

3.6. Reaction scheme and rate law in alkaline medium

In alkaline solutions of BAB, the anion PhSO,N~Br becomes
important and the following equilibria are reported [18]:

PhSO,N"Br + H,0 = PhSO,NH; + OBr~ (15)
PhSO,N"Br + H,0 = PhSO,NHBr + OH~ (16)
PhSO,NHBr + H,0 = PhSO,NH, + HOBr (17)
PhSO,NHBr + OH™ = PhSO,NH, + OBr~ (18)

Egs. (15), (17) and (18) suggest rate retardation with the addition
of benzenesulfonamide, while Eq. (16) predicts a decrease in rate
by OH™ ions. As these predictions are contrary to our experimental
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observations, the likely reactive species in the present investiga-
tions is the anion PhSO,N~Br.

Formation of the complex between oxidant and catalyst was
demonstrated by recording the UV-vis spectra of BAB, Pd(Il) and a
mixture of both in aqueous alkaline medium (UV-vis spectra are
recorded on UV-3101PC, UV-VIS-NIR Scanning Spectrophotome-
ter, Shimadzu). Absorption maxima appear at 227 nm for BAB, 410
nm for Pd(Il) and 401 nm for a mixture of both (Fig. 6). A hyp-
sochromic shift of 9 nm from 410 nm to 401 nm of Pd(II) suggests
that the complexation occurs between the oxidant BAB and the
catalyst Pd(II).

In view of preceding discussion and experimental facts,
Scheme 2 is put forwarded to explain the reaction mechanism of
TA-BAB-Pd(II) reaction in alkaline medium. In a fast initial alkali
accelerating equilibrium (step (i)) of Scheme 2, the conjugate acid
PhSO,NHBr, generates the anionic species PhSO,N~Br, which is the
active oxidizing species. In the next slow/rate-determining step
(step (ii)), the oxidizing anionic species complexes with the cata-
lyst forming an intermediate complex (III). Substrate TA reacts with
complex (II) forming another intermediate complex (IV) with the
elimination of PhSO,NH, and the catalyst species. This intermedi-
ate complex (IV) reacts with another mole of the oxidant species
followed by several fast steps to yield the final product.

The total effective concentration of BAB is:

3.0
—m— BAB
2.5 4 —a— P .o
—e@— Pd(Il) + BAB
] ‘/
L]
o 204 — \
<9
£
S / °
5 154 o N
z ] e /
1.0 4 / —
4 X A'\——A
054~ xiA/A
o _—E—n
0.0 T T T T T
200 250 300 350 400 450

A nm

Fig. 6. UV-vis spectra of BAB, Pd(Il) and BAB + Pd(II) complex.

By substituting for [PhSO,NHBr] from equilibrium (i) of Scheme 2
in Eq. (19) and solving for [PhSO,N~Br], one obtains:

Ks5[BAB][OH™
) [PhsO,N-Br] = —Ks(BABIOH 1 (20)
[BAB]; = [PhSo,NHBr] + [PhSo,N~Br] (19) [H20] + K5[OH™]
. - KS -
(i)  PhSO,NHBr+ OH PhSO,NBr + H,0
fast
PhSO,NBr >
(i)  PhSO,NBr + [Pd(OH),CLP___° T
. slow and rds l
[Pd(OH),CL,]
complex (III)
COOH
COOH
PhSO,NBr
. k
(i) + l &.
- PhSO,NH, +
. [Pd(OH),CL,] - [Pd(OH),CL,]> CH,—NH,
CH,—NH,
complex (III) I
(TA) complex (IV)  Br
COOH COOH COOH

H-C—N—H
ot
H (Br

complex (IV)

COOH

k

- 8
+ PhSO,NBr ————>

- PhSOZNH2 /r - HBr
™ C :{_/ HO—C—O—Br
mo | - |

H
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/
(’ I_NH 00—
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Scheme 2. A general mechanistic scheme for Pd(II) catalyzed oxidation of TA by BAB in alkaline medium.
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From slow/rate-determining step of Scheme 2:

d[BAB];
Cdt
By substituting for [PhSO,N~Br] from Eq. (20) into Eq. (21), the
following rate law is obtained:
Rate — _ d[BAB], _ K5k5[BAB]t[OH‘][P_d(ll)] (22)

dt [HZO] + Ks[OH ]

This rate law satisfactorily fits well to the experimental results
wherein a first-order dependence of rate on each [BAB], and
[PA(II)], less than unity order on [OH~] and the lack of effect of
the [TA], and [BSA] on the rate of reaction was noticed. In alkaline
medium, the solvent isotope studies show that k' (H,0)/k' (D,0) < 1.
This is generally correlated with the fact that OD~ ion is a stronger
base than OH~ ion and in base catalyzed reactions, enhancement
of rate in D,0 medium can be expected according to the concept
of solvent isotope theory [29,30]. However, the small magnitude
of the isotopic effect (0.82) can be attributed to the less than unity
order dependence on [OH~]. The mechanism proposed is congru-
ous with the observed negligible effects of benzenesulfonamide,
halide ions and also on the activation parameters.

It was also considered worthwhile to compare the reactivity of
TA by BAB in absence of Pd(II) catalyst under the identical set of
experimental conditions. The uncatalyzed reaction was carried out
at different temperatures (293-313 K) and from the Arrhenius plot
of log k' versus 1/T (r=0.9810), values of activation parameters for
the uncatalyzed reaction were computed. These data are recorded
in Table 4. It is seen from the Table 4 that the Pd(II) catalyzed reac-
tion rate is found to be 6-fold faster than the uncatalyzed reaction.
Thus the observed rate of oxidation in the presence of Pd(II) cata-
lyst justifies the need of a catalyst for a facile oxidation of the TA
by BAB in alkaline medium. The activation parameters evaluated
for the catalyzed and uncatalyzed reactions explain the catalytic
effect on the reaction. The catalyst Pd(Il) forms a complex (III) with
the oxidizing species, which increases the oxidizing property of the
oxidant and makes the oxidation reaction facile. Further, the cat-
alyst Pd(II) favourably modifies the reaction path by lowering the
energy of activation (Table 4).

Moelwyn-Hughes [31] pointed out that the catalyzed and
uncatalyzed reactions proceed parallely through equation:

Rate = — ke[PhSO,N~Br] [Pd(II)] (21)

ki = ko + Kc[catalyst]* (23)

Here k; is the observed pseudo first-order rate constant obtained
in the presence of Pd(Il) catalyst, k, is that for the uncatalyzed reac-
tion, K¢ is the catalytic constant and x is the order of the reaction
with respect to Pd(Il) and is found to be unity in the present study.
Hence in the present case, the value of K¢ was calculated using the
equation:

_ k] - ko
[pd"]

The values of K¢ have been evaluated at different temperatures
(293-313K) and K¢ was found to vary with temperature. Further,
a plot of log K¢ versus 1/T was linear (r=0.9896) and the values of
energy of activation and other thermodynamic parameters for the
catalyst were evaluated and tabulated in Table 4. Furthermore, a
plot of k’ versus [Pd(II)] at 303 K was found to be linear (r=0.9925)
with an intercept. The ordinate intercept is the rate constant for
the uncatalyzed reaction (k,) and it signifies that both catalyzed
and uncatalyzed pathways proceed simultaneously. At 303K, the
value of k, was found to be 1.00 x 10~4 s~!, which is in concord with
that obtained in the absence of Pd(II) catalyst (k, =0.79 x 10~4s~1)
(Table 4). This clearly establishes the above relationship.

Under comparable set of experimental conditions, the TA-BAB
oxidation reaction rate is about 10-fold faster in acid medium com-

c (24)

pared to alkaline medium. This is confirmed by the magnitudes of
activation energies (Tables 2 and 4). The different oxidizing species
of BAB involved in two media may be responsible for the differ-
ence in reactivity. This fact makes us to conclude that the conjugate
acid, PhSO,NHBr is a more efficient reactive species than the anion,
PhSO,N~Br, in the oxidation of TA by BAB.

4. Conclusions

It is concluded that the stoichiometry and oxidation products of
TA by BAB in acid and alkaline media are the same, but their kinetic
characteristics are different. Activation parameters have been com-
puted. Reactions of TA with BAB are 10-fold faster in acid medium in
comparison with alkaline medium. However, oxidation of TA with
BAB in alkaline medium will become facile in the presence of a
micro quantity of Pd(Il) catalyst and reaction rates showed that
Pd(II) catalyzed reactions are 6-fold faster than uncatalyzed reac-
tions. This justifies the need of Pd(II) catalyst in the facile oxidation
of TA-BAB redox system in alkaline medium. The obtained kinetic
data have been explained by elegant mechanisms and the relevant
rate laws.
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