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ABSTRACT

The kinetics and mechanism of oxidation of Acetaminophen (commonly known as Paracetamol) by N-
Bromosuccinimide (NBS) has been studied in acidic medium at 313 K. The reaction exhibits first
order in [NBS] and fractional order each in [acetaminophen] and [acid]. No change in reaction rate,
when subjected to changes in concentration of succinimide, the reduction product of NBS. Variation
of ionic strength had no effect on the reaction rate. The decrease in the rate of reaction with an
increase in dielectric constant of the medium was observed. The reaction is failed to induce the
polymerization of acrylonitrile. The stoichiometry of the reaction has been determined and oxidation
products were identified and characterized. The reaction was studied at seven different temperatures
and the activation parameters were obtained from Arrhenius plot. Protonated NBS has been
postulated as reactive oxidizing species in acidic medium. The observed results have been explained
by the proposed plausible mechanism which involves the decomposition of acetaminophen-NBS
complex in the slow step, resulting in the corresponding quinone oxime. Rate law has been derived.
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INTRODUCTION

Acetaminophen (commonly called as Paracetamol) is a well-known drug containing acetamide and
hydroxyl groups and is known for its analgesic and antipyretic activity. The metabolites of
paracetamol, N-acetyl-p-benzoquinone imine (NAPQI) and p-benzoquinone are responsible for
decrease in pain and fever. It exerts inhibitory action on COX-2 by reducing the availability of co-
substrate for the enzymatic action of COX-2. One of the metabolite, NAPQI inhibits cysteine
proteases which are involved in the generation of inflammatory interleukins IL-1p and IL-6 [1]. It acts
by inhibiting the transmission of pain impulses to higher centres. Though it acts as analgesic and
antipyretic drug it lacks in anti-inflammatory activity [2]. Through various metabolic pathways
acetaminophen is converted into non-toxic products in the liver and is eventually excreted by the
kidneys. However, overdoses may cause liver and renal toxicity due to the binding of one of the
metabolite quinine imine to proteins [3] which leads to the depletion of glutathione and also covalent
binding of excess metabolites to the vital constituents of the cell [4].

Acetaminophen has been reported to be present in waste water [5-8], therefore several oxidation
studies were made for the removal of acetaminophen from the waste water to understand the
mechanism of decomposition and to know the probable path of oxidation. As a part of these studies,
attention has been given by several workers in the oxidation of acetaminophen [9-17] by various
oxidizing agents.

Among many N-halo compounds available, N-halomides are chosen as oxidants for the oxidation
of many substrates due to their ability to produce halonium cations, hypohalite species and nitrogen
anion which act as both bases and nucleophiles [18]. A well-known N-halomide is N-
Bromosuccinimide (NBS), which acts as a source of positive halogen has gained considerable
attention due to its capacity to oxidize a wide variety of substrates in both acidic and alkaline medium
[19-28]. The nature of active oxidizing species and the mechanism depends on the nature of the
halogen atom, the groups attached to the nitrogen and the reaction condition. The species responsible
for such oxidizing character may be different depending on the pH of the medium. Although the N-
bromosuccinimide oxidation of a large variety of organic compounds has been studied, there seems to
be no report on a systematic kinetic study of the oxidation of acetaminophen by N-bromosuccinimide.

Therefore, in the present study, we aim to investigate thoroughly the kinetics and mechanistic
aspects of the reaction between acetaminophen and N-Bromosuccinimide in sulphuric acid medium,
to identify the active species of the substrate, oxidant and oxidation products and evaluate the related
kinetic and thermodynamic parameters of the reaction.

MATERIALS AND METHODS

All the chemicals used were of reagent grade. Acetaminophen was purchased (Sigma-Aldrich) and
used without further purification. All other reagents were of analytical grade. Purity of the substrates
was checked by the melting point. Standard solution of NBS was prepared and its purity was checked
iodometrically. Solutions were prepared with either doubly distilled water or purified acetic acid and
were standardized by known methods. Fresh solutions were used for each kinetic run. Acetic acid
(BDH) was purified by refluxing with chromic acid and acetic anhydride for 6 h and then distilled and
used to study the effect of solvent polarity on the reaction medium. The ionic strength was maintained
using sodium sulphate, and to vary hydrogen ion concentration, sulphuric acid was used. Acrylonitrile
was used directly as received to study the intervention of free radical formation during the reaction.
Separation and identification of organic intermediates in the reaction were performed using high
performance liquid chromatography (HPLC).

Kinetic Measurements: All the kinetic measurements were performed under pseudo-first-order
conditions with [Acetaminophen] >> [NBS]. The reaction was initiated by the addition of known
amounts of oxidant to reaction mixtures containing the required amounts of substrate, sulphuric acid,
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and water in glass—stoppered Pyrex boiling tubes that were thermostated at the same temperature. The
progress of the reaction was monitored by iodometric determination of unconsumed [NBS] in known
aliquots of the reaction mixtures at different time intervals. However, before adopting iodometric
method, it was ensured that the presence of acetaminophen in the quenching solution of potassium
iodide did not change the oxidant (NBS) titre value. The course of the reaction was studied for at least
two half-lives. The rate constants (k, s) were determined from the pseudo-first-order plots of log
[NBS] against time. The pseudo-first-order plots were linear (r> > 0.99) for more than 80 %
completion of the reaction and the rate constants (k, ™) were reproducible within + 5%.

Stoichiometry and product analysis: Different reaction mixtures with different sets of reactants
containing various amounts of NBS and acetaminophen at fixed concentration of acid, ionic strength
and temperature were allowed to react for 24 h in an inert atmosphere. After completion of the
reaction, the unreacted N-Bromosuccinimide (NBS) was estimated iodometrically. The obtained
results indicated that one mole of NBS consumed one mole of acetaminophen as represented in the
following equation.

O

P oo H
N-Br + HOONJ{ N-H + CHsCOOH +
CH3 Hg(Il) / H,O
Y )
HOONiO +  HBr

The above stoichiometric equation is consistent with the results of product analyses. The
oxidation product of acetaminophen was identified as the quinone oxime by both spectral and
chemical analyses. The yield was about 91%. The melting point of the recrystallized quinone oxime
was found to be 131°C (lit. m.p = 132°C). The formation of quinone oxime was confirmed by IR
Spectral (KBr) data i) a band at (v)1652 cm ™ due to —C=0 stretching (ii) a band at (v)1615 cm ™ due
to —C=N stretching of oxime (iii) a band at (v) 3332 cm™ due to O—H stretching. Similar oxidation
product of acetaminophen with different experimental condition was reported earlier [29]. The
reduction product of NBS, succinimide (NH), was detected by the method reported elsewhere [30].
Formation of pale-yellow precipitate by the addition of silver nitrate solution indicates the formation
of silver bromide, suggesting that bromide ion is obtained as one of the reaction products.

RESULTS AND DISCUSSION

Role of mercuric acetate: Mercury (1) can act as a homogeneous catalyst, co-catalyst, oxidant [31]
and scavenger for bromide ions. In the present study, mercury (I1) acetate acts as a scavenger to fix up
bromide ions formed in the course as HgBr, or HgBr,>. To avoid any possible bromine oxidation, an
optimum concentration (0.005 mol.dm™) of mercuric acetate was employed to eliminate bromide ion
in the reaction without perturbing the kinetic results, thus ensuring that oxidation took place purely
through NBS itself [32]. All the kinetics studies were made with [mercuric acetate] greater than
[NBS] which simply means that Br, oxidation was completely suppressed. The mercuric acetate was
used over a wide concentration range of 0.001-0.01 mol.dm™ and has no effect on the rate of
reaction.

Effect of substrate and oxidant concentration: At fixed concentration of other reactants and when
[acetaminophen] is in 10—fold excess over [NBS], the disappearance rate of [NBS] followed first-
order rate law as was observed from the log initial rate (with respect to concentration/time) versus log
[NBS] (r > 0.998) for more than three half-lives of the reaction. Further, the pseudo—first-order rate
constant (k, ™), evaluated from the slopes of such plots remained unchanged (Table 1) with the
variation of [NBS], confirming the first order dependence of the rate on [NBS].

Under the same experimental conditions, the rate of the reaction increased linearly with increase
in [acetaminophen] (Table 1) and the log—log plot of k versus [substrate] were linear (r > 0.995, s <
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0.03) with slope values of 0.58 (Figure 1a). Further, dependence of k value on the initial substrate
concentration was consistent with the Lineweaver—Burk kinetics (Figurelb).

Table 1. Dependence of rate on the factors influencing the oxidation of acetaminophen
by N-Bromosuccinimide (NBS) in acidic medium at 313 K

Non-variable constituent Variable constituent

(mol.dm™) (mol.dm™) 10°xk (s7)
[N-Bromosuccinimide]
[acetaminophen] = 10.0 x107 5.0 x 107 4.60
[H,S0,] = 1.0 7.5 % 107 4.59
ACOH-H,0 = 1:1 (% viv) 10.0 x 107 4.60
[Hg(OAC),] =5.0 x 1073 15.0 x 107 4.62
20.0 x 107 4.59
25.0 x 107 4.61
[acetaminophen]
[NBS] =10.0 x10™ 2.5x107° 1.96
[H,S0,] = 1.0 5.0 x107° 2.87
ACOH-H,0 = 1:1 (% viv) 7.5x107° 3.76
[Hg(OAC),] =5.0 x 107 10.0 x 1073 4.60
15.0 x 107 5.75
20.0 x 107 6.38
25.0 x 107 7.46
30.0x10°° 8.34
[H2SO4]
[NBS] =10.0 x10™ 0.25 2.30
[acetaminophen] = 10.0 x107 0.50 3.22
ACcOH-H,0 = 1:1 (% Vv/v) 0.75 3.79
[Hg(OACc),] = 5.0 x 107 1.00 4.60
1.25 4.92
1.50 5.06
2.00 6.30
ACOH-H,0 ( %viv)
[NBS] = 10.0 x10™* 30-70 (53.18)* 3.45
[acetaminophen] = 10.0 x107 40-60 (46.48) 4.08
[H,S0,] = 1.0 50-50 (39.78) 4.60
[Hg(OAc),] =5.0 x 107° 60-40 (33.08) 5.75
70-30 (26.08) 6.90
*Parentheses values indicate the dielectric constant of the medium.
* "1 v
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Figure 1(a). Plot between log k and log [Acetaminophen], (b) Plot between 1/k and 1/[Acetaminophen] for the reaction.
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Effect of [acid]: The effect of [acid] on the reaction rate was studied in order to establish the active
species of reactants present in the solution. At fixed concentrations of substrate (acetaminophen),
NBS, and other conditions remaining constant, the reaction rate increased linearly with increase in
[acid] (Table 1). The reaction order (Figure 2a) with respect to [H'] ion is found to be fractional
(0.49).

1.9 1 50
(a) .
1.7 1 40 A
~ 15 D 30 A
g ~
n ° N
o 13 S 20 1
]
1.1 A 10 A
0.9 T T s 0 T T T T s
0 0.5 1 15 0 1 2 3 4 5
1 + log [acid] 1/ [acid] (dm®mol?)

Figure 2(a). Plot between log k and log [acid], (b) Plot of 1/kagainst 1/[acid] under the conditions.

Effect of ionic strength and dielectric constant of the medium: The effect of ionic strength on the
reaction rate was studied using Na,SO,, with other experimental conditions held constant. There was
no significant effect of ionic strength on the reaction rate. The dielectric constant (D) of the medium
(Table 1) was varied using different proportions of acetic acid from 30-70%. The D values were
calculated from the equation D = D w Vw + DaVa, where Dy and D are the dielectric constants of
pure water and acetic acid respectively, and Vy and V are the volume fractions of components water
and acetic acid respectively in the total mixture. The reaction rate increased with a decrease in
dielectric constant of the medium. Plot of log k versus 1/D (Figure 3) was found to be linear with
positive slope. Blank experiments performed showed that acetic acid was not oxidized significantly
by NBS under prevailing conditions.

1.9 1

1.8 -

1.7 A

1.6 1

3+log k

15 -1

1.4 A

1.3

15 25 35 45
100/D

Figure 3. Plot of log k against 1/D under the conditions.
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Effect of succinimide on the rate: The reaction was studied by varying the concentration of
succinimide in the concentration range of 0.0025 to 0.025 mol.dm™ and all other parameters being
held constant, has no effect on the rate of reaction.

Test for Free Radicals: The reactions were studied in the presence of added acrylonitrile to
understand the intervention of free radicals. There was no effect of added acrylonitrile (0.1-1.0
mol.dm™®) on the reaction rate, and also no precipitate due to polymerization of acrylonitrile was
observed, suggesting the absence of any free radical formation in the reaction. To confirm further, the
absence of free radicals in the reaction pathway, the reaction was carried out in the presence of 0.05
mol.dm™ of 2, 6-di-t-butyl-4-methylphenol (butylated hydroxyl toluene or BHT). It was observed
that the BHT was recovered unchanged, almost quantitatively.

Effect of Temperature: The oxidation of acetaminophen was studied in the temperature range (Table
2) of 293-323 K and the activation parameters were evaluated from the slope of Arrhenius plot
(Figure 4) of log k versus 1/T are: Ea = 42.08+ 1.5 kJ mole™; AH” = 39.48 + 1.5 kJ mole™; AS” = —
147.62 J/K/mole and AG” = 85.69 + 1.2 k] mole™ at 313 K at concentrations of NBS = 10.00 x 10™*
mol/dm™, Acetaminophen = 10.00 x 10~ mol.dm™; H,SO, = 1.00 mol.dm™. Large negative value
of entropy indicates that the complex is more ordered than the reactants.

Table 2. Influence of temperature on the rate of the reaction

Temp(K) | 293 | 298 | 303 | 308 | 313 | 318 | 323
kx 10 %(s ™) 157 226 276 3.68  4.60 5.68 8.44

Experimental conditions:[Acetaminophen] =10.0 x 10~ mol-dm™,
[NBS] = 10.0 x 10*mol-dm, [H,SO,] = 1.0 mol-dm=,
[Hg(OAC),] = 5.0 x 107 mol-dm™

25

2 .
4
8 15 -
+
o

1 .

05 : : : :

3 31 32 33 34 35

1000/T

Figure 4. Arrhenius plot of log k versus 1/T.

Active species of the reactants and mechanism: N-Bromosuccinimide is a two-electron oxidant and
active species of NBS involved in oxidation reactions are NBS itself or Br* or protonated NBS
(NBSH") in acidic medium [33-35] and NBS, HOBr or OBr™ are the reactive species in alkaline
solutions. As the reactions are carried out in acidic medium the following are the equilibria [19-21]
that exists in the reaction system

NBS + H'= N*BSH ..

NBS + H*'= NSH + Br* ..
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Br' + Hzo = HZOBI‘ * (3)
NBS + H,0 = NSH + HOBr .(4)

It may be pointed out that, all the kinetic studies have been made in the presence of mercury (1)
acetate in order to avoid any possible bromine oxidation which may be produced as follows

NBS + HBr — NSH + Br, ...(5)

Mercuric acetate acts as a capturing agent for any bromide ions [36] formed in the reaction and
exists as HgBr,” or unionized HgBr, and ensures that oxidation takes place purely through NBS.
Remaining to be ensured are, the participation of either of Br* or HOBr or H,OBr". The acceleration
of reaction rate by an increase in the concentration of acid, which is attributed to the protonation
equilibria of the oxidant and insignificant effect of added succinimide suggests that protonated N-
Bromosuccinimide is the active oxidizing species of the NBS. Further, it is observed that the plot of
log k against 1/D was found to be linear with a positive slope which indicates that the reaction is in
between a positive ion and a neutral molecule. This is also evident from the negligible effect of
variation in the ionic strength on the reaction rate, suggesting that the reaction is not in between
charged species and is in between charged and uncharged species.

Among acetaminophen and NBS, the possibility of existence of acetaminophen with a positive
charge has been ruled out because the pK value for the acetamide group of acetaminophen has been
determined as 9.5 [37]. Hence, in acidic medium, this group will be in its neutral form. Thus, above
experimental observations suggest the participation of NBS in the reaction in its protonated form.
Therefore, the active species of the reaction are protonated NBS and acetaminophen in neutral form
[17]. Based on the aforesaid, a probable mechanism for the oxidation of acetaminophen by NBS has
been proposed (Scheme 1).

[e] [¢] H
@ Ky /
N-Br + H=——== Ne
\
Br

e} e}

NBS N*BSH (Protonated NBS)
fo) O

P HsC Ke
Ns + %NAQOH —— Complex,C + N-H
Br HO I‘-|
© . Succininqide, NSH
N*BSH Acetaminophen
H
O kd —
HOO,\‘E{ _ HOON:O + CHsCOOH+ H' +Br
Br CH, slow
Complex, C
isomerises
o vo T oD
Quinone Oxime

Scheme: Mechanism of oxidation of Acetaminophen.

The mechanistic pathway is demonstrated by (i) The formation of the active species of NBS,
protonated NBS (N*BSH) (ii) The complex formation between protonated NBS and acetaminophen
(iif) The decomposition of the formed Complex, C is the rate-determining step as shown in Scheme 1
which is in accordance with the observed stoichiometry. Based on this, a rate law has been derived
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which explains the fractional order in [H*] and [acetaminophen] and absence of [NHS] effect on the
rate of reaction.

Derivation of rate law: Based on the proposed mechanism rate law has been derived which is in
accordance with the proposed mechanism. Taking all the steps of Scheme 1for the oxidation of
acetaminophen and stoichiometry of the reaction, the following rate law Eqg. 6 may be written in terms
of loss of concentration of NBS.

_ —d[NBS]

Rate
dt

= ky[Complex, C] ..(6)

On the basis of steps in Scheme 1:

[Complex C] = K [Acetaminophen][N*BSH] ... (7)
[Complex C] = K; K [Acetaminophen][NBS][H*]
In terms of total NBS concentration, rate can be represented as:

_ —d[NBS]y

Rate
dt

= k4[Complex, C] ..(8)

—d [NBS
Rate = % = kK K.[Acetmainophen][NBS][H*] ... (9)

Since, NBS (N-Bromosuccinimide) is present in complexed and uncomplexed forms, at any time the
total concentration of NBS can be given as Equitation 10.

[NBS]; = [NBS] + [N*BSH] + [Complex,C] ... (10)
[NBS];y = [NBS] + K, [NBS][H*] + [Complex, C]
[NBS]; = [NBS] + K,[NBS][H*]+ K_[Acetaminophen][N*BSH]
[NBS]; = [NBS] + K,[NBS][H*] + K;K_[Acetaminophen][NBS][H*]

[NBS]y = [NBS][{1 + K,[HT] + K;K_.[Acetaminophen][H*]}] .. (11)

Therefore,
_ [NBS]t
[NBS] = 1+ K;[H*] + K;K_.[Acetaminophen][H*] - (12)
The rate law in terms of total NBS concentration can be given as:
—d [NBS k,K;K.[Acetaminophen][NBS] [H*
Rate [NBS] _ kaKiKcL phen][NBS]y [H'] .(13)

dt 1+ Ky[H*] + KK [Acetaminophen][H*]

The rate law (Equation 13) is in accordance with the observed experimental results, wherein a first-
order dependence on [NBS], and the order less than unity each in [acetaminophen] and [H'] was
observed.
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Rate kK K [Acetaminophen][H*]

[NBS] = k= 1+ Ky[H*] + K ;K [Acetaminophen][H*]

1 1 1 1
k  kqK K. [Acetaminophen][H*] k4 K.[Acetaminophen] k

..(14)

According to Eq. (14), the plots of 1/k versus 1/[acetaminophen] (at constant [H']) and 1/k against
1/[acid] (Figure 2b) (at constant [acetaminophen]) should be linear with a definite (the same) intercept
on the 1/k axis. Such an observation supports the validity of the rate law and hence the proposed
reaction mechanism (Scheme 1). The proposed mechanism is further supported by the observations
made during the effect of solvent on the reaction rate. The increase in the oxidation rate with decrease
in polarity of the medium as is evident from the positive slope value of log k against 1/D (Figure 3)
plot suggests that the reaction is in between a positive ion and a neutral molecule and also indicates
that the transition state is more polar than the reactants. The positive slope value also suggests an
existence of charge separation in the transition state of the reaction. The observed high positive values
of the enthalpy of activation AH” and free energy of activation AG” of the reaction suggest that the
transition state is more solvated than the reactants. Larger negative value of AS” value suggests loss of
degrees of freedom upon the formation of a highly solvated and rigid transition state [20, 38, 39]
indicating that complex is more ordered than the reactants and provides further support for a polar
nature of the reaction, accompanied by a substantial loss of translational entropy due to solvation.

APPLICATION

Based on the obtained experimental results a mechanism for the oxidative degradation of
Acetaminophen by N-Bromosuccinimide has been proposed which is found to be one of the efficient
methods where the concentration of oxidant employed in the present work is very low in the range of
10 mol. dm,

CONCLUSION

The kinetics and mechanism of oxidation of acetaminophen by N-Bromosuccinimide (NBS) has been
investigated in sulphuric acid medium. Protonated NBS (N* BSH) is found to be the active species of
the oxidant. The oxidation product was identified and is found to be quinone oxime. The reaction was
carried out at seven different temperatures and thermodynamic parameters were evaluated and
discussed. The observed results have been explained from proposed mechanism, and the rate law has
been derived.
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