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ABSTRACT: The kinetics and the mechanism of oxidation of creatine (AA) by
N-Bromosuccinimide (NBS) in an acidic aqueous medium were examined under isolation
conditions. Iodometric method was used to follow the unconsumed NBS at different
time intervals. Mercuric(II) acetate was used as a scavenger to capture any Br- formed
during the reaction and hence to avoid autocatalytic oxidation by bromine. Findings from
stoichiometry measurements revealed that the reaction between AA and NBS was a 2:1
molar ratio. The kinetic study showed that the reaction was first order with respect to both
AA and NBS. Increasing [H+] had a negative effect on the rate of reaction. The effect that
varying the solvent composition has on the rate of reaction was investigated, and it was
found that the reaction rate decreased as the dielectric constant of the solvent increased.
The temperature dependence was determined under fixed experimental conditions, from
which thermodynamic parameters were calculated. From the proposed mechanism, a rate
law was established that was in strong agreement with experimental kinetics.
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1.

INTRODUCTION

N-Bromosuccinimide (NBS) is one of the oxidants that is widely used in oxidising
organic compounds.1–5 It is also used to oxidise many inorganic complexes, as well
as biochemical compounds.6–2 NBS is a source of positive halogen, and this reagent
has been exploited as an oxidant for a variety of substrates in neutral, acidic and
alkaline mediums. NBS has also been used as a reagent in the determination of
© Penerbit Universiti Sains Malaysia, 2020. This work is licensed under the terms of the Creative
Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).
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some chemical compounds. For example, Haiyan et al. determined meloxicam by
oxidation with NBS using the flow-injection chemiluminescence technique, and
the same technique was used to determine urea.13,14 Fluorometric assays carried out
by Lee et al. for commercial NBS indicated that NBS reagents could be assayed
rapidly using a convenient method.15 Xu et al. used NBS for the oxidation of
indoles to produce different pharmaceutically valuable nitrogen compounds.16
The oxidation of amino acids is of interest as the oxidation products depend on
the oxidant used. These oxidation reactions exhibit diverse reaction mechanisms,
oxidative deamination and decarboxylation.17 Thus, the study of amino acids
becomes important due to their biological significance and selectivity towards the
oxidant.
Singh et al. studied the kinetic oxidation of some amino acid by NBS and they found
that the reaction obeys first-order with respect to the amino acid under study.18
Linge Gowda et al. studied the oxidation of dipeptides and their amino acids by
NBS, and the result they obtained indicated that the reaction obeys first-order
kinetic.19 A kinetic study and the determination of the thermodynamic parameters
of α-amino acids (proline, arginine, alanine) oxidised by NBS were carried out by
Mohammed and Hadi, and the results obtained indicated that for both oxidation
of creatine (AA) and NBS the reaction was first-order.20 A kinetic study of the
oxidative cleavage reaction of gabapentin with NBS conducted by Bhandarkar and
Mohana indicated that the reaction was a first-order kinetic reaction.21 Yadav et al.
studied the oxidation of L-valine by NBS and found the reaction was a first-order
kinetics reaction with respect to L-valine.22 There were also other systems involved
in NBS as an oxidising agent in amino acid oxidation that exhibited second and
fractional order kinetics.
There are many reports in the literature regarding the oxidation of amino acids, but
the kinetics of the oxidation of creatine by NBS have not yet been reported.23–25
The main objective of this work is to study of the kinetics and the mechanism of
the oxidation of creatine by NBS in an acetic medium and as well as to investigate
the effect of different experimental variables on the reaction rate.
2.

EXPERIMENTAL

2.1

Materials

The following materials were used in this study: N-Bromosuccinimide, creatine,
sodium thiosulphate, potassium iodide, mercuric acetate, perchloric acid, sodium
perchlorate, methanol and starch. All chemicals used were BDH or reagent grade
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quality and were used as received without further purification. Fresh distilled water
was employed in all chemical preparations and kinetics experiments.
2.2

Kinetic Procedure

All experiments were carried out under first-order conditions, where the amino
acid concentration exceeded that of oxidant. In these experiments, appropriate
amounts of the substrate, perchloric acid, sodium perchlorate solution and distilled
water (to keep the total volume constant at 50 ml in a volumetric flask for all runs)
were taken in the reaction vessel and thermostated at the desired temperature to
attain thermal equilibrium. A separately thermostated NBS solution was rapidly
transferred to the reaction mixture. The progress of the reaction was monitored
iodometrically by assaying the unreacted NBS in a measured aliquot of the reaction
mixture at different time intervals. This was done by pipetting 5 ml aliquots of the
reaction mixture and discharging it into a conical flask containing 5 ml of 0.1 M Kl
and 5 ml of 0.1 M H2SO4. The liberated iodine was then titrated against a standard
solution of 0.2 M sodium thiosulphate using starch as an internal indicator near the
endpoint.
3.

RESULTS AND DISCUSSION

3.1

Stoichiometry

Stoichiometric measurements were taken by carrying different sets of reaction
mixtures containing different amounts of NBS and creatine at a constant
concentration of [H+] and a constant ionic strength. This mixture was left to react
for about 24 h at 25°C. After the reaction was complete, the remaining NBS was
assayed iodometrically. Figure 1 shows the progress of the reaction as [NBS]
decreased with time.
The main final products of the oxidation were succinimide, formaldehyde,
ammonia and carbon dioxide. As the spectra of these are well known, spot tests
were conducted to confirm the following products:
•• Librated ammonia was identified by Nessler’s reagent
•• Carbon dioxide was identified by the lime water test
•• Aldehyde group was confirmed with Tollen’s reagent
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Figure 1: The progress of creatine-NBS reaction at [NBS] = 5.0 × 10–3 M, [AA] = 5.0 ×
10–2 M, [H+] = 0.1 M and at [Hg(OAc)2] = 0.02M and T = 25°C.

The results in Table 1 indicate that every two moles of AA were consumed by
one mole of NBS. Accordingly, the stoichiometric equation reaction between
protonated NBS (C4H4BrNO2) and creatine ((H2N)(HN)CN(CH3)CH2COOH) was
as follows:

C4H4BrNO2 + 2(H2N)(HN)CN(CH3)CH2COOH + 2H2O
+ H+
C4H5NO2 + 2CH2O + 2CH3CN + 2CO2 + 1/2Br2
+ 4NH3
Table 1: Stoichiometry of NBS oxidation of creatine in aqueous acidic medium at 25°C,
[H+] = 0.10, [Hg(OAc)2] = 0.02, I = 0.30 mol dm3.
Exp. no.
1
2
3
4

Conc. 103 [AA] M*

Conc. 103 [NBS] M*

AA taken

NBS added

No. of moles of NBS
unconsumed

3.0
4.0
5.0
6.0

2.0
4.0
6.0
8.0

2.02
2.05
2.03
2.01

Note: *No. of ml = number of moles
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Effect of NBS on the Reaction Rate

The variation of [NBS] was carried out at fixed reaction conditions. Plots of log
[NBS] versus time were linear as seen in Figure 2 with correlation coefficients
in the range of 0.98–0.99, values of pseudo first-order rate constants, kobs (min–1)
were calculated from the slope of these graphs. It is clear that from Table 2, the
values of kobs obtained are independent of NBS concentrations. This is in agreement
with a first-order dependence on the concentration NBS. Thus, the rate law is given
by Equation 1:
R = kobs[NBS]

(1)
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Figure 2: Plot of log [NBS] (M) vs. time (min) at [AA] = 5.0 × 10–2 M, [H+] = 0.1 M
and at [Hg(OAc)2 ] = 0.02 M, and T = 25°C, A [NBS] = 5.0 × 10–3 M,
B [NBS] = 4.0 × 10–3M, C [NBS] = 2.0 × 10–3 M and D [NBS] = 1.0 × 10–3 M.

3.3

Effect of Creatine on the Reaction Rate

The variation of amino acid AA concentrations on the rate of the reaction was
investigated over the range of 1.0−10.0 × 10–2 M at constant reaction conditions
(Table 2). Pseudo first-order rate constants obtained were found to increase with
increasing [AA] as shown in Table 2. A plot of log kobs vs. log [AA] was a straight
line with slope = 0.98 ± 0.02, showing that the reaction obeys first order with
respect to [AA] as shown in Figure 3.
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Table 2: Kinetic data for the oxidation of creatine by NBS at [Hg(OAc)2] = 0.02 M
and T = 25°C (all kinetic runs were performed in aqueous perchloric media
otherwise stated).
103[NBS] M

102[creatine] M

[H+] M

0.5
1.0
2.0
3.0
5.0
1.0

5.0

0.10

1.0
3.0
5.0
7.0
10.0
0.5

Ethanol:Water

0.20
0.30
0.50
1.00
0.10

103kobs min–1
9.1 ± 0.03
9.3 ± 0.05
8.9 ± 0.01
9.0 ± 0.02
9.2 ± 0.02
3.9 ± 0.06
7.2 ± 0.03
10.4 ± 0.04
12.4 ± 0.02
13.9 ± 0.04
7.1 ± 0.08
5.4 ± 0.05
3.6 ± 0.02
2.7 ± 0.01
14.73 ± 0.05
7.91 ± 0.03
3.08 ± 0.02

5:95
10:90
15:85

−2.2

log k (min−1 )

−2.4
−2.6
−2.8
−3.0
−3.2
−2.6

−2.4

−2.2

−2.0

−1.8

−1.6

−1.4
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Figure 3: Plot of log kobs vs. log[AA] (M) at [NBS] = 2.0 × 10–3 M, [H+ ] = 0.1 M and at
[Hg(OAc)2 ] = 0.02 M and T = 25°C.
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Effect of [H+] on the Reaction Rate

The influence of [H+] was investigated by using different concentrations of
perchloric acid while keeping other variables constant (Table 2). The results
indicated that the rate of the reaction decreased with increasing [H+]. This inverse
dependence on acid concentration is due to the fact that the unprotonated species
is the reactive one.
3.5

Effect of Solvent Composition on the Reaction Rate

In order to determine the effect of the dielectric constant of the medium on the
reaction rate, the oxidation of creatine by NBS was studied in aqueous-methanol
mixtures of various compositions as shown in Table 2. The rate of the reaction
decreased with increasing percentage of methanol in the mixture. In other words,
a decrease in the dielectric constant of the medium lowers the rate of reaction.
This indicates that there is a charge development in the transition state involving a
more polar activated complex than the reactants.26,27
3.6

Effect of Temperature on the Reaction Rate

The oxidation of creatine by NBS was carried out at different temperatures
in the range of 298–323 K under constant reaction conditions, thermodynamic
parameters; energy of activation (≠ΔE), enthalpy change (≠ΔH), entropy change
(≠ΔS) and free energy change (≠ΔG) were calculated and these data were collected
in Table 3 using Arrheneous (Equation 2) and Erying equation (Equation 3):
ln k = lnA – Ea/RT

(2)

ln k/T = –∆H‡/R.1/T + ln kB /h + ∆S‡/R

(3)

The data were well fitted into these equations with the output illustrated in
Figures 4 and 5.
Table 3: Temperature variation and thermodynamic parameters for the oxidation
reaction between creatine and NBS at [NBS] = 2.0 × 10–3 M, [AA] = 2.0 ×
10–2 M, [H+] = 0.2 M and at [Hg(OAc)2] = 0.02 M.
Exp.
no.

Temp.
(K)

103 kobs
(min–1)

Ea
(kJ mol–1)

ΔH
(kJ mol–1)

ΔS
(JK–1 mol–1)

ΔS
(JK–1 mol–1)

1
2
3
4

283
298
313
323

7.1
15.51
17.12
3828

35.15 ± 1.0

148.74 ± 7.0

−20.37 ± 2.0

57.78 ± 30
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Figure 4: Plot of ln k (min–1 ) vs. 1/T (K–1 ) at [NBS] = 2.0 × 10–3 M, [AA] = 2.0 × 10–2 M,
[H+ ] = 0.1 M and at [Hg(OAc)2] = 0.02 M.
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Figure 5: Plot of ln k/T (min K–1 ) vs. 1/T (K–1 ) at [NBS] = 2.0 × 10–3 M, [AA] = 2.0 ×
10–2 M, [H+ ] = 0.1 M and at [Hg(OAc)2] = 0.02 M.
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The negative value of entropy was obtained, which can be attributed to the severe
restriction of solvent molecules around the transition state. It also indicates that the
complex is more ordered than the reactants.
Analysis of the experimental data from the regression line was carried out using
Orgin7.0 computer programme.
3.7

Mechanism and the Rate Law of the Reaction

In acidic media, NBS undergoes protonation as follows:

Hence the reaction between protonated NBS and creatine will be as follows:

NBS + H+ ↔ NBSH+

K1 = [NBSH+] / [H+] [NBS]

(4)

AA + NBS ↔ AANBS

K2 = [AANBS] / [AA] [NBS]

(5)

AA + NBSH+ ↔ AANBSH+K3 = [AANBSH+] / [AA] [NBSH+]

(6)

AANBS → Products k

(7)

From the above mechanism, we can derive a rate law:
R = k [AANBS] = k K2 [AA] [NBS]

(8)
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As the rate of oxidation is suppress by [H+], the unprotonated NBS is the reactive
species.
The total [AA] can be described by Equation 9:
[AA]T = [AA] + [AANBS] + [AANBSH+]

(9)

= [AA] + K2 [AA] [NBS] + K3 [AA][NBS][H+]

(10)

= [AA]{1 + ( K2 + K3 [H+])[NBS]}

(11)

[AA] = [AA]T/{1 + ( K2 + K3 [H+])[NBS]}

(12)

Substituting Equation 12 into Equation 8 yields Equation 13:
R = k K2 [AA]T[NBS] /{1 + ( K2 + K3 [H+])[NBS]}

(13)

Because of low concentration of NBS, it can be omitted from the dominator and
Equation 13 can be written as:
R = k K2 [AA]T[NBS] /{1 + ( K2 + K3 [H+])}

(14)

The above mechanism is acceptable, and the rate law in Equation 14 is consistent
with experimental results which are the first order in both substrate and oxidant
and has inverse dependence on acidic media.
4.

CONCLUSION

This study has reported the kinetics and mechanism of oxidation of creatine by
NBS in acidic aqueous solution. The reaction between creatine and NBS is 1:2
stoichiometry. The oxidation is first-order with respect to both creatine and NBS
and has negative dependence on perchloric acid concentration. These results
agreed with all kinetic studies mentioned the literature between amino acids and
NBS. From the proposed mechanism, a rate law was driven which was consistent
with experimental data.
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