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¢ Tryptophan spectrophotometricethnique at fixed ionic strengths and at°e5 All the reactions
i gi:g‘a"’t‘ir(‘)%a”ate showed a first order dependence on [Mh@nd fractionaffirst order kinetics in [Trp].
\ il Fractionalsecond order k|net|c_:s in [H and fraf:t|0na4f|r_st order d_ependen(_:e witl
I Mechanism respect to [OHF were revealed in acid and alkaline media, respectively. An increa
the ionic strength in alkaline medium increased the oxidation rate of tryptoj
;;;‘;zg@ Ahoo.com whereas it had a negligible effect on the oxidation rate in acid medium. Plat
1966590994316 oxidation mechaniss in all media were suggested and the-lates expressions wert
lr\llizEaer(:I;surgismiSO@gmail o derived. Furthermore, the reactions constants included in the various steps
$966551516795 ' suggested mechanisms were evaluated.
1.(Introduction

Various kinetic studies on the oxidations of amino acids using different oxidizing agents have been perfor
earlier [111] due to their biological importance and to understanding the mechanisms of such biological re
reactions. One of the essential amiacids is tryptophan (Trp) that employs as a biochemical precursor for tt
production of Serotonin (a neurotransmitter) [12], niacin (nicotinic acid) [13] and auxin (a phytohormone) [1
Furthermore, it has various applications in pharmaceuticals aditime

Potassium permanganate is considered as the most powerfubhaatton oxidant employed in the kinetic
studies in acid, neutral and alkaline media [21]. The mechanism of oxidation by tHiseadty oxidant
depends not only on the redaot but also on the reaction medium. Throughout permanganate oxidatio
Mn(VIl) species in permanganate is reduced to various oxidation states in different media. Although,
kinetics of permanganate oxidations of various amino acids were studied els¢éWH20, 2230], no work has
been reported on the oxidations of amino acids by this oxidant in all media or at a wide range of pH in the
investigation.

In view of the forgoing arguments, the title reactions have been investigated which represent a full kin
study on the oxidations of tryptophan by permanganate ion in different media in order to establish the optir
conditions affecting such oxidationto understand the different kinetically active species of the reactants |
these media, and finally to elucidate plausible oxidations mechanisms on the basis of the obtained kinetic
spectral results.

2.(Experimental details

2.1 Materials

A stock solution of tryptophan was prepared by dissolving the required amount of the sample (E. Merck
doubledistilled water. A fresh solution gfotassium permanganate was prepared and standardized as repor
earlier [31]. Perchloric acid and sodiulnydroxide solutions were used to provide the required acidity anc
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alkalinity, respectivelyPotassium phosphate bufféBigmaAldrich) was also employedo keep the neutral
medium (pH = 7.0).

2.2Kinetics Measurements

Kinetic runs were carried out undpseudefirst order conditions where [Trp] >> [Mn{. The ionic strength
was maintained constant using sodium perchlorate as an inert electrolyte. The reactions tempef@juveat25
controlled within +0.7°C. Kinetics of the oxidation reactiois all mediawere followed spectrophotometrically
within the UVBVis spectral rangby recording the decay of the permanganate absorbance as a function of ti
at! = 526 nm. These measurements were perforomed thermostatted Shimadzu YAS-NIR-3600double
beam spectrophotometer.

The observedirst order rate constant&.fy were calculated as the gradients of In(absorbate)e plots,
which were straight for about 7% of the reactions completion. The rate constants were reproducible
within 3-4%. The orders of the oxidation reactions with respect to the reactants concentrations were detern
from the plots of logkss versus log (conc.) by varying the concentrations of tryptophan, perchloric acid ai
sodium hydroxide, in turn, whilegeping all others constant.

3.(Results and Discussion

3.1. Stoichiometry and Product Analysis

In all three media, different sets of reactions mixtures containing varying ratios of permanganate to tryptoy
were mixed at constant pH and ionic strength, then were kept for about 24 hours. Estimation of the rema
permanganate concentrations canfithat the stoichiometries weke: 2 in perchloric acid, 3 : 2 in neutral and
1: 2 in alkaline mediunwhich holds by the following equations (Scheme 1),
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Scheme 1. Oxidation of tryptophan by permanganate ion in: (1) acid, (2) neutral and (3) alkaline media.

The above equations were consistent wiith results of product analysis. The products were identified as th
corresponding aldehyde (indeBeacetaldehyde) by spot test [32], intermediate manganate(VI) by its visibl
spectrum, ammonia by NesslerOs reagent [33] and carbon dioxide by lime Wwatgroduct, indoks-
acetaldehyde was also estimated quantitatively as itsliRidophenylhydrazone derivative [33]. Similar
oxidation products have been also reported earlie2{]8

3.2TimeResolved Spectra

Time-resolved spectra throughout oxidatiasfstryptophan by permanganate ion in acid, neutral and alkaline
media are shown in Fig 1 (a), (b) and (c), respectivélye Figureshowed gradual disappearance of
permanganate band lat= 526 nm in all media. In neutral medium, there was two isosbestitcspappeared at
wavelengths of about 578 and 505 nm, Fig. 1b. In alkaline medium, there was a corresponding growth of
intermediate absorption maxima at wavelengths of 606 ahahdBwith appearance of two isosbestic points at
wavelengths 575 and 4T8n, Fig. 1c.
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Figure 1. Time-resolved spectra during the oxidation of tryptophan by permanganate ion in: (a) perchloneditich,
[H] = 1.0 andl = 2.0 mol dn?, (b) neutral medium, and (c) sodium hydroxide medium, J@H.02,1 = 0.1 mol dn?.
[Trp] = 6.0 x 10°, [MnO,] = 4.0 x 10° mol dmi*at 25°C. Scanning time intervals = 1.0 min.

3.3.Effect of Permanganate Concentration on the Oxidation Rates

Permanganate ion concentration was varied in all three media betweerL(20) x 10* mol dm?® at constant
concentrations of other reactants. The order with respect to Jiwé&s found to beinity in all media, as plots
of In(absorbance) versus time were linear up to abot8585 of the reactions completion. Furthermore, the
nontvariation of the values d,,s at different initial [MnQ], as listed in Table 1 for the neutral medium as an
exanple, confirmed the first order dependence of the reactions on J{inO
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3.4. Effect of Tryptophan Concentration on the Oxidation Rates

The values okypsin all three media were measured at different initial concentrations of the reductant tryptopt
keeping all other reactants concentrations constant. It was foundkthahcreased with increasing the
concentration of tryptophan as listed in Tablé’lbts ofkynsversus [Trp] were found to be linear with positive
intercepts ork.ps axes as shown in Fig. 2 suggesting that the orders with respect to [Trp] in all media were |
than unity.

Table 1. Effects of variation of [Mn@], [Trp], [H'] (in acidmedium), [OH] (in alkaline medium), and ionic strengthpn
the observed first order rate constaritgy in the oxidations of tryptophan by permanganate ion in acid, neutral an
alkaline media at 2%C

Neutral medium 3 Acid medium Alkaline medium 4

7 - 3 10° [Trp] . - 10* Kops

10" [MnOy,] 107 [Trp] [H] I [OH] I
(mol dm®) | (mol dm™) |(mol dm”) | (mol dm™)| (mol dm™)| (mol dm™)| (mol dm™)| ()

2.0 6.0 133.6
4.0 6.0 134.2
6.0 6.0 1354
8.0 6.0 132.9
10.0 6.0 135.8
4.0 2.0 51.0
4.0 4.0 93.2
4.0 6.0 134.2
4.0 8.0 169.8
4.0 10.0 198.9
4.0 2.0 1.0 2.0 65.3
4.0 4.0 1.0 2.0 114.9
4.0 6.0 1.0 2.0 159.6
4.0 8.0 1.0 2.0 205.0
4.0 10.0 1.0 2.0 239.2
4.0 6.0 0.4 2.0 34.9
4.0 6.0 0.6 2.0 75.2
4.0 6.0 1.0 2.0 159.6
4.0 6.0 14 2.0 284.9
4.0 6.0 1.8 2.0 436.1
4.0 6.0 1.0 2.0 159.6
4.0 6.0 1.0 2.5 157.2
4.0 6.0 1.0 3.0 161.2
4.0 6.0 1.0 3.5 155.1
4.0 6.0 1.0 4.0 163.4
4.0 2.0 0.05 0.10 44.5
4.0 4.0 0.05 0.10 85.2
4.0 6.0 0.05 0.10 122.0
4.0 8.0 0.05 0.10 155.3
4.0 10.0 0.05 0.10 179.8
4.0 6.0 0.01 0.10 49.0
4.0 6.0 0.03 0.10 89.7
4.0 6.0 0.05 0.10 122.0
4.0 6.0 0.07 0.10 145.3
4.0 6.0 0.09 0.10 174.6
4.0 6.0 0.05 0.10 122.0
4.0 6.0 0.05 0.15 131.3
4.0 6.0 0.05 0.20 141.2
4.0 6.0 0.05 0.25 149.6
4.0 6.0 0.05 0.30 157.1

Experimental error 8%
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3.5.Effect of pH of the Medium on the Oxidation Rates
In order to study the effect of pH of the medium tbe rates, kinetic runs were carried out by varying the
hydrogen ion concentration (@®2..8 mol dn) using perchloric acid (in acid medium) and by varying the
hydroxyl ion concentration (0E10.9 mol dn®) using sodium hydroxide (in alkaline medium) vehikeeping the
concentrations of all other reactants constant. It was observed that the rates of the reactions in both aci
alkaline media were found to increase with increasing @ifd [OH], respectively, as listed in Table 1. In acid
medium, a plobf log kypsversus log [H] was linear with a slope of 1.82 (Fig. 3) suggesting that the order witt
respect to [F] was fractionaisecond. In alkaline medium, a plot of l&gs versus log [OH was also linear
with a slope of 0.63 (Fig. 4) showing a l¢san unit order dependence for the reaction with respect tgd.[OH
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Figure 2. Plots ofkysversus [Trp] in the oxidations of tryptophan by permanganate ion in acip4[H0 and = 2.0 mol
dm), neutral and alkaline ([OH= 0.05 and = 0.1 mol d¥), media. [MnQ] = 4.0 x 10" at 25°C
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Figure 3. Plot of logk,ps versus log [H] in the oxidation of tryptophan by permanganate ion in acid medium. [Trp] = 6.0 >
103 [MnO4] = 4.0 x 106* and! = 2.0 mol dn? at 25°C
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Figure 4. Plot of logkoysversus log [OH in the oxidation of tryptophan by permanganate ion in alkaline medium. [Trp] = 6.8, x 1
[MnO,] = 4.0 x 10* andl = 0.1 mol dri¥ at 25°C
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3.6. Effect of lonic Strength on the Oxidation Rates

At constant concentrations of the reacsambd with other conditions constant, the ionic strength was varied i
the range of 2.0 4.0 mol dn® in acid medium and between 0.1 and 0.3 mol*dmalkaline medium using
sodium perchlorate. The results listed in Table 1 indicated that increasiegstoemgth in alkaline medium
increased the oxidation rate as shown in Fig. 5, whereas it had a negligible effect on the oxidation rate in
medium.

3.7. Test for Free Radical Intermediates

Known quantities of acrylonitrile monomer were added toréaetions mixtures in all media and were kept in
an inert atmosphere for about 6 hours. When the reactions mixtures were diluted with methanol, progre
white precipitates were formed suggesting intervention of free radicals during these redttiensdicates
that the reactions were routed through free radical paths.

3.8.Mechanism of Oxidation

Potassium permanganate provides excellent results when employed as an oxidant in the kinetic studies t
oxidation reactions in acidic, neutral and alkalimedia. Permanganate ion is stable in both neutral and slightl
alkaline media, whereas it disproportionates to form Mn(V) (hypomanganate) or Mn(VI) (manganate)
strongly alkaline media [21]. Permanganate, Mn(VIl), is reduced to Mn(ll) during oxidaimesses via many
manganese species such as Mn(VI), Mn(V), Mn(IV) and Mn(lll) depending on the reaction conditions and
type of the reductant used.

)%™ *04- .
)%"&! | .

o )%"&Y g
_'-
+

%" 8- g

Yoo# - g

)0/0“nu 1 1 1 1 1
1"#1 I"#$ "%& 1"%' "(% 1"$!

wil&

g

Figure 5. DebyeHuckel plot in the oxidation of tryptophan by permanganate ion in alkaline mediup}.§ 6.0 x 1C°,
[MnO,] = 4.0 x 10* and [OH] = 0.05 mol dn? at 25°C

In neutral or slightly alkaline solutions, permanganate used as a powerful oxidizing Bgentl(23 V)
(Eq. 4):

MnO;, + 2H,0O + 3e = Mn@ + 40H 4
In very strong alkaline medium, manganate ion, Mn(VI), is produ€gd ¢0.56 V) (Eq. 5):

MnO, + e = MnQ? (5)

In acid medium, permanganate is reduced to NMiigl= +1.51 V) (Eq. 6):

MnO, + 8H' +5e = MA"+ 4H,0 (6)

Since MnQ’ oxidizes Mn(Il) (E, = +0.46 V), the product in the presenceaofexcess of permanganate is MnO
according to the following equation:

2 MnO; + 3Mrf" + 2H,0 = 5MnQ + 4H" 7)

In all three media, the ratdeterminingstep involves a onelectron change, but the stoichiometry is different,
being 5: 2 in acid, 3: 2 in neutral and 1 : 2 in alkaline medium [21].

Many investigators [228] suggested that many oxidation reactions using permanganate ion as an oxic
proceed through intermediate complexes formation between oxidant and substrate. Appearance of new ba
the timeresolved spectra at about 606 nm as well as two isosbestic points especially in both neutral and alk
media (Fig. 1 b and c) are consig@ras spectral evidences for complexes formation [34,35]. Also, formation ¢
Mn(VI) and/or Mn(V) intermediate species was proved by the change in the solutions color as the react
proceeded from purplpink, Mn(VIl), to blue, Mn(V), to green, Mn(VI) [387]. The kinetic evidences that
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supports formation of such intermediate complexes were the linearity of the plokg,ofdisus 1/[Trp] with
positive intercepts [38] as illustrated in Fig. 6

3.8.1.Mechanism of Oxidation in Acid Medium
In acid medium increasing the oxidation rate with increasing acid concentration and the chemistry

permanganate ion [21,39] supports formation of permanganic acid which considered as a more powerful ox
as illustrated by the first equilibrium in Scheme 2.
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Figure 6. Plots of 1 /kysversus 1/ [Trp] in the oxidations of tryptophan by permanganate ion in acid<[HO andl =
2.0 mol dn¥), neutral, and alkaline ([OH=0.05 and = 0.1 mol df¥), media. [MnQ] = 4.0 x 10" at 25°C
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Scheme 2. Mechanism of oxidation of tryptophan by permanganate ion in acid medium
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Also, it is reported [40that amino acids tend to protonate in strong acid media as depicted by the seci
equilibrium in Scheme 2. The obtained fractiesatond order dependence of the reaction with respect}o [H
supports protonation of both permanganate and tryptophan toeblkirtetically reactive species in the rate
determining step. On the other hand, the obtained less than unit order dependence with respect to [Trp] su
complex formation between the kinetically active species of both permanganate and tryptopharthicate
determining step. The negligible effect of ionic strengththe oxidation rate confirmed that the reaction
occurred between two neutral molecules or between a neutral molecule and a charged ion [41,42], i.e. be
HMnO, and Trp.

In view of the above aspects, the following reaction mechanism may be suggested (illustrated in Scher
which involves attack of the powerful oxidant, acid permanganate, on the protonated tryptophan leading t
formation a complex (§ in a preequilibrium step. The cleavage of such complex leads to the formation of
free radical intermediate of tryptophan and Mn(VI) followed by decarboxylation of tryptophan free radic
forming a new radical intermediate [XThe later is rapidly attacked bn(VI) species of the oxidant to yield
the final oxidation products. The instability in Mn(V) species in strong acid medium leads to conversion
Mn(V) into Mn(ll) and Mn(VIl) by means of a rapid disproportionatiddased on the abowaentioned
mechanism,the relationship between the rate of oxidation and the oxidant, substrate and hydrogen
concentrations can be deduced to give the following rate law expression:

Rate = k1K1K2K3[MnO4'][Trp][H+]2 (8)
1+ Ky[H'T + K K K[ Trp][H *1°

Under pseuddirst order condition, the rataw can be expressed by Eq. (9)

Rate =% = kopdMNO4] (9)

Comparing Egs. (8) and (9) and rearrangement, the following relationship is obtained:

éc 1+ Kl[H ] fré 1 1 (10)
ko DK KK [H T+ [Trp] k1
According to Eq. (10), a plot of K4 versus 1/[Trp] at constant [Hshould be straight line with a positive
intercept on M,,s axis as observed experimentally (Fig. 6). From the intercept of such plot, the rate consl
value of the slow stefk;, was determined as 5.87 x4§".

The small intercept manifested in Fig. 6 leads to simplification of Eq. (10) to the followingaerjuat

[Trp][H"] _ § 11
Kops KKK3"[H] leK 4

Therefore, a plot of [Trp][H / kews against 1/[H] at constant [Trp] should give a straight line with a positive
intercept as obtained experimentally (Fig. 7). From the slope and intercept of such plot, the alweasf
calculated as 0.53 dimol™ which in an agreement with that reported earlier44B,

!") T T T T T

*+-% %1, 5672897'54;

"% I 4

!n! 1 1 1 1 1
" 1"# $"! $# %"! %"# &"

$1*/°.5697572¢";

Figure 7. Verification of Eq. (14) in the oxidation of tryptophan by permanganate ion in acid medium M0 x 10°
andl = 2.0 mol dif at 25°C
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3.8.2.Mechanism of Oxidation in Neutral Medium

The reaction between tryptophan and permanganate in neutral maditlm presence of phosphate buffer
solutionhas a stoichiometry of 3:2 (Trp : M®with a firstorder dependence on [M@{) apparent less than
unit order in [Trp]. Based on the experimal results, permanganate ion is suggested to react with one mole
tryptophan in a prequilibrium step to give a complex {ICSuch complex decomposes to form tryptophan free
radical and Mn(VI) intermediate species followed by decarboxylation of &ideal to yield a new radical
intermediate (. Such intermediate is rapidly attacked by Mn(VI) ion to give rise to the final oxidatiol
products of tryptophan and Mn(V) intermediate species. In further fast steps the intermediate Mn(V), being
activeand unstable, reacts with another mole of tryptophan to give rise to the oxidation products of tryptop
and an intermediate Mn(lll) species. This step is further followed by other fast steps to yield the final oxida
product. The proposed mechanisnilisstrated in Scheme 3.

$$/0 $%, # # 3 $%, % #
(Trp) (C)
sow | ks
Co, + Q\/H/Y% fast ’ k#
$%
§/o S (;s} $ %
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$ $% $ #
% %
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$$/0 $ % 6$/0 # 3 2

L o
Q\/”/\‘/T 40 +MnV”O4' . Q\/”A“/% + Mn'O3
s $%, s p + NH3+CO,
%

%
MnYOz + Mn'"'O, + H,0 = 2MnQ + 20H

Scheme 3. Mechanism of oxidation of tryptophan by permanganate ion in neutral medium
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According to the mechanistic Scheme 3, the following rate law expression was deduced:

Rate_ kK,[Trp][MnO, | (12)
1+ K,[Trp]
Under pseuddirst order conditions, the rataw can be expressed as
Rate == 4[MnO, ] =k, IMnO,] (13)
dt

Comparing Egs (12) and (13), and with rearrangement the following relationship is obtained,

§ 1 14
kobs ft[Trp] k, a4

According to Eq. (14), a plot of K4,s versus 1/[Trp] should be straight line with a positive intercept &gpsl/
axis as observed experimentally (Fig. 6). Fromititercept and slope of such plot, the rate constant value of th
slow stepk,, and the formation constant of the intermediate complgxyere determined as 6.16 x46'and
0.33 dni mol™?, respectively

3.83. Mechanism of Oxidation iAlkaline Medium

In aqueous alkaline medium [45,46] permanganate ion reacts with alkali in the first step to form an alk
permanganate species, [MpOOHJ*, as described by the first equilibrium in Scheme 4. The formation o
[MnO,4 . OHF in the present study was further supported by the linear plotkgf ¢érsus1/[OH] shown in

Fig. 8. Also, amino acid in alkaline medium is known [47] to exist as anion (deprotonate) as defined by
second equilibrium in Scheme 4. In view of @lgove arguments, the following reaction mechanism can be
suggested which involve attack of the active species of permanganate, [MPIGf*, on the deprotonated
tryptophan leading to the formation of a complex)(h a prior equilibrium step. This was mfirmed, as
discussed before, by both spectroscopic evidence (Fig. 1c) and kinetic evidence (Fig. 8). The com
decomposes leading to formation of a free radical intermediate derived from tryptophan and Mn(
intermediate followed by decarboxylation w§ptophan free radical to form a new radical intermediatg (X
This intermediate is rapidly attacked by another mole of the oxidant to yield the final oxidation products. -
suggested mechanism is illustratedScheme 4).

Owing to the abowenenioned mechanism, the rate of oxidation can be expressed by the followidgwate
equation:
Rate = 4IMnO, ] =y cy (15)

dt

The rate law expressed the change of the oxidation rate with the substrate, hydroxyl ion and oxi
concentrations was deduced to give the following equation:
Rate—  KsKsKq[Trp][OH "' ][MnO,] (16)

1+ K [OH' ]+ K K [Asn][OH' ]

Under pseuddirst order condition, the rate law can be expressed by Eq (17),

Rate =~4MnO, ] = . tMnO,] (17)
dt

Comparing Egs (17) and (18) and rearrangement, the following two equations are obtained:
1 _&I1+KJOH]# 1
[ %SK K,[OH T+[Trp] *

1 1 1
%K Kﬁ[TrpfOHl g/nge[Trp f 49

Equatlon (19) requires that the relationship betwekgsHnd 1/[Trp] at constant [OHto be linear with a non
zero intercept on the Khs axis as was experimentally satisfied (Fig. 6), from the intercept of such plot, tt
value of the rate constant of the slow stie) Wwas evaluated as 5.27 x1§". Also, regarding to Eq. (24), the
plot of 1k.psVversus 1/[OH at constant [Trp] also should give a straight line with a positive interceptkgn 1/
axis as was experimentally observed, Fig 8. Values of the equilibrium constaata]Ke were calculated from
the slope and intercept of such plot (and the obtaigedlue) as 13.09 and 131.78 dmol™. The value oKs

was found to be in a good agreement with that reported in earlier works [24,26]

il (18)
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Conclusions

A comparative kinetic and mechanistic study of oxidation of tryptophan by permanganate ion was performe
acid, neutral and alkaline medigegardless ofthe pH values,he oxidation rate increases in the order: acid
medium > neutral medium > alkaline medium. Under our experimental conditions, HMmQ, and [MnQ.
OHJ? are regarded as the kinetically active species of permanganate ion in acid, neutral and alkaline m
respectively. The final oxidation products of tryptophan in all three media were identified as-3ndole
acetaldehyde, ammonia and carbon dioxide. Tomrapriate rate laws are deduced and the reaction constan
involved in the different steps of the mechanisms are evaluated.
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