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Abstract: The kinetics of oxidation of cadaverine (CAD) by permanganate ion in acidic, neutral and alkaline media has been
investigated spectrophtometrically at constant ionic strengths and temperature. The reactions in different media exhibited a first
order kinetics in [MnQO,'] and less than unit order dependences with respect to [CAD]. The oxidation of cadaverine showed less
than unit order dependences with respect to [H'] and [OH'] in acidic and alkaline media, respectively. Variation of ionic
strengths in both acidic and alkaline media had no significant effect on the oxidation rates. The proposed oxidations
mechanisms in all media involve formation of 1:1 intermediate complexes between the kinetically active species of both
cadaverine and permanganate ion. The final oxidation products of cadaverine were identified as 5-aminopentanal and
ammonia. The appropriate rate laws in all media were deduced. The reaction constants involved in the different steps of the

mechanisms were evaluated.
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1. Introduction

Polyamines are widely distributed in living organisms and
are known to be essential elements for normal growth and
development. Cadaverine (1, 5-pentanediamine) is a foul-
smelling toxic diamine compound produced by protein
hydrolysis during putrefaction of animal tissue [1]. It is also
produced in small quantities by living beings. It is partially
responsible for the distinctive odors of urine. The odor
commonly associated with bacterial vaginosis has been
linked to cadaverine and putrescine [2].

Oxidation reactions are significant field in organic
synthesis. Permanganate ion is an efficient oxidant in acidic,
neutral and alkaline media [3-17] which still remains as one
of the most important and eco-friendly multi-electron
oxidants employed in the kinetic studies. The mechanism of
oxidation by this multivalent oxidant depends not only on the

substrate but also on the medium used for the study.

The literature review revealed that there is no reports on
the kinetics of oxidation of cadaverine by any oxidant. This
observation prompted us to investigate the title reactions
which represent a full kinetic study on the oxidations of
cadaverine by permanganate ion in different media in order
to establish the optimum conditions affecting such oxidation
reactions, to understand the different kinetically active
species of the reactants in these media, and finally to
elucidate plausible oxidations mechanisms on the basis of the
obtained kinetic and spectral results.

2. Experimental
2.1. Materials

The stock solution of cadaverine was prepared by
dissolving the appropriate amount of the sample (Sigma) in
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the required volume of double distilled water. Solution of
potassium permanganate was prepared and standardized as
reported earlier [18]. Perchloric acid, sodium hydroxide and
sodium perchlorate solutions were used to provide the
required acidity, alkalinity and ionic strength, respectively.
Potassium phosphate buffer (Sigma-Aldrich) was also
employed to keep the neutral medium (pH=7.0). Other
chemicals were from Merck or Sigma.

2.2. Kinetic Measurements

All kinetic measurements were carried out under pseudo-
first order conditions where a large excess of cadaverine over
permanganate was present. The ionic strengths in both acidic
(2.0 mol dm™) and alkaline (0.2 mol dm™) media were
maintained constant using sodium perchlorate as an inert
electrolyte. The reactions temperature (25°C) was controlled
within £0.1°C. The courses of the oxidation reactions in all
media was followed by monitoring the decrease in the
absorbance of permanganate ion, as a function of time, at
A=525 nm, its absorption maximum, on a thermostatted
Shimadzu UV-VIS-NIR-3600 double-beam
spectrophotometer.

The observed first order rate constants (k) Wwere
calculated as the slopes of In (absorbance)-time plots.
Average values of at least two kinetic runs of the rate
constants were taken. The rate constants were reproducible to
within 3%. The orders of the reactions with respect to the
reactants were determined from the plots of log ks versus
log (conc.) by varying the concentrations of cadaverine,
perchloric acid and sodium hydroxide, in turn, while keeping
other reactants constant.

3. Results and Discussion
3.1. Reactions Stoichiometries and Products Identification

Various sets of the reactions mixtures in different media
containing different ratios of permanganate to cadaverine
were mixed at constant pH and ionic strength, then were kept
for about 24 hours. The remaining permanganate
concentrations was determined spectrophotometrically which
confirm that the stoichiometry was 5: 2 in perchloric acid, 3:
2 in neutral and 1: 2 in alkaline medium which holds by the
following equations (Scheme 1),

NH, \;}O
9 +2MnO, +6H' —> 5 +2Mn?" + 5NH, + 3H,0 )
/NH, NH,

2

“NH,
+2MnO,” + 20H"

NH,

\ /

/—\\'NHZ /_\0
3 +2MnO, +H,0 —= 3
NH \_/

+2MnO, + 20H + 3NH, (2)
/NH,

o
+2MnO2 +H,0+NH,  (3)

/NH2

Scheme 1. Oxidation of cadaverine by permanganate ion in: (1) acidic, (2) neutral and (3) alkaline media.

The products were identified as the corresponding
aldehyde (5-aminopentanal) by liquid chromatography
(HPLC) and by spot test [19] and ammonia by Nessler’s
reagent [20]. The product, 5-aminopentanal was also
estimated quantitatively as its 2, 4-dinitrophenylhydrazone
derivative [20].

3.2. Spectroscopic Studies

Spectral changes throughout permanganate oxidations of
cadaverine in acidic, neutral and alkaline media are shown in
Fig 1 (a), (b) and (c), respectively. In all media, there isa
gradual disappearance of the band of permanganate ion at
A=525 nm. In both neutral and alkaline media, new
absorption bands were appeared at wavelengths above 600
nm. Also, in alkaline medium two isosbestic points were
appeared at wavelengths of about 579 and 473 nm while in
neutral medium only one isosbestic point was appeared at
about 478 nm.
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Figure 1. Spectroscopic changes throughout permanganate oxidations of cadaverine in: (a) perchloric acid medium, [H']=1.0 and I=2.0mol dm™, (b) neutral
medium, and (c) sodium hydroxide medium, [OH ]=0.1, I=0.2moldm™. [CAD]=6.0 x 107, [MnO,]=4.0x10* mol dm™ at 25°C.

3.3. Effect of [MnO,] on the Oxidation Rates

The effect of permanganate ion oxidant on the oxidation
rates in all three media was studied by varying its
concentration in the range of (2.0-10.0) x 10™*mol dm” at
fixed concentrations of other reactants and at constant ionic
strength and temperature. The order with respect to [MnOy]
was found to be unity in all media, as plots of In (absorbance)
versus time were linear up to about two half-lives of the
reactions completion. The first order dependence of the
reactions on [MnO,] was also confirmed by the non-
variation of the observed-first order rate constants (k) at
various [MnQO,] as listed in Table 1 (for the neutral medium
as an example).

3.4. Effect of [CAD] on the Oxidation Rates

It was found that with increasing the concentration of
cadaverine reductant the oxidation rates were also increased
in all media as listed in Table 1. Plots of ks versus [CAD]
were found to be linear with positive intercepts on kg, axes
as shown in Fig. 2 suggesting that the ordersof the reactions
with respect to [CAD] were less than unity.

3.5. Effect of pH on the Oxidation Rates

The effect of pH of the reactions mediaon theoxidation
rates was investigated by performing the kinetic runs at
various hydrogen ion concentrationsin the range of 0.2-1.8
moldm™ using perchloric acid in acid medium, and at various
hydroxyl ion concentrations (0.02-0.18moldm™) using
sodium hydroxide in alkaline medium, while keeping the
concentrations of all other reactants constant. It was observed
that the oxidation rates of the reactions in both acidic and

alkaline media were found to increase with increasing [H']
and [OH], respectively, as listed in Table 1. The orders of the
reactions with respect to [H'] and [OH] were found to be
less than unity as the gradients of the plots of logk,,sversus
log [H'] (for acidic medium, slope=0.76), and log kyy, versus
log [OH7] (for alkaline medium, slope=0.69) as shown in
Figures 3 and 4, respectively.

3.6. Effect of lonic Strengths on the Oxidation Rates

The effect of ionic strengths of the reactions media was
examined by varying the ionic strength between 2.0 and 4.0
moldm in acidic medium and between 0.2 and 0.4mol dm™
in alkaline medium using sodium perchlorate at fixed
concentrations of the reactants and with other conditions
constant. The results listed in Table 1 indicated that
increasing ionic strength in both acidic and alkaline media
had no significant effecton the oxidation rates.

3.7. Free Radicals Tests

The intervention of free radical intermediate during the
oxidation reaction was examined by addition of known
quantities of acrylonitrile monomer to the reactions mixtures
in all media which were kept in an inert atmosphere for about
6 hours at room temperature. When the reactions mixtures
were diluted with methanol, progressive white precipitates
were formed suggesting intervention of free radicals in the
oxidation reactions. When the experiments were repeated in
the absence of the cadaverine under similar conditions, the
tests were negative. This indicates that the reactions were
routed through free radical paths.
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Table 1. Effects of variation of [MnO;], [CAD], [H'](in acid medium), [OH] (in alkaline medium), and ionic strength, 1, on the observed-first order rate
constants (ko) in the oxidation of cadaverine by permanganate ion in acidic, neutral and alkaline media at 25°C.

Neutral medium 10° [CAD] Acidic medium Alkaline medium 10%,,
10* [MnOy] 10° [CAD] (mol dm™) [H'] 1 [OH] 1 s
(mol dm™) (mol dm™) (mol dm™) (mol dm™) (mol dm™) (mol dm™)

2.0 6.0 169.3
4.0 6.0 166.5
6.0 6.0 165.9
8.0 6.0 159.2
10.0 6.0 164.8
0.5 2.0 61.1
1.0 4.0 111.0
15 6.0 165.9
2.0 8.0 226.3
25 10.0 271.4
4.0 2.0 1.0 2.0 64.9
4.0 4.0 1.0 2.0 118.1
4.0 6.0 1.0 2.0 179.8
4.0 8.0 1.0 2.0 241.0
4.0 10.0 1.0 2.0 282.2
4.0 6.0 0.4 2.0 532
4.0 6.0 0.6 2.0 119.7
4.0 6.0 1.0 2.0 179.8
4.0 6.0 14 2.0 229.5
4.0 6.0 1.8 2.0 263.7
4.0 6.0 1.0 2.0 179.8
4.0 6.0 1.0 25 182.9
4.0 6.0 1.0 3.0 177.1
4.0 6.0 1.0 35 175.0
4.0 6.0 1.0 4.0 183.6
4.0 2.0 0.10 0.10 55.3
4.0 4.0 0.10 0.10 102.7
4.0 6.0 0.10 0.10 154.6
4.0 8.0 0.10 0.10 209.8
4.0 10.0 0.10 0.10 254.1
4.0 6.0 0.02 0.10 49.8
4.0 6.0 0.06 0.10 113.2
4.0 6.0 0.10 0.10 154.6
4.0 6.0 0.14 0.10 197.9
4.0 6.0 0.18 0.10 223.7
4.0 6.0 0.10 0.20 154.6
4.0 6.0 0.10 0.25 157.8
4.0 6.0 0.10 0.30 160.1
4.0 6.0 0.10 0.35 155.4
4.0 6.0 0.10 0.40 156.3

Experimental error + 3%
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Figure 2. Plots of ko, versus [CAD] in the oxidation of cadaverine by permanganate ion in acidic medium ([H']=1.0 and I=2.0 mol dm™), neutral, and

alkaline medium ([OH]=0.1 and I=0.2mol dn™). [MnO,]=4.0 x 107 at 25°C.
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Figure 3. Plot of log ko versus log [H'] in the oxidation of cadaverine by
permanganate ion in acidicmedium.[CAD]=6.0 x 107, [MnO,]=4.0 x 10
and 1=2.0 mol dm™ at 25°C.
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Figure 4. Plot of log k. versus log [OH ] in the oxidation of cadaverine by
permanganate ion in alkaline medium. [CAD]=6.0 x 107, [MnO,]=4.0 x 10°
* and I=0.2mol dm™ at 25°C.

3.8. Mechanism of Oxidation in Acid Medium

In acidic medium, the observed enhancement of the
oxidation rate upon increasing the acid concentration with a
less than unit order dependence on [H'] suggests [17, 21]
protonation of permanganate ion to form permanganic acid
(HMnO,) which considered as a more powerful oxidant as
illustrated by the first equilibrium in Scheme 2. The
protonation of permanganate ion shifts the Mn""/ Mn"" couple
to a more positive value (+1.3 V), which makes HMnO, a
stronger oxidizing agent than MnO,4[21]. On the other hand,
the obtained less than unit order dependence with respect to
[CAD] suggests formation of an intermediate complex
between permanganate and cadaverine prior to the rate-
determining step. The kinetic evidence that supports complex
formation may be represented by the linearity of the plot of
1/ksps versus 1/[CAD] (Fig. 5), similar to the well-known
Michaelis—Menten [22] mechanism for enzyme—substrate
reactions. The negligible effect of ionic strengthon the
oxidation rate confirmed that the reaction occurred between
two neutral molecules [23, 24], i.e. between HMnO,4 and CAD.
The cleavage of such complex leads to the formation of a free
radical derived from cadaverine and an intermediate Mn (VI)
species. Such intermediate is rapidly attacked by manganate
(VI) ion to yield the final oxidation products of cadaverine and
Mn (V) intermediate species. In further fast step the
intermediate Mn (V), being very reactive and unstable, reacts
with another molecule of cadaverine to give rise to the
oxidation products of cadaverine and an intermediate Mn (III)
species. This step is further followed by a reaction between
two molecules of cadaverine and another molecule of
permanganate to give the oxidation products of cadaverine and
Mn (II) intermediate species. Finally, the fifth molecule of
cadaverineis attacked by the formed twoMn (III) species
leading to formation the oxidation products of cadaverine and
Mn (II) as a final oxidation product of permanganate,
satisfying the observed reaction stoichiometry. The proposed
mechanism is illustrated in Scheme 2.
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Scheme 2. Mechanism of oxidation of cadaverine by permanganate ion in acidic medium.

Based on the above-mentioned mechanism, the
relationship between the rate of oxidation and the oxidant,
substrate and hydrogen ion concentration was deduced to
give the following rate-law expression:

_ lele[MnO4‘][CAD][H+]
1+ K,[H]+K,K,[CAD][H']

Rate @)
Under pseudo-first order condition, the rate-law can be

expressed by Eq. (5)
Rate=

“Mobs [Mn04_]

-d[MnO,"]
— Q)

Comparing Eqgs. (4) and (5) and rearrangement, the

following relationship is obtained:

1 _(1+K[H]) 1
k. \kKK([H])[CAD]

L (6)
kl
According to Eq. (6), a plot of 1/kssversus 1/[CAD] at

constant [H'] should be straight line with a positive intercept
on 1/kys axis as observed experimentally (Fig. 5). From the

intercept of such plot, the value of the rate constant of the
slow step, ki, was determined as 0.16 s
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Figure 5. Plots of 1/k,s versus 1/[CAD] in the oxidations of cadaverine by
permanganate ion in acidic medium ([H']=1.0 and I=2.0 mol dm™), neutral
medium, and alkaline medium (JOH ]=0.1 and I=0.2 mol dn). [MnO,]=4.0
x 10" at 25°C.
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The small intercept manifested in Figure 5 leads to Therefore, a plot of [CAD]/kssversus 1/[H'] at constant
simplify Eq. (6) to the following equation: [CAD] should give a straight line with a positive intercept as
obtained experimentally (Fig. 6). From the slope and

[CAD] - 1 1 + 1 ) intercept of such plot, the values of K;and K,were calculated

k. kKK, )[H'] kK, as 0.65 and 48.08 dm’® mol”, respectively. The value of K

(protonation constant of permanganate ion) was found to in
agreement with that reported earlier [25, 26].

3.9. Mechanism of Oxidation in Neutral Medium

The reaction between cadaverine and permanganate in
neutral medium has a stoichiometry of 3:2 (CAD: MnOy)
with a first-order dependence on [MnQO,], less than unit order
- in [CAD]. Based on the experimental results, permanganate
ion is suggested to react with one mole of cadaverinein a pre-
equilibrium step to give a complex (C,). The linearity of the
- plot of 1/ky,s and 1/[CAD], Fig. 5, is considered as a kinetic
evidence for such complex formation. Spectroscopic
evidence for the complex formation was obtained from the

[CADJ/k,, mol dm”® s

0.0 S S S RS UV-Vis spectra, Fig. 1b. The cleavage of such complex leads
0 L 2 3 4 5 to the formation of a free radical intermediate of cadaverine
1[HT, dm?® mol” and Mn (VI) followed by other fast steps (as discussed in

case of acidic medium) to give rise to the final oxidation

Figure 6. Verification of Eq. (7) in the oxidation of cadaverine by product as illustrated in Scheme 3.
permanganate ion in acidic medium. [MnO;]=4.0 x 107 and 1=2.0 mol dn’

at 25°C.
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MnYOs + Mn""O, + HO = 2MnO,+ 20H-

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

_k,K;[CAD][MnO,]
~ 1+K,[CAD]

Rate 3

Under pseudo-first order conditions, the rate-law can be
expressed as:

Rate= % o [MNO, ] )

Comparing Eqs (8) and (9), and with rearrangement the
following relationship is obtained:

L:( 1 ];+L (10
k,, \ kK, )[CAD] k,

According to Eq. (10), a plot of 1/k,s versus 1/[CAD]
should be linear with a positive intercept on 1/ky, axis as
observed experimentally (Fig. 5). From the intercept and
slope of such plot, the rate constant value of the slow step, &,
and the formation constant of the intermediate complex, K,
were determined as 0.15 s' and 20.56 dm’ mol'l,
respectively.

NH,

5

2. K.
+[MnO,.OH]> =—=

(CAD)

/

——————
N HZ fast

+NH,

3.10. Mechanism of Oxidation in Alkaline Medium

In aqueous alkaline medium [27, 28] permanganate ion
first combines with alkali to form an alkali-permanganate
species in a pre-rate-determiming step, as described by the
first equilibrium in Scheme 4. This is consistent with the
apparent order of less than unity in OH'. Furthermore, the
formation of [MnO,. OHJ* is supported by the plot of
1/kg,sversus1/[OH], Fig. 7, which was linear with a positive
intercept.

In view of the above arguments, the following reaction
mechanismcan be suggested which involve attack of the
active species of permanganate, [MnO,. OH]*, on cadaverine
leading to the formation of a complex (C;) in a prior rate-
determining step. This was confirmed, as discussed before,
by both spectroscopic evidence (Fig. 1¢) and kinetic evidence
(Fig. 5). The complex decomposes leading to formation of a
free radical intermediatederived from cadaverine and Mn
(VI) intermediate. This intermediate is rapidly attacked by
another moleculeof the oxidant to yield the final oxidation
products. The suggested mechanism is illustrated in the
following sequence (Scheme 4):

NH, 2.
*“H- -OMnOH & NH,
—
NH, slow NH,
(Cy) +Mn"'0,> +H,0
fast
[MnO,. OHI"
N NH
NH,

+H,0 + MnV'0,*

Scheme 4. Mechanism of oxidation of cadaverine by permanganate ion in alkaline medium.

Owing to the above-mentioned mechanism, the rate of
oxidation can be expressed by the following rate-law
equation:

~d[MnO,]

Rate= =Ii[Cs] (11)

The rate law expressed the change of the oxidation rate
with the substrate, hydroxyl ion and oxidant concentrations
was deduced (See Appendix 3) to give the following
equation:

Rate = k,K,K,[CAD][OH MnO,]
1+K,[OH ]+ K,K,[CAD][OH ]
Under pseudo-firstorder condition, the ratelaw can be

(12)

expressed by Eq (13),
-d[MnO,”
Rate=—2MRO T im0, (13)
dt
Comparing Eqs (12) and (13) and rearrangement, the
following two equations are obtained:

L _(1+KJOHT]) 1 1
k, \kK,K,JOH]|[CAD] kK

(14)

Equation (14) requires that the relationship between 1/kqps
and 1/[CAD] at constant [OH] to be linear with a non-zero
intercept on the 1/ky, axis as was experimentally satisfied
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(Fig. 5), from the intercept of such plot, thevalue of the rate
constant of the slow step (k3) was evaluated as 0.21 s. Also,
regarding to Eq. (15), the plot of 1/kysversus 1/[OHT] at
constant [CAD] also should give a straight line with a
positive intercept on 1/k,s axis as was experimentally
observed, Fig 7. Values of the equilibrium constants; K and
Kswere calculated from the slope and intercept of such plot
(and the obtained k3 value) as 13.09and 131.78 dm’ mol™.
The value of K was found to be in a good agreement with
that reported in earlier works [7].

The small intercept obtained in Figure 5 leads to simplify
Eq. (14) to the following equation:

[CAD]_( 1 ) 1 1
= + (15)

K o kK,Ks JJOH™] kK

Also, a plot of [CAD]/kwsversus 1/[OHT] at constant
[CAD] should give a straight line with a positive intercept
as obtained experimentally (Fig. 7). From the slope and
intercept of such plot, the values of K, and K5 were
calculated as 7.85 and 28.79dm’ mol™, respectively. The
value of K, (formation constant of alkali-permanganate)
was found to in agreement with that reported earlier [25,
26].

1.5 T T T T T T T T T T

[CADJ/k,,, mol dm”'s

0-0 " 1 " 1 " 1 " 1 " 1
0

10 20 30 40 50
1/[OH7, dm® mol”

Figure 7. Plot of 1/k.psversus 1/[OH] in theoxidation of cadaverine by
permanganate ion in alkaline medium. [CAD]=6.0 x107°,[MnO;]=4.0 x10
*and I=0.2mol dm™ at 25°C.

4. Conclusion

Kinetics and mechanistic study of permanganate oxidations
of cadaverine was carried out in acidic, neutral and alkaline
media. Under our experimental conditions, HMnO4, MnO,
and [MnO,. OH]* are regarded as the kinetically reactive
species of permanganate ion in acidic, neutral and alkaline
media, respectively. The final oxidation products of cadaverine
in all three media were identified as 5-aminopropanal and
ammonia. The appropriate rate-law expressions were deduced
and the reactions constants involved in the different steps of
the mechanisms were evaluated.
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