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ABSTRACT: The kinetics of the oxidation of 1,10-phenanthroline (1,10-phen) by permanganate were investigated in
alkaline medium. A first-order, fractional-order and zero-order dependence of the rate each in [MbQ0-phen]

and [OH], respectively, was observed. The data suggest that the oxidation proceeds via the formation of a complex
between 1,10-phen and MpOwhich decomposes in a slow step to yield the free radical of 1,10-phen, followed by a
fast step to give 2;2bipyridyl 3,3-dicarboxaldehyde. The reaction constants involved in the mechanism were
evaluated. There was good agreement between the observed and calculated rate constants under varying conditions ¢
the experiments. The activation parameters were calculated with respect to the slow step of the mechanism. Copyright
0 1999 John Wiley & Sons, Ltd.
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INTRODUCTION Ky
Mn(VIl) + S — Mn(V) + products
During oxidation by permanganate, it is evident that ,

permanganate is reduced to various oxidation states in Kq

acidic, alkaline and neutral media. Furthermore, the MA(VIE) +Mn(v) —> ZMn(VI)
mechanism by which this multivalent oxidant oxidizes a S = substratek, > k,
substrate depends not only on the substrate but also on the

mediunt used for the study. In strongly alkaline medium Scheme 2

the stable reduction proddct of permanganate ion is
manganate ion, Mng3~. No mechanistic information is
available to distinguish between a direct one-electron 1,10-phenanthroline (1,10-phen) is a well known
reduction to Mn(VI) (Scheme 1) and a mechanism, in complexing agent which forms various coordination
which a hypomanganate is formed in a two-electron complexes with different metal ions. Its use in analytical
reduction followed by rapid oxidation of hypomanganate chemistry as an oxidation-reduction indicator is exten-
ion® (Scheme 2). sive. Fedorova and Berdnikdearried out the oxidation
of 1,10-phenanthroline by 4D, in agueous solution and
K. reported that the oxidation product was 'Zhiyridyl
Mn(VIl) +S —5 Mn(VI) + S 3,3-dicarboxaldehyde. Wimmer and Wimnfieeported
, the facile synthesis of 2:bipyridyl 3,3-dicarboxylic
Mn(VIl) + S _kz_) Mn(VI) + products acid by vigorous oxidation of 1,10-phen by alkaline
/ / permanganate, but did not carry out a mechanistic study.
S = substratek, > k; In view of the lack of reports in the literature on the
oxidation of 1,10-phen (except Refs 5 and 6) and in
Scheme 1 continuation of work in our laboratofyon alkaline
permanganate oxidation, we selected 1,10-phen as a
substrate for oxidation and obtained the major oxidation
product as 2,2bipyridyl 3,3-dicarboxaldehyde. The
*Correspondence toS. T. Nandibewoor, Postgraduate Department of present study “-WOIVed the title reac“-on to mveSt-Igate
Studies in Chemistry,'Kérnatak Univer’sity, Dharwad-580003, India. the erOX Chem'S”Y of permanganate in such media and
E-mail: karuni@bom.2vsnl.net.in to arrive at a plausible mechanism.
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EXPERIMENTAL NaClQ, to maintain the required alkalinity and ionic
strength respectively, at a constant temperature of
Materials. 1,10-Phenanthroline and potassium perman- 23.0+ 0.1°C. The progress of the reaction was followed
ganate (BDH) were of analytical grade and their solutions by measuring the disappearance of MnQOn a 1cm
were prepared by dissolving the requisite amounts in quartz cell of a Hitachi model 150-20 spectrophotometer
doubly distilled hot and cold water, respectively. The at its absorption maximum of 526 nm. Earlier it was
concentration of potassium permanganate was ascerverified that there is negligible interference from other
tained by titrating it against standard oxalic aGid reaction species at this wavelength. The application of
solution of KMnO, was preparetias follows: potassium  Beer’s law for permanganate at 526 nm had earlier been
permanganate solution was refluxed in aqueous 8 molverified givinge = 2080+ 50 dn? mol~*cm™™.
dm~3 KOH until a green colour developed and the solid  The pseudo-first-order rate constants were obtained
K,MnQO,4 formed on cooling was recrystallized from the from the plots of log[MnQ ] versus time; the plots were
same solvent. Weighing out an appropriate amount of linear up to 75% completion of the reaction akgls
sample, a stock solution of KInO, was prepared in  values were reproducible withi#t5%. During the pro-
aqueous KOH. The concentration of,MnO, was gress of the reaction, the colour of the solution changed
ascertained by measuring its absorbance at 608 nmfrom violet to blue and further to green. The spectrum of
(e = 1530+ 20 dn® mol~*cm™) using a Hitachi model  the green solution was identical with that of an authentic
150-20 spectrophotometer. sample of MnQ®". Hence it is concluded that the blue
All other reagents were of analytical grade and their colour originates from the violet of MnO and green of
solutions were prepared by dissolving the appropriate MnO,?~, excluding the accumulation of hypomanganate.
amount in doubly distilled water. NaOH and NaGIO The formation of Mn(VI) was also evidenced by Fig. 1,
were utilized to maintain the required alkalinity and ionic where the absorbance of Mn(VIl) decreases at 526 nm
strength, respectively. and that of Mn(VI) increases at 608 nm during the course
of the reaction.
Kinetics. Kinetic measurements were carried out under In view of the modest concentration of alkali used in
pseudo-first-order conditions where [1,10-phen] was the reaction medium, attention was also given on the
always >10-fold in excess over [Mn@] at a constant  effect of the surface of reaction vessel on the kinetics.
ionic strength of 1.0 mol di. The reaction was initiated  The use of polythene or acrylic ware and quartz or
by mixing the required quantities of previously thermo- polyacrylate cells gave the same results, indicating that
stated solutions of 1,10-phen and permanganate whichthe surface does not have any significant effect on
also contained appropriate quantities of NaOH and reaction rates.

o
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Figure 1. Spectral changes in the oxidation of 1,10-phen by permanganate with [MnO, ]=2.0 x 107*, [1,10-phen] =
2.0x 1073 and [OH"]=0.50, /= 1.0 mol dm~3 at 23°C and with a scanning time interval of 2 min
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Some kinetic runs were also carried out in an atmos- Table 1. Effect of [1,10-phen], [MnO47] and [OH™] on the
phere of nitrogen to understand the effect of dissolved oxidation ?gljgﬁhen by alkaline permanganate at 23°C,
oxygen on the rate of reaction. There was no significant /= 1-0 mol dm

difference in the results obtained under a nitrogen (1 1g.phen]  [MnO, ] .
atmosphere and in the presence of air. In view of the y 1¢° % 10° [OH ] Kobs X 10° (s7%)
ubiquitous contamination of carbonate in basic media, (mol dm™3) (moldm™=) (moldm?3) Expt® Calc?
the effect of carbonate was also studied. Added carbonate, ¢ 209 05 0.90 1.03
had no effect on the reaction rates. However, fresh 1.0 2.09 0.5 1.91 1.78
solutions were used while carrying out the kinetic study. 2.0 2.09 0.5 2.70 2.81
2.5 2.09 0.5 3.35 3.18
3.0 2.09 0.5 3.60 3.48
RESULTS 5.0 2.09 0.5 4.34 4.30
2.0 0.40 0.5 2.70 2.81
0% o o 2o
2.0 2.09 0.5 2.69 2.81
Different sets of reaction mixtures containing excess 2.0 4.00 0.5 2.71 2.81
[MnO,4 "] over [1,10-phen] were mixed in the presence of 209 0.1 293 281
0.5 mol dm 3 alkali adjusted to an ionic strength of 1.0 2.9 2.09 0.3 2.30 281
mol dm 2 and kept for 12 h. in an inert atmosphere. The 2.0 2.09 0.5 2.68 2.81
remaining permanganate was then determined spectro2.0 2.09 0.7 249 281
2.09 1.0 2.68 2.81

photometrically. The results indicated that 1 mol of 1,10- 20
phen consumed 4 mol of permanganate as in Eqn. 1. The: gyperimental and calculated. Erran%.

main oxidation products were identified as'ZyByridyl

3,3-dicarboxaldehyde and manganate. The aldehyde was

confirmed by the formation of crystalline hydrazone with

2,4-dinitrophenylhydrazine and the formation of a white

crystalline precipitate with dimedof® The presence of  pseudo-first-order rate constants at various concentra-
dicarboxaldelyde was confirmed by formation of a pink tions of MnQ,™ indicate that the order in [permanganate]
dye on the addition of hydrazine hydrate. Further is unity (Table 1). This was also confirmed from the
confirmation was obtained from the UV—visible spectrum linearity of the plots of log[MnQ@Q] versus time.

of the reaction mixture, which showed an absorption

band at 325 nm (n» =* transitions) due to the carbonyl

group of the aldehyde. Effect of 1,10-phenanthroline

OH{  CHO

CQ}MMHQ +3OH,%<—§ﬁ@ + 4MnO‘21*+ ) The conffntratlon 92 1,10—phe93was vqued in the range
=N" N =~ =/ + H0+H 5.0x 10 "-5.0x 10°° mol dm ° keeping all other

) ) conditions constant. The order in [1,10-phen] weas

It was observed that the dicarboxaldehyde did not g g (Table 1).

undergo further oxidation under the present kinetic
conditions, since the test for the probable oxidation
product of an aldehyde, i.e. acid, was negative.

Effect of alkali

To study the effect of [OH] on the rate of reaction,
[OH™] was varied in the range 0.1-1.0 mol dfat
constant concentrations of permanganate and 1,10-phen,
maintaining a constant ionic strength of 1.0 mol din

The rate constants remained constant with increase in
concentration of alkali, indicating that the order in [OH

is zero (Table 1).

Reaction order

The reaction orders were determined from the slopes of
logkops Versus log(concentration) plots, by varying the
concentration of Mn@~, 1,10-phen and alkali in turn
while keeping the others constant.

Effect of permanganate

Effect of ionic strength
The permanganate concentration was varied in the range
4.0x 10 °-4.0x 10 % mol dm 2 at a constant concen-  To study the effect of ionic strength, the concentration of
tration of 1,10-phen and alkali maintaining a constant sodium perchlorate was varied from 0.5 to 1.5 mol'dm
ionic strength of 1.0 mol dit. The non-variation of the ~ at constant concentrations of oxidant, substrate and
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Figure 2. (A) Plot of 1/kyps versus 1/[1,10-phen]. Conditions as in Table 1. (B) Plot of log kyps versus 1/D. Conditions:
[MnO,71=2.09 x 104, [1,10-phen] =2.0 x 1073, [OH"]=0.50 and /= 1.0 mol dm—3

K
{:Q_> + MnO; = Complex (C)

Complex (C)—Ik—> /' N N4+ MnOZ +H"
slow \=x —

{ \g 2/ \>+ 3MnO; + 30H"
—] N_

alkali. It was found that the ionic strength had no
significant effect on the rate of reaction.

Effect of solvent polarity

The relative permittivity D) effect was studied by
varying the percentage d¢ért-butanol-water content in
the reaction medium with all other conditions being kept
constant. Attempts to measurefailed. However, it was
calculated from the values for pure liquids as described
earlier™ The inertness of the solvent with respect to the

oxidant was checked under the experimental conditions.

The rate constantk,,s increased with increase in the
content of tert-butanol or decrease in the dielectric
constant of the medium (Fig. 2). The plot of lQgs vs
1/D was linear with a positive slope (Fig. 2).

Copyright0 1999 John Wiley & Sons, Ltd.
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Table 2. Thermodynamic activation parameters (with respect suggest the formation of a complex between permanga-
to slow step of Scheme 3) of oxidation of 1,10-phenanthro- nate and 1,10-phen followed by decomposition of the
line by alkaline permanganate complex in a slow step and a subsequent fast step to yield
E, 12.84 1.3 kJ moft products. Attempts to obtain spectral (UV-visible)
AS* —2524 25 J K 1 mol? evidence for the phenanthroline—permanganate complex
AH# 10.3+ 1.0 kJ mot™? failed. However, the interaction might be feeble, and such

complex formation between oxidant and substrate has
been reported earlié? The evidence for complex
formation was obtained kinetically, i.e. from the non-
zero intercept of the plot of &4y versus 1/[1,10-phen]
(Fig. 2). The results are in agreement with Scheme 3.

Effect of initial addition of products The structure of the complex might be as illustrated.
The addition of various amounts of reaction products had 0 —
no significant effect on the rate of the reaction. 8 I /OH

0 =Mn=0

Test for free radicals

mixture, the latter was mixed with acrylonitrile monomer
and kept for 24 h in an inert atmosphere. On dilution with
methanol a white precipitate was formed, indicating the
presence of free radicals.

To test the intervention of free radicals in the reaction / \ / \
N N

— —

The fractional-order dependence on [1,10-phen] reveals
that 1,10-phen undergoes complexation with permanga-
nate or alkali. Since the order in [OHlis zero, a complex
between alkali and 1,10-phen is discounted. The
. . phenanthroline—permanganate complex decomposes in
The rate of reaction was measured at different tempera-3 rate-determining step to give a free radical which reacts
tures with various [1,10-phen], keeping other conditions frther with three molecules of permanganate in subse-

constant. The rate was found to increase with increase inquent fast steps to yield products. Since permanganate is
temperature. The rate constarks,of the slow step of 5 gne_electron oxidant in alkaline medium, the reaction

Scheme 3 were obtained from the intercept of plots of panveen 1,10-phen and permanganate would afford a
1kobsversus 1/[1,10-phen] at different temperatures. The yagjical intermediate. A free radical scavenging experi-

values ofk were (6.66=0.33)x 10 *°, (7.26+0.36)x  ment revealed such a possibility (see below). This type of
10°7, (7.70+0.38)x 10~ and (8.35£ 0.4)x 10"~ s radical intervention has also been observed in the alkaline

at 23, 28, 33 and 3°83 respectively. The activation par- permanganate oxidation of various organic substrates.
ameters corresponding to these constants were evaluated gcpeme 3 leads to the rate law

from the plot of log vs 1/T and are given in Table 2.

Effect of temperature

_ dMnO,~] _ KK[1,10 - pherjMnO,~] )
DISCUSSION dt 1+ K[1,10— pher

The permanganate ion, MRQ, is a powerful oxidizing Strictly,_ the factor 1+_ KIMnO,4 ] _should also be ir_l th_e
agent in aqueous alkaline medium. At pHL2 the denominator on the right-hand side of Eqn.2, but in view

reduction product of Mn@', viz MnO,2", is stable and  ©f the low concentration of Mn©O used, this term
further reduction of Mn@® ~ might be stopped Diode- approximates to unity. Equation 2 can be rearranged to

array rapid scan spectrophotometric (DARSS) studies the following form, which is suitable for verification:
have shown that at p&} 12 the product of the reaction of

MnO,~ is MnO,2 ~ with no further reduction, as reported i _ 1 + } (3)
by Simandiet al.> However, on prolonged standing the kobs  KK[1,10—phenj = k

reaction mixture turn brown, indicating the reduction of

MnO,%~ to MnO, under our experimental conditions. According to Eqn.3, a plot okgps * vs [1,10-phen]t

The reaction between 1,10-phen and permanganate hashould be linear, which is verified in Fig. 2. The slope and
a stoichiometry of 1:4, with a first-order dependence on intercept of such a plot lead to the valueskofindk at
[MnO,~], aca0.5 order dependence on [1,10-phen] and a 23°C of (356+ 18) dn? mol™* and (6.66+ 0.30)x
zero-order dependence on [OH The kinetic results ~ 1073s%, respectively. Using these values, the rate con-
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stants at various experimental conditions were calculated11. ZGl-SFE.lgigu[%ar and S. T. Nandibewodmansition Met. Chem19,
and compared with experimental data in Table 1. Thereis ., ‘<5 Hugar and S. T. Nandibewodndian J. Chem. Sect. 82,
good agreement between the observed and calculated rate 1056 (1993); S. M. Tuwar, S. T. Nandibewoor and J. R. Raju,

constants. Indian Chem. Soc.69, 651 (1992); S. M. Tuwar, S. T.

The negligible effect of ionic strength on the rate may ?'Sg‘i‘;’_%""g‘g/iagd}(&h;i Rajransition, I;\:I]g}é nth%r?‘le% o
be attributed to the interaction between neutral and  A34 116 (1995). o ' ' '
charged species of 1,10-phen and MnQOrespectively, 13. K. A. K. Lottand M. C. R. Symondgiscuss. Faraday So@9, 205
in the reaction. Increasing the contentteft-butanol in (118%603)’5'\"('1%%"13’)’_Zhszg"%%'uag?;' i, Simantfiorg. Chim. Acta_
the reaction medium leads to an increase in the rate of  NandibewoorPol. J. chem71,9147i (1997). C
reaction, which seems to be contrary to the expected14. C. Walling, Free Radicals in Solution, p. 38. Academic Press, New
interaction between neutral and anionic species in media York (1957).
of lower relative permittivity. However, an increase in
the rate of the reaction with decreasing dielectric constant
(D) may be due to the stabilization of the monovalent APPENDIX
complex (C) at low relative permittivity, which is less
solvated than Mn@ at higher dielectric constant
because of its larger size.

It isjnteres'ting that the reactive spepies of the oxidgnt, 1,10 — phen+ MnO,~ 5 complex (C)
MnO,~, required a pH> 12, below which the system is
disturbed owing to the formation of a colloidal solution
since the reaction will proceed further to give the reduced Kk ] 5
product of the oxidant, Mn(1V), which slowly develops a Complex (C)I—) 1,10 — pheri + MnOq4
yellow turbidity. Hence it is important to note that, in slow
carrying out this reaction, the role of pH in the reaction
medium is crucial.

Scheme 3 in brief:

1,10 — phern + 3MnQ,~ + 30H™ E products
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kK[1,10 — phen{[MnO, ]; A5 rate=kK[1,10—phen;[MnO,];/(1+K[1,10—pher; )
(14 K[1,10— pherj)(1+ K[MnO4~;) rate/[MnO4 ] = Kops

= kK[1, 10—phen/(1 + K[1, 10—phen)

rate=

In view of the low concentration of permanganate used,

the term 1+ K[MnO, |;approximates to unity. Hence . .
Eqn. A5 becomes In the above equation, the subscripts T and f stands for

total and free, respectively.
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