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Abstract : The kinetics of the periodate oxidation of 2,4-xylidine (XYL) in acetone-water medium has been followed by
monitoring the increase in the absorbance of reaction intermediate, C,, and the main reaction product 3,5-dimethyl-
1,2-benzoquinone. Results under pseudo-first order conditions, [104]>>[XYL], are in agreement with the rate law :

d[Cldt = kK3K,K,[Mn"] [S] 10,7, (H*V{K,K, + (K, + K,K)[H*] + KJH*]}}

where kK3K, is the empirical composite rate constant, K,, is ionic product of water, K, is acid dissociation constant of
H,I04™ and K, is base dissociation constant of XYL. In agreement with the rate law the 1/k., versus [H*] profile
passes through the minimum. Free radical scavengers do not affect the reaction rate. The values of thermodynamic
parameters are : E, = 4.9 keal mol"!, 4 = 8.7 x 10% dm? mol-! s!; AS' = -47.2 cal mol"! K1, AG' = 18.9 keal

mol-! and AH? = 4.3 kcal mol-l,
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Introduction

There are only few reports available on the kinetic
studies for the Mn!! catalyzed non-Malapradian periodate
oxidation of aromatic amines!~#. Recent reports include
the Mn!! catalyzed oxidation of neutral red® by periodate
and oxidation of acridine yellow by chloramine-TS. In
continuation to our earlier studies on periodate oxida-
tion”19, the results of Mn!! catalysed oxidation of 2,4-
xylidine (XYL) in acetone-water medium are presented
in this communication.

Experimental
Reagents and chemicals

Sodium metaperiodate (Loba Chemie), 2,4-xylidine
(Aldrich), acetone (E. Merck), manganese sulphate mono-
hydrate (Aldrich) and all other chemicals of analytical
reagent/guaranteed reagent grade were used after redis-
tillation/recrystallization. Triply distilled water was used
for preparation of the solutions. Thiel, Schultz and Koch
buffer!!, consisting of different volumes of 0.05 M ox-
alic acid, 0.02 M boric acid, 0.05 M succinic acid, 0.05
M sodium sulphate and 0.05 M borax, was used for main-
taining the pH.

Kinetic procedure :

The reaction was studied in a spectrophotometric cell
and initiated by adding temperature equilibrated NalO,
solution of known concentration to the reaction mixture
containing the XYL, Mn!! and buffer and maintained at
the desired temperature (0.1 °C).

The progress of the reaction was followed by record-
ing the absorbance on Schimadzu double beam spectro-
photometer (UV Pharmaspec-1700), at 474 nm, i.e. the
Amax Of the orange color reaction mixture. A,, was not
found to change with change in time under experimental
conditions. Desired temperature was maintained with the
help of a high precision thermostatic control.

Product analysis :

Reaction mixture containing oxidant in excess was left
overnight to ensure completion of the reaction. Initially,
the solution turned orange, thereafter yellow and finally
the solid product settled down on standing. It was filtered
and the filtrate was extracted with petroleum ether (40-
60 °C). The extract was evaporated at room temperature
to get a solid orange residue that was dissolved in petro-
leum ether. The extracted portion was subjected to TLC
(using plate thickness of 0.5 mm, silica gel ‘G’ as
adsorbant, chloroform + acetone + benzene in the ratio
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40 : 60 : 40 ml used as eluent and 50 min as the time for
development). Two components of red and yellow colours
were separated in major and minor amounts, respectively.
Yellow colored compound could not be collected in suffi-
cient amount. Red colored compound was collected by
preparatory TLC and recrystallized in diethyl ether to get
solid red needles. It was characterized as 3,5-dimethyl-
1,2-benzoquinone on the basis of positive test for
quinone!2, m.p. 69 °C (literature value 68 °C!3), UV
spectrum in CHCIl; giving absorption maxima at 255,
515 and 560 nm, which suggested the presence of quinon-
oid structure in the compound (literature values 260, 510
and 558 nm for 3,5-dimethyl-1,2-benzoquinone!4). The
IR spectrum of this compound (in KBr) showed the pres-
ence of bands at 2738 cm™! (s) (due to ring C-H stretch),
1660 cm™! (s) (indicating the presence of C=0 on benzo-
quinone pattern with the possibility that the position of
this band is lowered due to +I effect of methyl group'3),
3250 cm™! (s) (may be due to overtones of C=0 stretch
as the frequency is about twice that of C=0 stretch) and
2713 em™! (s) (due to isolated C-H stretching). Further,
the bands at 1386 cm™! (s), 1354 cm™! (s) may be due to
C=C ring stretch. The bands at 1212 cm™! (m) to 1090
cm~! (m) may be due to the in-plane C-H bending and at
702 cm! (s) (m) and 668 cm™! (m) (due to out-of-plane
C=C bending mode). The observed values are in good
agreement with those reported/expected for 3,5-dimethyl-
1,2-benzoquinone.
Stoichiometry :

Stoichiometry of the reaction was determined by al-
lowing a known excess of NalO, to react with substrate.
After completion of the reaction, the precipitated product
was filtered out and in the filtrate unconsumed NalO,
was determined iodimetrically. The results indicated the
stoichiometry to be 1 mol XYL : 2 moles periodate for
the reaction as in eq. (1).

M I

CH,CH,CgH,NH, + 210, + 2H+ —

CH;CH;3CgH,0, + 2HIO; + NH; (1)
Results

Preliminary observations :

On mixing the reactants, the solution becomes orange
which later changes in to yellow. On keeping for long
time, it finally gives the product. These observations in-
dicate the formation of more than one intermediate prior

to the formation of final reaction product. The rapid scan
of the orange solution showed the A, of the intermedi-
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1047, XYL and Mn" indicated th
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the absorbance changes were recorded
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e UV-Vis spectra of
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Fig. 1. Rapid UV-Vis scan of reaction solution at different time at

pH = 7.0, acetone = 10% (v/v) and temp, = 30 °C,
[NalO] = 1.4 x 102, [XYL] = 1.0 X 107 and [Mn'l}
=2.0 x 10" mol dm™.

Rate law :

The kinetics was studied under pseudo order condi-
tions by keeping periodate concentration in excess.
Guggenheim’s method was used for evaluation of pseudo-
first order rate constants, k.. Under these conditions,
the kinetics was defined by the rate law (2).

d[CYdt = kgy [S] [1047]y [Mnll] V)

where kyp, = kegy 10471 [Mn!'] and k_,, is the rate con-
stant for Mn! catalysed pathway. [10,7], represents the
initial concentration of periodate that has been taken in
excess. In the absence of Mn'!, no significant reaction
occurred. The values of k_,, obtained for different (Mnll],
[1047]y and [S] are seen to be in good agreement and
consistent with the rate law (2) (Table 1, Fig. 2).

Effect of pH, ionic strength, acetone, free radical scav-
engers and temperature :

The effect of pH was examined in the range 4.5-9.0.
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Table L. Values of ky,g and k., at 30 + 0 1 °C

[NalO,] [XYL] 107 [Mn") Acetone 103 [NaCI] pH 03 Koy 10 Tk,
o r (mol dm™3) (% vIv) (mol dm-3) =) (@m6 mol 25 1)
0020 #0005 20 10 - 70 44 011
0020 00010 20 10 - 70 48 012
0020 0 0015 20 10 - 70 53 014
0020 00020 20 10 - 70 56 014
0010 0 001 20 10 - 70 23 014
4012 0001 20 10 - 70 32 014
0014 0001 20 10 - 70 37 014
0016 0 001 20 10 - 70 40 013
0018 0 0ot 20 10 - 70 4s 013
0020 000t 20 10 - 70 48 012
0014 0 0ot 1o 10 - 70 17 012
0014 0001 15 10 - 70 27 013
0014 0001 20 10 - 70 37 014
0014 0 001 23 10 - 70 4s 013
0014 0 001 30 10 - 70 53 013
0014 0001 35 10 - 70 63 013
0014 0 001 20 10 - 45 22 008
0014 0001 20 10 - 50 24 009
0014 0 001 20 10 - 55 28 010
0014 0 001 20 10 - 60 32 012
0014 0 001 20 10 - 65 48 017
0014 0001 20 10 - 70 37 014
0014 0001 20 10 - 75 36 013
0014 0001 20 10 - 80 30 011
0014 0001 20 10 - 85 28 010
0014 0001 20 10 - 90 27 010
0014 0001 20 10 10 70 27 0095
0014 0001 20 10 20 70 24 0085
0014 0001 20 10 30 70 22 0080
0014 0001 20 10 40 70 20 0070
0014 0001 20 25 - 70 46 017
0014 0 001 20 50 - 70 43 016
0014 0001 20 75 - 70 40 015
0014 0 001 20 100 - 70 37 014

1/k,, versus [H™] plot indicates a mmmum at pH = 6 5
(Table 1, Fig 3) An increase mn 1onic strength, I, with
the help of sodium chloride {(1-4) X 103 mol dm‘3}
and an 1ncrease 1n the acetone (2 5-10%) led to a shight
decrease 1n the rate (~20%) Free radical scavengers,
viz acrylamide and allyl alcohol had no effect on the
reaction rate

By deterniming the rate constants at four different
temperatures (30 0 to 45 0 °C), the values of different

thermodynamic parameters were found and these are given
n Table 2

Discussion

Some important features of this reaction are as fol-
lows Furstly, faster colour changes 1n the reaction mix-
ture relative to the separation of product on standing for
long time 1ndicates the formation of the colored interme-
diate on a time scale of minutes and that of the final
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Fig. 2. Plot between kg, and [Mn'] for the Mn" catalysed periodate

oxidation of 2,4-xylidine in acetone-water medium at [XYL]
= 1.0 x 10-3 mol dm™3, [NalO4] = 1.4 x 10"2 mol dm3,
acetone = 10% (v/v), pH = 7.0 and temp. = 30 °C.

product on a time scale of hours. The overall reaction
appears to involve several steps and possibly several tran-
sient intermediates, in addition to comparatively stable
one C,4, during the oxidation of XYL into benzoquinone.
Secondly, the kinetic order of one in periodate against
the requirement of two periodate molecules for each xy-
lidine molecule in the stoichiometry (eq. (1)) requires the
involvement of only one periodate in the rate determining
step and second IO, ion to be consumed in a fast step
leading to the formation of the intermediate, C,. Since
the concentration of C, increases continuously with time
and reaches a limiting value, its concentration can not be
in steady state. Thirdly, 1/k_,, versus [H*] plot indicates
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Fig. 3.

Eff‘ect f [H*] on the rate of Mal! catalysed periodate oxi-
dation of 2,4-xyfidine in acetone-water medium at acetone
= 10% (v/v), pH = 7.0, temp. = 30 °C, [XYL] = 1.0 x
(11:’:5 [NalO,] = 1.4 x 10-2 and [Mn] = 2.0 x 10”7 mol

the presence of at least three differently reactive reactant
species in the pH region chosen for study. Finally, the
observation that free radical scavengers have no effect on
reaction rate rules out the involvement of free radicals in
the oxidation mechanism.

Construction of a mechanism requires discussion on
the speciation of XYL and periodate. In aqueous solu-
tions, periodate exists in the three forms governed by the
equilibria (3-4).

HlOg = H,J04 + H*, K; =23 x 102 (3)

HJO5 = H3I06 + HY, K, = 4.35 x 107 (4)
The value of K| indicates that in the pH range 4.5-9

Table 2. Activation parameters for Mnl! catalyzed periodate oxidation of 2,4-xyhidme in acetone-water medium
[XYL] = 1.0 x 103 mol dm2, [NalO,] = 1.4 x 10" mol dm™3, [Mn"] = 2.0 X 10-7 mol dm3, acetone = 10.0 % (v/v), pH = 7.0

Temp. 10° kg 107 ke E, A Ast aG AH!

(°0) s (dm® mol-2 (keal mol™!) (dm? (cal (keal (kcal
s mol! s71) mol! K1) mol™!) mol-!)

30 3.7 0.14 4.9 8.7 x 103 -47.2 18.9 4.3

35 42 0.16

40 4.9 0.18

45 5.5 0.20
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non-existent and hence
<>~ need to be considered
-dependence. In aqueous so-
undergoes the following acid-base
7.76 x 10719,

species HsIOg shall be practj
only species H4I04™ and
for explaining observ
lution, 2,4-xylidin
equilibrium witr%o =
CH,CRCeHaNH, + Hp0 =

CH;CH,CgH;N*H; + OH™  (5)
Sinee in the studied pH-range, both CH3CH,C4H;NH,
aad CH;CH3CgH;N*H; exist, these species have been
:aken into account. The pH effect may be explained by

assuming the CH3CH;3;C4H;NH, and HyIO4" to be reac-
live.

Based on the observed kinetics rate law (eq. (2)) and
pH-dependence, the following mechanism is proposed.

K

K,
[C{] + [10,7] # [C,] (fast) (7)

(o L[CB] + Hy0 + HIO; + Mn?* (slow) (8)
[C3] + 1047 + HY ——
[C4] + HyO + HIO; (fast) )

In steps (6-9), [C,], [C,], [C5] and [C,] are intermedi-
ates, out of which [C,] appears to undergo very slow
reorganization/hydrolysis to yield the reaction product,
Cs.

[C4] —— [Cs] (product) (10)

In the mechanism for simplicity, H41O4™ has been written
as 10", The formation of intermediates [C,] and [C,] in
a rapid step having low values of equilibrium constants,
K5 and K, is assumed in the proposed gross mechanism.

3
CH3CHyCgH3NH, + Mn?t = [C,] (6) In the detailed mechanism (Scheme 1), the catalytic role
HN: 2HN._M},} H* _-H
: N n 0 -
3HC ! K3  3HC, K4 4HC ~~Mn I o
Mn —_ ~1 N
e | o
CHy [Cy) CHs ] cu, @
H"’l Slow
lcly +
Ol
WH i \<\0’ B oo
3H md! 0 Nh I ony
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] I Fest 37C « u HO | Yo
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tNH N
'NH i I
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CH ~ CH NG
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Scheme 1
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of Mn2+ appears to be due to the formation of a ternary
complex, [(XYL)Mn(H4I0¢1*, in which Mn acts as a
conduit for electron transfer.

The proposed mechanism (6-9) leads to the rate law
an.
d[C,)/dt =
kKK, [Mn"][I0,"] [CH;CH3C4H;NH,] (1)
On substituting the values of concentrations of the reac-
tive species [CH;CH;CgH4NH,] and [I047] in terms of
equilibria (3-4) and (5), respectively, in ed. (2), the com-
plete rate law including [H*]-dependence becomes :
d[Cl/dt = kKK, [Mnl'}{([S] [OH"])/
(IOH'] + Ky} {([1047]p [H*)/(K, + [H*]} (12)
On replacing the term, [OH"] [H*], by K,, in numerator,
and [OH"] by K,,/[H*] in denominator, and on rearrang-
ing, the eq. (12) becomes eq. (13).
d[CY/dt = kK3K,[MnIIK,[SI[10,7], H*V/
{K,K, +(K, + KK)H] + K [H?}
On comparing egs. (2) and (13), we get
kcat = kK3K4Kw[H+]/
(KK, + (K, + K K)H] + K [H?)
Eq. (14) on rearranging becomes eq. (15).
ke =(KylkK3K[HY]) +
{(K, + KK)KK:K K, } + K HTVKK KK, (15)
The nature of the rate law (15) shows that a plot of 1/k
versus [H*] shall pass through a minimum as discussed
in a review by Gupta and Gupta!”. On differentiating
k.., with respect to [H*] in eq. (15), we get the values
of d[1/k,)/d[H +12. The value of second derivative is
found to be positive showing the plot of 1/kg, versus
[H*] to pass through a minimum. Thus, on setting d[1/
keq}/d[H™] equal to zero for obtaining hydrogen ion con-

centration at which the 1/k,, vs [H*] profile will pass
through minimum, we obtain, '

(13)

(14)

H 1yin = (KoK /K2 (16)
On substituting the values of K,, K, and K, we get
[H*]pin = 2.4 % 1077 mol dm™3
It is noteworthy that the calculated value of [H* ], is in

816

satisfactory agreement w:. :
the experimental value of
+ -7
(H Iy Of 3.16 X 107 mOb -3 ghiained from 1/key
versus [H™] plot (Fig. 3) an-d the | ovides strong sup-
port to the proposed mechanism.

References

1. 1. F. Dolmanova, V. P. Poddubienko and V. M. weshkova,
Zh. Anal. Khim., 1970, 25, 2146.

2. R. D. Kaushik, A. K. Chaubey and R. P. Singh, Indian ;.
Environ. Ecoplann., 2003, 7, 29.

3. R. D. Kaushik, Amrita and S. Devi, J. Curr. Sci., 2003, 3,
197.

4. R.D. Kaushik, Shashi, Amrita and S. Devi, Asian J. Chem.,
2004, 16, 818.

I. A. Salem, Z. Phys. Chemie, 2002, 216, 991.

6. B. Pare, M. Ayachit and S. B. Jonnalagadda, Indian J. Chem.,
Sect. A, 2008, 47, 1222.

7. S. P. Srivastava, M. C. Jain and R. D. Kaushik, Nat. Acad.
Sci. Lett., 1979, 2, 63.

8. V.K. Gupta, R. Bhushan, R. D. Kaushik, M. C. Jain and S.
P. Srivastava, Oxid. Commun., 1984, 7, 409.

9. R. D. Kaushik, R. P. Singh and Shashi, Asian J. Chem.,
2003, 15, 1655.

10. R. D. Kaushik, Amrita, M. Dubey and R. P. Singh.
Asian J. Chem., 2004, 16, 831.

11. H. T. S. Britton, "Hydrogen lons", D. Von Nostrand
Co., 1956, p. 354.

12. B. S. Furniss, A. J. Hannaford, P. W. G. Smith and
A. R. Tatchell "Vogel’s Text Book of Practical Or-
ganic Chemistry", 5th ed., Addison-Wesley Longman
Lid., 1998, p. 1221.

13. J. Buckingham (ed.), "Dictionary of Organic Com-
pounds”, 5th ed., Chapman and Hall, New York,
1982, 2, p. 2087. :

14. H. E. Ungnade, "Organic Electronic Spectral Data",
Interscience Publishers, New York, 1953-1955, 2, p.
136.

15. P. S. Kalsi, "Spectroscopy of Organic Compounds",
2nd ed., New Age International Ltd., New Delhi,
1996.

16. J. A. Dean, "Lange’s Handbook of Chemistry”, 13th
ed., McGraw-Hill Book Company, New York, 1985,
pp. 5-34.

17. K. S. Gupta and Y. K. Gupta, J. Chem. Edu., 1984,
61, 972,



