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KINETICS AND MECHANISM OF OXIDATION OF METHOXY-
BENZALDEHYDES BY MANGANESE (II1) PYROPHOSPHATE
COMPLEX IN AQUEOUS ACETIC ACID + SULPHURIC ACID
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Manganese (III}) pyrophosphate oxidation of 4-methoxy, 3, 4-dimethoxy and
3,4,5-trimethoxybenzaldehyde in CH,COOH +H,SO, is zero order with respect to
{Mn(I11)}, first order with respect to [aldehyde] and catalysed by [H+]. Manganese
(I1) retards the rate of oxidation. Methoxy group at p-position decreases the rate while
at m, enhances. The values of energy of activation are 70.9, 63.0 and 59.5 kJ mol"!
for 4-methoxy, 3, 4-dimethoxy and 3,4,5-trimethoxybenzaldehyde, respectively. A
suitable mechanism is discussed.
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INTRODUCTION

IN continuation of earlier work'® on the oxidation of organic compounds in
aqueous-acetic acid-sulphuric acid medium by manganese (I1I) pyrophosphate com-
plex, in the last paper,® the oxidation of benzaldehyde was reported. This paper
reports the kinetic investigation on 4-methoxy, 3,4-dimethoxy, and
3,4,5-trimethoxybenzaldehydes. The abbreviations Mn(I1I) Py, Py, BA, 4-MBA,
34-DMBA, and 345-TMBA respectively denote manganese (I1I) pyrophosphate,
pyrophosphate anion, benzaldehyde, 4-methoxybenzaldehyde, 3-4-dimethoxy-
benzaldehyde and 3,4,5-trimethoxybenzaldehyde.

MATERIALS AND METHOD

Mn(III) Py was prepared and standardised by the same method of Lingane and
Karplus? reported earlier. All the three aldehydes: 4-MBA, 34-DMBA and
345-TMBA were of SISCO Research Laboratory having purity > 98%. The purity
was also checked by measuring m.p. All the other reagents used were of AnalaR grade
and all the solutions were prepared in doubly distilled water and purified acetic acid.

* On leave of absence from the Department of Chemistry, Government College, Pratapgarh-312605
(Rajasthan).
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The rates of oxidation were determined iodometrically from the plots of the titre
values against time. Details of apparatus and procedure are given in earlier
publications.!.?

Nature of products were investigated under the kinetic conditions in the similar
manner as described earlier.6 Each of the methoxy benzaldehyde gave corresponding
methoxybenzoic acid.

Free radical generation during the course of reaction was detected through the
polymerization of pure acrylonitrile monomer by adding it in the reaction mixture.

RESULTS AND DISCUSSION

Rates of oxidations were determined at varying [Mn (III) Py], [aldehyde], [Py],
{H,S0,], [Mn(II)] and facetic acid]. Rates at different [Mn(IIT)Py], [Aldehyde] and
[Py] are summarized in Tables I-III for 4-MBA, 34-DMBA and 345-TMBA. Table
IV reports the effect on rate of methoxy-group substitution at different positions on
benzaldehyde. Rates at several temperatures (303-318 K) to estimate energy of ac-
tivation are given in Table V. The effect of {H,SO,] and [Mn(II)] on rate of oxida-
tion is shown graphically in Figs. 1 and 2 respectively.

The salient features of the present study are as follows:

(1) Order with respect to Mn (III) is zero, when {aldehyde], [H+] and [Py]| are
in excess over [Mn(1II) Py] in the reaction mixtures.

(if) The increase in [aldehydes] increases the rate of oxidation. Tables I-111 show
that the order with respect to all the three aldehydes is one.

(iif) The increase of [Py] in the reaction mixture of 34-DMBA retards the rate
of reaction, while no appreciable effect is noticed in the case of '4-MBA as
well as 345-TMBA.

(iv) The rate of oxidation increases with the increase in H,SO,. Fig. 1 shows the
dependence of rate on [H,SO,]. Order higher than one is observed with
respect to [H-!]

(v) Presence of Mn(Il) ions retards the rate of oxidation of all the three MBA
investigated in this paper as shown in Fig. 2. The retarding effect is in the
order 345-TMBA < 4-MBA < 34-DMBA.

(vi) The rates of oxidation under identical conditions (Table IV) follow the order:
4-MBA < BA < 34-DMBA < 345-TMBA

Thus, methoxy group at p-(c (-OCH,) = -0.27) to BA reduces the rate
while at m-(¢- (-OCH,)=0.12) enhances.

(vii) The rate is not significantly effected by changing the composition of the acetic
acid in the range 35 to 60% in the reaction mixture.
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TABLE 1

Rate of oxidation of 4-methoxybenzaldehyde in 50% acetic acid and 0.5 mol dm™’ [H,$0,] at 308 K

65

10% [Mn(il1)] 102 [MBA] 10%{PP] 107 rate 10 rate/[MBA]

mol dm™* mol dm™3 mol dm™ mol dm™3 §-1080
3.83 10.0 4.28 1.10
4.38 10.0 4.28 1.09
4.66 10.0 4.28 1.10
4.99 10.0 4.28 1.15
3.99 10.0 4.28 1.10 0.110
3.99 14.0 4.28 1.30 0.093
3.99 18.0 4.28 1.58 0.088
3.99 20.0 4.28 1.66 0.086
3.99 22.0 4.28 1.75 0.080
3.99 10.0 4.68 1.10
3.99 10.0 4.88 0.93
3.99 10.0 5.08 0.87
3.99 10.0 5.28 0.86

TasLE 11

Rate of oxidation of 3, 4-dimethoxybenzaldehyde in 50% Acetic Acid and 0.5 mol dm™' H,50, at 308 K

10*Mn(111)) 10’ DMBA] 102 Py} 107 rate 1% rate [DMBA]

mol dm™3s~! st

2.66 5.0 4.28 8.18

3.38 5.0 1.28 8.48

4.66 5.0 4.98 8.15

5.32 5.0 4.28 8.57

.99 5.0 4.28 8.30 7.66

3.99 10.0 4.28 14.10 1.41

3.99 15.0 4.28 17.55 1.17

3.99 20.0 1.28 23.10 1.16

3.99 25.0 4.28 26.69 1.07

3.99 30.0 4.28 30.41 1.01

3.99 5.0 4.67 6.93

3.99 5.0 5.06 6.00

3.99 5.0 5.46 5.25

3.99 5.0 5.85 4.95
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TABLE 111

Rate of oxidation of 3, 4, S-trimethoxybenzaldehyde in 50% acetic acid and 0.2 mol dm™’ [H,50 ] a 308 K

105Mn(111) 10%[TMBA] 10%[Py]| 107 rate 105 rate/[TMBA]
mol dm~3 mol dm™3 mol dm™* mol dm™3 57! s
3.33 5.0 4.28 5.25
4,66 5.0 4.28 : 5.28
4.99 5.0 4.28 5.21
5.99 5.0 4,28 5.02
3.99 2.5 4.28 3.06 1.22
3.99 5.0 4.28 5.27 1.05
3.99 7.5 4.28 6.73 0.90
3.99 10.0 4.28 8.64 0.86
3.99 12.5 4.28 10.48 0.84
3.99 15.0 4.28 12.45 0.83
3.99 5.0 4.67 5.30
5.06 5.26
5.46 4.98
5.85 5.35
TasLE TV

Effect of substitution in benzaldehyde on rate oxidation
jAldehvde] = 0.1 mol dm™%; [Mn (I11)] = 3.99 X 10~ mol dni™?;
{H,50,] =0.5 mol dm™%; [Py] = 4.28 X 1072 mol dm™%;
Acetic Acid = 50% V; Temperature = 308 K

Substrate 107 rate
mol dm™3 57!

Benzaldehyde 6.00
4-MBA 1.10
3, 4-DMBA 14.10

3, 4, 5-TMBA 22.74
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TABLE V

Rates of oxidation at different temperatures
[Mn(II])] = 8.99 X 107 mol dm™3; [Py] = 4.28 X 1072 mol dm™
Acetic Acid = 50% V

Temperature 107 Rate (mol dm™ 57!
K 4-MBA" 3, 4-DHBA" 3, 4, 5-TMBA
303 0.78 5.98 3.74
308 1.10 8.30 5.27
313 1.94 12.96 7.62
318 2.50 18.53 11.46
323 — — i6.89

E, (k] mol™!} 70.9 63.0 59.5

a - [MBA]=0.1mol dm™%; {H,SO,] = 0.5mol dm™®

b - [DMBA] = 0.05mot dm™3; [H,50,]=0.5mol dm™
¢— [TMBA] = 0.05mol dm™3; [H,S0,] =0.2mol dm™
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(viii) The values of energy of activation E, are 70.9, 63.0 and 59.5 kJ mol"! for
respective oxidation of 4-MBA, 34-DMBA and 345-TMBA by Mn(III)Py in
50% acetic acid.

(ix) Corresponding methoxybenzoic acid is product of the oxidation of 4-MBA,
34-DMBA and 345-TMBA.

(x) Free radical formation is detected in the case of 4MBA and 34-DMBA while
we fail to detect in the case of 345-TMBA.

There are several precedents, where zero order with respect to oxidants such as
Mn(I11) and V(V) is observed for the oxidation of aliphatic aldehydes.?? Oxidation
of propionaldehyde is zero order with respect to Mn(I11)% and of is6butyraldehyde
with respect to V(V).? Such oxidations are indicative of a process, dependent upon
rate controlling step as enolization of aldehyde as is known in the case of halogen
substitution.!® Since, the methoxybenzaldehydes are nonenolizable, possibility of
enolization as rate controlling step has to be totally ignored. The hydration of these
methoxy aldehydes has been considered as a rate determining step in the oxidations.
It is quite legitimate to consider the hydration of these aldehyde forming gem-diols
as rate determining, considering very low values of equilibrium constants of the
reaction.!!

H OH
| H* l
¢-C=0+H,0 = ¢ - CH
I
OH

The gem diol so formed is.attacked by oxidant Mn(III) Py by fast oxidation step.
Therefore, the mechanism most consistent with the present results is as shown in the
Scheme I: -

3 k-H
{ Mn(III) (H2P207)3K +nH' = iHn Mn(III) (H2P207)"3‘3} (D
H H
| ko
¢ - C=0+Mn(l) = ¢-C-O — Mn(II) ....(ID)
H OH
( k3 |
¢-C=0+ HOMH')Y - o¢-CH+H?* (1D
(slow) |

OH
(Scheme 1 contd...)
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OH 0]
l n-3 k4 I
¢ -CH + {H,, Mn (11I) (H2P207)3} 4 4 - CH
[ (fast) |
OH OH
n-2 -
+ {HFMH (In (H2P207)2} + H3P207 ....(IV)
0]
I n-3 k5
- CH + JH Mn{IIl) (H,P,O — o _
¢ ) [ Mn(III) (H,Py 7)3} (fast) ¢ - COOH
OH
n-2 _
+ {H,,Mn (n (H2P207)2} +H, P,0, (V)
SCHEME 1

Here ¢-represents either 4-methoxy-; 3,4-dimethoxy-; or 3,4,5-trimethoxyphenyl
group while K;; denotes protonation equilibrium constant.

Step I expresses protonation of manganese (III) pyrophosphate as suggested by
Watters and Kolthoff.'> Protonation of Mn(III)Py may involve 1, 2 or 3 hydrogen
depending upon {H *]. This explains order higher than unity for [H *] in these ox-
idations, slow acid catalysed hydration of methoxybenzaldehydes is represented by
step III which is followed by the fast oxidation step (IV) generating free radical. The
latter is attacked immediately by another molecule of Mn(III)Py to form ¢-COOH
as shown by step V.

Step Il indicates a week transitory complex formation in the reaction mixture bet-
ween substrate aldehydes and Mn(II) species that accounts for the retardation of reac-
tion rates by the presence of Mn(II) ions. Such a complex formation between cyclohex-
anol, a-hydroxyacids and methanol with Mn(II) ions has been previously proposed
by Kemp and Waters,? Lavesley and Waters' and by Wells and Barnes'® in their
investigation on the oxidation by Mn(III). Kemp and Waters!3 have stated that the
retardation of one-electron oxidations by added cations of lower valency seems to
be feature of oxidant systems constaining manganese ions, for it has not been found
amongst oxidations effected by Vanadium(V), Cobalt (1II), or Cerium(IV), which
have similar redox potentials.

It is & well-established fact that in the presence of acetic acid, Mn(II1)Py forms
a ternary complex!6 [Mn(I11I) H,P,0,); CH,COO]?- or any other similar complex,
same is the case here also, but as these species are involved in the reaction sequence
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after the slow rate determining step (III), there is no significant effect on the rate
of oxidation by changing either the concentration of pyrophosphate ion or acetic acid
in the reaction mixture. Decrease in the rate of reaction due to methoxy group at
p-position in the BA while increase in the rate at m-position is in accordance with
the Hammett equation!’ (log k = log k, + oe) as values of ¢ of methoxy groups
at p-and m-positions are -0.27 and 0.12 respectively.!8
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