
CHAPTER -IV

Kinetics and Mechanism of 
Oxidation of benzoic acid 

hydrazide by bromate catalyzed 
by octamolybdomanganate (II) 

([MnMo8027]4’) in aqueous 
acidic medium
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Potassium and sodium bromate are stable solids and easily handled as 

compared with liquid bromine and hypobromous acid solutions. The product of 

bromate oxidation is bromide ion, which can be safely recycled thus making the 

methods of their oxidations environmentally benign than the metal ion oxidations. 

Bromates have been used for various organic oxidative transformations[1-16]. 

Although the bromate itself is a strong oxidizing agent having a redox potential 

[17] of 1.45 V, the oxidations generally require a catalyst due to the slowness of 

the uncatalyzed reactions under normal concitions. The catalysts used for 

bromate oxidations are in their lower oxidation state, which will be oxidized to the 

corresponding higher oxidation state. The oxidized form of the catalyst [15,16 ] 

will then affect the further conversion of the substrate into the product. Bromate 

ion is also used for volumetric[18] determination of inorganic ions having the 

redox potential < 0.8 V and for the ions exceeding this value of the potential the 

analysis of the ions becomes difficult due to their slow oxidation. Kinetics of 

oxidation of inorganic reductants like vanadium(V)[19] and 12- 

tungstocobaltate(il)[20] have also been studied by using bromate and their 

mechanisms are predicted. Hydrazides, derivatives of both carboxylic acids and 

hydrazine have been utilized as starting materials in organic synthesis [21]. The 

oxidative transformation with most oxidants give corresponding acids and in 

some cases [21] esters or amides. Hydrazides have also been converted into N- 

N-diacylhydrazines with [22,23] various oxidants. Formation of acids and their 

derivatives in presence of different nucleophiles is the indication of direct two- 

electron transfer to the oxidant, while cyclization products generally involve a 

single electron transfer with intervention of a free radical.

Polyoxometalate (POM) anions are used [25] in almost all aspects of 

chemistry and material science due to their tunable physical and chemical 

properties. These anions are used as oxidants and catalysts [26] (both redox and 

acid) for various organic transformations. The electron transfer reactions of POM 

anions are generally outer-sphere in nature as the hetero atom is surrounded by 

the oxometaiate moiety thus making the free access to the hetero atom difficult 

for other reactants. The mechanistic studies involving POM are concentrated on
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the Keggin type anion[25], as an oxidant containing hetero atom in its higher 

oxidation state and variety of organic and inorganic substrates have been 

oxidized by these POMs. In comparison with Keggin and Dawson type of salts, 

less attention is given to other type of POM anions. In continuation [16,27-37] of 

our interest in the electron transfer reactions involving POMs and their utilization 

as redox catalysts the present study of oxidation of benzoic acid hydrazide by 

bromate inpresence of octamolybdomanganate(ll) ([MnMo8027]4). 

Oetamolybdomanganate(ll) consists of a sheet structure in which Mo06 units are 

polymerized around Mn(OH2)4 groups with sharing of common oxygen atoms.

The reaction was studied under pseudo-first-order conditions keeping 

hydrazide concentration excess at constant temperature of 27.0 + 0.1 °C. The 

reaction was initiated by mixing the previously thermostatted solutions of oxidant, 

catalyst and substrate, which also contained the required amount of hydrochloric 

acid, potassium chloride and doubly distilled water. The reaction was followed by 

titrating the reaction mixture for unreacted oxidant iodometrically and the rate 

constants were determined from the pseudo-first-order plots of log [Oxidant] 

against time. The pseudo-first-order plots were linear for more than 70% 

completion of the reaction and the rate constants were reproducible within + 6%.

Stoichiometry and product analysis

In 10 ml of 0.6 mol dm'3 hydrochloric acid 40 jimol ( 5.0 mg) catalyst and 

1 m mol (0.136 g ) of benzoic acid hydrazide were dissolved. To the resulting 

solution 1m mol (0.167 mg) of KBrC>3 was added. The reaction mixture was 

stirred at 27°C for five minutes. The benzoic acid separated was filtered and 

recrystallized by water. The m.p. of the recrystallized product was found to be 

121 °C (lit M. P. 121 °C ). Therefore the stoichiometry of the reaction was found 

to be two moles of oxidant per three moles of the hydrazide.

Reaction orders

The uncatalyzed reaction did not occur under the experimental conditions. 

The catalyzed reaction was carried out under pseudo-first-order keeping the
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concentration of hydrazide large excess at a constant concentration of HCI at 0.1 

mol dm'3 and at a constant ionic strength of 0.5 mol dm'3 The pseudo-first-order 

plots were found to be linear and the pseudo-first-order rate constants, kobs. were 

fairly constant as the concentration of hydrazide was varied between 0.5 x 10"2 to 

5.0 x 10'2 mol dm*3 keeping concentration of oxidant and catalyst constant at 1.0 

x10'3 and 1.0 x 10'4 mol dm'3 respectively. (Table I), indicating the order in 

reductant to be unity. The pseudo-first-order plots of log [BrCV] against time were 

linear up to more than 70 % completion of the reaction and values of k0bs were 

found to be constant with the increase in concentration of the oxidant between 

0.4 x 10'3 to 2.0 x 10'3 mol dm'3 keeping concentration of hydrazide and catalyst 

constant at 1.0 x10'2 and 1.0 x 10"4 mol dm'3 respectively (Table I) indicating an 

order of unity in oxidant concentration also. The effect of catalyst concentration 

was studied between the concentration range of 4.0 x 10'5 to 5.0 x 10'4 mol dm'3 

(Table 2) and the order in catalyst concentration was found to be 1.5 as 

determined from the slope of plot -logkobs against -log [catalyst].

Effect of hydrogen ion concentration.

The effect of hydrogen ion was studied in order to understand the nature 

of reactant species present in the solution. The concentration of [H+] was varied 

between 0.03 to 0.3 mol dm'3 keeping concentration of reductant, oxidant and 

catalyst constant at 1.0 x10‘2, 1.0 x10'3 and 1.0 x 10‘4 mol dm'3 respectively, 

(Table 4.3) and the plot of kobs against [H+] was found to be linear indicating the 

first order dependence of reaction on [H+].
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Table 4.1

Effect of reactant concentrations on the rate of reaction at 27 °C.
104 [ Mn" MosC^?]4- = 1.0 mol dm'3 [HCI] = 0.1 mol dm'3 I = 0.5 mol dm'3.

102 [ Hydrazide ] 

mol dm'3

103 [ KBr03 ] 

mol dm'3

103 kobs s'1

0.5 1.0 1.7
0.8 1.0 1.9
1.C 1.0 1.9
2.0 1.0 1.9

5.C 1.0 1.4

1.0 0.4 1.4

1.0 0.8 1.6

1.0 1.0 2.1

1.0 2.0 2.9

1.0 4.0 4.0
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Table 4.2

Effect of catalyst concentration on the reaction at 27°C.
102 [ Hydrazide] = 1.0 mol dm’3 103 [ KBr03 ] = 1.0 mol dm'3
[ HCI ] = 0.1 mol dm'3 and I = 0.5 mol dm'3

104 [ Mn" Mo8027]4' 

mol dm'1

103 kobs S 1

0.2 0.2

0.4 0.6

0.8 1.4

1.0 2.1

2.0 6.4

3.0 11.2
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Table 4.3

Effect of hydrogen ion concentration on the reaction at 27°C.
1Q2 [ Hydrazide] = 1.0 moi dm'3 103 [ KBr03 ] = 1.0 mol dm'3
104 [Mn" MoaC>27]4‘ = 1.0 mol dm'3, I = 0.5 mol dm'3.

10 [ HCI ]
mol dm'3

103 kobsS'1

0.3 0.8
0.6 1.5
1.0 1.9
2.0 3.8

3.0 6.7
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Figure 4.1

Reaction order with respect to catalyst. 

Graph of -logkobs against -log [Catalyst] 

Conditions as in Table 4.2.
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Figure 4.2

Reaction order with respect to hydrogen ion concentration. 

Graph of kobs against [H+]

Conditions as in Table 4.3
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Effect of ionic strength, solvent polarity and temperature

The effects of ionic strength, solvent polarity and temperature were studied 

by keeping [hydrazide], [KBr03], [catalyst] and [HCI] constant at 1.0 x 10'2 mol dm'3, 

1.0 x 10'3 mol dm'3, 1.0 x 10'4 mol dm'3 and 2.0 mol dm'3, respectively. Potassium 

chloride and acetonitrile were used to vary the ionic strength and solvent polarity 

respectively. The rate of the reaction remains constant with increasing ionic strength 

(from 0.05 to 0.5 mol dm'3 ). The dielectric constant of reaction mixtures were 

computed (Table 4.6) from the dielectric constant values of pure solvents using 

formula,

Ds^Di +V2D2

Where Vt and V2 are the volume fractions and Di and D2 are dielectric 

constants of water( 78.5) and acetonitrile( 37.0) respectively. The plot of logkobs 

versus 1/D was found to be linear with positive slope. (Figure 4.3).The effect of 

temperature on the reaction was studied at 20, 27, 30 and 40°C and the pseudo- 

first-order rate constants were determined (Table 4.8). The activation parameters 

AH#, AG# and -AS* were also determined (Table 4.9) from graph of logkobs and 

logkobs/T against 1/T (Figure 4.4 and 4.5).

Test for free radical intervention

The reaction was also studied in presence of added acrylonitrile to 

understand the intervention of free radicals in the reaction. There was no effect of 

added acrylonitrile on the reaction and also no precipitate due to the 

polymerization of the added acrylonitrile was observed, thus confirming the 

absence of any free radical formation in the reaction.

Discussion

Oxidation of manganese(ll) in presence of molybdate ion, by bromate has 

been studied and found to follow an autocatalytic mechanism by the product, 

[MnMo9032f',was predicted. The reaction was initiated by the oxidation of 

manganese(II) and the stoichiometry predicts Br2 as the product of reduction of
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bromate. The oxidation potential[20] of Br2 is 1.97 V indicating that it can very 

easily oxidizes the substrate, benzoic acid hydrazide, in acidic solutions. The 

test for formation of bromide ion was carried out in sulphuric acid solution instead 

of hydrochloric acid by adding silver nitrate to the reaction mixture after 

completion of the reaction. The precipitation of silver bromide confirms the 

formation o' bromide as one of the product of the reaction. Therefore, the product 

of the reaction under the experimental conditions is bromide ion. It is also noticed 

during the kinetic studies and the stoichiometric analysis that no bromine was 

evolved, further confirming the bromide ion as the only product. The accelerating 

effect of hydrogen ion concentration on the reaction with an order of unity in its 

concentration is due to the various protonation equilibria of the oxidant and the 

catalyst. The protonation constants of polyoxomolybdates like the anion 

[MnMo9032]6' are generally high (pKa= 3.0) and 90 % of the anion is in the 

protonated form below the pH=2. Therefore, since the present study was carried 

out between the hydrogen ion concentration range of 0.03 to 0.3, the catalyst 

[MnMoaCW]4' will be in its protonated form. Potassium bromate is a strong 

electrolyte and in aqueous solution it exists as Br03‘ which is also a strong acid 

thus its prctonation would not be possible under the experimental conditions. 

Another possibility of protonation prior equilibria due to the involvement of an 

induction period, as observed in bromate oxidations, is also ruled out as no such 

induction period was observed. Therefore, the accelerating effect of hydrogen ion 

concentration is due to the prior protonation of the substrate, benzoic acid 

hydrazide and its protonated form is the active species. Since, the uncatalyzed 

reaction does not occur under the experimental conditions, the catalyzed reaction 

proceeds with the interaction of the catalyst and the oxidant. The order in both 

oxidant and reductant were found to be unity whereas, the order in catalyst 

concentration was also found to be more than unity(1.5). The order of more than 

unity in catalyst concentration is due to autoeatalytic nature of its oxidation by 

bromate as reported earlier in which the oxidized form of the catalyst undergo 

complexation with the un-oxidized form of the catalyst resulting in an induction 

period. The non-occurrence of induction period in the present study, is due to the
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pseudo-first-order conditions utilized and the product of oxidation of the catalyst, 

[MnMo8C>27]2’, reacts rapidly with the substrate without its accumulation. 

Therefore, the initiation of the reaction is the autocatalytic oxidation of the 

catalyst to its higher oxidation state by bromate which then forms complex with 

the catalyst. The substrate is oxidized in the following steps both by the oxidized 

form of the catalyst and its complex with the catalyst remaining. On the basis of 

kinetic results, considering the protonated form of the catalyst and the bromate 

ion as the active species, the initiation of the reaction takes place by the 

oxidation of protonated catalyst, H4[Mn"Mo8027], to its higher oxidation state 

H2[MniVMo8027]. The oxidized form of the catalyst H2[MnlvMo8027] forms a 

complex with the free catalyst in a prior equilibria.The oxidized form of the 

catalyst oxidize the substrate in slow step to give product as shown in Scheme 1.

RCONHNH2 + H+

H4[Mn"Mo8027] + Br03-

H2[MnlvMo8027] + H4[Mn»Mo8027]

Complex + BrCV 

l-yMn'VMOgCy + RCONHNH3+

RCONNH + H20

HN =NH + HBr02 

2HOBr + 2HN=NH

Kh
rconhnh3+ (1)

k1
H2[MnlvMo8027] + HBrOz + H+ (2)

K° _
Complex (3)

k2 ^
2H2[MnlvMo8027] + HBr02 (4)

^3
H4[Mn"Mo8027] + RCONNH + H+ (5)

Fast
RCOOH + HN = NH (6)

Fast
N2 + 2H20 + HOBr (7)

Fast
2N2 + 4H20 + 2H+ 2Br (8)

Scheme I
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The rate of reaction is given by,

Rate = k3 [ H2[Mnlv Mo8027] ] [ RCONHNH3+]

Substituting for [ RCONHNH3+] from equilibrium 1 of scheme I,

ka Kh [H+j[ H2[Mn,vMo8027] ] [RCONHNH3+]
Rate = -------------------------------------------------------------- (9)

(1+Kh [H+])

From equation 2 and equilibrium 3 of scheme I the [ H2[Mnlv Mo8027J] is given by

[H2[MnlvMo8027]] = H H2[Mn"Moa027] ] [Br03 ] + k2[ Complex ][Br03~] (10)

= k1[H2[Mn"Mo8027]][Br03-] + k2Kc[H2[MnlvMo8027]]

[H2[MnnMo8027]][Br03-]

= [H2[MnnIVIo8027]][Br03'] ( k, + k2Kc[H2[MniVMo8027]])

= [H2[MnnMo8027]][Br03'] ( ki + ki k2Kc[H2[Mn!,Mo8027]])

= ki [H2[Mn"Mo8027]][Br03'] (1 + k2Kc[H2[IVIn!lMo8027]])

Substituting the value of [ H2[MnlvMo8027] into the rate equation we get,

k1k3KH[RCONHNH2][H2[MnllMo8027]][Br03'][ 1 +k2Kc[H2[Mn"Mo8027]]
Rate = ----------------------------------------------------------------------------------------------------

(1+ Kh [Hi)
(11)

Rate

[RC0NHNH23[Br03)

k1k3KH[Hi[H2[Mn"Mo8027]](1+k2Kc[H2[Mn''Mo8027]] 

(1+ Kh [Hi)
(12)
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Table 4.5

Effect of ionic strength on the oxidation of benzoic acid hydrazide by bromate 

catalyzed by [ Mn11 Mo8027]4' in aqueous acidic medium at 27° C.

102 [ hydrazide ] = 1.0 mol dm*3 103 [ KBro3 ]= 1.0 mol dm*3

[ HCI ] = 0.1 mol dm*3 104 [ Mn" ] = 1.0 mol dm*3

I = 0.5 mol dm*3

10 [ KCI ]

mol dm*3
10 kobs

s*1

0.5 2.3

0.8 1.7

1.0 2.3

2.0 2.3

5.0 2.6
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Table 4.6

Effect of dielectric constant of medium on the oxidation of benzoic acid hydrazide 

by bromate catalyzed by [ Mn11 MosCW]4' in aqueous acidic medium 

at 27° C.

102 [ hydrazide ] = 1.0 mol dm'3 103 [ KBro3 ]= 1.0 mol dm'3 

[ HCI ] = 0.1 mol dm"3 104 [ Mn" Mo8027]4’ = 1 -0 mol dm'3

I = 0.5 mol dm'3

% Acetonitrile

(V/V)

Dielectric constant

(D)

10 k0bs
S'1

-log kobs 102 1/D

0 78.50 2.5 2.6038 1.27

10 74.35 3.8 2.4168 1.34

20 69.90 5.3 2.2781 1.43

30 66.05 7.2 2.1432 1.51

40 61.90 11.5 1.9393 1.62
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Figure 4.3
Effect of dielectric constants of medium on the oxidation of benzoic acid 
hydrazide by bromate catalysed by [ Mn11 M08O27]4' in aqueous acidic 

medium, conditions as in Table 3.5
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Table 4.7

Effect of acrylonitrile concentration (% v/v ) on the oxidation of benzoic acid 
hydrazide by bromate catalyzed by [ Mnls MosC^]4' in aqueous acidic medium 

at 27° C
102 [ hydrazide ] = 1.0 mol dm'3 103 [ KBrc>3 ]= 1.0 mol dm'3 

[ HCI ] = 0.1 mol dm'3 104[Mn" M08O27]4' = 1 -0 mol dm'3

I = 0.5 mol dm'3

% Acrylonitrile

(v/v)
10 kobs

S'1

2 2.3
4 2.3

6 2.5

8 2.1

10 2.5
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Table 4.8

Effect of temperature on the oxidation of benzoic acid hydrazide by 

bromate catalyzed by [ Mn" MosC^]4' in aqueous acidic medium.

102 [ hydrazide ] = 1.0 mol dm'3 103 [ KBro3 ]= 1.0 mol dm'3 

[ HCI ] = 0.1 mol dm'3 104 [ Mn" ] = 1.0 mol dm'3

I = 0.5 mol dm'3

Temp

T (K)

103 kobs

S'1

103

(1/T)

- log kobs - log ( kobs/T )

293 1.3 3.41 2.87 5.34

300 2.1 3.33 2.67 5.15

303 2.7 3.30 2.57 5.05

313 4.8 3.19 2.32 4.82
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Table 4.9

Activation parameters for the oxidation of benzoic acid hydrazide by 

bromate catalyzed by [ Mn" M08O27]4' in aqueous acidic medium.

Ea ( kJ mol'1) 48.49 ± 1
A H# ( kJ mol'1) 51.39 ±6
AS#( Jk"1 mol'1) -142.80 ±7
AG# ( kJ mol'1) 94.23 ± 6
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Figure 4. 4

Effect of temperature on the oxidation of benzoic acid hydrazide by 

bromate catalyzed by [ Mn" M08O27]4' in aqueous acidic medium, 

conditions as in Table 4.8
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Figure 4.5

Effect of temperature on the oxidation of benzoic acid hydrazide by 

bromate catalyzed by [ Mn" MosC^]4' in aqueous acidic medium, 

conditions as in Table 4.8.

86



References:

1. L. Farkas, B. Perlmutter, 0. Schachter, J. Am. Chem. Soc. 71(1949), 

2833.

2. B. F. Mirjalili, M. A. Zolfigol, A. Bamoniri, Z. Zaghaghi and A. Hazar, 

ActaChim. Slov. 50 (2003) 563.

3. Farkas and O. Schachter, J. Am. Chem. Soc. 71 (1949) 2827.

4. S. Kajigaeshi, T. Nakagawa, N. Nagasaki, H. Yamasaki and S. Fujisaki, 

Bull. Chem. Soc. Jpn. 59 (1986) 747.

5. A. Behr and K. Eustweweiemann, J. Organomet. Chem. (1991) 403,209.

6. H. Tomioka, K. Oshima and H. Nozaki, Tetrahedron Lett .23(5) (1982) 

539.

7. S. Kanemoto, H. Tomioka, K. Oshima and H. Nozaki, Bull. Chem. Soc. 

Jpn. 59(1986) 105.

8. Y. Yamamoto, H. Suzuki and Y. Moro-oka, Tetrahedron lett.26 (17) (1985) 

2107.

9. K. Takase, H. Masuda, O. Kai, Y. Nishiyama, S. Sakaguchi and Y. Ishii, 

Chem. Lett. (1995) 87

10. A. Banerjee, S. Dutt, D. Sengupta, M. Adak and H. Samaddar, J. Ind. 

Chem. Soc. 60(3) (1983) 275.

11. L. Metsger and S. Bittner, Tetrahedron Lett. 56 (2000) 1905.

12. T. L. Ho, Synth. Commun. 9(4) (1979) 237.

13. M. M. Adak, G. C. Banerjee and A. Banerjee, J. Ind. Chem. Soc. 62(3) 

(1985) 224.

14. A. Banerjee, G. C. Banerjee, S. Bhattacharya, S. Banerjee and H. 

Samaddar, J. Ind. Chem. Soc. 58(6) (1981) 605.

15. S. A. Shewale, A. N. Phadkule and G. S. Gokavi, Int. J. Chem. Kinetics,

40(3) (2008) 151-159.

87



16. S. D. Kadam, A. R. Supale and G. S. Gokavi, Z. Phys. Chem. (2008) (In 

press).

17. M. Kocevar, P. Mihorko and S. Polanc, J. Org. Chem. 60 (1995) 1466.

18. T. G. Back, S. Collins and R. G. Kerr, J. Org. Chem. 46 (1981)1564.

19. R. V. Hoffman and A. Kumar, J. Org. Chem. 49 (1984) 4014.

20. T. L. Ho, H. C. Ho and C. M. Wong, Synthesis (1972) 562

21. J. Schnyder and M. Rttenberg, Helv. Chim. Acta. 58 (1975) 521

22. J. Tsuji, H. Takayanagi and Y. Toshida, Chem. Lett. (1976), 147.

23. J. B. Aylward and R. O. C. Norman, J. Chem. Soc. (1968) 2399.

24. J. Tsuji, S. Hayakawa and H. Takayanagi, Chem. Lett. (1975) 437.

25. J. Tsuji, T. Nagashima, N. T. Qui and H. Takayanagi, Tetrahedron 36 

(1980) 1311.

26. W. A. F. Gladstone, J. Chem. Soc. (C) (1969) 1571.

27. P. P. Kulkarni, A. J. Kadam, U. V. Desai, R. B. Mane and P. P. 

Wadgaonkar, J. Chem. Res. (S) (2000) 184.

28. V. K. Jadhav, P. P. Wadgaonkar and M. M. Salunkhe, J. Chin. Chem. Soc. 

45 (1998) 83.

29. B. D. Bhosale and G.S.Gokavi, Int. J. Chem. Kinetics, 34 ( 2002 ) 589.

30. A. M. Hasure and G. S. Gokavi, React. Kine. Cat. Let.80 (2003) 59

31. A.M. Hasure and G. S. Gokavi, Transition Metal Chem. 29 (2004) 231.

32. B. D, Bhosale and G. S. Gokavi, Indian J. Chem. 43A (2004) 799

33. S. P. Mardur, S. B. Halligudi and G. S. Gokavi, Cat. Lett. 96, (2004) 165.

34. B. D. Bhosale and G. S. Gokavi, Inorg.React. Mechanisms, 5 (2004) 79.

88



35. B. D. Bhosale and G. S. Gokavi, Indian J. Chem. 45A ( 2006 ) 398.

36. D. S. Rajmane, K. V. Kapashikar and G. S. Gokavi, Indian J. Chem. 

45A (2006) 1626.

37. V. M. Gurame and G. S. Gokavi, Polyhedron (2008) (In press).

89


