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Abstract:

In aqueous acetic acid medium tungsten (V1) catalyzes perborate oxidation of 5-oxo acids. In aqueous
acetic acid solution perborate generates hydrogen peroxide. The rates of tungsten (V1) catalyzed perborate and
hydrogen peroxide oxidations are almost the same. The ionic strength of the medium has no influence on the
oxidation rate but the rate falls moderately with decrease of dielectric constant of the medium. Electron
releasing substituents accelerate the reaction rate and electron withdrawing substituents retard the reaction. The
order of reactivity among the studied 5-oxo acids is p-methoxy >> p-methyl > p-phenyl > -H > p-chloro > p-
bromo > m-nitro. A mechanism consistent with the observed kinetic data is proposed and discussed. A suitable
rate law is derived based on the mechanism.

Introduction:

Sodium perborate (NaBO3.4H,0) is a cheap, environment friendly large scale industrial chemical used
extensively in detergents as a bleaching agent. It is a mild oxidant and search for suitable catalysts for perborate
oxidation is of interest. It is a convenient source of hydrogen peroxide [1], commercially, industrially and also in
the laboratory. PMR spectral analysis [2] and X-ray diffraction studies [3] conclude perborate as a true
peroxysalt with water of crystallisation. It is an effective reagent in organic synthesis and acetic acid is the
solvent of choice [4]. Perborate in aqueous solution yields hydrogen peroxide and the kinetic studies in aqueous
and partly aqueous acidic media confirm perborate oxidation as hydrogen peroxide oxidation [5, 6]. This stable
and easily handled crystalline substance oxidizes organic sulphides [7], anilines [8] and indole [9]. Perborate
oxidizes 5-oxo acid and vanadium (V) catalyzes the oxidation [10]. This study reveals tungsten (V1) catalysis of
the 5-oxo acid oxidation and the mechanism of catalysis is different from that of molybdenum (VI). 5-oxo acid
is an attractive substrate in terms of its enolization. In strong acid medium the substrate undergoes enolization.
The reactive species of the substrate is reported in the literature to be the enol form [11, 12]. Studies of the
oxidation of various organic compounds by perborate have attracted considerable attention. A through literature
survey reveals that relatively little work on the oxidation of oxo acids have been reported so far [13, 14].
Although the perborate oxidations of organic compounds have been studied, there seems to be no report on a
systematic kinetic study of the oxidation of 5-oxo acids by perborate and we report here for the first time the
kinetics and mechanism of perborate oxidation of substituted and unsubstituted 5-oxo acids. The various
unsubstituted and substituted 5-oxo acids (S1-S7) employed in the present study are listed below.

(0] O

5-oxo acids (S1)

S1: Unsubstituted, S2: 4’-Methoxy, S3: 4’-Methyl, S4: 4’-Phenyl, S5: 4’-Chloro, S6: 4’-Bromo, S7: 3’-Nitro.
Experimental:

Materials: Sodium perborate, NaBO3.4H,0O (Riedel) and Na,WQ,.2H,0 (Merck) were used as received. Other
chemicals were of AR grade. Analytical grade acetic acid (BDH) was refluxed for 6h over chromium (V1) oxide
and distilled through a column. Solutions of perborate were prepared afresh and standardized iodometrically.
Kinetics of the oxidation in aqueous sulphuric acid at constant temperature was studied iodometrically under
pseudo-first order conditions with a very large excess of 5-oxoacid. Sodium metaborate and sulphuric acid were
prepared in double distilled water. Double distilled water (conductivity < 10 pS.cm™) was employed in all
kinetic runs. All the chemicals used were 99.8% pure. The parent 5-oxo acid namely 5-oxo-5-phenylpentanoic
acid (S1), and the phenyl substituted 5-oxo acids (S2-S7) were prepared by Friedel-Crafts acylation of the
substituted benzene with glutaric anhydride [15-19]. All the 5-oxo acids were crystallized twice from water and
their purity was checked by their melting points and UV, IR and NMR spectra. All absorption measurements
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were made with Shimadzu UV-visible spectrophotometer (MPS-5000) equipped with a temperature controller.
Regression analysis of experimental data yielded the regression coefficient (r) and standard deviation (s).
Kinetic Measurements: The reaction mixture, containing 5-oxo acid, tungstate and sulphuric acid solutions,
was thermally equilibrated and the reaction was initiated by the addition of temperature-equilibrated perborate
solution of requisite concentration. The oxidation kinetics was followed in aqueous acetic acid at constant
temperature by measuring the concentration of benzoic acid formed iodometrically under pseudo-first order
conditions by keeping the substrate in excess over the oxidant. The pseudo-first order rate constant (k’) was
calculated from the slope of the linear plot of log [perborate]; against time by the method of least squares. The
error quoted in k’ is the 95% confidence limit of a student's t-test. The progresses of the oxidations were
followed by iodometric determination of the oxidant. Freshly prepared solutions of oxo acids in purified acetic
acid were used to avoid any possible side reactions.
Reaction Stoichiometry and Product Analysis: The stoichiometry of the reaction was determined by
equilibrating reaction mixture of various [perborate]/[5-oxoacid] ratios at 308 K for 12h, keeping all other
reagents constant . Estimation of unconsumed perborate (iodometrically) revealed that one mole of 5-oxo acid
consumed three moles of perborate (Eq. 1).

o]

| | HY, WV
on + 3H,0, ——

o HooC

|
C—OH + + 3H,0 (1)
COOH
The products were extracted with ether, dried and analyzed. Benzoic acid was identified by its melting point
(121 °C).Then it was estimated quantitatively using UV-Vis spectrophotometry with a standard curve at Apay =
235 nm. Succinic acid was identified by its melting point (185 °C) and also tested with its characteristic spot test
[20]. Identification of the products, namely, benzoic and succinic acids, were also made by comparing the R
values of the authentic samples.
Results:
Effect of Concentrations: Tungsten (VI) catalyzes perborate oxidation of substituted 5-oxo acids in acid
medium and the oxidation is first order with respect to perborate. Under the conditions [5-oxo acid], >>
[oxidant], >> [W""], plots of log [perborate]; versus time are linear for greater than 85% of the oxidation, with
correlation coefficient of 0.995 and standard error of estimate not larger than 0.043. The specific rates in
perborate at different [perborate], are given in Table 1.
Table 1: Pseudo-first order rate constant for W"' catalyzed perborate oxidation of substituted 5-0xo acids

10°k* (57
5- 10* [Perborate], (mol dm™)
Oxoaci 288 K 298 K 308 K

d 40 | 50 | 60 | 80 | 100 | 40 | 50 | 60 | 80 | 100 | 50 | 60 | 80 | 100
p-OCH, | 372 | 384 | 375 | 397 | 445 | 6.08 | 621 | 645 | 6.99 | 7.66 | 122 | 1432 | 148 | 1511
p-CHs [ 179 [ 186 | 181 | 192 | 215 | 293 | 299 [ 312 | 338 | 370 [ 589 | 692 | 715 [ 7.29
p-CeHs | 154 | 159 | 155 | 164 | 1.84 | 250 | 256 | 2.66 | 2.89 | 3.16 | 504 | 591 | 611 | 6.24

-H 123 [ 127 | 124 | 131 | 147 [ 201 | 205 [ 213 | 231 | 253 | 403 | 473 | 489 | 4.99
p-Cl_ [ 035 | 036 [ 035 [ 037 | 042 [ 056 | 058 | 060 | 065 | 0.72 | 1.14 | 1.34 | 1.38 | 1.41
pBr | 024 [ 025 | 024 | 025 028 | 037 | 039 [ 041 ] 045 | 049 [ 078 | 092 [ 095 [ 097
m-NO, | 011 [ 011 | 011 [ 012 | 013 [ 016 | 018 [ 049 | 021 | 023 | 036 | 0.42 | 043 | 044
3[5—0xo acid], = 1.0 x 10 mol dm>; [H*] = 2.0 x 10 “mol dm %; * [W"'] = 2.0 x 10> mol dm>; HOAc—H,0 =
1:1 % (v/v). The rate of tungsten (V1) catalyzed oxidation is independent of [H'] of the medium. Table 2
presents constancy of specific reaction rate at different acidities. But, both the catalyzed and uncatalyzed
oxidations occur only in acidic medium.

Table 2: Oxidation at different acidities ?

10°k* (5 )
5-Oxoacid 10° [H*] (mol dm~®)
1.0 2.0 4.0 6.0 7.0 8.0 10.0

p-OCH; 11.02 | 12.20 12.47 12.38 12.32 | 12.02 12.23
p-CH; 5.32 5.89 6.03 5.98 5.95 5.81 5.91
p-CeHs 4.55 5.04 5.15 5.11 5.09 4.96 5.05

-H 3.64 4.03 4.12 4.09 4.07 3.97 4.04
p-Cl 1.03 1.14 1.16 1.16 1.15 1.12 1.14
p-Br 0.70 0.78 0.79 0.79 0.79 0.77 0.78

m-NO, 0.32 0.36 0.37 0.36 0.36 0.35 0.36

76



International Journal of Applied and Advanced Scientific Research (IJAASR)

Impact Factor: 5.255, ISSN (Online): 2456 - 3080

(www.dvpublication.com) Volume 1, Issue 2, 2016

3[Perborate], = 5.0 x 10* mol dm %, [5—Oxo acid], = 1.0 x 10 2 mol dm™3; *[W""] = 2.0 x 10> mol

dm 3, HOAc—H,0 = 1:1 % (v/v); Temp.= 308 K. The rate of oxidation increases moderately with increasing [5-

oxo acid], (Table 3). At fixed [perborate],, [H'] and the [catalyst], the oxidation rate doubles for a 20-fold

increase in initial concentration of the reductant. Plot of k* versus [5-oxo acid]y is linear with a definite k*-

intercept. (Fig. 1; correlation coefficient = 0.984, 0.985, 0.994, standard error of estimate = 1.15 x 10 *, 1.66 x

10, 1.38 x 107, slope = 1.54 x 102, 2.21 x 10°% 3.14 x 10 > dm®* mol * s™*, intercept = 1.05 x 107, 1.84 x
10,361 x103sY).

Table 3: Rate dependence on [5-0xo acid],®

10°K* ()
5- 10% [5-Oxo acid]o (mol dm™)

Oxoacid 288 K 298 K 308 K
0.5 1.0 3.0 5.0 8.0 10.0 0.5 1.0 3.0 5.0 8.0 10.0 0.5 1.0 3.0 5.0 8.0 10.0
p-OCH, 3.57 385 | 391 | 554 [ 678 [ 802 | 654 | 621 [ 699 [ 863 | 115 [ 12.02 11.14 | 122 | 1335 16.26 18.24 | 20.22
p-CHs 1.73 186 | 189 | 268 | 328 [ 358 [ 316 | 299 | 338 | 417 [ 556 5.81 5.38 5.89 6.45 7.85 9.11 9.77
p-CeHs 1.48 159 | 161 | 229 [ 280 [ 331 [ 270 | 256 | 2.89 | 356 [ 4.75 4.96 4.60 5.04 | 551 6.71 7.61 8.35
-H 1.18 127 | 129 | 183 [ 224 [ 265 [ 216 | 205 | 231 | 2.85 [ 3.80 3.97 3.68 403 | 441 5.37 6.19 6.68
p-Cl 0.33 036 | 036 | 052 [ 063 [ 075 | 061 | 058 [ 0.65 [ 0.81 [ 107 112 1.04 114 [ 125 1.52 1.63 1.89
p-Br 0.23 025 | 025 | 035 [ 043 [ 051 [ 042 | 039 [ 045 [ 055 | 074 0.77 0.71 078 | 0.85 1.04 1.08 1.29
m-NO, 0.11 011 | 012 | 016 [ 019 [ 024 | 019 | 018 [ 021 [ 025 | 034 0.35 0.33 0.36 | 0.39 0.48 0.53 0.59

#[Perborate], = 5.0 x 10 % mol dm *; [H]=2.0 x 10 “mol dm™>; *[W""] = 2.0 x 10 > mol dm %, HOAc-H,0 =
1:1 % (viv).
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Figure 1: Dependence of k* on [5-oxo acid], under the conditions of Table 2 at (a) 288 K, (b) 298 K, (c) 308 K.
(S1) -H, (S2) 4’-Methoxy, (S3) 4’-Methyl, (S4) 4’-Phenyl, (S5) 4’-Chloro, (S6) 4’-Bromo, (S7) 3’-Nitro.
Effect of Catalyst: At fixed [perborate]o, [5-oxo acid], and [H*], the variation of oxidation rate with the [W""] is
non-linear (Table 4, Fig. 2). At low [W""] the rate increases with increasing [W"'], while at high [W""] the rate
is independent of the [W"'] — a unique behavior generally observed when [catalyst] >> [reactant] [21].

Table 4: Rate dependence on [W""] at 288 K, 298 K & 308 K 2
10°k* (s
10°[W""] (mol dm™)

5-Oxoacid 288 K
0 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0
p-OCH; | 0.30 | 2.82 | 3.85 | 3.99 3.91 4.20 4.42 4.29 4.33
p-CH,4 015 | 1.36 | 1.86 | 1.95 1.89 2.12 2.14 2.08 2.09
p-CeHs 013 | 116 | 159 | 1.64 1.61 1.73 1.83 1.78 1.79

-H 0.1 | 093 | 127 | 1.27 1.29 1.39 1.46 1.42 1.43

p-Cl 0.03 | 026 | 0.36 | 0.41 0.36 0.41 0.41 0.40 0.40
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p-Br 0.02 | 018 | 0.25 | 0.25 0.25 0.27 0.28 0.28 0.28
m-NO, 0.01 | 0.08 | 011 | 0.14 0.12 0.14 0.13 0.13 0.13

10°k* (s
10° [W""] (mol dm™)
5-Oxoacid 298 K
0 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0

p-OCH; 0.61 4.39 6.21 766 | 801 | 817 | 811 | 798 | 7.99
p-CH; 0.29 2.12 2.99 3.70 | 3.88 | 3.95 | 3.95 | 3.79 | 3.86
p-CeHs 0.25 1.81 2.56 316 | 3.29 | 3.38 | 3.38 | 3.29 | 3.30

-H 0.20 1.45 205 | 253 | 256 | 270 | 2.66 | 2.59 | 2.64
p-Cl 0.06 0.41 058 | 071 | 069 | 0.76 | 0.69 | 0.66 | 0.75
p-Br 0.04 0.28 039 | 049 | 043 | 052 | 046 | 046 | 0.51
m-NO, 0.02 0.13 018 | 024 | 023 | 024 | 0.23 | 0.23 | 0.23
10°k* (s7%)
10° [W""] (mol dm™)
5-Oxoacid 308 K
0 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0

p-OCH; 1.09 | 751 12,20 | 13.38 | 13.77 14.65 1495 | 15.89 16.17
p-CH; 053 | 3.63 5.89 6.46 6.65 7.08 7.30 7.68 7.81
p-CeHs 045 | 3.10 5.04 5.53 5.69 6.05 6.11 6.56 6.68

-H 036 | 2.48 4.03 4.42 4.55 4.84 5.04 5.25 5.34
p-Cl 0.10 | 0.70 1.14 1.25 1.29 1.37 1.39 1.48 1.51
p-Br 0.07 | 0.48 0.78 0.86 0.88 0.94 0.97 1.02 1.03

m-NO, 003 | 022 | 036 | 0.39 0.40 0.43 0.44 0.47 0.47
4[Perborate], = 5.0 x 10 * mol dm>; [5-Oxo acid]o = 1.0 x 10 2 mol dm>; [H'] = 2.0 x 10 > mol dm>;
HOAc—H,0 = 1:1 % (v/v).
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Figure 2: Dependence of k* on [W"'] under the conditions of Table 4 at (a) 288 K, (b) 298 K, (c) 308 K.
(S1) -H, (S2) 4’-Methoxy, (S3) 4’-Methyl, (S4) 4’-Phenyl, (S5) 4’-Chloro, (S6) 4’-Bromo, (S7) 3’-Nitro.
But, in the present study, it is interesting to note that [5-oxo acid], >> [oxidant], >> [W""]. Double
reciprocal plot of (k* — k’) versus [W"'], and statistically more balanced Hanes plot {[W"']/(k* — k’) versus
[WY'} are linear with positive y-intercepts (Fig. 3; Hanes plot: correlation coefficient= 0.998, 0.996, 0.998,
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standard error of estimate = 1.55 x 103, 1.46 x 10 ®, 3.57 x 10* slope = 711, 372, 176 s and intercept = 3.79
x 1073 2.91 x 103, 2.42 x 10 mol dm > s 288 K, 298 K and 308 K, respectively).
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Figure 3: Hanes plot under the conditions of Table 4 at (a) 288 K, (b) 298 K, (c) 308 K.
(S1) -H, (S2) 4’-Methoxy, (S3) 4’-Methyl, (S4) 4’-Phenyl, (S5) 4’-Chloro, (S6) 4’-Bromo, (S7) 3’-Nitro.
Although the uncatalyzed oxidation, under the conditions reported in Table 4, is slow, correction is given for the
oxidation through uncatalyzed path. The true rate of catalyzed oxidation is k*— k’; k* is the rate in presence W""'
and k’ is that in absence. The rate dependence on [W""], studied at high [5-0xo0 acid]o, shows that with increasing
[W""] the rate increases at low [W""] but decreases marginally at high [W"'] (Table 5, Fig. 4).
Table 5: Rate dependence on [W"'"] at high [5—oxo acid],®

10°k* (s

5-Oxoacid 10° [W""] (mol dm™)
1.0 2.0 4.0 6.0 8.0 10.0
p-OCH, 3.72 8.02 9.02 12.47 10.66 9.78
p-CH, 1.79 3.88 4.36 6.03 5.15 472
p-CeHs 1.54 3.31 3.73 5.15 4.40 4.04
-H 1.23 2.65 2.98 4.12 3.52 3.23
p-Cl 0.35 0.75 0.84 1.16 0.99 0.91
p-Br 0.24 0.51 0.58 0.79 0.68 0.63
m-NO, 0.11 0.24 0.27 0.37 0.31 0.29

*[Perborate], = 5.0 x 10 * mol dm>; [5—Oxo acid], = 1.0 mol dm>; [H*] = 2.0 x 10 % mol dm3;
HOAc—H,0 = 1:1 % (v/v); Temp. 288 K.
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Figure 4: Dependence of k* on [W""] at high [5-oxo acid], under the conditions of Table 5 at 288 K.
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(S1) -H, (S2) 4’-Methoxy, (S3) 4’-Methyl, (S4) 4’-Phenyl, (S5) 4’-Chloro, (S6) 4’-Bromo, (S7) 3’-Nitro.
Influence of Salt Effect and Solvent Polarity: The rate of [W""] catalyzed oxidation is independent of ionic
strength of the medium but the rate falls moderately with decrease of dielectric constant of the medium. The
ionic strength was varied with KNOz and the dielectric constant was decreased by varying the composition of
acetic acid and water (Tables 6 & 7).
Table 6: Influence of ionic strength *

10 [KNO3] 10°k* (s

(moldm™®) | p-OCH; [ p-CH; | p-CsHs -H p-Cl p-Br [ m-NO,
0 11.02 5.32 4.55 3.64 1.03 0.70 0.32
1.0 9.81 4.74 4.05 3.24 0.92 0.63 0.29
2.0 10.38 5.02 4.29 3.43 0.97 0.66 0.30

3[Perborate], = 5.0 x 10 * mol dm>; [5—Oxo acid]o = 1.0 x 10 2mol dm *; [H"] = 1.0 x 10 Zmol dm>; *[W""] =
2.0x 10 mol dm3;
HOAc—H,0 = 1:1 % (v/v); Temp.= 308 K.
Table 7: Influence of dielectric constant of the medium ?

D | AcOH—H,0 10°k* (s
% (VIV) p-OCHj; p-CHj p-CeHs -H p-Cl p-Br | m-NO,
53.18 30-70 15.11 7.29 6.24 4.99 141 0.97 0.44
46.48 40-60 12.93 6.25 5.34 4.27 1.21 0.83 0.38
39.78 50-50 11.02 5.32 4.55 3.64 1.03 0.70 0.32
33.08 60-40 8.99 4.34 3.71 2.97 0.84 0.58 0.26
26.08 70-30 8.36 4.04 3.45 2.76 0.78 0.53 0.25

3[Perborate], = 5.0 x 10 *mol dm >; [5-Oxo acid], = 1.0 x 10 “mol dm>; [H*] = 1.0 x 10 *mol dm %, *[W""] =
2.0 x 10 ° mol dm3; HOAc—H,0 = 1:1 % (v/v); Temp.= 308 K.

Influence of Borate and Boric Acid: Boric acid or borate neither retards nor enhances the oxidation. Initial
addition of orthoboric acid or metaborate to the reaction solution has insignificant effect on the oxidation rate
(Table 8). The reaction solution, when the oxidation is in progress, does not induce polymerization of vinyl
monomer acrylonitrile. Also, initial addition of acrylonitrile to the reaction mixture fails to suppress the
oxidation rate (Table 8). During the course of oxidation, the reaction solution does not show an e.s.r. signal
(Bruker X-band) for any radical.

Table 8: Influence of borate and boric acid on the rate

10? 10% 10°k*P (s 10°k**(s7)
[NaBO.]o [H3BOs]o p- p- p- p- p- m-
(moldm™) | (moldm™) | OCH; | CHy | CgHs H p-Cl | pBr | mNO, | oo | PCHs | oy | -H | pCl | pBr | o
- - 1220 | 589 | 5.04 4.03 1.14 0.78 0.36 1511 | 7.29 624 | 499 | 141 | 097 | 044
1.0 - 1069 | 516 | 441 353 0.99 0.68 031 1450 | 7.01 599 | 479 | 1.35 | 093 | 043
- 1.0 1208 | 584 | 4.99 3.99 113 0.77 0.35 1508 | 7.28 623 | 498 | 141 | 096 | 044
- 12080 | 584 | 4000 | 3000 | 113 | 077 | o035 - -

35—0xo acid]o = 1.0 x 10 “mol dm>; [H'] = 2.0 x 10 *mol dm>; * [W""] = 2.0 x 10 ° mol dm>; HOAc—H,0 =
1:1 % (v/v); Temp.= 308 K.

b[Perborate], = 5.0 x 10"*mol dm™>.

‘[Perborate], = 1.0 x 10> mol dm>.

[Acrylonitrile] = 1.0 x 102 mol dm™.

Effect of Hydrogen Peroxide: Under identical conditions, the rates of tungsten (V1) catalyzed oxidation of 5-
oxo acids by perborate and hydrogen peroxide are almost the same (Table 9). Boric acid and borate fail to
influence the rate of [W"'] catalyzed peroxide oxidation.

Table 9: Oxidation by hydrogen peroxide

102 107 i 10°k* (s
[NaBO,, [HsBO:lo 5 5 pHydrogen peroxide 5 5 5 Perborate —
=31 =3 - - - - - - -
(mol dm™) (mol dm™) OCH, CH, CeHs -H p-Cl p-Br m-NO, OCH, CHs CoHs H p-Cl p-Br NO,
- - 15.38 7.43 6.35 5.08 1.44 0.98 0.45 15.11 7.29 6.24 4.99 1.41 0.97 0.44
1.0 - 15.05 7.27 6.21 4.97 1.40 0.96 0.44 14.50 7.01 5.99 4.79 1.35 0.93 0.43
1.0 15.62 7.55 6.45 5.16 1.46 0.99 0.46 15.08 7.28 6.23 4.98 141 | 0.96 0.44

2 [Oxidant], = 1.0 x 10 ° mol dm™>; [5—Oxo acid], = 1.0 x 10 >mol dm™; [H"] = 2.0 x 10 *mol dm>; * [W""] =
2.0 x 10° mol dm™3; HOAc—H,0 = 1:1 % (v/v); Temp.= 308 K.

Effect of Temperature: The oxidation reactions were studied in the temperature range of 288 - 308 K.
Activation energy (Ea) of the reactions was calculated from the least-square slopes of linear Arrhenius plots
(Fig. 5; r>0.96; s < 0.02) of log k versus 1/T. The related thermodynamic parameters viz. enthalpy of activation
(AH"), entropy of activation (AS") and Gibbs free-energy of activation (AG") calculated using appropriate
equations are presented in Table 10.
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5 Oxoacid 10°k* (s AH* AS” AG”
288K | 298 K | 308K | (kImol™) | JK*mol?) | (kJmol™)
p-OCH, 385 | 621 | 12.20 48.63 -102.61 296.01
p-CH, 1.86 | 2.99 5.89 42.31 -108.74 313.59
p-CeHs 159 | 2.56 5.04 40.02 -109.88 316.85
-H 1.27 | 2.05 4.03 37.53 -112.18 323.45
p-Cl 036 | 058 1.14 26.61 -122.33 352.58
p-Br 025 | 0.39 0.78 22.40 -125.97 363.02
m-NO, 011 | 0.18 0.36 14.93 -132.09 380.57

3[Perborate], = 5.0 x 10 *mol dm ; [5-Oxo acid]o = 1.0 x 10 “mol dm>; [H*] = 1.0 x 10 *mol dm % *[W"'] =
2.0 x 10 ° mol dm>; HOAc—H,0 = 1:1 % (V/v).

x
_g 331.13K
+
~

34 32

33 34
1T 10° (K')

Figure 5: Arrhenius plots between log k and 1/T showing the isokinetic temperature under the conditions of
Table 10.

(S1) -H, (S2) 4’-Methoxy, (S3) 4’-Methyl, (S4) 4°-Phenyl, (S5) 4’-Chloro, (S6) 4°-Bromo, (S7) 3’-Nitro.

Isokinetic Relationships: The plot between AH* and AS” is linear (Fig. 6; r > 0.97, s < 0.029) and the isokinetic
temperature () obtained is 331.1 K. The B calculated from the Exner’s plot (Fig. 7; r > 0.987; s < 0.04) of log
Kasax against log kogsk is 330.4 K, which is in good agreement with the value obtained from the AH”, against AS*
plot. The isokinetic relationship in the present study implies that all the 5-oxo acids undergo oxidation by the

same mechanism [22].

Figure 6: Plot between AH” and AS": isokinetic relationship under the conditions of Table 10.
(S1) -H, (S2) 4’-Methoxy, (S3) 4’-Methyl, (S4) 4’-Phenyl, (S5) 4’-Chloro, (S6) 4’-Bromo, (S7) 3’-Nitro.

delta H* (KJ mole™)
N
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-135 130

125 -
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s* (J K" mole™)

-105 100

7 +log k (298 K)

3.0

33 3.6

3.9 4.2 4.5

7 +log k (288 K)
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Figure 7: Exner’s plot of log Kaggk against log Koggk under the conditions of Table 10.
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(S1) -H, (S2) 4’-Methoxy, (S3) 4’-Methyl, (S4) 4’-Phenyl, (S5) 4’-Chloro, (S6) 4’-Bromo, (S7) 3’-Nitro.
Discussion:
Active Species of Reactants: The oxo acid is a weak acid (pK, = 5.77 at 40 °C in aqueous solution)®, and the
undissociated form of the substrate can be taken as the only form in acidic media. In acid solutions, 5-0xo acids
undergoes keto enol tautomerism (Eq. 2).
‘|3| ‘|3| OH o

OH

+
H
—
-

(keto-form) (enol-form)

Perborate is peroxoborate but in aqueous solution yields H,O, [1]. In acidic medium, even in presence of excess
of boric acid ([HsBOs], or [NaBO,], = 1.0 x 10 % mol dm™), calculation of the relative concentrations of
perboric acid and peroxoborate ([HO), BOOH] / [H,0,] and [(HO)sBO,H] / [H,0,]) using the equilibrium
constants reported already [24], shows that they are non-existent. The almost same rate of oxidation by
perborate and hydrogen peroxide, under identical conditions, supports the proposition that the reactive species
of perborate is H,0,. The dependence of the oxidation rate on the total [W""] is not simple. Since tungsten(\V1)
polymerizes in acidic solution one of the possible explanations for the complex dependence is polymerization of
tungsten(lV) in the reaction solution [25-27]. However, under the experimental conditions, existence of
polymeric tungsten (V1) species is unlikely. This suggestion stems from the fact that the specific oxidation rate
in perborate remains constant with increasing acidity of the medium, and the degree of polymerization increases
with increasing acidity. If tungsten (VI) were to dimerize with large dimerization constant, contrary to the
experimental findings, plot of k* versus Y[W"'] should be linear. Also, at 10 micro molar concentrations
tungsten (V1) is reported to exist predominantly in monomeric form [25, 26].
K

WO3 + H,0, =—= WO,(0;) + H,0 (3)
K _ .
WO ,(0;) + H202 —— WO(OH)(0 ), + H (4)
OH O
U
OH | a—
+ W —
— OH 1
i
OH H c
(I:—(I:/ 2\CH; \OH
. ™
R 07 (I) 7‘—
o
\O/m?\ !
H

0
_ Il
WO(OH)(O ;) + OHC-(CH ,),CO0H + @C—OH (s)

_ k =
WO(OH)(O 5); + WO, —— WO,(OH(O,) 4 WO ,(0y) (e)
K _
WO(OH)(O 5); —= WO(0,), + OH (7)

In the present study tungsten (V1) is used in the form of tungstate and the speciation of monomeric tungsten (V1)
are HWO;", WO4(H,W0Q,), HWO,” and WO,*". Using the values of equilibrium constants reported already
[25], the relative abundance of the monomeric tungsten(V1) species in the acidity range 0.01 - 0.1 mol dm™ are
calculated as [WO,/ J/[WO;] = 1.4 x 10?2 — 1.4 x 10" [HWO,]/[WO3] = 0.64 — 6.4 x 10 and
[HWO;"J/[WO;] = 1.0 x 107 — 0.1. Hence, it may be concluded that the predominant from of monomeric
tungsten(V1) is WO; and at high [H'] HWO;" is also present while at low [H*] HWO, is abundant. In acidic
medium H,O, complexes with tungsten(VI) affording dioxoperoxotungsten(VIl) (WO,(0O,)) and
oxodiperoxotungsten(VI) (WO(O,),). Coordinated water molecules are omitted in the formulations. The
tetraperoxy species, (W(0,),>) is formed in basic medium [28]. With excess of H,0, ([H,0,] >> [W"])
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diperoxo species is formed and the diperoxo species is more reactive than monoperoxo species [29, 30].
Hydrolysis of oxodiperoxo species results in oxohydroxodiperoxotungsten (V1) and the hydrolysis constant is
0.74 mol dm™ [31]. Oxodiperoxotungsten (V1) is more acidic than oxodiperoxomolybdenum (V1) [32]. The
hydrolysis constant of the latter is 1.4 x 102 mol dm [29]. Oxohydroxodiperoxotungsten (V1) also formed at
low acidity, from tungsten (V1) and H,0O,, and the formation is a second-order reaction —first order each with
respect to H,0, and tungsten (V1) [32].
Mechanism: The rate dependence on [5-oxo acid], reveals that the oxidation is through two paths —the first and
major one is independent of [5-oxo acid]o, and the second and minor path is first order with respect to 5-oxo
acids. Since the tungsten (V1) catalyzed oxidation is first order with respect to the oxidant, formation of the
reactive oxidizing species is slow and rate controlling in the major path. The minor path is slow and rate-
limiting oxidation of 5-0xo0 acids by another reactive oxidizing species. Interaction of diperoxy species with the
uncomplexed catalyst results in monoperoxy species [33]. Reactivity of oxodiperoxotungsten(V1) is greater than
that of oxohyroxodiperoxotungsten(V1) [31] and of the several reaction mechanisms designed to explain the
experimental results scheme 1 gives the best representation.

OH |C|)
X o
OH |
e —
_ Ol -
OH H
I -CHy O
c—Hc cH, oH
R H I -
\ 1/771
o~ \O
Lfast
o
OHC |
wo, + _\_ + @C—OH (s)
COOH

HOOC_\_ + wo; + H,0 (9)
COOH

WO,(0H(0,) 3%  wo,0,) + OH (10)
Scheme 1: Reaction mechanism for the tungsten(V/1) catalyzed perborate oxidation of substituted 5-oxo acids
Rate Law: With the assumptions Ki[H,0,] >> 1, kyJWOs] = ko’ [W""] and ks’ [W""] + ks >> ks[5-0x0 acid], the
rate law for the proposed mechanism of catalysis is

—d[oxidant]/dt = (ks[5-0x0 acid] + ks) k, [W""] [oxidant]

(ks W] + ks)
and the pseudo-first order rate constant in oxidant,
k*-k = (ks[5-0x0 acid] + ks)ko[W""]
(K4 [WT +ks)

The rate law is in conformity with the experimental findings, namely first order with respect to the oxidant,
linear dependence of rate on [5-oxo acid]o, increase of rate with increasing [W"'] leading to a limiting rate at
high [W"", non-dependence of the oxidation rate on [H*], absence of inhibition by borate and boric acid, and
the almost same rate of oxidation by perborate and H,O,. The specific oxidation rate in perborate decreases with
increasing [W""] at high [5-oxo acid] and [W"']. One of the possible explanations is complexation of the
uncomplexed catalyst (WO3) with 5-0xo0 acids [34].

At 2.0 x 10° mol dm™> W"' the percentage of oxidation through [5-oxo acid]-independent path
decreases from 89 to 40 and 97 to 54 when [5-oxo acid] is increased from 5.0 x 10— 10.0 x 102 mol dm™ at
288 K and 308 K respectively. Rate-determining formation of dioxoperoxotungesten(VI) followed by rapid
oxidation of 5-oxo acids as the mechanism of catalysis also satisfies the kinetic requirements. If
dioxoperoxotungsten(\V1) were to be the oxidizing species, the WO,(0,) — WO; cycle should demand the same
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specific oxidation rate even at low [oxidant]o. Kinetic studies at low [oxidant], under the conditions reported in

Table 1, yield lower specific oxidation rates in perborate. For example, at [oxidant]o = 1.0 x 10 * mol dm™®, [5-

oxo acid],= 1.0 x 102 mol dm 2, [H'] = 2.0 x 102 mol dm ™ and [W""] =2.0 x 10" mol dm, the specific rate

in perborate is 0.47 x 10~ s at 288 K. The proposition that diperoxy species is the oxidizing species explains

the lower specific oxidation rate at low [oxidant],. At low [oxidant], complxation of tungsten(V1) is likely is to

be incomplete. The concentration of monoperoxy species may not be equal to but less the concentration of the
catalyst, and hence the rate.

OH (‘)‘
AN
OH
+ WO,
i
OH H
CH C
| | 2 -
T
R o
|
=
(o]

Conclusions:

Tungsten (V1) catalyzed perborate oxidation of substituted 5-oxo acids in acidic solution is associated
with isokinetic relationship. In aqueous acetic acid solution perborate generates hydrogen peroxide. Under the
conditions [W""] <<< [perborate], << [5-0x0 acid],, the oxidation is first order with respect to perborate and is
independent of [H*] of the medium. The dependence of the oxidations rate on the [catalyst] is of Michaelis —
Menten type. The oxidation is through two paths; the major one is independent of [5-oxo acid] and the minor
path is first order with respect to the reductant. The rates of tungsten (V1) catalyzed perborate and hydrogen
peroxide oxidations are almost the same. Borate and boric acid do not influence the oxidations. The reaction rate
is accelerated by the electron donating groups compare with the electron withdrawing groups. The order of
reactivity among the studied 5-oxo acids is p-methoxy >> p-methyl > p-phenyl > -H > p-chloro > p-bromo > m-
nitro. Activation parameters have been evaluated using Arrhenius and Eyring’s plots. A mechanism consistent
with the observed kinetic data is proposed and discussed. A suitable rate law is derived based on the mechanism.
The experimental protocol suggests that this reaction could find utility as a regioselective route for the synthesis
of carboxylic acids, specially substituted benzoic acids.
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