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The kinetic and mechanistic aspects of cerium(III)-
catalysed oxidation of 4-oxo acids by bromate (uncon-
taminated with bromine) in an acid medium have been 
studied. The reaction exhibited first-order each in 
[bromate] and [acid], fractional order each in [oxo acid] 
and [cerium(III)], and also showed solvent isotope  
effect of 0.55 (k(H2O)/k (D2O)). The reaction did not 
induce polymerization and the induction period was 
not observed. The influence of ionic strength on the 
rate was negligible, while increase in reaction rate was 
found by lowering the dielectric constant of the me-
dium. The reaction rate was affected by the presence 
of substituents in the reaction centre. Increase in the 
reaction rate by electron releasing substituents and 
decrease in the rate by the presence of electron-with-
drawing substituents were observed. The Hammett 
plots were characterized by smooth curvature; how-
ever, linearity was observed using exalted σ values. A 
negative value for the reaction constant was observed. 
The isokinetic relationship was evaluated from the 
Arrhenius and Hammett plots. The formation of a 
ternary complex between oxidant, substrate and cata-
lyst has been proposed in the mechanism. Based on 
the proposed mechanism, the rate law has been deri-
ved. The formation of a π-complex between Ce(III) 
and -ene of the enol form of oxo acid has been pro-
posed. This reaction finds application in the synthesis 
of substituted benzoic acids and involves the pheno-
mena of intramolecular catalysis and neighbouring 
group participation. 
 
Keywords: Bromate oxidation, cerium(III) catalysis, 
isokinetic relationships, reaction mechanism, 4-oxo acids. 
 
3-BENZOYL propionic acid (4-oxo-4-phenyl butyric acid) 
and its substituted compounds are commonly known as  
4-oxo acids or γ-oxo acids. These compounds have versa-
tile synthetic applications; they are the precursors for 
natural products like piperidines, pyrrolidines, lactams 
and substituted γ-butyrolactones1. The two functional 
groups – carbonyl and carboxy groups – present in these 
compounds are separated by two carbon atoms, such that 

they are independent of each other. However, these com-
pounds exert intramolecular mechanism2 and neighbour-
ing group participation3. The formation of propanedioic 
acid and benzoic acid from enolization and selective oxi-
dation, makes these substrates attractive and therefore 
they possess wide synthetic organic applications4–6. 
 

 
 

Oxidants such as potassium bromate and sodium bromate 
are innocuous, inexpensive, stable solids and easy to handle. 
Since bromide is the reduction product of bromate oxida-
tion, which makes bromate oxidation environmentally 
benign compared to metal ion oxidations7,8. Cerium(III) 
has been used as a homogeneous catalyst in many redox 
reactions including the Belousov–Zhabotinsky (B–Z) oscil-
lating reactions of various organic substrates involving 
bromate as an oxidant9–11. Generally Ce(III) ion catalysed 
B–Z oscillating reactions involve the formation of several 
organic intermediate free radicals, auto-catalysis and  
different oxidation states of the catalyst, hence compli-
cated. 
 The role of substituents on the rate of reaction can be 
understood based on the Hammett equation. When the 
substituents influence the reaction rate in different ways, 
then it results in a nonlinearity in the plot between log k 
and σ (Hammett plot), which is attributed to change in 
the mechanism, change in the rate-determining step, or 
change in the nature of the transition state during  
the reaction, hence interesting to study the substituent  
effect. 
 The present system (oxidation of 4-oxoacids by Ce(III)) 
is neither isoenthalpic nor isoentropic, but exhibits a  
linear relationship between the activation enthalpy and 
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activation entropy in accordance with the compensation 
law known as isokinetic relationship. 
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where ΔH‡ is the enthalpy of activation and ΔS‡ the  
entropy of activation and β is the isokinetic temperature, 
i.e. the temperature at which all the compounds have the 
same rate. At the isokinetic temperature, the variation of 
substituents has no influence on the free energy of activa-
tion. In an isoentropic oxidation reaction, the isokinetic 
temperature lies at infinity and is zero for an isoenthalpic 
series. In the former, only enthalpy of activation deter-
mines the reactivity and in the latter, the entropy of acti-
vation12. 
 Experimental observations revealed that the reaction of 
4-oxo acids with bromate in acid medium without a cata-
lyst was slow, but was enhanced by the addition of smaller 
proportions of Ce2(SO4)3. The present study, therefore 
will help understand the mechanism of Ce(III)-catalysed 
oxidation of 4-oxo acids by acidic bromate. 
 The main objectives of this study are to identify the 
reactive species of the substrate, catalyst and bromate,  
interpreting a possible mechanism for the reaction, ob-
taining an appropriate rate law, identifying the reaction 
products, evaluation of related kinetic and thermodynamic 
parameters, and verifying the linear free energy and  
isokinetic relationships. 

Materials and methods 

3-Benzoyl propionic acid and its substituted compounds 
(Aldrich, USA) were recrystallized twice from doubly 
distilled water. All other reagents were used after purifi-
cation and their solutions were prepared using double-
distilled water or pure acetic acid. D2O (99.4% pure) was 
obtained from the Bhabha Atomic Research Centre, 
Mumbai. The stock solution of Ce(III) was made by dis-
solving Ce2(SO4)3 ⋅ 8H2O (Merck) in dilute acid and 
standardized using the method of Jeffery et al.13. 

Kinetic measurements 

All the kinetic measurements were studied at pseudo-first 
order conditions with [oxo acid]  [bromate]. Reaction 
was initiated by adding a known amount of bromate to 
the thermostated reaction mixture. The reaction was moni-
tored by determining the unconsumed [bromate] using the 
iodometric method. The reaction was followed for at least 
75–80% and rate constants (k, s–1) were obtained by plot-
ting log[bromate]t against time. There was no change in 
the observed rate constants in the presence of nitrogen 
atmosphere and the reported rate constants were obtained 

without nitrogen. Solutions were prepared fresh while 
performing the kinetic runs. Bromine production due to 
reaction between bromate and bromide and its further 
reaction with the substrate were completely reduced by 
the addition of mercuric acetate14. 

Stoichiometry and product analysis 

Reaction mixtures containing different ratios of [bromate] 
to [4-oxo acid] with all other reagents, were kept for 12 h 
at 40°C. Estimation of [bromate] revealed the stoichiome-
try of the reaction according to eq. (1). 
 

  

(1)

 
 
The observed stoichiometry was the same with all the 
phenyl substituted 4-oxo acids. The oxidation products 
were analysed. Benzoic acid, after separation by HPLC 
(melting point 121°C), was estimated quantitatively (92–
96.6% yield) with a standard curve at 235 nm (λmax). CO2 
was identified by bubbling N2 gas through a U-shaped 
tube containing a saturated Ba(OH)2 solution, which re-
sulted in the formation of a white precipitate of BaCO3. 
Formation of pale-yellow precipitate by the addition of 
silver nitrate solution confirmed the presence of bromide 
ions. Evolution of bromine did not occur, which further 
supported the formation of bromide ion. 
 It is pertinent to mention here that, under the kinetic 
conditions when [oxo acid]  [bromate], the products of 
4-oxo acids upon oxidation are benzoic and malonic acids. 
Malonic acid was identified by its melting point (135°C) 
and also tested with its characteristic spot test through 
conversion into barbituric acid15. Identification of the 
products, namely benzoic and malonic acids was also 
done by comparing the tr (retention time) values of the 
authentic samples. 

Results and discussion 

In acid medium, production of molecular bromine (Br2) due 
to autocatalytic bromate–bromide reaction was eliminated 
by the addition of Hg(OAc)2, which forms non-ionizable 
Hg(II)-bromocomplexes14. No significant change in the 
reaction rate was observed, in the concentration range 
0.001–0.01 M mercuric acetate. An optimum concentra-
tion of mercuric acetate (0.005 M) was employed to 
avoid all possible reactions due to bromine oxidation 
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Table 1. Factors influencing the rate of Ce(III)-catalysed oxidation of 4-oxo acids by bromate in acidic medium 
  at 313 K 

  ka (s–1) × 104 
Non-variable constituent Variable constituent  
(mol dm–3) (mol dm–3) -H p-OCH3 p-CH3 p-Cl m-NO2 
 

[Bromate]       
 [Oxo acid] = 0.01 5.0 × 10–4 3.82 57.57 7.67 0.77 0.39 
 [H2SO4] = 1.0 7.5 × 10–4 3.83 57.56 7.65 0.79 0.38 
 [Ce(III)] = 0.0001 10.0 × 10–4 3.84 57.57 7.67 0.79 0.38 
 AcOH–H2O = 1 : 1 (% v/v) 15.0 × 10–4 3.83 57.58 7.67 0.78 0.38 
 [Hg(OAc)2] = 0.005 20.0 × 10–4 3.83 57.57 7.67 0.79 0.38 
       
[Oxo acid]       
 [Bromate] = 0.001 5.0 × 10–3 2.31 35.54 4.45 0.45 0.22 
 [H2SO4] = 1.0 7.5 × 10–3 3.02 45.22 5.75 0.62 0.31 
 [Ce(III)] = 0.0001 10.0 × 10–3 3.83 57.57 7.67 0.79 0.38 
 AcOH–H2O = 1 : 1 (% v/v) 15.0 × 10–3 4.81 72.14 8.95 0.96 0.45 
 [Hg(OAc)2] = 0.005 20.0 × 10–3 5.76 86.88 11.51 1.22 0.57 
 30.0 × 10–3 7.48 121.12 15.24 1.61 0.74 
       
[Ce(III)]       
 [Bromate] = 0.001 0.50 × 10–4 2.78 38.54 5.87 0.55 0.23 
 [Oxo acid] = 0.01 1.00 × 10–4 3.83 57.57 7.67 0.79 0.38 
 [H2SO4] = 1.0 2.00 × 10–4 5.24 76.58 12.12 1.29 0.54 
 AcOH–H2O = 1 : 1 (% v/v) 4.00 × 10–4 7.58 106.25 17.24 1.68 0.78 
 [Hg(OAc)2] = 0.005 8.00 × 10–4 11.24 163.24 23.02 2.48 1.04 
       
[H2SO4]       
 [Bromate] = 0.001 0.50 1.94 28.84 4.36 0.46 – 
 [Oxo acid] = 0.01 0.75 3.01 40.73 6.02 0.68 0.28 
 [Ce(III)] = 0.0001 1.00 3.83 57.57 7.67 0.79 0.38 
 AcOH–H2O = 1 : 1 (% v/v) 1.25 4.89 69.98 9.59 1.07 0.43 
 [Hg(OAc)2] = 0.005 1.50 6.47 88.10 13.42 1.51 0.56 
 2.00 8.70 112.71 19.05 1.81 0.83 
       
AcOH–H2O (% v/v)       
 [Bromate] = 0.001 30–70 (53.18)* 1.64 25.58 1.91 0.47 0.16 
 [Oxo acid] = 0.01 40–60 (46.48) 1.91 35.43 2.87 0.58 0.21 
 [Ce(III)] = 0.0001 50–50 (39.78) 3.83 57.57 7.67 0.79 0.38 
 [H2SO4] = 1.0 60–40 (33.08) 5.75 86.36 11.51 1.17 0.54 
 [Hg(OAc)2] = 0.005 70–30 (26.08) 7.67 116.25 15.28 1.81 0.76 
aReported rate constants are the mean of duplicate experiments.  
*Values in parentheses indicate the dielectric constant of the medium. 

 
 
produced from bromide ions. Therefore, the added mer-
curic ion acts as a bromide-ion scavenger. 

Effect of concentration and other parameters 

The rate of uncatalysed oxidation of 4-oxo acids by bro-
mate (under the same reaction conditions) was slow, and 
followed first-order each in [bromate] and [oxo acid] and 
second-order in [H2SO4]. Appreciable increase in the 
reaction rate was observed by the addition of tracer 
amounts (0.0001 M) of cerium(III) sulphate, and the rate 
constants for Ce(III)-catalysed reactions were calculated 
from the following: kcatalysed = koverall – kuncatalysed. 
 At constant concentrations of acid, Ce(III) and Hg(OAc)2, 
under the condition of [substrate]  [bromate], the order 
of the reaction was found to be unity in [bromate]ο, as is 

evident from the slope values in Table 1, obtained from 
log[bromate]t versus time plots, which are found to be 
constant at different [bromate]ο. 
 At constant [bromate], acid and catalyst, the observed 
rate constant values were found to increase by changing 
the [substrate] (Table 1). Log kc versus log [substrate] 
plots were linear and the order with respect to substrate 
was fractional (0.51–0.60). Further, the Michaelis–Menten 
plots of 1/k against 1/[substrate] were linear (Figure 1, 
R2 ≥ 0.97) with varying intercept and slope values, con-
firming order less than unity in [substrate]. However, the 
rate of uncatalysed reaction was very low under the same 
conditions and followed first-order kinetics in [oxo acid]. 
 The reaction rate was studied by changing the concen-
tration of Ce(III) from 5.0 × 10–5 to 80.0 × 10–5 mol dm–3, 
maintaining the concentration of other reagents as con-
stant (Table 1). The observed slopes of log k against  
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log [Ce(III)] plots (R2 ≥ 0.99) suggest a fractional (0.50 ± 
0.05) order in [Ce(III)]. The double reciprocal plots of 
1/kc versus 1/[Ce(III)] were straight lines with definite in-
tercepts (Figure 2) for all the studied substrates. 
 The order of the reaction was found to be unity in [acid], 
as is evident from the linear plots of log kc versus log [acid]. 
There was no significant effect of ionic strength on the 
rate of reaction (studied by varying NaClO4); hence the  
ionic strength of the medium was not fixed at any con-
stant value. 
 Dielectric constant of the medium (D) was varied by 
changing the solvent composition. The reaction rate  
increased with a decrease in dielectric constant of the 
medium (Table 1) and log kc versus 1/D plots were linear 
with positive slopes. 
 In order to know the interference of free radicals in the 
reaction, acrylonitrile/acrylamide was added to the reac-
tion mixture (in N2 medium) during the reaction. No pre-
cipitate was formed, suggesting non-participation of free 
radicals in the reaction. This was further confirmed by 
 
 

 
Figure 1. Representative Michaelis–Menten plots for Ce(III)-
catalysed reactions. Conditions as in Table 1. (A) p-CH3, (B) -H,
(C) p-Cl and (D) m-NO2. 
 
 

 
Figure 2. Plot of 1/kc and 1/[Ce(III)]. Conditions as in Table 1.
(A) p-CH3, (B) -H, (C) p-Cl and (D) m-NO2. 

studying the reaction at 0.05 M butylatedhydroxy toluene, 
which was recovered completely at the end of the reac-
tion inferring the absence of free radicals. 
 Increase in the reaction rate was observed in the D2O 
medium and k(H2O)/k(D2O) ~0.45, at all the studied 
temperatures for all the studied 4-oxo acids (Table 2), 
suggesting that this is a proton-catalysed reaction. 
 The reaction was studied with all the substrates in the 
temperature range 298–323 K and the activation energies 
were calculated from the Arrhenius plot (Figure 3, R2 ≥ 
0.99) of log kc versus 1/T. The thermodynamic parame-
ters, viz. enthalpy of activation (ΔH‡), entropy of activa-
tion (ΔS‡) and free energy of activation (ΔG‡) of the 
reaction were evaluated (Table 3). The isokinetic temper-
ature (β ) for the reaction was 384.16 K, obtained from 
the linear plot of ΔH‡ versus ΔS‡ (Figure 4 a; R2 = 0.989). 
This is in accordance with the β value obtained from  
Exner’s plot (Figure 4 b; R2 = 0.977) of log k (323 K) 
against log k (313 K) (382.44 K). 
 
 
Table 2. Solvent isotope effect on the rate of Ce(III)–catalysed 
  bromate oxidation of 4-oxo acids at 313 K 

4-Oxo acid 104 × k (H2O) (s–1) 104 × k (D2O) (s–1) k (H2O)/k (D2O)
 

–H 3.83 8.41 0.45 
p-Methyl 7.67 16.67 0.46 
p-Chloro 0.79 1.75 0.45 
m-Nitro 0.38 0.84 0.45 

Experimental conditions: [substrate] = 0.01 mol dm–3, [bromate] =
0.001 mol dm–3, [Ce(III)] = 1.0 × 10–4 mol dm–3, [H2SO4] = 1.00 mol
dm–3, [Hg(OAc)2] = 0.005 mol dm–3 and AcOH–H2O = 1 : 1% (v/v). 
Reported rate constants are the mean of duplicate experiments. 
 
 

 
 

Figure 3. Arrhenius plots of log kc versus 1/T. Conditions as in Table 
3. (A) p-OCH3, (B) p-CH3, (C) -H, (D) p-Cl and (E) m-NO2.
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Table 3. Rate constants at different temperatures and activation parameters at 313 K of 
  Ce(III)-catalysed oxidation of 4-oxo acids by bromate in acid medium 

 105 × k (s–1) 
 

Temperature (K) -H p-OCH3 p-CH3 p-Cl m-NO2 
 

298 5.44  89.96  9.58  – – 
 (0.39)* (14.43) (1.13) (0.26) – 
303 8.72  115.15  15.55  1.15  1.44 
 (0.70) (19.19) (1.91) (0.39) – 
308 21.83  255.58  33.11  3.09  2.55  
 (1.35) (28.78) (3.19) (0.71) (0.17) 
313 38.38  479.79  57.57  7.99  3.80  
 (3.19) (47.97) (6.71) (1.06) (0.37) 
318 57.57  639.72  115.15  15.99  7.67  
 (4.79) (57.57) (11.19) (1.72) (0.71) 
323 112.15  1115.25  223.87  38.01  21.15  
 (9.59) (67.17) (17.61) (3.59) (1.43) 
Ea (kJ/mol) 86.16  42.12  70.84  101.47  111.05  
 (101.46) (47.86) (76.86) (114.85) (134.09) 
ΔH‡ (kJ/mol) 83.56  39.52  68.24  98.87  108.45  
 (98.87) (45.26) (73.96) (112.25) (131.49) 
ΔS‡ (J/mol K) –43.76  –161.79  –86.99  –8.03  16.67  
 (80.26) (–68.32) (–69.47) (9.5) (66.27) 
ΔG‡ (kJ/mol) 97.25  90.22  95.43  101.38  103.23  
 (73.74) (66.64) (71.79) (70.98) (76.21) 

[Substrate] = 0.01 mol dm–3, [KBrO3] = 0.001 mol dm–3, [H2SO4] = 1.0 mol dm–3, [(Ce(III)] =
1.0 × 10–4 mol dm–3, [Hg(OAc)2] = 0.005 mol dm–3, HOAc–H2O = 1 : 1% (v/v). 
*Values in parentheses indicate the rate constants (kun, s–1) and activation parameters of 
uncatalysed reactions. 

 
 

 
Figure 4. Plot of (a) ΔH‡ versus ΔS‡ and (b) log kc (323 K) versus
log kc (313 K). 
 

 
Figure 5. a, Hammett plots between (a) log kc and σ (b) log kc and σ +

at different temperatures. Conditions as in Table 3. (A) 323 K, (B) 
318 K, (C) 313 K, (D) 308 K and (E) 303 K in both (a) and (b).
 

 
 
 The influence of substituents on the reaction kinetics 
was studied at different temperatures using substrates with 
different substituents on the phenyl ring (Table 3). Chang-
ing substituent in the phenyl ring of 4-oxo acid changed 
the reaction rates. Electron-releasing substituents enhanced 
the rate of oxidation, whereas electron-withdrawing subs-
tituents retarded the rate. The Hammett’s plot (linear 
free-energy relationship) was characterized by a smooth 
curve (Figure 5 a) which is expressed in terms of log kc 
vs σ plot; however, when Brown and Okamoto’s16 exalted 

σ + values were used, linear plots with good correlation 
coefficients (R2 ≥ 0.99) were observed at the studied tem-
peratures (Figure 5 b). The reaction constant (ρ) was neg-
ative and decreased with increase in temperature (–1.64, 
–1.59, –1.48, –1.35 and –1.29 at 303, 308, 313, 318 and 
323 K respectively). 
 Catalysis of oxidation of 4-oxo acids involving cerium(III) 
as catalyst can be understood in two ways, one of which 
is the oxidation of 4-oxo acid by Ce(IV) ion resulting 
from bromate–cerium(III) auto-catalytic reaction. 
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 In the bromate–cerium(III) reaction, Yoshida and 
Ushiki17 observed second-order in [bromate]o, an induc-
tion period without mercury(II) acetate, and the reaction 
was independent of [Ce(III)]. On the other hand, in the 
present study. The reaction exhibited first-order kinetics 
in [bromate] in presence of mercuric acetate. The reaction 
rate increased with increase in [H2SO4], and no induction 
period was observed at varying concentrations of bro-
mate, H2SO4, oxo acid and Ce(III). 
 Bromate cannot oxidize Ce(III) significantly in per-
chloric acid medium.9,10,18. This conclusion is also consis-
tent with the complete failure to obtain oscillations in 
perchloric acid medium9,10. However, in the present study 
the oxidation rates obtained in the HClO4 and H2SO4  
media were comparable, and there was no evidence for 
free-radical formation. Generally, Ce(IV) oxidations of 
keto compounds occur through mechanism involving free 
radicals and oxidant attacks on the keto group of the sub-
strate19. With these evidences oxidation of 4-oxo acids by 
the cerium(IV) formed is ruled out. 
 Complexation of Ce(III) and oxo acid is another alter-
native. The obtained data for all the substrates used sug-
gest complexation between Ce(III) and oxo acid, which 
further reacts with bromate yielding products. The ultra-
violet-visible spectra of oxo acid and oxo acid–cerium(III) 
mixture resulted in a hypsochromic shift of 5 nm from 275 
to 270 nm and hypochromicity at 270 nm are the spec-
troscopic evidences for the complexation between Ce(III) 
and oxo acid. Figures 1 and 2 also illustrate the dependence 
of oxidation of oxo acids on [substrate] and [catalyst], 
following Michaelis–Menten kinetics. The reversible 
formation of Ce(III) complex with one mole of the sub-
strate must precede the rate-determining oxidation step. 
 The negligible effect of the added acrylonitrile/acryl-
amide suggests the absence of free radicals in the reac-
tion, ruling out the occurrence of reaction by one electron 
oxidation/reduction. Thus, the oxidation state of Ce(III) 
in the oxidation of 4-oxo acids by bromate in acidic  
medium remains unaltered. This is further supported by 
the absorption maximum of Ce(III), which remains the 
same during the course of reaction; the substrate forms 
preferably an outer-sphere complex with the catalyst 
Ce(III). 
 The oxo acids are weak acids with pKa of about 5–6 in 
aqueous solutions at 40°C (ref. 20), exist in undissociated 
form under acidic conditions and undergo enolization 
(eqs (2) and (3)). They follow push–pull or concerted 
mechanism. 
 

 (2) 
 

 (3) 

Thus, the enolization reaction is represented as 
 

  
(4)

 

Reaction mechanism 

In the present study, ‘the rate of enolization determined 
by the bromination method21 is greater than the rate of 
oxidation by a factor of 15–18. Hence, the step involving 
enol formation will not be the rate-determining step and 
the reaction may be visualized as proceeding via the enol-
form of the oxo acid’22. In view of the above observa-
tions, a mechanism is proposed for the Ce(III)-catalysed 
oxidation of 4-oxo acids by bromate in acid medium 
(scheme 1). 
 The mechanistic pathway involves the formation of the 
outer-sphere complex of Ce(III) with the enolic-form of the 
oxo acid (complex C1). This complex formation enhances 
the reactivity of C=C (ref. 23) and therefore, bromate  
attacks the C–C double bond of the substrate by concerted 
cis-1,3-cycloaddition and forms a five-membered cyclic 
bromate ester complex, C2. The same was observed in  
the bromate oxidation of cinnamic acids24 and in the  
pyridinium fluorochromate oxidation of 4-oxo acids3. The 
five-membered ring complex C2 further undergoes decom-
position involving C–C and O–Br bonds (in the rate-
determining step), resulting in the formation of benzoic  
 
 

 
Scheme 1.  
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acid and formyl acetic acid in the presence of H+ ion. 
During the reaction the oxidation state of Ce(III) remains 
unchanged. The formed products were further confirmed 
by comparing with the retention time (tr) of the authentic 
samples. Formyl acetic acid on further oxidation gives 
malonic acid and Br– ion as final products. This reaction 
proceeds through neighbouring group participation and 
also involves intramolecular catalysis. The proposed  
mechanism is also in accordance with the observed sto-
ichiometry. 

Rate law and its verification 

From the proposed mechanism (scheme 1), the rate law 
for the reaction was obtained. Rate in terms of bromate 
concentration can be expressed as in eq. (5). 
 

 
3

2

d BrO
Rate [complex C ][H ].

d
kd

t

−
+

⎡ ⎤− ⎣ ⎦= =  (5) 

 
On the basis of the equilibrium steps in scheme 1, eqs 
(6)–(8) can be obtained as follows 
 
 1 B e[Complex C ] [oxo acid][Ce(III)],K K=  (6) 
 
 2 T B e 3[Complex C ] [oxo acid][Ce(III)][BrO ].K K K −=  (7) 
 
Using eqs (5)–(7) we get eq. (8). 
 

 3
T B e

d[BrO ]
Rate  [oxo acid]

d
kd K K K

t

−−
= =  

 
    × 3[Ce(III)][BrO ][H ].− +  (8) 
 
Total concentration of bromate can be obtained by consi-
dering the complexed and uncomplexed forms of bromate 
which gives eq. (9). 
 
 T 3 2 ,[  ]Br(V)  [BrO ] [complex ]−= + C  
 
 T 3 T B eBr(V)  [BrO ]  [o[ x  c d] o a i ]K K K−= +  
 
      × 3[Ce(III)][BrO ],−  (9) 
 
 T 3 T B eBr(V)  [BrO ][1  [oxo aci[ ] d][Ce(III)]].K K K−= +  
 (10) 
 
Therefore 
 

 T
3

T B e

Br(V)
[BrO ] .

1  [oxo acid][Ce(I
]

]
[

II)K K K
− =

+
 (11)  

The rate law in terms of total bromate concentration can 
be given as eq. (12). 
 

 3d[BrO ]
Rate 

dt

−−
=  

 

   T B e T

T B e

[oxo acid][Ce(III)][Br(V)]
.

1  [oxo acid][Ce(III)]
kdK K K

K K K
=

+
 (12) 

 
The derived rate law (eq. (12)) is in accordance with the 
obtained experimental results, and adds evidence for the 
first-order dependence of rate on [acid] and [bromate] 
and fractional order in [oxo acid] and [Ce(III)]. The reac-
tion occurred smoothly in the presence of added sulphuric 
acid and did not occur in the absence of sulphuric acid. 
 Upon rearranging eq. (12), we get 
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When [acid] is 1.0 mol dm–3, eq. (14) changes to eq. (15). 
 

 
c T B e

1 1 1 .
d [oxo acid][Ce(III)]k k K K K kd

= +  (15) 

 
According to eq. (14), the plot of 1/kc versus 1/[H+] 
should be linear passing through the origin, other condi-
tions being constant. According to eq. (15), the plots of 
1/kc against 1/[oxo acid] (at constant [Ce(III)]) and 1/kc 
against 1/[Ce(III)] (at constant [oxo acid]) should be linear 
with a definite intercept on the 1/kc axis. The same was 
observed from the above plots, validating the proposed 
rate law and hence the proposed mechanism (scheme 1). 
The proposed mechanism is further supported by the sol-
vent influence on the reaction rate. The enhancement in 
the reaction rate by decrease in the polarity of the solvent 
(Table 1), suggests that the intermediate complex C2 is 
less polar than the reactants due to dispersal of charge 
and gets stabilized in comparison with the reactants. 

Linear free energy relationships 

By changing the substituents at para position on the phenyl 
moiety of 4-oxo acids, the effect of substituents was studied. 
The rate of reaction increased by the presence of electron-
donating substituents and decreased by the presence of 
electron-withdrawing substituents. The reactivity of the 
substituted 4-oxo acids at all the studied temperatures fol-
lowed the order: p-methoxy  p-methyl >–H > p-chloro 
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>m-nitro oxo acid. Linear free-energy relationship for the 
reaction was verified from the plot of log kc versus Ham-
mett’s sigma (σ), where a smooth concave downward 
curve was observed. The curvature is usually observed in 
the reactions when there is a change in the reaction me-
chanism, change in the rate-determining step and also 
when there is a change in the nature of transition state. 
However, the linearity of the Exner’s plot (Figure 4 a) 
suggests that these reactions follow a similar mechan-
ism25. Thus, the smooth curvature in the plot of log kc 
versus σ (Figure 5 a) is attributed due to change in nature 
of the transition state as we move from electron-releasing 
to electron-withdrawing substituents, i.e. electronic per-
turbation effect20. There is a direct conjugation between 
the substituent and the reaction centre, due to which 
Hammett’s sigma values are not applicable. Therefore, 
higher values of sigma, i.e. exalted Brown and Okamo-
to’s16 σ + values were used to fit all the points on the line. 
In the present study, this is observed, and the plot of 
 
 

 
 

Figure 6. Plot of log kd versus σ +. 
 

 

 
 

Figure 7. Plot of log ρ+ versus 1/T at different temperatures.

log kc versus σ + is linear at 303 K, with a slope value of  
–1.64. With increasing temperature, the reaction constant 
(ρ+) decreases (in magnitude). The negative value of the 
reaction constant (ρ+) and acceleration of reaction rate 
with electron-releasing substituents clearly show that the 
transition state approaches a carbocationic nature. The ρ+ 
value (–1.64 to –1.29) might be related to the nature of 
the measured rate constant (kc), which is a composite of 
various components such as enolization, complexation 
and oxidation. 
 The linear plot of log kd (kd values are obtained from 
the double reciprocal plots (Figures 1 and 2) versus σ + 

(Figure 6) rather than log kd versus σ provides further 
evidence for the electronic perturbation effect in the tran-
sition state. 

Isokinetic relationship 

The isokinetic temperature (β) was calculated from the 
slope of Exner’s plot (375.44 K). It was found to be higher 
than the reaction temperature, indicating that the reaction 
rate is governed by enthalpy of activation. The Hammett 
reaction constant (ρ+) decreases (in magnitude) with in-
crease in temperature, from –1.64 at 303 K to –1.29 at 
323 K. The Hammett lines intersect at a point corres-
ponding to an σ+

iso value of –1.34 and a kiso value of 
42.58 × 10–3 s–1. An oxo acid with a substituent having 
this σ + value will be oxidized by bromate with the same 
rate at all temperatures. Such insensitivity of the reaction 
rate to temperature is an indication of the existence of 
isokinetic relationship20. 
 A reacting system that has a common point of intersec-
tion in the Hammett plot is expected to have a common 
point of intersection in the Arrhenius plot as well26. From 
the plots of ΔH‡ against ΔS‡, and ρ+ against 1/T (Figure 
7), the Tiso value was found to be 384.16 K, which is in 
accordance with that obtained (382.44 K) from the slope 
of the Exner’s plot (Figure 4 b). Anti-compensation effect 
was not observed, even though the rate constant is a  
composite of all the steps. 

Conclusion 

In the present study, Ce(III)-catalysed bromate oxidation 
of substituted 4-oxo-4-phenylbutanoic acids in the pres-
ence of bromo-complexing metal ion proceeded through a 
cyclic complex, which resulted in cleavage of the carbon–
carbon bond, yielding benzoic acid (92–96.6%). From the 
Hammett plot, the reaction constant (ρ) is negative and 
decreases with increase in temperature. Electron donors 
enhanced the rate of reaction, while electron acceptors 
decreased the rate. The reaction centre was found to be 
carbocationic in nature. Isokinetic temperature was deter-
mined from Hammett and Arrhenius plots. To conclude, 
Ce(III) acts as an efficient catalyst in the oxidation of  
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4-oxo acids by bromate in acid medium. This reaction is 
an example of the neighbouring group participation and 
intramolecular catalysis in the oxidation of 4-oxo-4-
arylbutanoic acids. 
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