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Kinetics and Mechanism of Oxidation of Acetanilide 
by Quinquevalent Vanadium in Acid Medium 
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Summary. The kinetics of the oxidation of acetanilide with vanadium(V) in sulphuric acid medium 
at constant ionic strength has been studied. The reaction is first order with oxidant. The order of 
reaction in acetanilide varies from one to zero. The reaction follows an acid catalyzed independent 
path, exhibiting square dependence in H +. A Bunnett plot indicates that the water acts as a nucleophile. 
The thermodynamic parameters have been computed. A probable reaction mechanism and rate law 
consistent with these data are given. 
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Kinetik und Mechanismus der Oxydation yon Acetanilid mit fiinfwertigem Vanadium in saurem Medium 

Zusammenfassung. Es wurden kinetische Untersuchungen der Oxydation yon Acetanilid mit Vana- 
dium(V) in schwefelsaurem Medium bei konstanter Ionenst/irke durchgeffihrt. Gegenfiber dem Oxi- 
dans ist die Reaktion erster Ordnung, die Reaktionsordnung gegenfiber Acetanilid variiert zwischen 
1 und 0. Die Reaktion folgt einem yon der S~;urekatalyse unabh/ingigen Weg, wobei die Abh/ingigkeit 
von H + quadratisch ist. Ein Bunnett-Plot zeigt, dab das Wasser als Nucleophil wirkt, Die thermo- 
dynamischen Parameter wurden berechnet. Ein m6glicher Reaktionsmechanismus und ein Ge- 
schwindigkeitsnctz, das mit diesen Daten in Einklang ist, wird angegeben. 

Introduction 

Anil ides  are the N - p h e n y l  der iva t ives  o f  amide  o f  e i ther  a l ipha t ic  or  a r o m a t i c  acids. 

The  l i te ra ture  su rvey  reveals  tha t  the ox ida t ion  o f  acetani l ide,  an  i m P o r t a n t  me-  
dicinal  c o m p o u n d ,  has  been  very  little s tudied b o t h  quan t i t a t ive ly  and  kinetically.  

In  this r epor t ,  kinet ics  a n d  m e c h a n i s m  o f  ox ida t ion  o f  acetani l ide  by  v a n a d i u m ( V )  
in su lphur ic  acid m e d i u m  have  been  discussed.  

Experimental  

A solution of acetanilide (S. M.) was prepared by dissolving in the predetermined amount of glacial 
acetic acid (B. D. H.). The oxidant solution was prepared by dissolving ammonium meta vanadate 
(Reidal) in sulphuric acid. The precise concentration of the resulting solution was estimated by usual 
methods. All the other chemicals used were of standard grade. 
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The kinetic measurements were made at constant ionic strength by adding either sodium sulphate 
or sodium perchlorate. The mixture was allowed to equilibrate at the required temperature (30 4- 0.1 °). 
Kinetics of the reaction were monitored by estimating unconsumed vanadium(V) against standard 
ferrous ammonium sulphate solution using N-phenyl anthranilic acid as an indicator. 

The stoichiometric investigations revealed that 1 mol of acetanilide reacts with 4 tool of vana- 
dium(V) yielding p-benzoquinone as a product and it also produces ammonia and acetic acid. The 
oxidation reaction may thus be represented as shown below: 

CsH9ON + 4V(V) + 3 H20 ~ C6H402 + 4V(IV) + 4H + + N H  3 + CH3COOH. 

Results and Discussion 

The dependence of rate on the concentration of  the oxidant was studied by varying 
the initial concentration of the vanadium(V) at constant ionic strength. It has been 
observed that for all the concentrations of vanadium(V) the initial ( ~  15%) reaction 
is very fast and the remaining reaction follows first order kinetics. The average 
constant values of  the pseudo first order rate constant at different initial concen- 
trations of the oxidant were found to decrease with increase in the concentration 
of  vanadium(V) in acetanilide (Table 1). Therefore, it is concluded that the con- 
centration order of the reaction is one. The equifractional change method also 
confirms the first order dependence on vanadium(V). In the differential method 
the slope value of the linear plot of  log d c/d t vs. log C was obtained as 0.70 (Fig. 1). 
Hence, the time order obtained for acetanilide is less than the concentration order 
which indicates that the reaction is autocatalyzed [1]. 

An increase in [Acetanilide] increased the reaction rate (Table 2) at constant 
[Vanadium(V)] and tended to attain a limiting value indicating complex kinetics. 
The plot of  kl vs. [Acetanilide 3 showed a deviation from a straight line behavior 
at higher concentrations of  acetanilide, suggesting that the order in substrate varies 
from unity to zero (Fig. 2). 

Such fractional dependence on the substrate has also been reported for the 
oxidation of acetanilide and substituted acetanilide by HC104-phenyl iodosyl acetate 
system [2]. This dependence of rate on [Acetanilide] makes the formation of  an 
intermediate complex likely, prior to the rate limiting step. This presumption was 
also confirmed by the linearity and positive intercept on the double reciprocal plot 
of  k 1 vs. [-Acetanilide]. 

Table 1. Effect of varying [Vanadium(V)] on 
reaction rate: [Acetanilide] = 2.50.10-2M; 
[H2SO4] = 5.0M; HAc-H20 = 10% (v/v); 
Is = 5.01M; temperature = 30°C 

[Vanadium(V)] (103 M) l0 s kl (rain- 1) 

1.25 11.53 
2.00 11.21 
2.50 10.07 
3.33 9.76 
5.00 8.69 
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Fig. 1. Plot of log de/dr vs. log C. [Acetanilide] = 2.50.10-2M; [ H 2 8 0 4 ]  = 5.0M; HAc-H20 
= 10% (v/v); ~t = 5.01M; temperature = 30°C 

Table 2. Effect of varying [Acetanilide] on reaction rate: [Vana- 
dium(V)] = 2.50.10 -3 M; [H2SO4] = 5.0 M; HAc-  H20 = 10% 
(v/v); g = 5.01M; temperature = 30°C 

[Acetanilide] (102 M) 103 k 1 (min- I) k 2 (1 mol- 1 min- 1) 

1.00 4.06 4.06 
1.25 5.25 4.20 
2.00 8.28 4.14 
2.50 10.07 4.02 
3.33 13.46 4.04 
5.00 17.94 3.58 

In the case of  acetanilide, the plot of  kl vs. [H + ]2 was a straight line passing 
through the origin, suggesting that the reaction involves an acid catalyzed inde- 
pendent  path. Also, the rate was directly proport ional  to the square of  the con- 
centration of  sulphuric acid. Zucker -Hammet t  plots [3] i.e. log kl vs. - H 0  and 
log kl vs. log [acid] were linear with a slope less than unity. 

In an at tempt to correlate the rate with acid concentration, Bunnett 's hypothesis, 
in addition to the Hammet t  acidity function, was tested. Bunnett  found t,hat plots 
of  (log kl + H0) vs. log aH2o (where H0 is the Hammet t  activity function and 
amo is the activity of  water in a given solvent mixture) are generally linear. The 
slopes of  the linear plots obtained are certainly useful in providing a method of  
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Fig.  2. P lo t  o f  kl vs, [Ace tan i l ide] .  IV(V)]  = 

2 . 5 0 . 1 0 - 3 M ;  [H2SO4] = 5 . 0 M ;  la = 5 . 0 1 M ;  

H A c - H 2 0  = 10% (v/v); t e m p e r a t u r e  = 30°C 
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log amo .  [V(V) ]  = 2 . 5 0 '  10 - 3  M ;  
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empirical classification of acid catalyzed reactions. According to Bunnett [4] the 
slopes of the linear plots of (log kl + H0) vs. log aH2o defines a parameter "w". 
The w values of - 2 .5  to zero indicate non-participation of water molecules in the 
transition state. The values between + 1.2 to + 3.3 indicate that water acts as a 
nucleophile and the values greater than + 3.3 indicate that water acts as a proton 
abstracting agent. 

In the present investigation, the Bunnett plot has been found to be linear (Fig. 3). 
The w value (+ 1.66 in sulphuric acid) indicates that during the course of the 
reaction water acts as a nucleophile in the rate controlling step. 

The value of the pseudo first order rate constant is not effected by an addition 
of sodium bisulphate, suggesting that the active species of vanadium(V) does not 
involve the bisulphate ion. The addition of NaC104 and Na2SO 4 shows a negligible 
increase in the value of the rate constant. The effect of variation of the acetic 
ac id -wa te r  ratio was examined and it was found that the values of kl increase 
with the decrease in dielectric constant (D) of the medium. A positive slope from 
the linear plot of log k I vs. 1/D and the results of salt effects indicate that the 
reaction is of an ion-dipole type. 

The temperature dependence of the reaction was studied at four different tem- 
peratures (30 °, 35 °, 40 °, 45°C). The plot of log k 1 v s .  1/T for different [Acetanilide], 
was found to be straight lines showing that the reaction obeys an Arrhenius tem- 
perature dependence. The values of E, A, and AS*  are 86.174-5.7kJmo1-1, 
5.55 + 0.9" 101°s - 1 and - 39.57 + 0.3 e.u. respectively. 

An induced polymerization of acrylonitrile took place within a short interval 
of time when it was added to the reaction mixture. This indicates that free radicals 
are formed during the course of the reaction as a result of one electron transfer. 

Pentavalent vanadium, a metal cation oxidant, is amphoteric and exists only 
in cationic form in solution of acidity greater than 0.5 M [5], 

VO3- + 2 H + ~ VO + + H20. 

The cationic vanadium(V) species can change its form depending on the acid 
type and concentration range. This VO2 + species has been described as V(OH) + 
[61 in accordance with the tetrahedral structure of vanadium compounds [7]. The 
participation of the active species [VO2(H2804)2] + in the reaction in presence of 
sulphuric acid has been established [8]. The nitrogen atom and the carbonyl oxygen 
of the acetanilide molecule coordinate with electrophilic vanadium(V) species yield- 
ing an electron deficient complex, which in the rate determining step suffers nu- 
cleophilic attack of water molecules leading to the formation of a free radical 
intermediate. These free radicals then undergo hydrolytic fission in a fast step and 
give anilinium free radicals. In the light of these evidences, the following probable 
mechanism is being proposed: 

KI 

V(OH)4 + or [VO2(H20)2] + + 2 HzSO 4 ~ [VOz(H2804)2] + + 2 H20, (1) 

x2 
[gOz(H2SOz02 ] + -k- C6HsNHCOCH3 ~ complex +, (2) 

k 

complex + + H20 ~ C6Hs]~ICOCH3 + [VO2(HzSO4)2] + H30+,  (3) 
slow 

fast 

C6HsN-COCH3 + H20 ~ C6HslqH + HOAc. (4) 
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p-Benzoquinone was identified as the product of oxidation. Its formation from 
the anilinium free radical (C6HslqH) can be explained as follows: 

f a s t  

C 6 H s l q H  + V(V)  ~ C 6 H s ~ I H  + V ( I V )  (5) 

+ 

C6HsNH 

NH O O 

+ 
O 

H 2 0 ~  ~ p-benzoquinol 

H OH 

2 v(v) 
p-benzoquinone. 

fast 

The mechanism leads to the rate law: 

k K 1 K 2 [Acetanilide] [H2804] 2 

k°bs = 1 + K 1 [H2SO4]  2 + K 1/£2 [Acetanilide] [H2SO4]  2 " (6) 

According to Wells and Kuritsyn [9] the equilibrium constant for the formation 
of V(OH)3 2 + is very much less than one and so K1 may also be assumed to be less 
than one and thus Eq. (6) becomes 

k/£1 K2 [Acetanilide] [H2SO4]  2 
kob s = 1 + K1/£2 [Acetanilide] [H2SO4] 2 " 

The above mechanism is compatible with all experimental results. 
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