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Mechanism of the Oxidation of Some Substituted 
Acetophenones by N-Bromosuccinimide in Acidic Media 
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The kinetics of' the reaction of three substituted aeetophenones with N-TBromo- 
succinimide was studied in perch!uric acid media in presence of mercuric 
acetate. The reactions were tbund to be zero order with respect, to NBS while 
the order with respect to ketches and [H +] was found to be unity. The addition 
of suceinimide mercuric acetate and sodium perchlorate has no effect on the 
rate of oxidation and the rate increases with the decrease in dielectric constant 
of the medium. Kinetic investigations have revealed that the order of reactivity 
is m-nitroaeetophenone > p-ehloroaeetophenone > p-methylaeetophenone. The 
Arrhenius equation has been found to be valid in the temperature range 35 55 ~ 
Thermodynamic parameters have been calculated. Mechanistic pathways of 
the reactions are discussed and a rate equation is derived. Hammett's plot gives 
a p value of § 0.60 for methyl-aryl ketones. 

Keyword~: Hammet para.meter; Kinetics; Mechani.s'm; Thermodynamic 
parameterQ 

Mechaniamu~ der Oxidation einig,r sub.stit~ierter Acetophenone mit N-Bruin- 
succinirnid in saure~r~ Mediu~z 

Die Kinetik der Rea.ktion yon drei substituierten Acetophenonen mit 
Bromsuecinimid in Perehlorsgure in Gegenwart von Quecksilberacetat wurde 
untersucht. Die Rea.ktion war von nullter Ordnung gegenflher NB8, erster 
Ordnung gegen~lber den Ketonen und [H*]. M6gliche Mechanismen der 
geaktion werden diskutiert und auch eine Geschwindigkeitsgleichung wird 
abgeleitet. Es wurden die thermodynamischen Parameter der Reaktion be- 
stimmt und aueh ein Haznmet'seher 9-Weft (+ 0,6) for die Oxidation der 
Methylarylketone ermittelt. 

Introduction 

Oxida t ive  inves t iga t ions  invo lv ing  aee tophenone,  subs t i t u t ed  
aeet.ophenones and  var ious  oxidising agent, s have  been a subjec t  of 
several recent  k inet ic  s tudies  1-5. N-Bromosuce in imide  is a po ten t  
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oxidising agen t  and  has been used in the de t e rmina t ion  of several 
organic compounds<  v. 

Some inves t iga t ions  invo lv ing  N B S  oxidat ion of esters s and  al 
eohols9,10 are repor ted  in the l i tera ture .  I n  con t inua t i on  of our earlier 

work on the kinet ics  of oxida t ion  of al iphat id I1 and  cyclic ketones  12 and  
-amino acids TM 1~ using N B S  as an  oxidant ,  we repor t  in this paper  the 

ox ida t ion  of p - m e t h y l a e e t o p h e n o n e  (1), p -eh loroaee tophenone  (2) and  
rn -n i t roace tophenone  (3) with N B S  in acidic media. 

Experimental 

Koch-Light (England) samples of 1 and 2, Fluka A.G. sample of 3 and 
G. R. S. Merck sample of N B S  were used. Suceinimide and mercuric acetate used 
were of H & W (England) and E. Merck grade respectively. Sodium perehlorate 
freshly and its strength was checked by iodometrie method. Ketones 1 and 2 
were prepared in 50~o A. R., B. D. H. methanol and ketone 3 was prepared in 
50~ A. R., B. D. H, methanol and 5~  acetic add. Triple distilled water was 
used throughout the course of investigations and reaction stills were blackened 
from outside. 

All reactants except ketone were allowed to mix and the reaction was 
initiated by adding appropriate amount of ketone. The progress of the reaction 
was followed by estimating unconsumed N B S  iodometrieally using starch as 
indicator. Rate studies were carried out at constant temperature (__+ 0.1~ 

Results 

Several  sets of exper iments  with v~ry ing  rat ios of N B S  over ke tone  
were carried out. The exeess of N B S  left in each set was es t imated.  

These s tudies  showed that, one mole of ke tone  consumes two moles of 

Table 1. Effect of reactants concentration on the reaction rate. [HCI04] = 0.16 M, 
[Hg(OAc)2] = 2.0 x 10-aM 

103[NBS] l0 s [Ketone] k o" 107 tool 1 i s-~ 
M M 1 2 3 

40 o 45 ~ 40 ~ 45 ~ 40 ~ 45 ~ 

0.8 1.0 3.83 5.87 6.83 9.50 12.50 17.33 
1.0 1.0 4.00 6.23 7.00 9.73 12 .83  17.84 
1.2 1.0 4.10 6.00 7.17 9.83 13.00 18.00 
1.4 1.0 4.33 6.33 7.00 1O.00 13.00 18.00 
1.6 1.0 4.50 6.50 7.33 9.67 13 .16  18.17 
1.0 0.6 2.50 3.50 453 5.67 7.82 10.83 
1.0 1.4 5.67 8.37 10.00 13 .67  18.00 24.66 
1.0 1.8 7.66 11.53 1 2 . 3 3  17.00 22.67 32.00 
1.0 2.2 9.33 14.00 1 5 . 1 7  21.66 27.66 39.00 
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NBS accord ing  to the  s to i eh iome t r i e  e q u a t i o n  (1); R represen t s  
p-CH:?--C6H4-, p -CI - -C6H 4- and rn-NOy--C6H4- for 1, 2 and 3 respec-  
t ive ly .  The  o b t a i n e d  pheny l  g lyoxa l s  were t e s t ed  by  a conven t iona l  
m e t h o d  15. 

(Ctt~CO)yNBr + RCOCH 3 + HpO = 2 (CHyCO)yNH + RCOCHO + 2 HBr (t) 

The  ox ida t i on  of ke tones  b y  NBS was s tud ied  over  a wide range  of 
concen t r a t i ons  of the  r e a c t a n t s  a t  c o n s t a n t  h y d r o g e n  ion concen t r a t i on  

~o ., \ \ - . <  J 

""--2 

ty 

T/hnc /)7 mhz/IE3 

Fig. 1. Zero order rate plots at 40 .  [NBS] = 1.0 x 10-aM, [HCI04] = 0.16M, 
[Hg(OAc)2] = 2.0 x 10-aM, [p-Me-PhCOMe] = 0.6, 1.0, 1.4, 1.8 and 

2,2 • 10-YM in 1, 2, 3, 4 and 5 respectively 

(Table  1). The  ra te  of the  r eac t ion  was found  to be i n d e p e n d e n t  of in i t ia l  
NBS concen t ra t ion .  A p r o p o r t i o n a l  increase  in the  zero order  ra te  
c o n s t a n t  in :_VBS was obse rved  with  t he  increase  in in i t ia l  concent ra -  
t ions  of  ke tone  (Fig.  1 for p m e t h y l a e e t o p h e n o n e ) .  The  ave rage  va lues  
of the  f i rs t  o rder  r a t e  cons t an t s  ca l cu l a t ed  as /c~' = ~o/ [ke tone]  were 
found  as 4.15, 6.16 ; 7.02, 9.65 ; 12.78, 17.80 x 10 -5 s ~ a t  40 ~ 45 ~ for 1, 2 
and  3 respec t ive ly .  

A s t rong  dependence  of the  r a t e  to  the  h y d r o g e n  ion concen t r a t i on  
was obse rved  (Fig. 2 for p - m e t h y l a e e t o p h e n o n e ) .  An  increase  in hydro -  
gen ion concen t r a t i on  increased  the  zero order  r a t e  c o n s t a n t  in NBS 
a lmos t  l inea r ly  (Tab le2)  and  the  ave rage  va lues  of  f i rs t  o rder  r a t e  
cons t an t s  ca l cu la t ed  as/c 1' =/Co/[HCI04] were  found  as 2.59, 3.85 ; 4.40, 
6.03; 8.0, 10.93 x 10 -6 s-~ at  40 ~ 45 ~ for 1, 2 and  3 respec t ive ly .  



1 t38  S . P .  M u s h r a n  et al. : 

~ 5  
IO 

_ _  I r J _ _  l 

s  //o yo Bo 
72~e/2z/w/~z//e'a 

F ig .  2. Zero  o rde r  r a t e  p l o t s  a t  40 ~ . [NBS] = 1 . 0 x  10 3M;  [_p-Me- 
PhCOMe] = 1.0 x 10 -2M ;  [Hg(OAc)2  ] = 2.0 x 10 -3M;  [HC104]  = 1.2, 1.6, 2.0, 

2.4 a n d  2.8 • 10 1M in l; 2, 3, 4 a n d  5 r e s p e c t i v e l y  

T a b l e  2. ~fect  of hydfogen ion concentration an the reaction rate 
[NBS] = 1.0 x 10 3M ,  [ K e t o n e ]  = 1.0 x t 0 - 2 M ,  [Hg(OAc)2  ] = 2.0 x 1@ 3 

[I-IC]04] ]c o �9 107 tool 1 - I  s -1 
M 1 2 

40 ~ 45 ~ 40 ~ 45 ~ 
3 

40 ~ 45 ~ 

0.12 3.03 4.67 5.50 7.33 9.83 13.33 
0.16 4.00 6.23 7.00 9.73 12.83 17.84 
0.20 5.00 7.50 8.83 12.17 16.83 22.32 
0.24 6.33 9.50 10.33 14.67 18.82 24.50 
0.28 7.50 l l . 0 0  12.00 16.66 21.70 30.83 

T a b l e  3, Second order rate constants for oxidation of ]cetones' with ArBS at 10 ~ 
[.hTBS] = 1.0-~ 10 3M ,  [ K e t o n e ]  = 1.0 x 10 -2M,  [ H C I 0 4 ]  = 0 . 1 6 M ,  

[Hg(OAc)2 ]  = 2.0 x 10 a M  

S u b s t r a t e  k~" 104 tool -11 s - I  

p - m e t h y l a c e t o p h e n o n e  
p - c h l o r o a c e t o p h e n o n e  
m - n i t r o a c e t o p h e n o n e  

2.50 
4.38 
8.02 
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The overall second order ra te  cons tants  k2 calculated as 
k~ = I%/ '[HCIQ] [ke tone]  are compiled in Table  3. 

The reac t iv i ty  order  m m i t r o a c e t o p h e n o n e > p - c h l o r o a c e t o p h e -  
none > p -me thy lace tophenone  indicates t h a t  electron wi thdrawing  
groups  in benzene ring facil i tate the oxidat ion  and electron releasing 
groups re ta rd  the process. The  electron wi thdrawing  groups increase 
the relat ive s tabi l i ty  of the enol form and hence the  higher react ivi ty .  

Sodium perchlorat,e, mercuric aceta te  and suceinimide var ia t ions  
had negligible effect on the ra te  of  the react ion while methanol  addit ion 
had a posit ive effect (Table4).  

Table 4. Effect of methanol on the ~'eaction rate at 40 ~ 
[NBs = 1.0 • 10-~M~ [Ketone] = 1.0 • 10-2M, 

[HCI04] = 0.16M, [Hg(OAc)~] = 2.0 • 10-aM 

[Methanol] k o �9 107 tool 1 i s i 

0 4.00 7.00 12.83 
10 4.50 7.52 13.37 
20 4.93 7.98 14.07 
30 5.33 8.49 14.69 
40 5.80 9.05 15.34 

The rate  s tudy  measurements  carried out  at  five different tempera-  
tures (35 55 ~ ) gave  values for the energy of ac t iva t ion  (AE*)~ 
f requency  factor  (A), en t ropy  of ac t iva t ion  (A S +) and heat  of act iva-  
tion (AH +) as 17.3, 15.3, l l . 9 k e a l m o l - l ;  2.5 x 10 s , 1.7 x 10 v, 
1 .0x  1051mol-ls-~;  - - 2 1 . 2 ,  - - 2 6 . 7 ,  - - 3 6 . 8  e.u.; 16.6, 14.6i 
l l . 3kca lmo1-1  for 1, 2 and 3 respectively.  

Fu r the r  the values of T A S + (kcal tool - i)  were p lo t ted  against  the 
corresponding k H + values in order to test  the val idi ty  of  the com- 
pensat ion effect which is usually observed in pr0cesses within a 
homologous  series. I t  is found  tha t  the points  corresponding to various 
subs t i tu ten t s  lie on a linear plot  of app rox ima te ly  uni t  slope. 

Discussion 

~\;BS is known  to exist in three different  forms v iz . .NBS itself, Br~ 
or N B S H  in acidic media. 

NBS reacts  with H B r  with the fo rmat ion  of Bt~ as tbllows : 

N B S  + H B r  -~ Sueeinimide + Br 2 (2) 

Mercuric aceta te  acts  as a scavenger  for any  bromide ion 16 (Br-)  



1140 S.P. Mushran el al. : 

formed in the reaction and exists as HgBr42- or unionized HgBrz and 
thus ensuring that  oxidation takes place purely through N B S .  

Ketones enolise in acidic media [Eq. (3)3, A representing the 
ketone, A' the conjugate acid and A" its enolie form. 

R R R 
I I I 

CH~--C=O + H+~-~CH3--C--OH.~CH2 = C - - 0 H  + H * 
+ 

A A' A" 

(3) 

% 

rl 
~28 

- ~  r 

Fig. 3. Plot of log k 2 versus Hammet t  substituent constants at 40 ~ 
�9 rn = nitroaeetophenone; • p-chloroacetophenone; A p-methylacetophenone 

I t  has been established through kinetic investigation that  the order 
in N B S  is zero and taking into consideration Li t t l e r  and W a t e r s  iv 

contention that  in such cases the enolisation step will be slow and rate + 
determining, three schemes involving Br+, N B S  and N B S H  were 
formulated. I t  was concluded that  the scheme involving N B S  as 

oxidising species satisfied the observed kinetic data and the other two 
schemes involving bromonium ion and protonated N B S  as oxidising 
species were ruled out as they were found to be very unlikely. The 
mechanistic model for N B S  oxidation may be represented as follows. 

A + H + ~- A' (fast) (4) 
/c_ 1 
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In2 
A'---, A"  + H-  (slow; rate determining) 

114l 

(5) 

k3 
A" + N B S  ~ X (fast; intermediate species) (6) 

k4 
X + NP,  S -~ Products  (Ihst) (7) 

Applying steady state t rea tment  to the intermediates A', A"  and X we 
get the rate  taw: 

d 2tq Ic.~ 
- - - -  [ X B S ]  - [:43 [ H I  (8) 

d t  /c~ 1 @ k  2 

The rate law equation (8) fully satisfies the kinetic results. 
N B S  oxidation of ketones in acidic media thus involves the 

enoIisation of conjugate acid of ketone A '  as the slow and rate 
determining step %llowed by rapid a t tack  of ~\:[~S molecule on A"  

tbrming an intermediate which is subsequently destroyed by another  
molecule of N B S  in a fast  step yielding products. 

Employing  the appropr ia te  values of the Haryzmetl subst i tuent  
eonstantsI8: viz. 0.17, + 0.73, + 0.71 for p-CH a, p-Ct and *n-NO2 
groups respectively, an a t t e m p t  was made to correlate the s tructure 
and react ivi ty  for the subst i tuted acetophenones investigated. A plot of 
log k:2 versus ~ is linear (Fig. 3) with a positive slope giving a ,z value of 
+ 0.60 in the H a m m e t t  equation and establishing tha t  electron with- 
drawing groups accelerate the reaction whereas the rate is appreciably 
retarded by  electron donating groups like the methyl  group. 

The authors are thankful to University Grants Commission, New Delhi for 
providing financial assistance to L J P  and KS, 
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