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Amines I 

A b s t r a c t  

Recent  work on the inhibition of autoxidation 
by aromat ic  amines is reviewed. The rate con- 
troll ing step for  the inhibition process is abstrac- 
tion of the amino hydrogen by a peroxy radical. 
The ra te  of this reaction is increased by electron 
donat ing substituents at tached to the aromatic  
ring. Nitroxide radicals may  be produced in the 
reaction of peroxy radicals with secondary amino 
radicals. The efficiency of nitroxide format ion is 
greater  for t e r t i a ry  than  for  secondary peroxy 
radicals because, in the lat ter  case, the caged 
nitroxide and alkoxy radical  may disproport ionate 
to give a hydroxylamine and a carbonyl com- 
pound. P r i m a r y  aromatic  amines do not give 
nitroxides, presumably  because the peroxy radical- 
amino radical  reaction gives an alcohol and a 
nitroso aromatic. The te r t ia ry  amine, N,N,N' ,N ' -  
te t ramethyl-p-phenylcnediamine is shown to be a 
catalyst  of autoxidation ra ther  than an inhibitor, 
as has been previously reported. The products  
of the N-phenyl-2-naphthylamine-peroxy radical 
reaction have been identified. 

The autoxidation of most organic substratcs is a 
free radical  chain process. The overall rate of oxida- 
tion depends on the rate of chain initiation, chain 
propagat ion  and chain termination. The rate can 
generally be reduced or the length of the induction 
period increased by the addition of relat ively low 
concentrations of compounds which contain certain 
specific functional  groups. These compounds are 
called antioxidants.  

Among the most widely used antioxidants  are 
aromatic  amines. These compounds fall  into the group 
of antioxidants  which reduce the rate of oxidation by 
in ter fer ing with the normal  propagat ion  process by 
reacting with the free radicals that  car ry  the chain. 
Under  ideal conditions the overall process can be 
represented by the following reaction scheme (1,2) 

Initiator --> R' [1] 
R' + O~ --> ROO" [~] 
RO0' + RH -> ROOH + R" [3] 

\ \ 
RO0"+ NH ->ROOH+ N' [4] 

ROO" + N" ~ Nonradieal products [5] 
/ 

\ 
N H  

/ 
R H  represents  the substrate being oxidized and 

the amine antioxidant.  The rate  of oxidation, 
- -d [O2] /d t ,  is proport ional  to the substrate concen- 
tration, to the rate of Chain initiation, Ri, and is 

X 
inversely proport ional  to [ N H ] .  Tha t  is - d [ O ~ ] /  

/ 
N 

dt = k 2 [ R H ] R i / k 4 [  N H ] .  
/ 

By  deuterat ing the amino hydrogen in several dif- 
ferent  amines we have shown tha t  Reaction 4 has a 
deuter ium isotope effect, ku/kD ~ 3  at  65 C (1,2), that  
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is, peroxy radicals abstract  an amino hydrogen three 
times as readily as they will abstract  a deuter ium 
f rom the same amine. This result  provided one of the 
first positive pieces of evidence tha t  the rate  deter- 
mining inhibition process with amines involved ab- 
straction of the amino hydrogen and thus provided 
more rat ional  grounds for  a search for bet ter  amine 
antioxidants.  

Of major  importance to any  unders tanding  of the 
inhibition reaction is the effect on the rate of Reaction 
4 of subst i tuent  groups added to the aromatic  r ing 
of the amine. Now within reaction series o f  meta- 
and para- substi tuted side chain derivatives of ben- 
zene the effect of s t ructure  on rates and equilibria 
is near ly  always determined by  a single basic factor,  
the polar  effect of the substituent.  The result  of this 
simplification is the most general relationship known 
for  correlat ing the effect of substi tuents on rates and 
equilibria, namely the H a m m e t t  equation, 

log (k/ko) =p~ 

In  this expression ko refers  to the  unsubst i tu ted ben- 
zene derivative and k to the subst i tuted derivat ive;  
is a subst i tuent  constant which is independent  of the 
nature  of the reaction. I t  gives a quant i ta t ive measure 
of the polar  effect of a par t i cu la r  meta or para 
substi tuent  relative to a hydrogen atom. p is a pro- 
port ional i ty  constant which is dependent  on the nature  
of the reaction. 

For  many  reactions involving electrophilie aromatic  
substitution and side chain reactions the t t a m m e t t  
equation is not applicable to s trongly electron dona- 
t ing groups such as a para-methoxy group. I n  these 
cases, it is common to use Brown's  electrophilic 
substi tuent  constants. 

log (k/ko) = per + 

We have obtained an excellent correlation with 
a+ for  the rate constants for  inhibition by  ring- 
substi tuted diphenylamines and N-methyl  anilines (2) 
(Fig. 1). The rate  constants for  the a t tack of a 
peroxy radical  on the amino hydrogen va ry  over three 
or four  orders of magni tude  but  the individual  values 
are well correlated by the a + constants of the sub- 
stituents. The fact  tha t  the rate constants are cor- 
related by  ~+ indicates that  there is considerable 
charge separat ion in the transi t ion state. That  is, 
the dipolar s t ructure  

109 

x..~---~ 8+8'- 
( ~ ) x  -~. H"OOR 

contributes significantly to the transit ion state. This 
s t ructure  is facil i tated by  a group X which is electron 
releasing and is hindered by  a group which is electron 
at tract ing.  

Inhibi t ion by  amines is more complicated than  
inhibition by  phenols because of the f requent  forma-  
tion of stable nitroxide radicals in the reaction be- 
tween the amino radical  and a peroxy radical. 

N 
ROO" + N" ~ l~onradical products [5] 

( \ 
RO0"+ N - + R O . +  NO" [ba] 

/ / 
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FIG. 1. loglo k~ versus ~ + for  subs t i tu ted  diphenylamines  ( [ ] )  

and subst i tu ted N-methylani l ines  ( O ) .  The individual  points  
r e fe r  to : 1. 4 ,4 ' -Dimethoxydiphenylamine ; 2. N,N'-Diphenyl-p-  
phenylenediamine ; 3. 4-Methoxydiphenylamine ; 4. 4,4 - 
Dimethyld iphenylamine;  5. Diphenylamine;  6. 3-Chlorodiphenyl- 
amine ; 7. 4-Nit rodiphenylamine ; 8. 4 ,u  ; 
9. N,N,N' -Tr imethyl -p-phenylenediamine;  10. N,N'-Dimethyl-p-  
pheny]enediamine ; 11. 4-Methyl-N-methylani l ine ; 12. 3-Methyl- 
N-methylani l ine;  13. N-Methylani l ine  ; 14. 4-Carbomethoxy-N- 
methylanil ine.  

We have recently studied Reaction 5a in some detail 
b y  electron spin resonance spectroscopy (3,4). To 
our surprise we found that  p r imary  and secondary 
peroxy radicals were considerably less efficient than 
ter t iary  peroxy radicals at converting any par t icular  
amine to its nitroxide. We believe that  this is due 
to disproportionation of the caged alkoxy radical  and 
nitroxide radical to give a carbonyl compound and 
a hydroxylamine. 

R' 
RC=O + HONPh z 

R' R' ','-R" . . . . . . . .  ;/2f 
RCOO'H + "NPh2"-~ RCOONPh2"-* I I  ,__H_RCO" . . . . . . . .  + "ONPh2_,ll ~ R' 

RCO" + ()NPh 2 cage H 

Hydrogen atom transfer  of this kind is not possible 
for  a te r t ia ry  peroxy radical and te r t ia ry  peroxy 
radicals are therefore more efficient in forming 
nitroxides than pr imary  or secondary peroxy radicals. 

The rates of formation of nitroxides by the oxida- 
tion of a number of different amines with t-butyl- 
peroxy radicals under  s tandard conditions were also 
measured (4). Several interesting results were ob- 
tained. Nitroxides are not formed from pr imary  
amines. This is presumably because the amino radical 
is oxidized to a nitroso compound and the peroxy 
radical is reduced to an alcohol: 

,----~ --,, 
R00" + ArCH-*',_R_O_0_N_A_U --R0H + ArN0 

cage 

Nitro~ides are not formed from ter t iary  amines either, 
because these compounds, not having an amino by- 

TABLE I 

~Iaximum 
Efficiency nitroxlde 

of conc. 
Amine nltroxlde ( under std. 

formation conditions) 
(4) 

0.00 

tt ~ N ~  CH 3 - -o .1  s x lO- .  

~ _ _  H _ ~  0.015 4X10 -e 

o 

G - " - - O - . " - O  0 0 

drogen, do not give an amino radical on reaction with 
peroxy radicals. Secondary amines exhibit the most 
interesting behavior. Some of our results are sum- 
marized in Table I. The "efficiency of nitroxide forma- 
tion" from the amine would be 1.0 if every amine 
radical was oxidized to nitroxide and every alkoxy 
radical produced in Reaction 5a regenerated a peroxy 
radical. Diphenylamines are very efficiently converted 
to nitroxides. The maximum concentration of ni- 
troxide which builds up during a reaction can become 
quite large because diphenylnitroxide radicals are 
relatively unreactive. The efficiencies of conversion 
of N-methylanilines to nitroxides are also fair ly large, 
but  these nitroxide radicals are very  reactive and only 
small concentrations build up in the reactions. In  
contrast to diphenylamines, only a small proport ion 
of N-phenylnaphylamines are converted to nitroxides. 
The principal  reaction between a peroxy radical and 
these amino radicals involves the attack of the peroxy 
radical on the naphthyl  ring system (see below). No 
nitroxide is formed from N,N'-diphenyl-p-phenylene- 
diamine, because the second hydrogen atom is lost in 
Reaction 5 to yield N,N'-diphenyl-p-quinonediimine 
as the major reaction product  (5). 

O. O- O + §  oo. 

The simple kinetics in which the inhibited oxidation 
rate depends on the first power of the initiation rate 
and inverse first power of the inhibitor concentration 
is not always observed. Instead, the oxidation rate 
is sometimes found to be roughly proportional to the 
square root of these quantities, i.e., 

-d[O~] Re/~ \ 
- -  I n h =  N H a n d A r O H  

dt  [ Inh ]  1/2 / 

When these half  order kinetics were first observed 
(5-7) it  was suggested that  they resulted from the 
reversible formation of a peroxy radical-inhibitor 
complex, followed by decomposition of the complex 
by reaction with a second peroxy radical, i.e., 

RO0 '  + Inh  ~-  [RO0" Inh ]  
RO0" + [RO0 '  Inh]  -> Nonradieal  products  

Support ing evidence for this mechanism was the 
apparent  absence of a deuterium isotope effect and 
the fact that  N,N,N',N'-tetramethyl-para-phenylene- 
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FIG. 2. T y p i c a l  oxyger~  a b s o r p t i o n  c u r v e  f o r  a r e a d i l y  
o x i d i z a b l e  s u b s t r a t e  ( e , g . ,  c u m e n e ,  t e t r a l i n ,  s t y r e n e  e t c . )  i n  
t h e  p r e s e n c e  o f  N , N , N ' , I q '  t e t r a m e t h y l - p - p h e n y l e n e d i a m i n e .  

diamine (which has no amino hydrogens) appeared 
to inhibit oxidation. We now know that these kinetics 
are actually due to chain transfer reactions involving 
the inhibitor radical and the substrate or its hydro- 
peroxide (8-10) 

In" "I- R H  -> I n h  + R" 
I n '  + R O O H  -> I n h  § R O O "  

The deuterium isotope effect, kn/kD, is actually about 
3 for amines (1,2) and 10-15 for phenols (11). The 
only remaining support for the peroxy radical- 
inhibitor complex mechanism of inhibition was the 
reported (6,12) inhibition by N,N,N',N'-tetramethyl- 
p-phenylenediamine. We have recently found that 
this compound is in fact actually a pro-oxidant (4). 
However, its pro-oxidant activity is quickly followed 
by a period of retarder action so that without careful 
experimental work it could appear to be an inhibitor 
(Fig. 2). Its catalytic activity is due to one electron 
reduction of the hydroperoxide which is formed in 
the oxidation. That is, it behaves analogously to a 
reducing transition metal such as divalent cobalt. 

. . =NONM. .  + .OOH-*(. . ,NO., .= )+ (o.)-, Ro' 
Co 2 +  + flOOH--->'Co ~'+ OH- + RO" 

The blue Wurster cation (M'~'NONMe2)+ iS readily 

identified both by its color and e.s.r, spectrum. This 
radical cation must itself he an inhibitor or yield 
products which are inhibitors. 

To obtain a full understanding of amine inhibition 

it is obviously necessary to know what the products 
of reaction are in a few representative cases. We 
chose N-phenyl-2-naphthylamine for study because it 
is a commercially important antioxidant and because 
it did not yield large amounts of nitroxide. Six 
products have been identified (13) of which three are 
formed by coupling of the amino radicals produced 
in Reaction 4: 

00==o  §  OCX"O 
The other three products all contain oxygen in the 
a-position of the naphthyl ring. 

0 0 0 

o 6 
These compounds are believed to be formed by attack 
of some of the nucleophiles present in these reactions 
(e.g., hydroperoxide, starting amine, etc.) on an ortho- 
quinoneimine which itself is formed by reaction of 
the amino radical with a peroxy radical. 

+ ROH 

The postulated ortho-quinoneimine could not be iso- 
lated, presumably because it was highly reactive. 

The nature of the peroxy radical oxidation products 
formed from most aromatic amines still awaits in- 
vestigation and is one of the main unsolved problems 
connected with amine inhibition. 
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