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The reactivity of 2-, 8-, and 4-methylpyridines in vapor-phase 
catalytic oxidation was studied over a vanadium-molybdenum-phos- 
phorus catalyst, deposited on fine-pored corundum (in nongradient 
conditions). The rate of total conversion of :he methylpyridines de- 
creases in the following series: 4-methylpyridine > 2-methylpyridine > 
> 3-methylpyridine. It is suggested that scission of the C-H bond in 
the methyl group of the oxidized compound is the first step in the 
process. 

In p r e v i o u s  p a p e r s  [1,2] devoted  to the choice  of 
s e l e c t i v e  c a t a l y s t s  and o p t i m u m  condi t ions  of ox ida -  
t ion of 2 - ,  3 - ,  and 4 - m e t h y l p y r i d i n e s  to p y r i d i n e  a l d e -  
hydes  i t  was  shown tha t  the  d e g r e e  of c o n v e r s i o n  and 
the quan t i t a t ive  r a t i o s  of the  p r o d u c t s  v a r y  in depen-  
denee  on the pos i t i on  of the me thy l  g roup  in r e l a t i o n  
to the  h e t e r o a t o m ,  p r o v i d e d  tha t  the r e a c t i o n s  a r e  
c a r r i e d  out in c o m p a r a b l e  condi t ions .  

The p r e s e n t  w o r k  d e s c r i b e s  the  r e s u l t s  of s tudying  
the c o m p a r a t i v e  r e a c t i v i t y  of 2- ,  3 - ,  and 4 - m e t h y l -  
p y r i d i n e s .  

In the  e x p e r i m e n t a l  condi t ions  s e l e c t e d ,  the  r e a c -  
t ion p roved  highly  n o n s e l e c t i v e .  P r o d u c t s  of c o m p l e t e  
oxida t ion  w e r e  f o r m e d  in s ign i f i can t  y i e ld  t o g e t h e r  
with p r o d u c t s  of the  m i l d  ox ida t ive  d e g r a d a t i o n  of the  
p i eo / i ne s .  

By ana logy  with  o the r  v a p o r - p h a s e  c a t a l y t i c  p r o c e s -  
s e s  fo r  h y d r o c a r b o n  oxida t ion  [10-131, i t  may  be a s -  
sumed  that  the  r e a c t i o n  p r o d u c t s  men t ioned  a r e  f o r m e d  
by a p a r a l l e l - c o n s e c u t i v e  m e c h a n i s m  a c c o r d i n g  to the  
s c h e m e :  

@ - C H O  

However ,  no k ine t i c  da ta  fo r  th is  s c h e m e  a r e  g iven.  
The r a t e  of to ta l  c o n v e r s i o n  of m e t h y l p y r i d i n e s  

(Wto t) d e c r e a s e s  in the  fol lowing sequence  (Table  1): 
4 - m e t h y l p y r i d i n e  > 2 - m e t h y l p y r i d i n e  > 3 - m e t h y l p y r i -  

dine.  
The value  of Wto t for  the oxida t ion  of 2 - m e t h y l p y r i -  

dine is  somewha t  l o w e r  than that  for  4 - m e t h y l p y r i d i n e ,  
whi le  tha t  fo r  3 - m e t h y l p y r i d i n e  i s  four  t i m e s  lower .  

D i r e c t i o n  of the r e a c t i o n  a l so  v a r i e s  a cco rd ing  to 
the n a t u r e  of the  component  undergoing  oxidat ion .  
Whi le  ox ida t ion  of 2 - m e t h y l p y r i d i n e  a f fo rds  the  p y r i -  
d inea ldehyde  as  the  ma in  p roduc t  of p a r t i a l  oxida t ion ,  
the r e a c t i o n  of 4 - m e t h y l p y r i d i n e  goes  in the  d i r e c t i o n  
of the  f o r m a t i o n  of a p roduc t  of the  f u r t h e r  ox ida t ion  

of the  me thy l  g r o u p - - 4 - p y r i d i n e e a r b o x y l i c  ac id  (the 
m a x i m u m  s e l e c t i v i t y  of f o r m a t i o n  of 4 - p y r i d i n e c a r -  
boxy l i c  ac id  i s  25%)(Table  2). 

With a l a r g e  e x c e s s  of oxygen in the  r e a c t i o n  m i x -  
t u r e  and s l igh t  d i lu t ion  with  s t e a m ,  the r a t e  of a c -  
cumula t ion  of 4 - p y r i d i n e a l d e h y d e  is  an o r d e r  of m a g -  
n i tude below that  of 2 - p y r i d i n e a l d e h y d e .  In t h e s e  con-  
d i t ions ,  th i s  m a y  be exp la ined  by the  high r a t e  of the  
suc c e e d ing  c o n v e r s i o n  r e a c t i o n  of 4 - p y r i d i n e a l d e h y d e .  

The i m p o r t a n t  r o l e  of the  p r o c e s s e s  lead ing  to the  
f u r t h e r  ox ida t ion  of the  p r i m a r y  p a r t i a l - o x i d a t i o n  
p roduc t s  of 2-  and 4 - m e t h y l p y r i d i n e s  i s  shown by da ta  
on the dependence  of the s e l e c t i v i t y  of the p r o c e s s  on 
the l i n e a r  ve loc i ty  of the  r e a c t i o n  m i x t u r e .  An i n c r e a s e  
in the  space  ve loc i t y  f r o m  7300 to 24 000 h r  -1 c a u s e s  
a twofold i n c r e a s e  in the s e l e c t i v i t y  of the f o r m a t i o n  
of 2 -  and 4 - p y r i d i n e a l d e h y d e s .  Meanwhi le  a s i m u l t a -  

neous  lower ing  of the WCO+CO2/Wtot  r a t i o  occu r s .  

The l a t t e r  s u p p o r t s  the h y p o t h e s i s  tha t ,  under  the e x -  
p e r i m e n t a l  condi t ions  s e l e c t e d ,  the f u r t h e r  oxida t ion  
of the p y r i d i n e a l d e h y d e s  and,  a p p a r e n t l y ,  of the p y r i -  
d i n e c a r b o x y l i e  a c i d s  and p y r i d i n e  has  a subs t an t i a l  
inf luence on the c o u r s e  of the p r o c e s s .  

A c o n s i d e r a b l e  quant i ty  of py r id ine  is  f o r m e d  in 
the oxida t ion  of the  m e t h y l p y r i d i n e s .  Rate  of f o r m a t i o n  
of p y r i d i n e  f a l l s  s y m b a t i c a H y  with the  lower ing  of the 
r a t e  of f o r m a t i o n  of p y r i d i n e c a r b o x y l i c  ac ids .  M a x i -  
m u m  s e l e c t i v i t i e s  of p y r i d i n e  f o r m a t i o n  in the  ox ida -  
t ion of 2-  and 4 - m e t h y l p y r i d i n e s  a r e  36 and 20%, r e -  
spec t i ve ly .  

Condensa t ion  p r o d u c t s  a r e  f o r m e d  in c o n s i d e r a b l e  
amounts  in the  oxida t ion  of 4 - m e t h y l p y r i d i n e  ( r a t e - -  
21 • 10 -5 -63  • 10 -5 m o l e / m  2 �9 h r ,  s e l e c t i v i t y  3-11%),  
whi le  the oxida t ion  of 2 - m e t h y l p y r i d i n e  under  the  
s p e c i f i e d  condi t ions  a f fo rds  only t r a c e s  of 2 , 2 ' - p y r i -  
doin in the  c a t a l y z a t e s  (the s e l e c t i v i t y  does  not exceed  

2%). 
As  in the c a s e  of the  to ta l  c o n v e r s i o n  r e a c t i o n  of 

the m e t h y l p y r i d i n e s  and tha t  of the  f o r m a t i o n  of p y r i -  
dine,  the r a t e  of f o r m a t i o n  of ca rbon  monoxide  and 
ca rbon  d iox ide  f a l l s  in the  sequence  (Table  1) 4 - m e t h -  
y i p y r i d i n e  > 2 - m e t h y l p y r i d i n e  > 3 - m e t h y l p y r i d i n e .  

The r a t e  of f o r m a t i o n  of c a rbon  monoxide  and c a r -  
bon d ioxide  ( W c o + c o  2) for  the  oxida t ion  of 2 - m e t h y l -  
p y r i d i n e  i s  somewha t  l ower  than the c o r r e s p o n d i n g  
va lue  fo r  the oxida t ion  of 4 - m e t h y l p y r i d i n e .  In v a p o r -  
phase  c a t a l y t i c  ox ida t ion  of 3 - m e t h y i p y r i d i n e ,  th is  
va lue  f a i l s  by a f a c t o r  of 2 - 3 .  

The s e l e c t i v i t y  of f o r m a t i o n  of the  t o t a l  p roduc t s  of 
p a r t i a l  ox ida t ion  and of ox ida t ive  dea lky l a t i on  is  h ighes t  
in the  oxida t ion  of 4 - m e t h y l p y r i d i n e ,  and lowest  in the 
oxida t ion  of 3 - m e t h y l p y r i d i n e .  (The value  of the r a t i o  
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T a b l e  1 

I n f l u e n c e  of  S t r u c t u r e  of t h e  P i c o i i n e  O x i d i z e d  on  t h e  R a t e  of T o t a l  C o n v e r s i o n  

a n d  of t h e  F o r m a t i o n  of  A l d e h y d e s ,  A c i d s ,  P y r i d i n e ,  and  C o n d e n s a t i o n  and  

H i g h l y  O x i d i z e d  P r o d u c t s  a t  430  ~ C* 

Compo- 
nent ox- 

idized 

2-Methyl- 
pyridine 

3-Methyl- 
pyridine 

4 - M e t h y l -  
p y r i d i n e  

C �9 IO n, 
mole// 

42,20 
32.00 
24.72 

64.8 
59.4 
48.3 

48.4 
41.11 
25.12 

V, hr-1 

i . , 

Wto t �9 10~,;! W a " 10 ~, W c �9 10 ~, J Wp-I0 a, 
mole/m 2 "[ mole/m 2 mole/m 2 .[ mole/m2 . 

�9 h r  I . h r  .hr  .h r  

567.0 136.10 33.30 146.00 
442.0 102,30 28,50 109.60 
324.5 56.23 20.89 74.13 

161.0 16.22 9.68 9.75 
117.0 14.86 9.61 9.17 
106.3 13.09 9.36 8.36 

705.0 13.49 171A 128.5 
646,0 11.75 169.8 119,9 
489,0 7.08 128.8 100.0 

23900 
14300 
9900 

23900 
100(30 
6540 

23900 
14350 
9890 

W d .  10-, I W c o + c o ~  

m ~  2 . lO-'. " 

�9 hr "1 m~ " 
�9 hr 

7.35 
6,00 
5.32 

62.8 
53,7 
20.5 

221.7 
215.0 
181.6 

86.6 
81.6 
76.3 

311.6 
238.3 
221.6 

*w a, w c, Wp, Wd, W c o + c o p  and Wtot-rates  of formation of aldehyde, pyridinecarboxylic acid, 
pyridine, condensation products, products of complete oxidation and complete conversion, respectively. 

T a b l e  2 

V a r i a t i o n  of the  S e l e c t i v i t y  of t he  O x i d a t i o n  of 2 - ,  3 - ,  and  4 - M e t h y l p y r i d i n e s  

w i t h  Space  V e l o c i t y  

Compo- 
nent ox- 
idized 

2-Methyl- 400 
pyridine 400 

430 
430 

3-Methyl- 400 
pyridine 400 

' 430 
I 430 

4-Methyl- ! 400 
pyridine i 400 

430 
43O 

V, h r  "1 

7280 
23900 

9900 
23900 

6420 
23800 

6540 
23900 

7280 
23900 

7310 
23900 

Wtot 
% 

IJ.7 a 
- -  �9 100, 

W c ! Wp 
> i 0 ~ - - "  100. i i ~ o t - -  " lO0, - - -  

' I F  

Wd ! CO+CO, 
�9 lO0, 

. . . . .  �9 l/)O, Wtot [ Wtot 
% ! % 

12.7 
33.3 
17.4 
24,0 

13,8 
11.1 
12,3 
10.1 

1.2 
2.5 
0.94 
1.9 

% % 

5.0 16,5 
6,4 35.5 
6.4 22.8 
5,9 25.8 

14.6 8.6 
8.6 5.8 
8.8 7.8 
6.0 6.1 

22.0 ~ 15.8 
252 ~ 16.9 
23.0 ] 19.8 
24.3 18.2 

1,50 
1 . 4 3  
1 . 6 0  
1 . 3 0  

0,12 
0.10 
1.0 
1.10 

4.2 
10.9 
3.4 
8.9 

64.0 
23.2 
56.0 
39.0 

74.0 
62.0 
72,0 
53.8 

57.0 
44,5 
52.6 
44.1 
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WCO+ C o 2 / W t o  t in the  o x i d a t i o n  of 3 - m e t h y l p y r i d i n e  
i s  0 . 5 4 - 0 . 7  and in t he  o x i d a t i o n  of 4 - m e t h y l p y r i d i n e  it  

d o e s  no t  e x c e e d  0.57).  

Apparatus with continuous circulation: i) column 
of carbon, 2) calcium chloride, 3) soda lime, 4) As- 
carite, 5)flowmeters, 6)manometers, 7)thermo- 
stated surface carburetor, 8) steam generator, 
9) metering pump, i0) gas inlet, ii) superheater, 
12) electromagnetic coil, 13) chamber with strips 
of transformer iron, 14) switch, 15) rheostats, 
16) laboratory autotransformers, 17) inner reac- 
tor chamber, 18) outer reactor chamber, 19) wire 
of the heating element, 20) catalyst chamber, 
21) glass cylinder, 22) absorbers, 23) drum-type 
gas meter, 24) outlet for reactor gases, 25) ther- 
mocouple, 26) K-59 potentiometer, 27) thermo- 

stat, 28) glass piston. 

T h e  a p p a r e n t  a c t i v a t i o n  e n e r g i e s  fo r  t he  o x i d a t i o n  
of 2 - ,  3 - ,  and 4 - m e t h y l p y r i d i n e s  ( T a b l e  3) w e r e  found 

f r o m  the  v a r i a t i o n s  wi th  t e m p e r a t u r e  of the  o v e r - a l l  

r a t e s  of c o n v e r s i o n  of t he  m e t h y l p y r i d i n e s .  T h e  a p -  
p a r e n t  a c t i v a t i o n  e n e r g y  v a l u e s  found a l s o  a g r e e  wi th  

the  s e q u e n c e  of r e a c t i v i t i e s  g i v e n  a b o v e  and w i t h  

b a s i c i t i e s  of t h e  m e t h y l p y r i d i n e s  [14]. 
It i s  i m p o r t a n t  to  no te  tha t  t he  h i g h e s t  r e a c t i v i t y  i s  

found wi th  4 - m e t h y t p y r i d i n e ,  and the  l o w e s t  w i th  
3 - m e t h y l p y r i d i n e ,  a l s o  in such  c o n v e r s i o n  r e a c t i o n s  
as  d e u t e r o - e x c h a n g e  [15], c o n v e r s i o n  d e a l k y l a t i o n  

[16], and c o n d e n s a t i o n  [17]. 
It i s  p o s s i b l e  to a s s u m e  tha t  t h e r e  m a y  be  c o m m o n  

s t a g e s  in  r e a c t i o n s  c o n n e c t e d  w i t h  t h e  c o n v e r s i o n  of 
m e t h y l  g r o u p s  in v a r i o u s  h y d r o c a r b o n s  and in p y r i d i n e  

d e r i v a t i v e s .  In t he  p r o d u c t i o n  of p y r i d i n e a l d e h y d e s  by 
the  v a p o r - p h a s e  c a t a l y t i c  o x i d a t i o n  of m e t h y l p y r i d i n e s ,  
t he  f i r s t ,  and  p e r h a p s  in s o m e  c a s e s  t h e  l i m i t i n g ,  
s t a g e  is  C - - H  bond s c i s s i o n  in t h e  m e t h y l  g r o u p .  

T h i s  m e c h a n i s m  has  b e e n  p r o p o s e d  f o r  t h e  d e m e t h -  
y l a t i o n  r e a c t i o n  on n i c k e l  c a t a l y s t s ,  t h e  p y r o l y s i s  of 
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m e t h y l p y r i d i n e s  and to luene  [ 18], and the c o n t a c t  v a p o r -  

p h a s e  o x i d a t i o n  of h y d r o c a r b o n s  on c o p p e r  c a t a l y s t s  [ 19]. 

On  the  o t h e r  hand,  we have  found f r e q u e n c y  s h i f t s  
of 43 cm-*  f o r  t he  w a g g i n g  v i b r a t i o n s  of the  CH a g r o u p  
in t h e  IR s p e c t r u m  of 2 - m e t h y l p y r i d i n e ,  a d s o r b e d  on 

a v a n a d i u m  c a t a l y s t  w h i c h  can  o b v i o u s l y  be  e x p l a i n e d  
by the  c h e m i s o r p t i o n  of the  m e t h y l p y r i d i n e  at t he  
m e t h y l  g r o u p .  In th i s  c a s e ,  i t  i s  p o s s i b l e  tha t  s o m e  
w e a k e n i n g  of  t he  C - - H  bond o c c u r s  [20]. 

EXPERIMENTAL 

The experiments were conducted in a nongradient reactor designed 
by G. P. Korneichuk [3]. (The general plan of the apparatus is shown 
in Fig. 1). The initial concentration of methylpyridine in the steam- 
air mixture was 54-61 x 10 -s mole/Z and the temperature was 870- 
430 ~ C. The dilution of the reaction mixture with air and steam cor- 
responded to an oxygen-water-methylpyridine molar ratio of 12-13: 
i0:I. 

In o~ler to decrease the influence of macrokinetic factors on the 
velocity of the process, the active components-oxides of vanadium, 
molybdenum, phosphorus, sodium, and nickel (1% of the weight of 
the catalyst)-were deposited on low-porosity corundum having prac- 
tically zero internal surface area (Sspec = 0.003 mS/g, porosity 
3-7%). The specific surface was determined by the BET method using 
the low-temperature absorption of krypton. The porosity of the carrier 
was determined by the mercury penetration method. The vanadium- 
molybdenum-phosphorus catayst had a specific surface of 0.34 
mS/g and a buIk density of 2.0 g/cm a [4]. 

The oxidation reaction of the methylpyridines afforded the cor- 
responding pyridinealdehydes and pyridinecarboxylic acids, pyridine, 
products of far-reaching conversion, and condensation products of 
pyridinealdehydes-2, 2'-pyddoin (from the oxidation of 2-methyl- 
pyridine) and 1, 2-di(4'-pyridyl)-l, 2-ethanediol (from the oxidation 
of 4-methylpyridine). 

A polamgraphic method [5-7] was used for the quantitative deter- 
mination of the pyridinealdehydes, the 2, 2'-pyridoin, and the pyri- 
dinecarboxylic acids. The catalyzates were analyzed in acetate buffer 
at pH 5.5 on a TsPE-812 electronic recording polarograph. 

In parallel, the pyridinecarboxylic acids were titrated with 0.01 N 
alkali to phenolphthalein, i. 2-Di(4'-pyridyl)-l, 2-ethanediol was 
determined by iodometric titration [6]. 

Purity of the initial methylpyridines and of the pyridine formed 
and of the unchanged methylpyridines was determined on a Khrom-1 

Table 3 

Comparision of Apparent Activation 
Energies for Over-all Conversion 
and Basicities of the Methylpyridines. 

E, Compound oxidized PKa 14 kcal/mole 

4-Methylpyridine 
2-Methylpyridine 
3.Methylpyridine 

6.025 
5.943 
5.657 

10.0 
13.0 
I8.0 

gas-liquid chromatograph (stationary phase-Apiezon M, 20-25% on 
Chromosorb W). Carbon monoxide and dioxide were determined by 
a published method [9]. 
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