
2386 Russian Chemical Bulletin, Vol. 45, No. I0, October, 1996 

Organic Chemistry 

Oxidation by a "H202-vanadium complex- 
pyrazine-2-carboxylic acid" reagent 

5.* Oxidation of lower alkanes with the formation of carbonyl compounds 
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Lower alkanes (ethane, propane, n-butane, n-pentane) are readily oxidized in acetoni- 
trile solvent by H202 with vanadate anion - pyrazine-2-carboxylic acid (PCA), as the 
catalyst at 75 °C and pressures of -3 atm to produce predominantly or exclusively ketones 
(aldehydes). Isobutane is transformed selectively into ten-butyl alcohol. The oxidation of 
cyclohexane at 26 °C in acetone or acetic acid is less efficient than in acetonitrile. The 
reaction does not occur in tert-butyl alcohol. 

Key words: metal complex catalysis, oxidation, hydrogen peroxide, vanadiuna complexes, 
alkanes, activation of the C - H  bond. 

Recently, much at tent ion has been paid to lhe oxi- 
dation of organic compounds  and especially hydrocar- 
bons by molecular  oxygen and hydrogen peroxide since 
these oxidizing reagents are inexpensive and produce 
only water as a by-product.  2-5 Reactions involving hy- 
drogen peroxide are catalyzed by various transition metal 
complexes (see Refs. 6 -13) .  Vanadium complexes are 
known to play an important  role in chemical as well as 
biological oxidations, 14,15 and have been used as cata- 
lysts in the oxidation of hydrocarbons by hydrogen 
peroxide. 16-24 Earlier it was shown that a vanadium 
complex in the presence of pyrazine-2-carboxylic acid 
(PCA) catalyzes rapid oxidation of hydrocarbons and 
other organic compounds  (e.g., alcohols) with 30% aque- 
otis hydrogen peroxide in acetonitrile. !,25-2s Since ben- 

* For Part 4, see Ref. I. 

zene, n-hexane,  n-heptane,  2-methylhexane,  3-methyl-  
hexane, and cycluhexane were usea as substrates, these 
oxidations were carried out in open vessels in air at 2 0 -  
70 °C. At low temperature,  the corresponding alkyl 
hydroperoxide was the predominant  product. This hy- 
droperoxide slowly decomposed to produce the respec- 
tive ketone and alcohol. The study of oxidation of 
saturated hydrocarbons by H20 2 in the presence of the 
v a n a d a t e - P C A  catalyq was oxtended to lower alkanes 
as substrates and solvents other than acetonitrile. 

Experimental 

The oxidation of lower alkanes were carried our in closed 
250 mL Pyrex cylindrical vessels with vigorous stirring at 
constant temperature. The volume of the reaction solution was 
50 mL. Initially, 0.4 mL (6.7" 10 -3 tool) of a 50% aqueous 
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solution of hydrogen peroxide (Fischer) was added to the 
solution of the catalyst (in all cases 5 • 10 -6 tool of n-Bu4NVO 3 
and 2 • 10 -5 mol of PCA in 50 mL of MeCN). Then 5 mL of 
pentane was added to the solution and the vessel sealed with a 

-pressure head containing a pressure gauge. With gaseous al- 
kanes, the reaction mixture comprised 50 mL of acetonitrile 
containing tile same amount of H202 and the catalyst as 
above, and 2.8 arm (0.28 MPa; 2.5" 10 -2 mol)(in some cases 
1.4 atm; 0.14 MPa) of gaseous hydrocarbon (air was not 
removed from the reaction vessel prior to charging with the 
gaseous alkane). The temperature of the reaction was main- 
tained at 75-77 °C. Following completion of the process, the 
vessel was cooled with ice and opened. The reaction of 
cyclohexane was carried out at 26 °C in various solvents in a 
cylindrical Pyrex vessel in air under vigorous stirring, and the 
total volume of the reaction solution was 10 mL. 

The reaction mixtures were analyzed by means of GLC 
(each sample was analyzed twice, viz., before and after addi- 
tion of an access of solid triphenylphosphine). For the analy- 
sis, a Hewlett Packard Series II, 5890 chromatograph equipped 
with a FID detector and an HP 50 column (30 m×0.53 ram) 
packed with cross-linked 50% PhMe Silicone 1 ~m film 
thickness or a 30 m Altech RSL 160 column (5 lam thickness) 
was used. The carrier gas was helium. A Hewlett Packard 3396 
Series II integrator was employed. 

Acetonitrile was distilled from Call  2. Pentane and cyclo- 
hexane (Aldrich) were treated with H2SO 4, washed with water, 
and distilled. Gaseous alkanes were used without additional 
purification. 

Results and Discussion 

In the present paper  we wish to report  the first results 
o f  oxidat ion of  lower alkanes by the reagent " H 2 0 2 -  
vanadium c o m p l e x - P C A "  at 75 °C. at -3  atm pressure. 

When heated in the acetoni tr i le  solut ion in a closed 
vessel, n -pen tane  is oxidized by the catalytic system 
exclusively to pen t an -2 -one  and pen tan-3-one .  A solu- 
tion of  pentane (4.4'10 -2 mol) was heated at 77 °C for l 
hour  in a closed vessel conta ining H20 ~ and 200 mL of  
air  in the gas phase to yield 1.8" l0 -3 tool of  pen tan-2-  
one and l . l  • l0 -3 tool of  pen tan -3 -one .  The total num-  
ber of  catalyti, ,  cycles was 5813 for this reaction. In 
analogous condi t ions ,  react ion at 75 °C for 5 hours 
produced 2.2" l0 -3 tool of  pen tan -2 -one  and 1.3" l0 -3 
tool of  pen tan -3 -one .  In this case, the total number  of  
catalyt ic  cycles was 700, and the relative reactivities of  
hydrogen atoms at carbon a toms 2 and 3 of  n-pentane  
were ca. C(2) : C(3) = I : I. The compar ison with the 
amotmts  of  the two main ketones,  the yields of  the 
products  of  oxidat ion of  methyl groups as well as alcohols 
formed were much lower than those of  ketones and were 
not de te rmined .  No pentyl hydroperoxide  was present in 
the react ion mixture,  since the chromatograms of  the 
s a m p l e s  before  and af te r  r ed t i c t ion  with  
t r iphenylphosphine  were s imilar  (see, e.g., Ref. l). It 
should be noted that the reaction is highly efficient with 
respect to hydrogen peroxide:  two molecules  of  H20 2 
produce one molecule  of  pentanone.  The molecular  
oxygen present  in the gas phase in the reaction vessel 
can take part in oxidat ion of  the hydrocarbon.  

Isobutane ( I .2"  10 -2 tool; 75 °C; 2.5 h) was oxidized 
to produce tert-butyl alcohol (6.0" 10 -4 tool; 120 cata-  
lytic cycles). Acetone was not formed. In analogous 
condit ions,  n-butane gave ethyl methyl ketone,  exclu- 
sively. Propane (2.5" 10 -2 tool) was oxidized (75 °C; 
1 h) in acetone (9.5" 10 -4 tool; the number  of  cycles 
was 190) as the sole product detected by GLC.  

The following results were obtained when ethane 
(2 .5 -10  -2 tool; 75 °C) was oxidized by' the reagent 
under discussion (the quanti t ies of  products in the 
samples before reduction with t r iphenylphosphine  (× 104 
mol) are listed; the numbers of cycles are given in 
parentheses):  

Product I h 2.5 h 
Ethanol 0.8 (16) 1.3 (27) 
Acetaldehyde 3.1 (62) 10.0 (200) 
Acetic acid 4.0 (80) 7.5 (I 50) 

The total numbers o1" cycles were 158 and 377 after 
1 and 2.5 hours, respectively. It is noteworthy that the 
amounts  of  products obtained after 2.5 h were almost  
unchanged  on t r ea tmen t  with t r i p h e n y l p h o s p h i n e ,  
whereas the distribution of  the products in the I-tl 
sample before reduction with t r iphenylphosphine  (see 
Table above) differs from that in the sample after reduc- 
tion (ethanol ,  1 .5-10 -4 tool, 30 cycles; aceta ldehyde,  
2.3" 10 -4 tool, 46 cycles:, acetic acid,  4 .0-  10 -4 tool,  80 
cycles). This indicates (see, e.g., Ref. 1) that ethyl 
hydroperoxide is present ill the reaction solution after 
oxidat ion for 1 h. 

It can be concluded that lower alkanes are efficiently 
oxidized by the reagent "H202-vanad ium c o m p l e x -  
PCA" in acetonitr i le ,  and the main products are carbo-  
nyl derivatives (ketones, aldehydes or carboxylic acids). 
These compounds  are probably formed from alkyl hy- 
droperoxides,  the primary reaction products. The mecha-  
nism of  the process, especially of  the latter reaction,  is 
not comple te ly  clear. We assume that the reaction of  the 
vanadium complex  with hydrogen peroxide results ill 
generat ion of  hydroxyl radicals which at tack the hydro-  
carbon, removing a hydrogen atom and producing alkyl 
radicals. Alternatively,  the high oxidat ion-s ta te  vana- 
dium complex abstracts a hydrogen atom from the hy- 
drocarbon.  The alkyl radicals thus formed react rapidly 
with oxygen molecules to give alkylperoxy radicals. These 
radicals can be transformed into alkyl hydroperoxide or  
a carbonyl compound  (ketone or aldehyde).  Apparent ly .  
the vanadium complex participates in these t ransforma-  
tions. The accelerat ing role of  PCA in accumula t ion  of  
alkyl hydroperoxide and its involvement decomposi t ion  
of  the latter must  also be elucidated.  It should be noted 
that iron complexes  with various chela t ing ligands have 
been shown to induce ketonization c,f the CH 2 groups in 
alkanes under  the action of  hydrogen peroxide. 4"s'9'!° 

It was important  to examine the possibility of  using 
other  solvents in oxidation. For  this purpose,  cyclohex-  
ane was chosen as a substrate and oxidat ion was carried 
out at 26 °C in open Pyrex vessels. If acetoni t r i le  was 
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used as the solvent,  the oxidat ion of  cyclohexane (con- 
centra t ion 0.46 tool L - I )  by the reagent under discus- 
sion (0.1 mmol  L -I  of  n-Bu4NVO3, 0.4 mmol  L -I of  
PCA and 0.15 tool L -I  of  H20 2 as 50% aqueous solu- 
t ion) yie lded cyc lohexanone  (11.3 mmol  L - I )  and 
cyclohexanol  (30.0 mmol L - t )  after 24 hours. Under  the 
effect of  t r iphenylphosphine ,  the composi t ion  of  the 
reaction mixture changed (2.3 mmol  L - t  of  cyclohex- 
anone and 43.0 mmol L - t  of  cyclohexanol) ,  indicating 
that cyclohexyl hydroperoxide is the main product.  Pro- 
longed (72 h) stirring of  the react ion mixture yielded 
ketone (15.0 and 4.0 mmol  L -I  before and after reduc- 
tion with t r iphenylphosphine ,  respectively) and alcohol 
(60.0 and 75.0 mmol  L-I) .  

The reaction proceeds more slowly and the yields of 
products are lower when acetone is used as the solvent. 
In fact, in the same condit ions,  only 3.2 mmol L -I  of  
cyc lohexanone  and 1.5 mmol L - I  of  cyclohexanol  were 
formed (0.8 and 3.6 mmol L - l ,  respectively,  after reduc- 
tion with t r iphenylphosphine) .  The concentrat ions  of  
the products after 72 hours are also relatively low (5.2 
mmol  L - t  of  ketone and 4.9 mmol  L - I  of  alcohol before 
reduction;  2.0 and 9.0 mmol L -R after reduction).  Only 
trace amounts  of  products are detected in the absence of  
PCA in the reaction mixture. 

Oxidat ion reaction is also less efficient in acetic acid, 
and the react ion rate is only 1.5 t imes higher when PCA 
is present in the reaction solution. Only traces of  cyclo-  
hexanone and cyclohexanol  were detected by G LC when 
tea-buty l  a lcohol  was employed  as the  solvent. Thus it 
can be concluded that acetoni t r i le  seems to be the 
solvent of  choice for oxidat ion of  alkanes by the reagent 
under  considerat ion.  
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