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The OH initiated oxidation of aliphatic hydrocarbons by the simultaneous electrochemical reduction of 
02 and of Fe(III) at controlled potential was investigated in the liquid phase over a Fe(III) concentration 
range 0.5-5 mM. OH radicals were generated by the reaction: 

Fe(II) + H 2 0 2  r-- Fe(III) + "OH + OH- 

The compounds studied were the linear alkane hydrocarbons from Cs to C10 and 3-methyl pentane. 
The results showed that the ketones are the only reaction products and that the yields decrease with 
increasing number of carbonium atoms of the hydrocarbon. Decreasing yields were also observed with 
increasing Fe(III) concentration. 

1. Introduction 

We have shown that OH radicals generated during the electrochemical reduction of oxygen and of 
Fe(III) can be utilized in the oxidation of aromatic hydrocarbons [1-4]. Under similar conditions we 
found that cyclohexane is oxidized to cyclohexanone with high yields [5]. 

However, in the case of aliphatic hydrocarbons limited information is available on their oxidation in 
the liquid phase, by OH radicals. 

In the present work a systematic study of reactions involving OH radicals and aliphatic hydrocarbons 
was performed by controlled potential electrolysis, in view of its attractive synthetic significance. 

2. Experimental procedures 

OH radicals were obtained from the reduction of H202 by the Fe(II)/Fe(III) redox couple. Hydrogen 
peroxide was produced by electrolytic reduction of molecular oxygen saturating the solutions. The 
reduction of Fe(III) ions (occurring at nearly the same cathodic potential as 02 reduction) allowed 
the recovery of the reduced ferm of the redox couple. 

The chemicals used were reagent grade products; water and mercury were twice distilled. 
The electrochemical cell was equipped with a platinum counter electrode and a saturated calomel 

electrode as reference; the cathode was a mercury pool of about 10 cm 2 surface area. The cathodic 
compartment, separated from the anodic by a salt bridge, was filled with 10 cm 3 of the hydrocarbon, 
15 cm 3 of tert-butyl alcohol and 2 cm 3 of 12 N HC1, to which small amounts (~< 0.5 cm 3) of 0.29 M 
Fe 3+ solution containing HC1 were added. In the case of C8-C10 hydrocarbons, to avoid phase separ- 
ation, 8 cm 3 of alkane and 17 cm 3 of tert-BuOH were utilized. During the electrolysis the solution was 
stirred at a constant rate by a magnetic stirrer and was kept saturated with 02 by bubbling high purity 
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Fig. 1. Current yields of ketones against Fe(III) concen- 
tration. (a) �9 - 2-pentanone, �9 - 3-pentanone, t = 20 ~ ; 
(b) �9 - 2-hexanone, �9 - 3-hexanone, t = 30~ (c) �9 - 2- 
heptanone, �9 - 3-heptanone, A _ 7-heptanone, t = 30 ~ 

oxygen through the solution. After electrolysis (E = --  0.5 V vs SCE) the solution was neutralized with 
NaHCO3 and analysed by gas phase chromatography by a Fractovap model 4160 gas chromatograph 
(C. Erba, Milan). The chromatographic column, 25 m FFAP/0.3  mm i.d., H2 as a carrier gas at 
1.5 cm 3 min -1 , was operated with the following temperature programme: 50 ~ C for 5 min, then at 

2 ~ Cmin -1 to 80 ~ C for 10rain. 
The 'on column injection'  of  the sample was adopted for a bet ter  analytical response. 
In the case of  n-pentane the column was 50 m of  OV 17/0.3 mm i.d., operating at 50 ~ C with H2 as a 

carrier gas at 1.5 cm 3 min -1 . 
The internal standards used in the quantitative determination of  the products were: 1-pentanol for 

pentane,  1-hexanol for hexane, heptane and decane, 1-heptanol for octane and nonane, cyclohexanone 

fo 3-methyl pentane. 

3. Results 

The gas chromatographic and gas chromatographic-mass spectra analyses of  the reaction mixtures 
showed that ketones are the only detectable reaction products  of the electrochemical oxidation of  
n-alkanes characterized by 5 -10  carbon atoms and of  3-methyl pentane. A general feature of this process 
is the linear decrease of  the yields with increase in the concentration of  Fe(III)  ions from 0.5 to 5 mM, 
see Figs. 1 ,2 ,  where the yields of  the different ketones obtained from the examined alkanes were 
reported.  The yields were calculated on the basis of  3 Faradays of  electricity per mole of produced 
ketones (see Reactions 1 and 2). The current yields of  ketone were about 40% in the case of  pentane 
and about 6% in the case of  decane and decrease almost monotonical ly  with the number of  carbon 
atoms present in the hydrocarbon,  see Fig. 3. The decrease of  the yields with increasing Fe(III)  concen- 
trat ion was explained as due to a loss of  current for the in-excess production of  Fe(II)  [1-5].  Since the 
yields are dependent  on the Fe(III )  concentration,  the molar ratios of  the isomeric ketones were calcu- 
lated from the experimental  curves of  Figs. 1 and 2. From these calculations there appears to be a 

slight dependence of  the ratios on the Fe(III)  concentration.  
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Fig. 2. Current yields of ketones against Fe(III) concen- 
tration. (d) �9 - 2-octanone, �9 - 3-octanone, A _ 4- 
octanone, t = 30 ~ ; (e) �9 - 2-nonanone, �9 - 3-nonanone, 
,k _ 4-plus 5-nonanone, t = 30 ~ ; (f) �9 - 2-decanone, 
�9 - 3-decanone, �9 - 4-plus 5-decanone, t = 30~ (g) �9 - 
3-methyl-2-pentanone, t = 30 ~ 

In Table  1 the  e x p e r i m e n t a l  ra t ios  o b t a i n e d  at  I mM and  5 m M  Fe( I I I )  are r epor t ed .  Table  1 also 

r epo r t s  the  mo la r  ra t ios  ca lcu la ted  o n  the  bases  o f  the  n u m b e r  o f  s econda ry  c a r b o n  a t o m s  whose  oxi- 

d a t i o n  p r o d u c e  the  d i f f e ren t  k e t o n e s ,  assuming  an  equa l  reac t iv i ty  for  all the  CH2 groups .  Some 

dev ia t ions  f r o m  the  e x p e c t e d  values were f o u n d ;  in  pa r t i cu la r  for  C s - C v  a lkanes  the  f o r m a t i o n  o f  2 and  

4 i somers  appea r s  f avou red  in c o m p a r i s o n  w i t h  2 i somer ,  whi le  in  the  case o f  C s - C l o  the  f o r m a t i o n  o f  

2 i somer  appears  favoured .  

In the  case o f  3 - m e t h y l  p e n t a n e ,  n o t w i t h s t a n d i n g  the  h igh  reac t iv i ty  o f  the  t e r t i a ry  c a r b o n  a t o m ,  

the  on ly  p r o d u c t  was the  3 - m e t h y l  2 - p e n t a n o n e ,  w i t h  a yie ld  o f  7.5% at [Fe( I I I ) ]  = 1 mM.  This  y ie ld  

was surpr is ingly  low if  c o m p a r e d  w i th  the  y ie ld  of  2 - p e n t a n o n e  o b t a i n e d  in the  o x i d a t i o n  o f  pen t ane .  
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C5 C6 C:, C 8 C9 C,o at [Fe(tlI)] = 10 -3 motdm -3. 
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Table 1. Experimental molar ratios o f  isomeric ketones at different Fe(llI) concentrations. On the right hand column 
theoretical ratios are reported 

Ketone Molar ratios Theoretical 
ratios 

[ F e ( I I I ) ]  = I m M  [FelIII)] = 5 mM 

2-pentanone 0.60 0.60 0.67 
3-pentanone 0.40 0.40 0.33 

2-hexanone 0.39 0.37 0.50 
3-hexanone 0.61 0.63 0.50 

2-heptanone 0.38 0.39 0.40 
3-heptanone 0.38 0.39 0.40 
4-heptanone 0.24 0.22 0.20 

2-octanone 0.44 0.45 0.33 
3-octanone 0.35 0.36 0.33 
4-octanone 0.21 0.19 0.33 

2-nonanone 0.34 0.34 0.286 
3-nonanone 0.28 0.28 0.286 
4-nonanone 

0.38 0.38 0.428 5-nonanone 

2-decanone 0.26 0.265 0.25 
3-decanone 0.26 0.265 0.25 
4-decanone 
5:decanone 0.48 0.47 0.50 

4. Discussion 

In the course of  the electrolysis the processes occurring in the cathodic compartment  of  the electrolytic 
cell can be schematized as follows: 

02 )- 2e + 2H § ~-H:O:  (1) 

Fe(III)  + e ~- Fe(II)  (2) 
k~ 

Fe(II)  + H202 - - - -  "- Fe(III)  + "OH + OH- (3) 
k4 

"OH + Fe(II)  -- OH- + Fe( l I I )  (4) 
ks 

"OH + hydrocarbon - -  '~ products (5) 

Other concurrent reactions are: 
k6 

"OH + t e r t - B u O H  :- products  (6) 
k~ 

"OH + C1- - - ~  OH- + Ct" (7) 

where k3 = 76M -1 s -I  [6];k4 = 3 x 108 M - i s  -1 [6];k6 = 5.7 x 108M -1 s -a [6];k7 = 4 x 109M -1 s -a at 
pH = 0 [7]. 

The kinetic rate constants of  the reaction of  OH radicals with hydrocarbons,  k s ,  measured in the gas 
phase are as follows (k x 10 -9 M -1 s- l ) :  n-pentane 2.2 at 27 ~ C [8]; n-hexane 3.8 at 32 ~ C [9]; n-heptane 
3.7 at 27 ~ C [8]; n-nonane 5.8 at 27 ~ C [8]; n-decane 5.8 at 27 ~ C [8]; 3-methyl pentane 4.3 at 32 ~ C 
[9]. However, according to different authors [10, 11 ] the kinetics of  Reaction 5 in the liquid phase 
would be faster. As regards the nature of  this reaction, it is known since the pioneering work of  Greiner 
[12, 13] that hydroxyl  radicals react with alkanes abstracting H atoms and producing H20 and an alkyl 
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radical: 
"OH + -CH2-CH2-CH2-  - H20 + - C H 2 - C H - C H 2 -  (8) 

In the presence of molecular oxygen the alkyl radicals formed in Reaction 8 add oxygen at very high 
rates [ 14] with the formation of atkyl peroxy radicals: 

�9 -CH2-CH-CH2-- + 02 " -CH2-CH-Ct t2 -  (9) 
I 

0 - 0 "  
which were identified by ESR techniques [15]. 

The fate of alkyl peroxy radicals is a process studied by many authors (see the recent study by 
Schuchmann and yon Sonntag [16] and the references quoted) and, on the basis of the nature of the 
products we have obtained, can be schematically depicted by the following main group of reactions. 

4.1. Bimolecular self reactions 

Such reactions are (see [17, and 18]) 

and 

2-CH2-CH-CH2- " H202 + 2-CH2-C-CH2- ( t0)  
[ I1 

0 - 0 "  O 

2-CH2-CH-CHz- - 02 + 2-CH2-CH-CH2-- (11) 
I I 
O-O" O" 

The alkoxy radicals react further with formation of the corresponding ketones: 

O-O" 
o o5 1 - H% 

-Cttz-CH-CH2-1 (i2) - -CH2-~-CH2 . . . .  O3) CH2-~-CH2 . . . .  (,4) CHz-C-CH2- 

O" OH OH O 

(see [19, 20]). Furthermore, the ttO~ species generated in this process can be easily subtracted from the 
reaction system by the following reactions [16]: 

HO) + -CH2-CH-CI t2 -  - " 02 + - C H 2 - C H - C H : -  (15) 
I 
O-O" OOH 

HOi + -CH2-CH-CH2-  " 02 + H20 + -CH2-C-CH2-  (16) 
I tl 

O-O" O 

HO) + -CH2-CH-CH2 . . . .  O: + "OH + -CH:-CI : t -CH2-  ( t7)  
I t 
O-O" O" 

The alkyl hydroperoxides produced in Reaction 15 may be converted by Fe(II) ions to the corre- 
sponding alkoxy radicals [21,22] which react according to the reaction of sequence of Equations I2-14. 

4.2. lntramolecular H shift 

This is a peculiar liquid phase rearrangement of unstable radicals (for an exaustive review of this field see 
the article by Freidlina and Terent'ev [23]). tn our case a possible type of rearrangement and stabil- 
ization of the alkyl peroxy radicals would be the following: 

-CH~-CH-CH2 ,-3~ shift ~ Fo~m - - * " - C H 2 -  - C H z -  " -CH 2 -  - C H 2 - +  OH- + Fe(III) ( t8)  
I 
O-O" OOH O 
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Gretner [ 13] and Darnall et at. [8] from the analysis of a number of experimental data on the reac- 
tivity of OH radicals toward a set of alkanes in the gas phase found a relation correlating the rate 
constant (kobs) for the abstraction of H atoms with the structure, that is, with the number of primary 
(Nprim), secondary (A~ec) and tertiary" (Ntert) H atoms in the molecule. This relation may be expressed 
as: 

kob s = ANprim + BNse c + CIVtert (19) 

Since the B value is about ten times higher than that of A,  it follows that primary alkyl radicals would be 
formed with a maximum percentage of about 9% in the case of pentane and of about 3.5% in the case 
of decane. 

Therefore according to Equation 19 and because the oxygen insertion occurs at the site where the H 
atoms were abstracted, the relative per cent yields of the isomeric ketones will depend on the number of 
equivalent hydrogen atoms present in the hydrocarbon molecule. The experimental data seem to support 
the above considerations. In fact, only very small amounts of aldehydes have been detected in some 
experiments and the experimental yields of the isomeric ketones are roughly in accord with the expected 
ones, see Table 1. However, an inspection of Table 1 data indicates some deviations which cannot be 
accounted for by the experimental errors. For instance the ratio of theoretical yield: experimental yield 
for the 2-ketone appears to increase with the length of the aliphatic chain while, conversely, the above 
ratio for the 3-isomer decreases on increasing the length of the aliphatic chain. These systematic devi- 
ations may indicate that other mechanisms beyond those described by Equations 10-18 could operate 
under our experimental conditions. Other evidence that the reactivity of the alkyl radicals may be influ- 
enced by the nature of the components of the reaction media is the decrease of the total ketones yield 
with increasing molecular weight of the hydrocarbons (see Fig. 3), while according to the aforesaid 
kinetic rate constants and to the relative concentrations of hydrocarbons no significant changes of 
reactivity are expected. This decrease cannot be easily explained. It must be remarked that all the exper- 
iments have been carried out under homogeneous conditions and that impurities are not invoh, ed in the 
observed decrease of  the yield. In fact the same results were obtained after hydrocarbon distillation by 
a 30-plate adiabatic distillation column. In particular, the contribution of the reaction 

Cl" + hydrocarbon ~ HC1 + alkyl radical (20) 

should be considered since at least a quarter of the OH radicals generated in Reaction 3 react with C1- 
ions to produce C1 atoms. 

The formation of chlorine atoms enhances greatly the yield of oxidized products of cyclohexane 
(C1- effect) [16]. In this case experimental demonstration of the existence of this effect is not easy. In 
fact, the use of H2SO4 or HC104 as a substitute for HC1 was hindered by the low electrolytic conduc- 
tivity obtained in the solution, while the addition of HBF4 or HPF6 to the tert-BuOH-hydrocarbon 
system cause a dramatic decrease of the yield and only traces of ketones are produced. The lower total 
yields with respect to those obtained with aromatic hydrocarbons [1-4] could be ascribed to the wastage 
of OH radicals through Reaction 6 which contributes to subtract OH radicals from the reaction system. 
Taking into account the relative molar concentrations of hydrocarbon, Ct-, tert-BuOH and their reac- 
tivities towards OH radicals, about a quarter of the OH radicals generated in Reaction 3 are wasted by 
parasitic reaction with the alcohol. In particular, 2-propanone, which is produced by Reaction 6 I18], 
was identified in the course of some experimental runs. 

In conclusion, our experimental results indicate that in the liquid phase Oil radicals react at appreci- 
able rate with alkanes, when the latter are homogeneously dissolved in the reaction media. The abstrac- 
tion of hydrogen atoms makes possible the activation of the hydrocarbon molecule towards molecular 
oxygen and, as a consequence, the insertion of a carbonyl function on the alkane. The process is 
characterized by high selectivity and by mild operative conditions, and from this point of view could be 
proposed as an alternative to the usual preparative chemical methods. Additional work is in progress to 
optimize the electrical and volume yields, 
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