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reagent 

6.* Oxidation of n-heptane and cyelohexane. Direct determination of alkyl 
hydroperoxides by gas-liquid chromatography 

~1. C. Guerreiro, ~ U. Schuc.~ardt, a and G. B. Shul'pin b* 

alnstituto de Quimica, Universidade Estadual de Campinas, Caixa Postal 6154, 
13083-970 Campinas (Sao Paulo), Brazil. 

Fax: + (55) 192 393 805 
bN. N. Semenov Institute of Chemical Physics, Russian ~4cademy of Sciences, 

4 ul. Kosygina, 117977 Moscow, Russian Federation. 
Fax: 007 (095) 938 2156 

n-Heptane is readily oxidized in acetonitrile under the action of H202 with a "vanadate 
anion--pyrazine-2-carboxylic acid" system as the catalyst in air to form isomeric heptyl 
hydroperoxides (detected by GLC) along with isomeric heptanols and heptanones. Heptyl 
hydroperoxides slowly decompose at low temperature yielding the corresponding alcohols 
and ketones (aldehyde). The values of the parameter of the relative normalized reactivity of 
the H atoms at the carbon atoms in positions 1, 2, 3, and 4 depend on the reaction time and 
concentrations of the reagents_ The value of the parameter of selectivity C(I ) : C(2) : C(3) : 
C(4) varies in the range from 1.0 : 2.8 : 2.9 : 1.8 to 1.0 : 5.6 : 5.9 : 5.3. The low selectivity of 
the reaction shows that the key role is played by the attack of highly reactive radical particles 
on the C--H bond of the alkane molecule. 

Key words: metallocomplex catalysis, oxidation, hydrogen peroxide, vanadium com- 
plexes, alkanes, n-heptane, cyclohexane, activation of C--H bonds. 

T e t r a - n - b u t y l a m m o n i u m  vanadate efficiently cata- 
lyzes the aerobic  oxidat ion  of  alkanes and other  organic 
c o m p o u n d s  (for instance,  arenes and alcohols) by hy- 
drogen perox ide  i1~ ace ton i t r i l e  in the presence  o f  
pyraz ine-2-carboxyl ic  acid (PCA).  i - 7  At low (room) 

�9 For Part 5, see Ref. 1. 

temperatures ,  the cor responding  alkyl hydroperoxide  is 
mainly formed. This peroxide  then slowly decomposes  
into a ketone and an alcohol .  In the oxidat ion of  cyc lo-  
hexane ,  the quan t i ty  o f  cyc lohexy l  hydrope rox ide ,  
cyclohexanol ,  and cyc lohexanone  present in the reac-  
tion mixture were es t imated only from chromatograph ic  
analysis by compar ing  data obta ined prior  to and after 

-L.~nslated from lzve~tiya Akademii Nauk. Seriya Khimicheskaya, No. 4. pp. 780--785, April, 1997. 
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reduc t ion  with t r i p h e n y l p h o s p h i n e .  I - t ~  It should  be 
no ted  that  no di rec t  d e t e r m i n a t i o n  of  alkyl hydroperox-  
ides by G L C  was pe r fo rmed  in our  previous studies. It 
was also s h o w n  tha t  a t m o s p h e r i c  oxygen part ic ipates  in 
this  reac t ion ,  and  w h e n  it is absent ,  no oxygenat ion  
occurs.  The  ox ida t ion  of  cyc lohexane  in an  a tmosphe re  
of  JsO,~ prov ided  c o n v i n c i n g  ev idence  that  the  oxida t ion  
p roduc ts  con t a in  a cons iderab le  a m o u n t  of  180.11'12 
Thus ,  one  can  conc lude  tha t  hydrogen  peroxide is a 
p r o m o t e r  in the  ox ida t ion  o f  a lkanes ,  and  a tmosphe r i c  
oxygen plays the  role of  oxidant .  

In the  present  work,  we report  the  results of  studies 
o f  c h a n g e s  in t h e  se l ec t iv i ty  o f  t he  o x i d a t i o n  of  
n - h e p t a n e  as a func t ion  of  reac t ion  t ime,  t empera tu re ,  
and  c o n c e n t r a t i o n s  of  reagents  as well as the  direct  
quan t i t a t ive  d e t e r m i n a t i o n  o f  the  pr incipal  primary, oxi- 
da t ion  p roduc ts  (all i somer ic  heptyl  hydroperoxides)  by 
G L C .  The  ox ida t ion  of  cyc lohexane  was also studied. 

Exper imenta l  

The oxidation of n-heptane was carried out in air in 
cylindrical 30-mL glass vessets with vigorous stirring at con- 
stant temperature. Normally, 30,~ aqueous hydrogen peroxide 
(Per6xido do Brasil S/A, S,~o Paulo) (0.2 mL, 0.2 mol L - l )  

was added to a solution of  the  catalyst (in all cases 
0.1 mmolL -:  Bun4NVO3 and 0.4 m m o l L  -! PCA) and a 
hydrocarbon in MeCN. 

The reaction mixture was analyzed by GLC before and 
after addition of an excess of solid triphenylphosphine. The 
analysis was camed out using a Hewlett--Packard Series II, 
5890 chromatograph equipped with a quartz-reinforced injec- 
tor, a flame ionization detector, a quartz Carbowax 20M 
column (25 m x 0.2 ram; 0.2 ~.m), and a Shimadzu CR3A 
integrator. Helium was used as the carrier gas. Preliminary, 
calibrations were performed using solutions of the oxidation 
products of known concentrations. The peaks on the chro- 
matograms were identified by ehromato-mass-  .spectrometry us- 
ing a Shimadzu GC-17A-QP 5000 GLC-MS instrument  
(INNOWAX, 25 rex0.2 ram; 0.4 ~m); the mass spectra were 
compared with those of authentic samples (Wiley 139 Database 
Library). 

Acetonitrile of HPLC grade (99.99%, EM Science. 
Darmstadt), and n-heptane and cyclohexane (99.9%, Aldrich) 
were used without additional purification. 

Resul ts  and D i s c u s s i o n  

The oxida t ion  of  n - h e p t a n e  was carr ied out  at 7, 23, 
61, and  80 ~ at op t ima l  c o n c e n t r a t i o n s  of  the  vanada t e  
(0.1 m m o l  L - l )  and  PCA (0.4 m m o l  L - t )  d e t e r m i n e d  
previously, t-7.11A2 T h e  resul ts  ob t a ined  are l is ted in 

Table  1. 

Table I. Oxidation of n-heptane with the "O2--H202--VO3---PCA" reagent in MeCN a 

T/~ Time Concentration of the productsb/mmol L -L 

/h Alcohols Carbonyl compounds 

3a 3b 3c 3d 4a 4b 4c 4d 

Conten t  c Selectivity d 

of C(2) : C(3) 

2b (%} 

C(4) 

23 

61 

80 

68 
119 
140 

1 
2 
3 
4 
7 
9 

22 
51 

0.17 
0.5 
0.67 
1.0 
0.05 
0. l 
0.15 
0.25 
0.5 
0.75 
f.5 

0.9 3.6 3.7 1.6 0.14 0.07 0.12 0.05 96 5.3 : 5.5 
2.3 9.9 t0.0 4.55 0.45 0.2 0.3 0.15 95 5.5 : 5.6 
2.4 10.6 l l .0  4.95 0.5 0.25 0.35 0.15 95 5.6 : 5.9 
0.34 1.19 1.12 0.51 0.11 0.03 0.05 0.02 95 4.1 : 3.9 
0.51 1.91 1.88 0.85 0.20 0.06 0.09 0.04 94 4.2 : 4.2 
0.78 3.01 2.98 1.36 0.34 0. I0 0.15 0.06 93 4.2 : 4.2 
1.0 4.0 4.0 1.8 0.5 0.15 0.2 0.1 93 4.2 : 4.2 
1.4 5.55 5.55 2.5 0,6 0.2 0.3 0.15 93 4.3 : 4.4 
1.7 7.2 7.3 3.3 0.8 0.3 0.4 0.2 92 4.5 : 4.6 
2.75 11.3 11.5 5.2 1.25 0.45 0.65 0.3 92 4.4 : 4.6 
3.65 15.3 15.7 7.0 1.4 0.6 0.8 0.4 92 4.8 : 5.0 
2.3 I0.0 8.9 4.0 1.6 1.1 1.7 0.7 78 4.3 : 4.1 
2,9 14.2 12.6 5.7 2.8 2.5 3.6 1.5 65 4.4 : 4.3 
3.2 t4.9 13.0 5.9 2.9 2.9 4.1 1.7 60 4.4 : 4.2 
3.1 14.7 12.5 6.4 2.9 3.0 4.4 1.8 55 4.4 : 4.2 
1.2 6.2 6.0 2.6 1.65 0.9 1.2 0.45 71 3.7 : 3.8 
1.2 5.85 5.5 2.4 1.9 1.25 '.75 0.7 57 3.4 : 3.5 
1.2 6.0 5.7 2.5 1.9 1.55 2.1 0.8 50 3.6 : 3.8 
1.15 5.85 5.5 2.45 1.95 1.65 2.3 0.9 45 3.6 : 3.8 
I.I 5.15 4.75 2.1 1.65 1.65 2.15 0.9 35 3.7 : 3.8 
I.t 4.7 4.25 t.95 1.45 1.65 2.1 0.85 30 3.7 : 3.7 
1.2 4.7 4.4 2.0 1.65 2.0 2.5 1.0 20 3.5 : 3.6 

4.8 
5.1 
5.3 
3.5 
3.8 
3.8 
3.8 
4.0 
4.2 
4.1 
4.5 
3.6 
3.8 
3.7 
4.1 
3.2 
3.0 
3.2 
3.2 
3.3 
3.3 
3.2 

Concentrations: n-heptane,  0.46 mol L-l :  H202, 0.2 tool L- l ;  Bu~'4NVO3, 0. l mmol L-I;  PCA, 0.4 mmol L -I.  bThe concentra-  
tions of the isomers were determined by GLC after treatment with triphenylphosphine. ~The relative content of heptan-2-yl 
hydroperoxide (2b) in the mixture of products of oxidation at position 2 was estimated both from a comparison of the 
concentrations of atcohois and ketones before and after addition of PPh 3 and from the intensities of the peaks of the corresponding 
hydroperoxides on the chromatograms, a Relative .normalized reactivities of the H atoms at G(2) ,-C(3) ,  and C(4) atoms (the 
reactivity of the H atom at the C(I)  atom was assumed to be equal to 1,0) with allowance for the number  of H atoms at each of the 
C atoms. 



Oxidation of n-heptane and cyclohexane Russ. Chem.Bull . ,  Vol. 46, No. 4, April, 1997 751 

55 ~ 100 ~ 

, i z 6 :d ; IlJ ! I 

I0 

9 

,_____A_ 

l I I 1 I 

5 10 15 20 25 t/min 

Fig. 1. GLC of the products of the oxidation of heptane 
(0.46 tool L - l )  with the "O2--H~O~--VO3---PCA" reagent in 
MeCN (23 ~ 3 h) before (a) and after (b) their reduction 
with triphenylphosphine. Peaks: / -- heptanal; 2- -4  --  
heptanone (2-, 3-, and 4-isomers, respectively); 5 - - 8 -  
heptanol (I-,  2-, 3-, and 4-isomers. respectively); 9 - - 1 2 -  
heptyl hydroperoxide (1-, 2-, 3-. and 4-isomers, respectively); 
13--15 --  unidentified peroxide products. 

In contrast to previous works, in the present work we 
analyzed the composi t ion of  the alkyl hydroperoxides 
formed in the oxidation by G I C .  Direct determinat ion 
of unstable alkyl hydroperoxides becomes possible when 
quartz-reinforced injectors are used for the chromato-  
graph and quartz columns (see, for instance, Refs. 7,8). 
The use of metal (steel or copper) injector and columns 
most often results in full decomposi t ion of alkyl hydro- 
peroxides with the formation of the corresponding ke- 
tones and alcohols (often in a ratio close to 1 : 1) Four 
peaks corresponding to isomeric heptyl hydroperoxides 

were observed on the chromatograms of the reaction 
mixture along with less intense peaks of isomeric alcohols 
and ketones (aldehyde) (Fig. 1). The order of retention 
times of isomeric hydroperoxides is the same sequence 
as that of the corresponding alcohols and ketones (the 
retention time increases on going from 4- to 3-, 2-, and 
l-isomers). After reduction of  the sample with excess 
solid triphenylphosphine, the peaks of  heptyl hydroper- 
oxides completely disappear, and a great increase in the 
intensity of all the peaks corresponding to the isomeric 
alcohols is simultaneously observed (see Fig. 1). The 
intensity of all the peaks due to ketones decreases, 
which is evidence for a slight (10--15%) decomposit ion 
of heptyl hydroperoxides in the chromatograph. Peaks 
13, 14, and 15 (see Fig. 1) probably belong to isomeric 
peroxides, heptane derivatives, since they completely 
disappear after reduction with PPh> 

In the oxidation of cyclohexane we also observed a 
peak of cyclohexyl hydroperoxide for the first time. A 
comparison of the chromatograms of  the samples ob- 

C. 102/mol L -I 

4 " 1 ~  

2 I -  b 

1 1 '~2 
1 1 t 

40 80 120 
1 
t/rain 

Fig. 2. Kinetic curves of the accumulation of cyclohexyl 
hydroperoxide (l) and of its decomposition with the formation 
of cyctohexanol (,7) and cyclohexanone (3) in the oxidation of 
cyclohexane (0.46 moll  -I ) with the "O2--H~O2--VO3--- 
PCA" reagent in McCN at 50 (a) and 70 ~ (,b). 
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rained before and after reduction with PPh 3 allowed us 
to calibrate the chromatograms and to determine di- 
rectly the concentrations of all three oxidation products, 
via., alkyl hydroperoxide, ketone, and alcohol. As fol- 
lows from Fig. 2, stable products, cyclohexanone and 
cyclohexanol, are formed simultaneously with cyclohexyl 
hydroperoxide in the oxidation of  cyclohexane. When 
the oxidation with participation of  H202 is over (about 
3 h at 50 or 70 ~ decomposition of cyclohexyl hydro- 
peroxide  begins,  y ie ld ing numerous  unident i f ied 
products. 

In the present work the oxidation of n-heptane (1) 
was studied in more detail. The above noted relative 
instability of isomeric heptyl hydroperoxides 2 (they 
unde~o  some decomposit ion,  approximately 10--15%, 
resulting in alcohols 3 and carbonyl compounds 4, even 
in the case of quartz columns) and the formation of 
small amounts of  unidentified peroxide products pre- 
clude precise determination of the concentrations of 
peroxides. Thus, to achieve higher accuracy in measur- 
ing the selectivity of oxidation, we determined the con- 
centrations of isomers after their reduction by PPh 3 
(Scheme I). The parameters obtained are given in 
Table I. Nevertheless, it should be emphasized that the 
content of isomeric 2 in the reaction mixture can be 
estimated by both direct determination of the intensities 
of their peaks on the chromatograms and by measure- 
ments of the intensities of the peaks of the correspond- 
hag carbonyl compounds and alcohols bet'ore and after 
reduction by tr iphenylphosphine.  

Scheme I 

CH3(CH~)sCH ~ 

1 

,,~N 

R ' - ' - C H A R "  ~' T - R ' - - - C ~ R "  
I II 

OOH O 

2 a - - d  4 a - - d  

a: R" = CHa(CH2)5,  R" = H 
b :  R '  = CH3(CH2)  4, R" = CH 3 
C'- R '  = CH3(CH2)3,  R" = CH2CH 3 
d: R" = CH3(CH2)  2, 171" = (CH2)2CH 3 

As follows from Table 1, the rate of oxidation sharply 
increases as the [emperature increases. The observed 
ac t iva t ion  energy  e s t ima ted  from these data is 

92__+10 kJ mol -I .  Only very slow decomposit ion of  2 
occurs at 23 ~ The rate of decomposi t ion of hydroper-  
oxide at elevated temperatures (61 and 80 ~ is compa-  
rable with the rate of its formation.  The optimal tem- 
perature for attaining the maxirnum yield of  the oxida- 
tion products is 23 ~ The total yield of  oxidation 
products after 51 h is 22.4% with respect to H202 (moles 
per mole of H20:)  and 10% with respect to I. The total 
turnover number of the catalyst is 450. The overall 
concentration of  all the oxidation products at high tem- 
peratures (61 and 80 ~ is appreciably lower. This 
might be due to unproductive decomposi t ion of  H20 2 
into water and molecular oxygen catalyzed by vanadium. 

Oxidation of 1 proceeds with low selectivity, the 
relative reactivity of the C - - H  bonds at the C(I) ,  C(2), 
C(3), and C(4) atoms is - I  : 4 : 4 : 4. This value is close 
to that found for the oxidation of  I by H20 2 in MeCN 
(23 ~ I h) under the action of  UV-irradiat ion (I .0 : 
3.4 : 3.2 : 3.0). The low selectivity for vanadate-cata-  
lyzed oxidation by hydrogen peroxide confirms the as- 
sumption that the hydroxyl radicals play a key role in 
this oxygenation of  alkanes. Actually,  it is likely that the 
HO" radical abstracts the H atom from the alkane RH, 
which results in the alkyl radical R ' .  The latter rapidly 
reacts with an 02 molecule to give the peroxyl radical 
R O O ' ,  which is subsequently converted into an alkyl 
hydroperoxide, a ketone, or an alcohol. The relative 
content of the two last products increases at elevated 
temperatures. 

Thus, the "O2--H202--VO3-- -pyraz ine-2-carboxyl ic  
acid" reagent in MeCN is likely to be a very efficient 
"generator of hydroxyl radicals" (see, for instance. 
Ref. 13). However, the mechanism of the generation of  
hydroxyl radicals, as well as that  of the transformation of 
peroxyl radicals into alkyl hydroperoxide,  is not clear. It 
should be noted that the oxidat ion of  alkanes by H20 2 
catalyzed by iron complexes t4 is much more selective in 
the case of n-hexane: C(1 ) :  C ( 2 ) :  C ( 3 ) =  1 : >35:  >40; 
the value of this parameter for analogous phenylselenation 
of n-hexane is 1.0 : 5.4 : 5.6. t5 

As follows from Table 1, the parameter  of  selectivity 
C(I )  : C(2) : C(3) : C(4) does not remain constant and 
changes in the course of the react ion from the min imum 
value (I.0 : 3.5 : 3.6 : 3.2) 1.5 h after the beginning of 
the reaction at 80 ~ to the maximum value (1.0 : 5.6 : 
5.9 : 5.3) after 140 h at 7 ~ In general, it can be 
noticed that the C(N) : C ( I )  (N = 2, 3, 4) ratios 
gradually and monotonical ly increase in the course of 
the reaction and have appreciably higher values when 
the reaction is carried out at low temperatures.  This may 
be associated with the partial oxidation of 4a to the 
corresponding acid, which results in a decrease in the 
concentration of I- isomers in the reaction mixture. 
However, the C(N) : C( t )  ratios remain constant  (or 
even slightly decrease) in the course of the reaction at 
80 ~ during the period when no accumulat ion of 
oxidation-products occurs. It is  of  interest that the C(2) 
to C(3) ratio is less than I in almost all cases (except for 
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Table 2. Dependence of the yield of oxygenation products on the initial concentration of n-heptane in its oxidation with the "O 2 -  
H202--VO3---PCA ~ reagent in MeCN a 

[Heptane] 0 Concentration of the productsb/mmot L -1 Overall Content" Selectivity d 

/tool L -~ Alcohols Carbonyl compounds concentration of C(2) : C(3) : C(4) 

3a 3b 3c 3d 4a 4b 4e 4d of all products 2b (%) 
/retool L- I 

[H20210 = 0.05 tool L -I 

0.12 0.16 0.75 0.68 0.15 0.35 0.21 0,29 0.16 2.75 44 2.8 : 2.9 
0.23 0.46 2.05 1.94 0.89 0.53 0.26 0.38 0,17 6.68 70 3,5 : 3.5 
0.46 0.41 1.93 1.76 0.80 0.77 0.22 0.35 0.16 6.40 77 2.7 : 2.7 
0.55 0.59 2.51 2.36 1.07 0.62 0.20 0.31 0.14 7.80 84 3.4 : 3.3 

[H~O2] 0 = 0.20 tool L -I 
0.06 0.32 1.43 1,33 0,63 0.54 0.34 0.56 0.21 5.36 52 3.t : 3.t 
0.12 0.59 2.38 2.27 1.04 0.59 0.30 0.43 0.19 7.79 75 3 4 : 3.4 
0.23 0.76 2.94 2.96 1.33 0.46 0.18 0.27 0.12 9.78 88 3.8 : 4.0 
0.46 1.02 3.81 3.70 1.67 0.39 0. I1 0.17 0.08 10.95 9a 4. t : 4.1 
0.55 0.99 3.77 3.89 1.71 0,43 0. I0 0.18 0.08 11.15 95 4.1 : 4.3 

1.8 
3.2 
2,4 
3.0 

2.9 
3.1 
3,6 
3.7 
3.8 

a Conditions: 23 ~ 3 h. Concentrations of the components: Bu'~4NVO3, 0.t mmol L-L; PCA, 0.4 mmol L -I. b The concentra- 
tions of the isomers were determined by GLC after the addition of triphenylphosphine to a sample of the reaction solution. 
e The relative content of heptan-2-yt hydroperoxide; see footnote c to Table 1. '~ Relative normalized reactivities of H atoms; see 
footnote a to Table 1. 

the react ion at 61 ~ The me thy lene  group in posi t ion 
2 of  the n - h e p t a n e  chain is bonded  to the less e lect ron-  
donat ing  methyl  group,  and the CH 2 group in posit ion 3 
is bonded  to the e l ec t ron- r i ch  ethyl group. Therefore ,  it 
can be ~Lssumed that at low tempera tures  the e lectron 
effect of  the subst i tuent  domina tes  over steric h indrances  
when the C - - H  bond  is at tacked by hydroxyl radicals 
(i.e.. the rate of  hydroxylat ion of  posit ion 3 is higher). 
The C(3) : C(4) ratio varies only a little in the course of  
the reaction.  

The data in "Fable 2 show the dependence  of  the 
initial oxidat ion rate (def ined as the concen t ra t ion  o f  
oxidat ion p roduc t s  in the initial period of  the reaction) 
on the initial concen t r a t i on  of  1. When  the concen t ra -  
t ions  of  both  reac tan ts  are comparab le  ([H202] = 

0.20 mol L - I ) ,  a m o n o t o n i c  decrease  in the initial rate 
with the increase in [1]0 is observed.  If 1 is in excess 
([H2021 = 0.05 mol L - t ) ,  the react ion rate is p ropor -  
t ional to the concen t ra t ion  of  the substrate at a low 
concen t ra t ion  of heptane;  at [1]0 > 0.2 tool L -~, this 
rate is almost  independen t  o f  the concen t r a t ion  of  the 
hydrocarbon.  

At a re la t ive ly  high c o n c e n t r a t i o n  o f  H 2 0  2 
(0.20 tool L-") ,  the C(N)  : C( I )  ratios d ep en d  on the 
initial concen t ra t ion  of  1 and increase from ~3 : I to 
~4 �9 I if [1]0 varies f rom 0.06 to 0.55 m o l L  - I .  It is 
impor tant  to note  that  the  relative c o n t e n t  o f  isomers  2 
in the mixture of  the products  increases lYom 52 to 95,% 
in parallel with the change  in selectivity. This  can be 
explained by the exis tence of  compe t ing  react ions  be-  

Table 3. Dependence of the yield of oxygenation products on initial concentration of H202 in the oxidation of n-heptane with the 
"O~--H202--VO3---PCA" reagent in MeCN a 

[H 202]o, Concentration of productsb/mmol L -I 

/tool L-I Alcohols Carbonyl compounds 

3a 3b 3e 3d 4a 4b 4c 4d 

Overall Content c 

concentration of 

of all products 2b (%) 
/retool L -1 

Selectivity a 

C(2) C(3) : C(4) 

0.01 0.12 0.48 0.39 0.18 0.23 0.08 0.13 0.05 1.66 67 
0.05 0.33 1.2h 0.96 0.45 0.30 0.09 0.14 0.06 3.59 85 
0.10 0.72 3.08 2.92 1.32 0.86 0.24 0.38 0.17 9.69 85 
0.15 1.06 3.35 3.04 1.60 0.60 0.20 0.32 0.10 10.27 88 
0.20 1.04 3.86 3.71 1.7l 0.35 0.12 0.19 0.08 11.06 94 
0.40 0.72 2.53 2.66 1.21 0.22 0.12 0.13 0.06 7.65 91 
0.50 0.58 1.30 1.28 0.60 0.05 0.25 0.28 0.12 3.88 70 
0.502 0.05 0.13 0.15 0.09 0.21 0.73 0.74 0.37 2.47 64 

2.4 2_2 : 2,0 
3.2 2.6 : 2.4 
3.2 3.1 : 2.8 
3.2 3.1 : 3,0 
4.3 4.2 - 3.9 
4.2 4.4 : 4.0 
3.7 3.7 : 3.4 
5.0 5.2 : 5,2 

a Conditions: 23 ~ 3 il. Concentrations of the components: n-heptane, 0.46 real L-t;  BtqNVO 3, 0.1 mmol L-L; PCA, 
0.4 mmol L -I . b The concentrations of the isomer~ were determined by G LC after the addition of.triphenylphosphine to a sample 
of the reaction solution, c The relative content of heptan-2-yl hydroperoxide: see footnote c to Table I. '~ Relative normalized 
reactivities of H atoms; see lbotnote d to Table l. e The concentration of n-heptane is 0.06 tool L -~. 
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tween the catalyst and either RH or ROOH. In fact, ifa 
vanadium-containing catalyst participates in the forma- 
tion and decomposition of the alkyl hydroperoxide, the 
rate of its decomposition is lower at high concentrations 
of RH. 

The dependence of the initial rate of oxidation on 
the initial concentration of H~O, is bell-shaped with a 
maximum at [H20210 = 0.20 tool L -I (Table 3). At low 
concentrations of H20 2 (<0.1 tool L-m), the reaction 
rate is approximately proportional to the concentration 
of the oxidant. The reason for the decrease in the yield 
of oxidation products at high concentration of H20 2 is 
obscure and calls for further investigations. 

We determined the balance of the reaction masses at 
a comparatively low concentration of the hydrocarbon. 
At [110 = 54.6 mmol L -t and [H202]0 = 0.20 tool L -~, 
the mass balance is 99.4% alter 3 h at 23 ~ 

Compared to other systems based on H20 2 or/and 
O, and using complexes of transition metals as cata- 
lysts, l.t-3z the "0~-- H202--VO3---pyrazine-2-carboxy- 
lic acid" reagent exhibits noticeably higher efficiency 
and oxidizes the methyl group of the alkane at a rela- 
tively high rate (compared with the methylene group). 
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