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Abstract

It has been found that the rate of hydrogen peroxide consumption in an alkane oxidation by,+&0OanBu,NVOs;—pyrazine-2-
carboxylic acid” reagent in acetonitrile is noticeably lower in the presence of an alkane than in its absence. This paradoxical phenomenon at
the first glance can be explained if we assume that acetonitrile used as a solvent is efficiently oxidized by the system in the absence of alkane.
This oxidation is depressed by alkane additive due to the competition between the alkane and acetonitrile for the active hydroxyl radicals
efficiently generated by the reagent. It has been also shown that,tbgdécomposition in the presence of an alkane occurs as a radical
non-chain process.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction composed in the course of the reaction to the more stable
ketones and alcohols.
Vanadium complexes are known to catalyze various oxida- HO
tions of organic compounds including alkanes (see, for exam- [Nj/C—O
. - .. H,0, + n-Bu,NVO; + ||

ple, reviews[1-7] and recent original publicatiori8—22]). N

Earlier we have discovered a very efficient reagent for oxi- .

dation of organic compounds, especially for hydroperoxida- Usually acetonitrile has been used as a solvent. The ox-

tion of saturated hydrocarboifi@3—-36] This reagent based idative ability of the “G—HyOp—V complex—PCA’ reagent

on atmospheric oxygen as qmdant and hydrogen pgropdeis due to the hydroxyl radical formation in the hydrogen per-
as a promoter of the oxidation as well as a combination

of n-tetrabutylammonium vanadate (or any other vanadium oxide decomposition. The oxidation is induced by the attack

derivative) and pyrazine-2-carboxylic acid (PCA) as a cat- .Of hydroxyl radical on the a”‘af‘e’ RH, to p_roduce alkyl rad-
- . . icals, R. The latter further rapidly react with molecular at-
alyst oxidizes alkanes predominantly to the corresponding

. . : _~ mospheric oxygen. Peroxyl radicals, RQ@hus formed can
alkyl hydroperoxides. Alkyl hydroperoxides are partially de be converted to alkyl hydroperoxides. The rate-limiting step

of the reactior{35] is the monomolecular decomposition of

* For parts 1-13, sd@4—36} respectively the complex containing one coordinated PCA molecule:
* Corresponding author. Tel.: +7 095 939 7317; fax: +7 095 137 6130. v Y, n
E-mail addressshulpin@chph.ras.ru (G.B. Shul'pin). VY(PCA)(H,02) — V'V (PCA) + HOO® + H (A)

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2004.10.043
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The V(IV) species thus formed reacts further withthe second  Current concentration of #0, was determined spec-

H>0O2 molecule to generate the hydroxyl radical according to trophotometrically after addition of titanium(IV) sulfdt&7].

the following equation: In experiments involving molecular oxygen evolution, the
volume of dioxygen evolved was measured using a ther-

VIV(PCA) + H,02— VVY(PCA) + HO®* + HO~  (B) mostated burette. The reaction system was connected to a

. . manometric burette with water, which was saturated with air
It has been assumed that the accelerating role of PCA is asprior to use. After certain time intervals, the pressure was

cribed to the facilitation of the proton transfer between oxo equilibrated using a separation funnel by adjusting the wa-
and hydroxy ligands of vanadium complex on the one hand, ter level to the same heights. SynthesisneéBusNVO3 is
and molecules of hydrogen peroxide and water on the otherdescribed in the literatui@5,38]
hand (“a robot’s arm mechanisn35].

The efficiency of the KO, usage in the oxidations by
this reagent is less than 100% especially in the case of rel-3  Results
atively inert alkanes used as substrates. Indeed, one can a

priori assume that some amount of hydrogen peroxide will | this work we studied for the first time the consumption
be decomposed “non-productively” to afford molecular oxy- of hydrogen peroxide and dioxygen evolution in the pres-
gen (“catalase activity” of the catalyst) ang® mightbe  ence and absence of an alkane. In our previous publications
also consumed for the oxidation of the solvent (acetonitrile). [24-36] we described only the formation of alkyl hydroper-
In the present work we investigated the alkane oxidation by gxides from alkanes under the action of the reagent. We have
the “O—H202-V complex-PCA’reagenttakinginto account - found that in the presence of vanadate anion and PCA, hydro-
the aspect of the productivity of4®> usage. gen peroxide in acetonitrile at 5C decomposes to evolve
molecular oxygen; however, the stoichiometry is in accor-
dance with expressioftC):

2. Experimental
2A[H202] > A[O2] + 2A[H20] (©)

A.q'ueous 35% hydroggn peroxide §0Iut|0n ( F|Uk‘."‘ ' If PCA is used in excess compared with the vanadium con-
stabilized, 2‘ SOIUt'O(? in_ water with concentration centration, the rate of the dioxygen evolution is proportional
11.5moldn, or 38%, determmed by  the t|tra'g|on)_ to the initial concentration of the vanadate anibig( 1).
was used.as recewed. Th? experiments on alkane oxlda_tlons The dependences of the reaction rate on the initial concen-
yeesrsegl::r(rtg?alo s‘t);ﬂn\:\':tig Ir?ﬂf;] ?/:/?t}? S\:?tgfosgr:grﬁ%“nd{_'ﬁ al tration of hydrogen peroxide are presenteBim 2 Compar-

. . 9 9. "N€ ison of graphs A and B clearly shows that hydrogen peroxide
total volume of the reaction mixture was usually 2-5mL. decomposition to @is noticeably more rapid if cyclohexane

'Tﬁat-tgﬁ'?gg’e“ger:aég'gﬂyihi p(:)rltlggnot);rlﬁeagrkea%l:as is not present in the reaction solution. The second feature of
soluti 2 Was soluti ' this reaction is the higher rate obB, consumption in com-

?S?%St (-tetrabutylammonium vanadate) and co-catalyst parison with @ accumulation in the absence of cyclohexane.
In order to determine concentrations of all cyclohexane
oxidation products the samples of reaction solutions were
in some cases analyzed twice (before and after their treat-
ment with PPB) by GC (LKhM-80-6 instrument, columns
2 m with 5% Carbowax 1500 on 0.25-0.315 mm Inerton AW-
HMDS; carrier gas argon) to measure concentrations of cy-
clohexanol and cyclohexanone. This method (an excess of
solid triphenylphosphine is added to the samples 10-15 min
before the GC analysig¥—6] allows us to detect alkyl hy-
droperoxides and to measure also the real concentrations of
allthree products (alkyl hydroperoxide, alcohol and aldehyde
or ketone) present in the reaction solution, because usually
alkyl hydroperoxides are decomposed in the gas chromato-
graph to produce mainly the corresponding alcohol and ke-
tone. Nevertheless, in our kinetic studies described below, we
measured concentrations of cyclohexanone and cyclohexanol
only after reduction of the reaction mixture with BRishich
gIVES precisely conc_entr_atlon of a sum of t_he Oxygenat_es' Fig. 1. Plot of initial rate of dioxygen evolution in the B, decom-
This total concentration is used for measuring the reaction position in MeCN vs. initial concentration ai-BusNVOs. Conditions:
rates. [H205]0=0.96 mol dn13; [PCA]o = 25 x 10~* mol dm3; 50°C.
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Fig. 2. Decomposition of kO, in MeCN at 50°C. Dependences of ini-

tial rates of Q evolution (curves 1), B0, consumption (curves 2) and
cyclohexane oxygenates formation (curve 3) on initial concentration hydro-
gen peroxide are shown. Conditions:BusNVO3]o =5 x 10~4 mol dm3;
[PCA]p=25x 10~*moldm 3. Hydrogen peroxide was added as 35%
aqueous solution. Graph A: the reaction in the presence of cyclohexane
(0.46 mol dnv3); graph B: the reaction in the absence of cyclohexane. Curve
2a was obtained for the reaction when additional water was added in order
to even the influence of water from the hydrogen peroxide sample.

Both dependences testify the first order in respect{04ht
its relatively low concentrations.

In the absence of PCA almost no, @volution can
be noticed. At [PCA]<10< 10~*moldm 3 the & evo-
lution rate increases linearly with growth of [PCA] and
at [PCA]>10x 10~ *moldm 2 does not grow with rise
of [PCA] (Fig. 3. Moreover, maximum can be noticed at
[PCA] ~ (10/20)x 10~*moldm3. It is interesting that pi-
colinic acid also accelerates the ®&volution with a much
more sharp maximum at approximatelx80~* mol dm3
(seeFig. 3, curve 2).

We determined efficient activation energy of the O
evolution Fig. 4), which turned out to be approximately
equal (20 kcal mot?) to that for the cyclohexane hydroper-
oxidation (17 kcalmat!) [35] or benzene hydroxylation
(19 kcal mot 1) [36]. Phenol taken in relatively large ex-
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Fig. 3. Plots of initial rate of dioxygen evolution in the;8, decompo-
sition in MeCN vs. initial concentration of added PCA (curve 1) or pi-
colinic acid (curve 2). ConditionsnfBusNVO3]o=5x 10~*mol dmi3;
[H202]0=0.96 mol dnm3; 50°C.

cess to the vanadium ion decreases thee@lution rate,
whereas 2,6-dimethyl-tert-butylphenol containing a ster-
ically shielded OH group almost does not affect the rate

(Fig. 5).

4. Discussion

It is known that in agueous solution reactions of photo-
chemical hydrogen peroxide decomposition as well as its
decomposition under the action of ions and complexes of
transition metals occurs as radical chain procef3@s41]
Chaintransfer agentsinthese reactions are inter alia hydroxyl
(HO®) and hydroperoxyl (H@?) radicals. Chain propagation
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Fig. 4. Dependence of the initial dioxygen evolution rate on tem-
perature in the bHO, decomposition in MeCN which corresponds
to Ea=20kcalmotl. Conditions: p-BusNVO3]o=1x 10~*moldnt3;
[PCA]o=5 x 10~* mol dm3, [H202]0 = 0.96 mol dnr3.
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with conjugated solvent oxidation reactions because solvent
molecules usually react with hydroxyl radicals. The same
can be said about radical chain processes of organic perox-
ide decomposition and about any radical process in which
generated free radicals react with solvent molecules.

It follows from Fig. 2 that the initial rate of hydro-
gen peroxide decomposition (at its initial concentration
0.5moldnT3) at 50°C in the presence of catalyst
BwNVO3 (5x 10 *moldm3) and co-catalyst PCA
(2.5x 103 moldm™3) is equal to 2x 10~ moldm 3571,
Under the same conditions the rate of molecular oxygen
evolution is equal to 0.& 10~*moldm3s~1. Thus, it

0, evolution rate, 10

can be concluded that the hydrogen peroxide is consumed
for the oxidation of the reaction solution components with
the rate of 0.8< 10-*moldm3s~1. The oxidation of the
reaction solution components leads to the formation of such
products as formaldehyde, carbon monoxide and formic
acid [33] with the yields growing with the reaction time.
Total yield of these products is however not high, and other
possible products have not been identified by us. It can
be assumed that two substances PCA and acetonitrile can
be potentially oxidized under conditions described above.
Taking into account that oxidizing ability of the system under
discussion is due to the hydroxyl radical generation, we can
Q) propose that acetonitrile will be mainly oxidized. Indeed
if for the interaction between PCA and MQve assume
@ the rate constant to be equal to xA0°°mol-1dmés1,
In addition to the participation in the chain initiation stage, We Will calculate that the rate ratio for the MQnter-
transition metal ions M usually catalyze stage (2) in accor- actions with PCA and CECN is not higher than 0.07
dance with the following scheme: (at [PCA]=2.5moldn® and [CHCN]=17 moldnT3),
becausek(HO® + CH3CN) =2.2x 10’ mol-1dmés~1 [42].
3) In reality, however,k(HO® + PCA) should be lower than
@) 1.0x 101mol-tdm3s1.
This assumption is supported by two experimental re-
Certain organic substances, when added to these systemsults described below. If we would assume that a compound,
do not change the initiation rate but decrease the decomposiwhich is mainly oxidized is PCA, we will need to accept that
tion rate of hydrogen peroxide. A decrease in the decompo-the typical time of the added PCA (25102 mol dn3)
sition rate of hydrogen peroxide is due to the change of the consumption might be ca. 2.5min because the rate of hy-
mechanism of the chain termination because the interactiondroxyl radical generation under our conditions is higher than
between hydroxyl radicals and the organic substance leads tdl.5 x 10~-° mol dm3s~1 (see below). Consequently, during
the formation of secondary radicals which are less reactive this time, in accordance with the dataféify. 3, a substan-
in the propagation stage but efficient in the chain termina- tial catalyst deactivation could occur, which is in contra-
tion step. Efficiency in the suppression of the chain processdiction with our experimental results. Secondly, if we as-
should depend on the reactivity of the secondary radicals. sume that PCA is a substance, which is mainly oxidized
Only in the case when these radicals are inactive in the chainin the system under consideration, we should expect that
termination step, the whole chain process is completely sup-an increase of PCA concentration (after attaining the max-
pressed and the oxidation rate of the organic substance equalsnum rate) would lead to a sharp decrease of the rates of
to the initiation rate. In the aqueous solution, the inhibition of both cyclohexane oxidation and dioxygen evolution. On the
the hydrogen peroxide decomposition occurs usually when contrary, the data ofig. 3 and results obtained if40]
concentration of the organic compound is much less than hy-demonstrate that the effects of [PCA] on the reaction rates
drogen peroxide concentration. This fact is due to the higher at [PCA] > 1.5x 10-2 mol dm2 are negligible.
reactivity of organic compounds towards hydroxyl radicals in Previously analyzing the dependence of the rate of cyclo-
comparison with the reactivity of #D,, as well as the chain  hexyl hydroperoxide formation on the initial cyclohexane
mechanism of the kD, decomposition. concentration[35], we took into account the possibility
It is clear that in an organic solvent, chain processes of hydroxyl radical to be accepted by acetonitrile. This
of hydrogen peroxide decomposition will be accompanied analysis was based on the assumption that cyclohexane does

0 3 4
[inhibitor]y x 102 /moldm™>

Fig. 5. Plots of initial rate of dioxygen evolution in the,8, de-
composition in MeCN vs. initial concentration of added phenol
(curve 1) or 2,6-dimethyl-4ert-butylphenol (curve 2). Conditions:
[n-BusNVO3]o =5 x 10~* mol dm3; [PCAJo=25x 10~* mol dn3,
[H202]0=0.96 mol dnm3; 50°C.

stages in the photochemical process are the following reac-
tions:

HO®* + H202 — H>0 + HO»*®
HO>* + HoOo — HO®* + Oy +H20

HOp® + M"* — HT 4+ O+ MO =1+
M@ =Dt 4 H,05 — M"T +HO™ + HO®
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not affect the hydroxyl radical generation rate. Moreover, in [35] which does take into account reactions of secondary
we assumed that secondary radicals generated from botlradicals nevertheless quantitatively describes the experimen-
cyclohexane and acetontirile do not take part in the chain tal data. However, if we accept that radicals formed from the
hydrogen peroxide decomposition with participation of acetonitrile caninduce a chain process of th®kdecompo-
hydroxyl radicals. A conclusion was made from this analysis sition, we will find that, stationary concentration of hydroxyl
that when cyclohexane concentration is high, the rate of radicals is higher than in the absence of the interaction be-
cyclohexyl hydroperoxide formation approaches the rate of tween secondary radicals formed from §EN and BO,
hydroxyl radical generation by this system that is the initia- due to the additional generation of hydroxyl radicals in the
tion rate. If this assumption is true, the cyclohexane additives cycle of H,O, decomposition. As a result efficiency of the
should not affect the hydrogen peroxide decomposition rate. acetonitrile on the yield of cyclohexyl hydroperoxide should
However, our experiments unexpectedly demonstrated thatbe less than that expected on the basis of radiochemical ex-
under the conditions described above cyclohexane added tgeriments giving rate constants of the interaction between
the reaction solution decreases the rate of hydrogen peroxidenydroxyl radicals with either acetonitrile or cyclohexane. It
decomposition. For example, in the presence of 0.46 oh means that experimentally measured ratio
cyclohexang and [FD2]o = O._5 mol dn13 the rates c1f4|j02 k(HO® + CHaCN)

decomposition and 9evolution dropped to 0.2 10~* and .

0.15x 10~*mol-tdm®s~1, respectively, from the initial k(HO® + CyH)
rates 2x 10~% and 0.6x 10#mol~1dm®s 1 obtainedinthe  should be less than the corresponding calculated ratio.
absence of cyclohexane (d€ig. 2). The rate of the formation Further, we might expect some difference in the values of
of the main oxidation product cyclohexyl hydroperoxide is the ratio(6) measured in photochemical (in the absence of a
equal to 0.15¢ 10~* mol dn® s~1, that is 70% of the initia-  catalyst)[43] and in catalytic (in the presence of a catalyst)
tion rate[35,43] Experimentally found kinetic features ofthe  experiments, because the participation of the catalyst in the
process are the following. On growing initial concentration cycle of the chain propagation is very probable. Thirdly, the
of added cyclohexane (CyH), the dioxygen evolution rate experimental dependence of the cyclohexyl hydroperoxide
approaches zero and the hydrogen peroxide decompositiorformation rate on cyclohexane concentration should not gen-
rate approaches a two-fold rate of cyclohexyl hydroper- erally correspond to the dependence, which can be predicted
oxide (CyOOH) formation. Thus, total reaction of the by the simple competitive schenigs]. We have found that
catalytic cyclohexane oxidation corresponds to the following in reality the constant ratio is in concordance with the ratio

(6)

equation: calculated from the radiolysis data. As this ratio is practically
the same for both photochemical and catalytic experiments
2H,07 +CyH — 2H,0 + CyOOH (5) [43], we can state that the experimental data are in agreement

with the simple competitive scheme. This is why we propose

The obtained experimental data show that in the absencethat the additional consumption of hydrogen peroxide for ter-
of the cyclohexane each hydroxyl radical generated by the minal products is not due to the chainr® decomposition
catalytic system induces the decomposition of 10 molecules (which occurs via the generation of hydroxyl radicals), and
of hydrogen peroxide and approximately half of these that this decomposition is not induced by radicals formed
molecules is used for the acetonitrile oxidation, whereas, from acetonitrile.
the other half of molecules is consumed for theQd de- The catalytic HO, decomposition under the action of
composition leading to the formation of molecular oxygen. vanadate ions is not a radical chain but a radical pro-
Since the rate constants of hydroxyl radical interactions with cess, because in acetonitrile the rate of potentially pos-
the acetonitrile and D, are closg42] and concentration  sible chain termination stage (1) is much lower than the
of the acetonitrile is much higher than hydrogen peroxide rate of the interaction between hydroxyl radicals and ace-
concentration, all induced HOradicals will react with tonitrile (i.e., the chain termination rate). We assume that
CH3CN (for the reactions of hydrogen peroxide with the main route leading to the dioxygen evolution is due
acetonitrile, see, for examplg3,44,45). to the secondary processes of acetontirile oxidation by hy-

It is important to note that the additional consumption of drogen peroxide. Indeed the,@volution rate decreases
hydrogen peroxide in the acetonitrile oxidation induced by with decreasing acetonitrile oxidation rate. Under studied
radicals formed from the acetonitrile cannot be due to a rad- conditions (b-BusNVO3]=5 x 104, [PCA]=2.5x 1073,
ical chain process of the hydrogen peroxide decomposition [H20,]=0.5 mol dnt3 and 50°C) in the absence of added
with the formation of hydroxyl radicals. An assumption that cyclohexane, we detected a large hydrogen peroxide con-
radicals generated in the interaction betweengCN and sumption per one hydroxyl radical inducing the oxidation
HO* induce the chain process of hydrogen peroxide decom-in our catalytic system. Additives of cyclohexane lead to
position with the formation of hydroxyl radicals is in con- the substantial decrease op®h consumption, and a goal
tradiction, first of all with the main thesis accepted 3%]. productis formed, CyOOH: sé@ble 1which contains rates
This thesis describes a competitive interaction of acetonitrile of cyclohexane oxidationM(CyH), and hydrogen peroxide
and cylohexane with hydroxyl radicals. A model proposed consumption\W(H»>05), at various initial concentrations of
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Table 1 This parameter is in good agreement with the value (1.15)
Rates of HO, decomposition and CyH oxygenation at various initial CyH  ~g|culated on the basis of radiolysis experimgagy.

concentrations Added methanol decreases the hydrogen peroxide
[CyHlo 107 x W(H202) 10° x W(CyH) decomposition rate to much less extent in comparison with

_3 —3 1 —3 1

(mol dn) (moldm™"s™) (moldn?s ™) the alkanes. For example, at [MeOH]= 0.5 moldhthe

8 . %% % value ofW(H,0) is only by 30% lower than in the absence
o'gz 0.7 oﬁs of methanol. This is not due to the difference between rate

1.84 0.6 0.19 constants for the reaction of hydroxyl radicals with methanol
and cyclohexane. Indeed, rate constants for oxidations

of both substrates are very similar: (84.7)x 10° and
cyclohexane. The data froffable 1show, for example, that 1 255 1P mol-2dm®s~1, respectively. Less efficient

at [CyH]=0.92 mol dn73 and when 38% aqueous8; is decrease in the #D, decomposition rate in the case
used approximately a half of all hydrogen peroxide amount of methanol, when compared with alkanes can be ex-
is consumed for the cyclohexane oxidation, whereas, the SeCplained if we accept that radicals formed from methanol
ond half of HO; is used for the acetonitrile oxidation and jnduce the chain process of the,®b decomposition
dioxygen formation. with participation of hydroxyl radicals, as shown in Egs.

When cyclohexane is presentin a high concentration, ace-(1) and (2) Such a route is impossible in the case of
tonitrile as an acceptor of hydroxyl radicals affects neither gjkanes.

hydrogen peroxide decomposition rate nor cyclohexane ox-
idation rate. Taking into account the stoichiometry of the
cyclohexane oxidation, E¢5), and the fact previously de-
scribed by us that CyOOH is not formed if a stream of argon
is bubbled through the reaction solutii#b] we can propose In this work we followed the alkane, RH, oxidation with
that d_ioxygen necessary fqrthe reaction (a_catalytic cycle, S€€he “Op—HpO,—NBU;NVO3—PCA'’ reagent in acetonitrile by
[35]) is f_o_rmc_ad n apprOp_nate amount durmg_thgﬂ)& de- measuring the hydrogen peroxide consumption in the course
compositioninthe gatalyt|c cyclle. Based onthis stateme_ntwe of the reaction and found that the rate of this consumption
propose the followmg mechanism of thQ% d.ecomposu.- is noticeably higher in the absence of the alkane. This phe-
tion and the simultaneous cyclohexane oxidation at relatively nomenon can be understood by introducing the following

high concentrati_on of the latter when all generated hydroxyl mechanistic scheme. Hydrogen peroxide generates under the
radicals react with the alkane: action of the vanadium complex hydroxyl radicals, which

5. Conclusions

V5 4+ H,0, = complex @) competitively react both with MeCN and RH:

complex - V4 + HT + HO,® 8) HO®* + MeCN — products (15)

V3 4+ HOz* — VH +HT 4+ 0, 9) HO® + RH — H,0 + R®* — --- — products (16)

4+ 5+ — o

VI +H0; —» V7T 4+ HO™ +HO (10) Reaction(15) requires larger amount of4, in comparison

HO® 4+ CyH — Ho0 + Cy* (11) with procesq16). Indee.d, as the reaction 'bgtw.een ‘H@ld
MeCN generates reactive nitrogen-containing intermediates,

Cy* + O, — CyoOC 12) which require additional amounts obB» for their deep oxi-

4t N 5y dation, in the oxidation of one molecule of MeCN much more
CyOO + V¥ +H" — CyOOH + V (13) than one molecule of hydrogen peroxide is consumed in to-

tal. As a result we notice a sharp decrease of the hydrogen

We have found that other alkanast{eptane and 2,2,4- peroxide decomposition rate when RH is added to the system
imethyl ffect th i I ! X .
trimethylpentane) affect the process in an analogous manner, nd reaction(16) (which needs much less amount of®b)

These hydrocarbons added to the reaction solution depres% ;

the cyclohexane oxidation process and the initial rate of CyH ecomes the predominant pracess.
oxidation is approximately three times as low as that in the
absence of the additive. The effect of the second hydrocarbon
additive on the CyOOH vyield can be described by a simple Acknowledgments
competitive scheme, which assumes that secondary radicals

do nottake partin the hydrogen peroxide decomposition. The _ This work was supported by the grant from the Section
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