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Abstract

Peroxyacetic acid (PAA) oxidizes alkanes in acetonitrile or acetic acid @@ &G soluble vanadium(V) salbh-Bus,NVO3 (1), is used as a
catalyst. Corresponding ketones, alcohols and alkyl hydroperoxides are the main products. Methane, ethane, propane, cyclohexane, and othe
higher alkanes were substrates in the oxidations. The proposed mechanism involves the formation of a complexihetmeEAA with
equilibrium constants 3.3 and 6.8 @mol~? for acetonitrile and acetic acid as solvents, respectively. This complex decomposes to produce
CH3C(=0)O0C radical and a V¥ derivative. The latter reacts with PAA to generate aCEHO)O" radical which attacks the alkane abstracting
its hydrogen atom. An alkyl radical thus formed adds rapidly a molecule of dioxygen which leads finally to the alkyl hydroperoxide and then
to the ketone and alcohol. Other vanadium(V) and vanadium(lV) complexes are also active in this oxidation only if the vanadium ion is not
shielded with strongly bound bulky ligands.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction alkane oxidation by peroxyacetic acid (PAA) using various

vanadium(V) and vanadium(IV) complexes as catalysts.
Peroxy acids (e.g., peroxyaceticp-chloroperbenzoic

acids) including those generated in situ have been widely ]

used in oxidations of various hydrocarbons (see books and2- Experimental

reviews[1-3], examples of non-catalyzed oxidations with

peroxy acidg44,5], non-metal-catalyzed oxidation with per-

oxy acids[6], base-induced oxidations with participation

of peroxy acid47-10]and metal-catalyzed oxidations with

fheer?)lzgf-lg-sl[?,tiN:):/Ggg-E;:gg:n\g-ez-tz\r/t?oif/lrir(lzoggtdra(tsg At\?a t I?itiall_y, ? portion of 39% solutio_n of PAA in acetic acid

reagenf37-51] andtert-butyl hydroperoxidg52] in air in ("Aldrich”) was added to the S0 lution of.th_e catalyst "?‘”d.cy'

acetonitrile solution oxidize alkanes and alkyl hydroperox- clohexane (or other alkane) in acetonitrile. The _OX|dat|qns

ides are formed as main products which decompose duringOf I!ght alkanes (ethane anq mgthang) Were.carrled outin a

the course of the reaction to produce the more stable Corre_stamless steel autoclave with intensive stirring (volume of

sponding alcohols and ketones (for other recently publishedthe reaction solution was 10mL and total volumg of _auto-
vanadium-catalyzed oxidations see, for exam[8&-71). clave was 100 mL). The autoclave was charged with air (un-

In the present work we investigated for the first time the der a_tmosphe_nc pressgrg) and then, con.secuuvely, W'th the
reaction solution containing the catalyst in acetonitrile and

the alkane to the appropriate pressure.

* Corresponding author. Tek:7 095 939 7317; fax:7 095 137 6130. In order to determine concentrations of all cyclohex-
E-mail address: shulpin@chph.ras.ru (G.B. Shul'pin). ane oxidation products the samples of reaction solutions

Experiments on the higher alkane oxidation were carried
out in acetonitrile or acetic acid solution (typically at6D)
in thermostated Pyrex cylindrical vessels with vigorous stir-
ring. The total volume of the reaction solution was 10 mL.

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2004.04.025
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were typically analyzed twice (before and after their treat-

ment with PPB) by GC (DANI-86.10 instrument; capillary 06
column 50mx 0.25mmx 0.25um, Carbowax 20M; in-

tegrator SP-4400; the carrier gas was helium) measuring 0.5
concentrations of cyclohexanol and cyclohexanone. This

method (an excess of solid triphenylphosphine is added to 0.4
the samples before the GC analysis) which was used by us
earlier[1,37-52,72-80gllows us to detect alkyl hydroper-
oxides and to measure also the real concentrations of all three
products (alkyl hydroperoxide, alcohol and aldehyde or ke-
tone) present in the reaction solution, because usually alkyl
hydroperoxides are decomposed in the gas chromatograph
to produce mainly the corresponding alcohol and ketone.
Synthesis oh-BusNVO3 (1) is described in the literature
[49,81] Preparation and characterization of complex®s (
(6) and (7) was reported elsewhe[82].
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3. Results and discussion

Concentration, ¢ x 102 / mol dm

Stirring a solution of cyclohexane, CyH, and PAA in
acetonitrile at 30C in the presence of catalytic amounts
of a simple vanadate anion containingoutylammonium
cation, n-BusNVO3 (1), gives rise to the relatively slow
formation of cyclohexyl hydroperoxide, CyOOH, which
decomposes in the course of the reaction to produce cyclo-
hexanone and cyclohexandtig. 1). The reaction occurs
with auto-acceleration and reaches the maximum rate after
approximately 2 h (curve 4). Total concentration of the oxy-
genates is 0.8 10~2moldm2 which corresponds to the
turnover number (that is the number of moles of all prod- Time /h
ucts per one mole of the catalyst, TON) of 80. The reaction Fig. 1. Accumulation of oxygenates (cyclohexyl hydroperoxide, curve
proceeds much more rapidly at 80 and TON reaches 90  1; cyclohexanone, curve 2; cyclohexanol, curve 3; and the sum of all
in this case. The kinetic curve for the accumulation of the products, curve 4) in the reaction of cyclohexane (0.46 molYnwith

. . 3y i
sum of all products also exhibits S-shape which can be seenPAA (0.30moldnT™) in MeCN at 30°C catalyzed byn-BusVOs (1
more clearly inFig. 1 10~* mol dm™2). The initial oxidation rate was determined from the slope

. . of the dashed straight line 4a which corresponds to the maximum rate in
Fig. 2demonstrates that PAA is completely consumed af- e initial period of the reaction.

ter approximately 2 h because after the addition of a new

portion of PAA the oxidation reaction begins with approxi-

mately the same rate. It is necessary to note that in all ourby simple mixing acetic acid and hydrogen peroxide in

kinetic studies described below, we measured concentrationsacetonitrile.

of cyclohexanone and cyclohexanol after reduction of the  Studies of the dependence of the initial rate of the PAA

reaction mixture with PPh This gives precisely concentra-  oxidation on the initial catalyst concentration under different

tions of all oxygenates which can be used for the obtaining conditions showed that the curves for this dependence have

reaction rates. rather complex shap&ig. 4, curves 1 and 2). The oxidation
One might assume that PAA can be generated in situ by exhibits first order for PAA at [PAA] < 0.2 moldnt2 and

mixing solutions of acetic acid and hydrogen peroxide in the rate is independent of PAA concentration at [PA]

acetonitrile. To check this proposal we studied the cyclo- 0.4 moldnt3 (Fig. 4, curve 3). The curve for the dependence

hexane oxygenation with 4D, in the CHCN-CH;CO.H on initial cyclohexane concentration also exhibits saturation

(19:1) mixture and in pure acetic aci@ig. 3. It turned (at [CyH]o > 1 moldnt3) (Fig. 4, curve 4). Addition of

out that although the oxidation in this case proceeds, com-acetic acid accelerates the reactiéig( 4, curve 5).

parable with that for the PAA oxidation, the selectivities of  The reaction in pure acetic acid gives only cyclohexanone

both reactions are different: predominant products are cy- and cyclohexanol with total TON= 50 after 0.5 h Fig. 5).

clohexanol in CHCN-CH;CO;H and cyclohexyl hydroper-  The catalyst is stable under the used conditions and after

oxide in CHRCOoH (Fig. 3). Thus, we can conclude that addition of a new PAA portion the oxidation can be con-

PAA is not apparently produced in sufficient concentration tinued with the same initial rate. The curve for dependence
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Fig. 2. Accumulation of oxygenates (cyclohexanone, curve 1la; cyclo- §
hexanol, curve 2a) in the reaction of cyclohexane (0.46 molmvith 5
PAA (0.30 moldnT3) in MeCN at 60°C catalyzed byn-BusVO3 (1 x o

10~*mol dm3). At the moment marked by an arrow (4 h) either addi-
tional amount of PAA (0.30 mol dr?) was added to the reaction mixture
(further accumulation of cyclohexanone and cyclohexanol is denoted by
curves 1b and 2b, respectively) or additional amounb-&8u,VO3 (1 x
10~*mol dm~3) was added (further accumulation of cyclohexanone and
cyclohexanone is denoted by curves 1c and 2c, respectively). In this exper-

iment concentrations of cyclohexanone and cyclohexanol were measured 0
only after addition of PP | | | ‘ | |

0 1 2 3 4 5 6
Time/h
of the initial oxidation rate on the initial concentration of _ . . .
Fig. 3. Accumulation of oxygenates (cyclohexyl hydroperoxide, curve 1;

vanadate ion is shown ifig. 5 Dependencies of the initial cyclohexanone, curve 2; cyclohexanol, curve 3) in the reaction of cyclo-
rate on the initial concentration of cyclohexane and PAA are nhexane (0.46 mol dmé) with H,O, (0.30moldnt3) at 60°C catalyzed
shown inFig. 6. The situation in all cases is similar with that by n-BusVO3 (1 x 10~*moldm~3) in MeCN (total volume of the reac-
found for the reaction in acetonitrile (compare V\ﬁl’g 4); tion solution was 10 mL) containing MeG@ (0.5 mL) (graph A) and in

at low concentration of a component the reaction exhibits a Mec©2H (@raph B).

linear dependence on the component, whereas at relatively

high concentration the reaction rate does not depend on the

component concentration. Table 1

Light alkanes (methane, ethane and propane) can beOxidation of light alkanes by PAR
also oxidized by PAA both in acetonitrile and acetic acid e o, ban)

3 b

(Table ). The propane oxidation in acetonitrile gives pre- Solvent Productsit”, moldnr™) _TON
dominantly acetone with total TON up to 165. Methane (30) ~ MeCN ,\';O”:a'd?hgdf ©1 35

Parameters of regio-selectivity determined for the oxida- Mg:hj{] gcététg 3.0)
tions of n-hexane, isooctane and isomers of 1,2-dimethyl-
cyclohexane Table 9 are close to that found for oxida- MeCO:H mt'::r'iﬁ’%dggz'o) 21
tions by the “HO2-n-BusNVO3-PCA” reagent which has '
been shown by us earlier to operate via a radical mechanismEane (25) MeCN Acetaldehyde (2.3) 34
[37-51} Eity! acetate (043

Observed dependencies of the initial reaction rate on ini- '
tial concentrations of cyclohexane and PARds. 4,6 are MeCO:H éfﬁt?ffgﬁs ((01'20)) 12
similar to analogous curves found by us previously for the Y '
cyclohexane oxidation by the “4@,-n-BusNVO3-PCA” Propane (5) MeCN Acetone (10) 165

reagent[37-51] and by the tert-BuOOHN-BusNVO3”
system[52]. The dependence mode of the rate on the PAA
initial concentration indicates that a vanadium monoper-
oxy complex,comp, takes part in the generation of species
which induces the CyH oxidation:

VvV 4+ CH3C(=0)O0OH = comp (1)

Isopropanol (3)
Isopropyl acetate (3)
n-Propanol (0.5)

a Conditions: n-BusVO3, 1 x 10~4moldm3; PAA, 0.30 moldnt3;

total volume, 10mL; 60C; 3h.
b Numbers of product moles per one mole of a catalyst.

¢ All product concentrations are given after subtraction of correspond-
ing concentrations obtained in blank (without methane) experiments.
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anol, curve 2; and the sum of all products, curve 3) in the reaction of
[PAA], / mol dm ™2 cyclohexane (0.46 mol dn?) with PAA (0.30 mol dnt3) in MeCOOH at
60°C catalyzed byn-BusVOs (1 x 10~*moldm3). In a special ex-
periment at the moment denoted by an arrow an additional amount of
PAA (0.30 moldnT3) was added. Accumulation of products in this case

is shown by curve 4. In this experiment, concentrations of cyclohexanone
= 0.45mol dnT? (curve 2) and’C vs. initial concentration of PAA (curve and cyclohexanol were measured before and after addition of, PBbv-
3) at [-BusVO3] = 1 x 10~ mol dni3 as well as vs. initial concentration  ever, the formation of cyclohexyl hydroperoxide was not detected. De-
of cyclohexane (curve 4) am{BusVO3] =4 x 10~4moldn3 and pendence of initial rate of cyclohexane (0.46 mofdinoxidation with
[PAA]o = 0.3moldnT3. PAA (0.3moldn13) in MeCOOH vs. initial concentration ai-BusVO3
is shown as curve 5.

Fig. 4. Initial rate of cyclohexane (0.46 mol df) oxidation with PAA in
MeCN vs. initial concentration ofi-BusVO3 under different conditions:
at 60°C and [PAAL =0.30M (curve 1) and at 40C and [PAAb

\Y = +

comp — V% + CHsC(=O)00" + H 2) an inactive in the oxidation peroxy radical (7):

VV 4 CHyC(=0)00H — VY + CHyC(=0)0" + HO™ CHeCEOIO™ + CyH >y )
(3) CH3C(=0)0"* + solvent— products (5)

The mode of the cyclohexane concentration effect on its CH3C(=0)0* — CHs® +COp (6)

oxidation rqtg is in agreement with an assumption about CHs® + O, — CH30,® @)

the competition between the processes of3CHO)O*

+ CyH interaction, Eq. (4) on the one hand and a The analysis of experimental data presentedFigs. 4
CH3C(=0)O* destruction on the other hand. The deac- (curve 3) and 6 (curve 2)sing the kinetic scheme (1)—(3)
tivation of CH;C(=0O)O* radicals can occur either via allowed us to determine the equilibrium constants for the
its reaction with the solvent (5) or as its monomolecular comp formation. They turned out to be equal to 3.3 and

decarboxylation[18] (6) followed by the interaction of 6.8 dn?mol~! for acetonitrile and acetic acid as solvents,
carbon-centered radicals with molecular oxygen to produce respectively.
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Fig. 6. Initial rate of cyclohexane (0.46 mol dfj oxidation with PAA cat-
alyzed byn-BusVO3 in MeCOOH vs. initial concentration of PAA (curve
1) as well as initial rate of cyclohexane oxidation with PAA (0.3 moldin

in MeCOOH vs. initial concentration of cyclohexane (curve 2). In both
experiments fj-BusVO3] = 4 x 10~*mol dm3; 60°C.

Table 2
Selectivity parameters in alkane oxidations by various systems
Substrate System Selectivity
n-Hexane C(1):C(2):C(3)
VO3~ -PAA in MeCN 1:2.8:2.5
VO3~-H0, in MeCN-MeCQHP 1:4.2:4.1
VO3~ -H20; in MeCO,H® 1:5.8:4.8
VO3~ -PCA-H,0O, in MeCN? 1:.8:7
Isooctané& 10:20:3°¢
VO3~ -PAA in MeCN 1:7:38
VO3~ -H0, in MeCN-MeCQH 1:3.8:7.3
VO3~ -H,0, in MeCOH 1:1.45.2
VO3~ -PCA-H,0, in MeCNd 1:4:9
cis-1,2-DMCH trans/cisf
VO3~ -PAA in MeCN 0.46
VO3~ -PCA-H,0O, in MeCN? 0.70
trans-1,2-DMCH trang/cis’
VO3 -PAA in MeCN 1.2
VO3~ -PCA-H,0, in MeCNd 0.8

a Parameter C(1):C(2):C(3) is normalized (i.e., calculated taking into
account the number of hydrogen atoms at each position) relative reactiv-
ities of hydrogen atoms in positions 1, 2 and 3 of the hydrocarbon chain,
respectively.

b Hydrogen peroxide (30% aqueous) in a 9:1 (v/v) mixture
MeCN-MeCQH at 60°C.

¢ Hydrogen peroxide (30% aqueous) in pure MeEiCat 60°C.

d PCA is pyrazine-2-carboxylic acid (for this system, §8&-51).

€ Parameter 12°:3° is normalized relative reactivities of hydrogen
atoms at primary, secondary and tertiary carbons of 2,2,4-trimethylpentane
(isooctane), respectively.

f Parametetrang/cis is the trans/cis ratio of isomers oftert-alcohols
formed in the oxidation ofis- or trans-1,2-dimethylcyclohexane (DMCH).

175

Using kinetic scheme (4)—(7) and experimental parame-
ters given inFigs. 4 (curve 4) and 6 (curve ,lyve calcu-
lated that the ratio of the rate constant for 4TH~O)O®
+ CyH interaction to the effective decomposition first or-
der constant equals approximately one for the two solvents.
It should be noted that this value is >5 times lower than
the corresponding parameter calculated for the reaction be-
tween cyclohexane and hydroxyl radicals. This fact testifies
that, in our case, an oxidizing species is not the hydroxyl
radical but it is a more selectively attacking species, i.e.
CH3C(=0)C~. Finally, the rate dependence on the vanadate
concentration (sekig. 4, curves 1 and 2 anHig. 5, curve
5) surprisingly turned out to be more complex than for pre-
viously studied systemgl9-52] This is apparently due to
very complex equilibrium transformations of vanadate ion in
a medium containing considerable concentrations of acetic
acid.

0 e
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Scheme 1.
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apparently due to great sterical hindrance. Less voluminous
N,O-chelating ligands coordinated to¥Mn complexes3
1 (Fig. 7) and6 (Fig. 8) provide the activity comparable with
that for simple vanadate.

The activity of W -containing polyoxometalatein which
the vanadium ion is surrounded by a few molybdenum ions
is very low Fig. 7). In this case, the oxidation proceeds
with auto-acceleration which is possibly due to a gradual
decomposition of a bulky polyoxometalate ion with the for-
mation of relatively small fragmen{$1]. High activity of
O2-chelate-containing complex (Fig. 8 can be explained
by easily occurring decomposition of the starting compound
via oxidation of the catecholate ligand which gives rise to
the formation of a reactive species. Thus it can be concluded
that complexes of vanadium(V) and vanadium(lV) are active
Fig. 7. Accumulation of oxygenates (cyclohexanone, curve 1 and cyclo- in the alkane oxidation with PAA only if these complexes

hexanol, curve 2) in the reaction of cyclohexane (0.46 mot§nwith do not contain strongly bound bulky surroundings.
PAA (0.30moldnt3) in MeCN at 60°C catalyzed by VO(acag)(2)

(1 x 100*moldm3) as well as accumulation of oxygenates (cyclohex-
anone, curve 2 and cyclohexanol, curve 3) in the reaction of cyclohexane
(0.46 mol dm) with PAA (0.30moldm3) in MeCN at 60°C catalyzed  / CKNOWledgements

by compound 3) (1 x 10~*moldni3; curves marked a) and compound

H4PMo011VO40 (4) (1 x 104 moldmr3; curves marked b). In these ex- We thank the Swiss National Science Foundation for fi-

periments concentrations of cyclohexanone and cyclohexanol were mea-nancial support. This work was also supported by the grant
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We studied the behaviour of certain other vanadium com- cal and experimental study of chemical bonds and mech-

plexes shown irScheme 1las catalysts in the cyclohexane anisms of main chemical processes”, project “The solvent

oxidation in acetonitrile. The results are demonstrated in effects in redox processes that include the electron transfer

Figs. 7 and 8Comparing these data with that for catalysis Stages”).

by compoundl shows that a vanadium(IV) derivatizis

not less efficient as a cataly$tig. 7, curves 1 and 2). At the

same time, the activity of complé&which contains W ion References
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