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Abstract: A Keggin-type tungstocobaltate, [Co(2,2'-bipy)s]oHo[CoW15040]
-:9.5H,0 ([Co]CoW) and tetrabutylammonium salt of vanadium-substituted
tungstophosphates  [(n-C4Hg)4N]4[PVW11040],  [(N-C4Ho)aN]s[PV 2 W10040]
(PVW, PV,W) were used as catalysts for the oxidation of cyclooctane with
H,0, as the oxidant in acetonitrile. The activity of [(n-C4Hg)4N4H[PCo(H,0)
W11059]-2H,0 (PCoW) was also compared. The products of the reaction were
cyclooctanone, cyclooctanol and cyclooctyl hydroperoxide. The experimental
results showed that at an H,O,/cyclooctane molar ratio of 3 at 80 °C, [Co] CoW
yielded a higher conversion and selectivity to cyclooctanone in 9 h. The
V-based catalysts were more active than the Co-based tungstophosphate.
PV,W gave rise to high selectivity to cyclooctyl hydroperoxide. Cyclooctane
conversion was increased by increasing the reaction time or H,O»/cyclooctane
molar ratio. In the presence of tungstocobaltate catalyst, 88 % cyclooctane
conversion and 82 % selectivity of cyclooctanone were obtained after 12 h
using an H,O,/cyclooctane molar ratio of 9. This catalyst is stable upon
treatment with H,O,. Experiments with radical traps suggested the involvement
of afree-radical mechanism.

Keywords. Keggin-type polyoxometalates; cyclooctane; oxidation; hydrogen
peroxide; cobalt; vanadium.

INTRODUCTION

The transformation of hydrocarbons into oxygenated derivatives has been
extensively investigated because such products are valuable intermediates for
industrial organic synthesis. Oxidation of cyclooctane with air was catalyzed by
metalloporphyrins and metallophthalocyanines.12 Cr-MCM-41 materials showed
high activity and selectivity for the oxidation of cyclooctane to cyclooctanone,
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1600 TRAKARNPRUK, WANNATEM and KONGPETH

using HoO» or tert-butyl hydroperoxide.3 A possible way to improve the selec-
tivity is through the selective decomposition of akyl hydroperoxides formed
during the oxidation reactions. Polyoxometalates afford good selectivity towards
the formation of alkyl hydroperoxides in the catalytic oxidation of cycloalkanes.#

Polyoxometalates are metal—oxygen anionic clusters of early transition me-
tals. They bear many similarities to metal complexes of macrocyclic ligands such
as, for example, to metalloporphyrins and related species, because they possess
rigid co-ordination sites surrounding a metal centre.> The robust nature of poly-
oxometal ate ligands and their resistance to oxidation lead to their valuable appli-
cations in catalysis. Their activities can be controlled by changes in the metal
center and the counter cation.® Reports on oxidation using polyoxometalates in-
clude [SIW1gFex(H20)203g]8~ and [M 4(H20)2(PWgO34)2]10-, M(I1) = Co or Mn
and [Feg(H20)2(PWg034)7]6-.7:8 A few reports have been published concerning
the oxidation of cyclooctane in the presence of polyoxometalates,
[(n-C4Hg)aN]7H3[Co4(H20)2(PWg034)2]° and [XW11MOzg]P~, X = P or Si and
M = Fe or Mn, as well as [XW11VO40]™ .10 Some vanadium-substituted poly-
oxometalates have been used as selective oxidation catalysts for a variety of or-
ganic reactions,11.12 e.g., the oxidation of cyclic and linear alkanes by H,0, over
[(n-C4Hg)aN]4[PVM011040].13 In these catalysts, the presence of a vanadium(V)
center in the polyoxometalatesis akey factor.

Polyoxometalates can form compounds with a number of organic and com-
plex cations containing N, S, O atoms, e.g., diethylamine and bipyridine.14-16
New properties can be obtained from the interplay of the two components, which
can be used as effective catalysts. One example is [H5PCo(4,4'-bipy)Mo01103g]
[H3PM012040]-3.75(4,4'-bipy)-1.5H20 for the oxidation of benzaldehyde to ben-
zoic acid using HoO» as the oxidant.17

In continuation of research on the utilization of polyoxometalates as catal-
ysts for the oxidation of sulfur compounds,18 cyclohexane and ethylbenzene,19
polyoxometalates in the oxidation of cyclooctane by H>O, in acetonitrile as sol-
vent were studied. HoO» is regarded as one of the “greenest” oxidants because of
its high content of active oxygen species (47 wt. %), high atom efficiency and co-
production of only water. The key for the development of efficient H>O»-based
oxidation systemsis the design of catalysts that can effectively activate HoO» and
transfer the active oxygen species to substrates with high efficiencies and selecti-
vities. The results of catalytic activities of the Keggin-type tungstocobaltate, tet-
rabutylammonium salts of V- and Co-substituted tungstophosphates, the effect of
the HoOo/cyclooctane molar ratio and reaction time on cyclooctane conversion
and product selectivity are presented herein.

EXPERIMENTAL

All reagents and solvents used in this work were commercially available (Fluka Chemika
or Merck) and were used as received. The polyoxometalates were prepared according to
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OXIDATION OF CYCLOOCTANE BY HYDROGEN PEROXIDE 1601

published methods*20.21 with modifications and were identified by elemental analysis using a
CHN analyzer (Perkin Elmer PE2400 Series I1) and inductively coupled plasma emission ICP
spectroscopy (Perkin Elmer Plasma 1000 Emission Spectrometer) and by infrared spectros-
copy using a Nicolet FT-IR Impact 410 spectrophotometer. The analytical and spectroscopic
data were in agreement with the published values.

[(n-C4Hg)4N] 4H[PCo(H20) W11 03] 2H,0 (PCow)*

Anal. Calcd. for Cg4Hq51N404,PW1,Co: C, 20.44: H, 4.05; Co, 1.57; P, 0.82; W, 53.10;
N, 1.49 %; Found: C, 20.20; H, 3.89; Co, 1.54; P, 0.79; W, 53.28; N, 1.38 %. IR (KBr, cm'1):
1060, 963, 886, 810, 760.
[Co(CyoHgN2)3] 2H[ COW;204q] 9.5H,0 ([ Co] Cow)?°

Anal. Calcd. for C60H67N12049:5W12CO3: C, 1742, H, 162, N, 406, W, 53.22 %,
Found: C, 17.29; H, 1.68; N, 3.93; W, 53.38 %. IR (KBr, cm'1): 935, 870, 760, 457 (from
anion) and 1631, 1446, 1168, 1106 (from cation).

[(n-C4Hg)aNI s[PVWi1040] (PVW)?
Anal. Calcd. for CesH144N4O40PVW11: V, 1.37 %. Found: V, 1.29 %; IR (cm1): 1095,
1064, 965, 888, 809.

[(n-C4Hg)aN] s[PVoWigOg0] (PVoW)?
Anal. Cacd for CgyH1ggN5040PV Wi V, 2.84 %; Found: V, 2.76 %. IR (cm™1): 1093,
1064, 962, 888, 808.

Oxidation reactions

The reactions were realized in a Parr reactor. Cyclooctane 1 ml (7.6 mmol) and catalyst
(11.5 pmol) were added in 10 ml acetonitrile followed by 30 % H,0O, (in different H,O,/
/cyclooctane ratios). The reactions were usually performed under air. When a reaction was
performed in an inert atmosphere, N, was bubbled through the reaction mixture before the
addition of H,O, and a rubber balloon with N, was maintained at the top of the condenser
during the reaction. After stirring at the required reaction temperature for the required time, 25
% H,SO, was added to the reaction mixture and the reaction products were extracted with
diethyl ether. The organic layer was neutralized with saturated NaHCO3; and dried over an-
hydrous Na,SO,. The products were analyzed by gas chromatography using a Shimadzu
model CG-17A instrument equipped with a flame ionization detector and OV-1701 0.50 um
capillary column (30 m, 0.25 mm). n-Octane was used as an interna standard. The chromato-
graphic conditions for cyclooctane were initial temperature: 80 °C (2 min), a temperature
ramp at 20 °C min'! to the final temperature of 220 °C (1 min); injector temperature: 250 °C
and detector temperature: 250 °C. Cyclooctanone and cyclooctanol were identified unambigu-
ously by comparison with authentic standards. The percentage of each compound in the reac-
tion mixture was estimated directly from the corresponding chromatographic peak areas.
Blank experiments were a so conducted in the absence of catalyst or oxidant. At the end of the
oxidation reaction, cyclooctyl hydroperoxide was determined by treating the final reaction
solution with an excess of PPh; before the GC analysis. PPhs reduces the cyclooctyl hydro-
peroxide quantitatively to the corresponding cyclooctanol, giving triphenylphosphine oxide.
The amount of cyclooctyl hydroperoxide was determined by comparing the concentrations of
the cyclooctanone and of the cyclooctanol, measured before and after the treatment of the
sample with PPh;.22 A few experiments were performed in the presence of aradical scavenger
(2,6-di-tert-butyl-4-methylphenol). To test stability of the [Co]CoW catalyst in the presence
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of H,O,, infrared and UV spectra were recorded using a Nicolet FT-IR Impact 410 spectro-
photometer and a Shimadzu UV-250 spectrometer, respectively.

RESULTS AND DISCUSSION
Oxidation of cyclooctane

The oxidation of cyclooctane over polyoxometalates catalysts were per-
formed in acetonitrile solvent using H>O» as the oxidant. All the catalysts were
soluble in hot acetonitrile. The results are summarized in Table I. No oxidized
products were detected in the absence of catalyst (entry 1) or H>O» (entry 2). For
al the catalyzed reactions, cyclooctanone and cyclooctanol were detected as the
oxidized products together with cyclooctyl hydroperoxide. The performances of
the different catalysts in the oxidation of cyclooctane with H>O, as oxidant were
compared under the same reaction conditions: cyclooctane 1 ml (7.6 mmoal), ca
talyst 11.5 pmol, H>Oo/cyclooctane molar ratio = 3, CH3CN 10 ml at 80 °C for 9 h.
It was found that [Co]CoW showed the highest activity (50 % conversion) with
cyclohexanone as the main product (80 % selectivity) while PCoW showed the
lowest activity (34 % conversion and 58% selectivity to cyclooctanone). PVoW
showed a dightly higher activity than PVW (42 and 39 % in entries 7 and 6, res-
pectively) with a similar product selectivity. This activity order is in agreement
with the result reported in a previous study using these vanadium catalysts for the
oxidation of sulfur compounds!8 and also in the oxidation of aldehydes over
H4PVMo011040 and HsPVoMo010040 With H20,.23 When the oxidation over the
[Co]CoW and PVoW catalysts was performed in the presence of a radical sca-
venger (2,6-di-tert-butyl-4-methylphenol), no oxidized products were found (en-
tries5 and 8).

TABLE I. Oxidation of cyclooctane by H,O, using various catalysts; reaction conditions:
cyclooctane, 1 ml (7.6 mmoal), catalyst, 11.5 pumol, H,O,/cyclooctane molar ratio, 3, CH3CN,
10 ml, temperature 80 °C, time9 h

Selectivity®, %

§ a 0,
Entry Catalyst Conversion?, % CyONE CyOH  CyOOH
1 No catalyst 0 0 0 0
2 No H,0, 0 0 0 0
3 PCowW 34 58 42 0
4 [Co]CowW 50 80 19 1
5 [Co]Cowe© 0 0 0 0
6 PVYW 39 65 20 15
7 PV, W 42 63 17 20
8 PVoWe 0 0 0 0

@Based on gas chromatographic peak areas; bexpressed as percentages of total products formed, CyONE = cy-
clooctanone, CyOH = cyclooctanol, CyOOH = cyclooctyl hydroperoxide; Cin the presence of the radical scaven-
ger 2,6-di-tert-butyl-4-methylphenol, 3 equivalents
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OXIDATION OF CYCLOOCTANE BY HYDROGEN PEROXIDE 1603

Vanadium substituted tungstophosphates catalysts

The catalytic activity of PVoW was further studied by varying the reaction
condition. The results are given in Table Il. Increasing the H>O»/cyclooctane
molar ratio resulted in an increasing conversion of cyclooctane. At amolar ratio
H,>Oo/cyclooctane of 9, an 84 % conversion was obtained with selectivities to
cyclooctanone:cyclooctanol :cyclooctyl hydroperoxide of 24:7:69. When the reac-
tion time was increased from 9 h to 12 h, the conversion increased to 89 % and
the selectivity to cyclooctyl hydroperoxide was further increased (cycloocta
none:cyclooctanol:cyclooctyl hydroperoxide = 23:2:75). At longer times, 18 h,
the conversion remained constant. A decomposition of cyclooctyl hydroperoxide
produced additional amount of cyclooctanone (entry 5). Under the same reaction
condition, the activity of the PVW catalyst was lower (entry 2 vs. 6). The activity
of the PVW catalyst was previously reported by Balula et al. (entries 7-9).° They
also observed that the activity of [(n-C4Hg)aN]a[PVW11040] was higher than
that of [(n-C4Hg)4N]3[PW12040]. When W(VI) in a polyoxometalate was sub-
stituted by V(V), the substitution resulted in the generation of a more reactive
oxygen associated to the W-O-V species.?4 In this work, the tetrabutylammo-
nium salt dissolved well in acetonitrile. Compared to the sodium salt catalyst:
NagPV M 010040, it was reported to yield 10 % conversion with a 70 % selecti-
vity to cyclooctanone (reaction conditions. cyclooctane 0.8 mmol, catalyst 2.8
umol, HoO, 1 ml, in 1,2-dichloroethane at refluxing temperature).2°

TABLE Il. Oxidation of cyclooctane over the PV,W and PVW catalysts; reaction conditions:
cyclooctane, 1 ml (7.6 mmol), catalyst, 11.5 pmol, CH3CN, 10 ml, temperature 80 °C

H,0O,/cyclooctane . . Selectivity, %
Entry Catalyst mole ratio Time, h Conversion, % CyONE CyOH CyOOH
1 PV, W 3 9 42 63 17 20
2 6 9 66 43 12 45
3 9 9 84 24 7 69
4 9 12 89 23 2 75
5 9 18 89 29 2 69
6 PVW 6 9 60 33 10 57
7 Pvwa 2 9 26 46 13 41
8 9.8 9 87 23 0 77
9 9.8 12 94 23 0 77

aCyclooctane, 1 mmol, catalyst, 1.5 pmol, CH3CN, 1.5 ml, temperature 80 °c9

The [ Co] CoW catalyst

The oxidation of cyclooctane over the [Co]CoW catalyst was performed by
varying the H>Oo/cyclooctane molar ratio and the reaction time. The reactions
were also performed in the absence of air (under a N2 atmosphere) or oxidant,
and at room temperature. The results are shown in Table 1.
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When the reaction was conducted under an atmosphere of nitrogen, a similar
result to that in air was obtained (compare entry 2 with entry 1). Therefore, the
possibility of auto-oxidation may be excluded. In addition, an experiment per-
formed under open air without H>O> (entry 3) did not afford any noticeable
amount of product, indicating that oxygen plays no role in this oxidation reaction
under the employed experimental conditions. In entry 4, using an HoOo/cyclo-
octane molar ratio of 3 and areaction time of 12 h, the conversion of cyclooctane
was increased to 71 % and the product selectivity cyclooctanone:cycloocta
nol:cyclooctyl hydroperoxide was 70:14:16. In entry 5, a higher conversion (77 %)
was obtained by increasing the molar ratio to 6, cyclooctyl hydroperoxide de-
composed to form more cyclohexanol and cyclohexanone (cyclooctanone:cyclo-
octanol:cyclooctyl hydroperoxide was 76:20:4). The reaction time could be short-
ened by increasing the H>Oo/cyclooctane molar ratio to 9 (entry 6). No cyclo-
octyl hydroperoxide was detected. The maximum conversion (88 %) was ob-
tained after 12 h reaction time (entry 7) giving 82 % cyclooctanone and remained
unchanged after that (entry 8). There was no reaction at room temperature (entry 9).

Table I11. Oxidation of cyclooctane over the [Co]CoW catalyst; reaction conditions: cyclo-
octane, 1 ml (7.6 mmol), catalyst, 11.5 pmol, CH3CN, 10 ml, temperature 80 °C

Selectivity, %

H,O,/cyclooctane

Entry mole ratio Time,h  Conversion, % CyONE CyOH  CyOOH
1 3 9 50 80 19 1
2a 3 9 49 78 22 0
3 3 9 0 0 0 0
4 3 12 71 70 14 16
5 6 12 77 76 20 4
6 9 9 79 80 20 0
7 9 12 88 82 18 0
8 9 15 88 83 17 0
o 9 12 0 - - -

aUnder an N, atmosphere; buwithout H50,; Cexperiment performed at room temperature

The high activity of the [Co]CoW catalyst might result from many factors:
solubility, redox property or cation. [Co]CoW consists of two discrete [Co(2,2-
-bipy)3]2* held weakly with a [CoW12040]6~. It was dissolved in hot CH3CN.
The metal active centers are W(V1) and Co(ll). An electrochemical study of are-
lated anion, [CoMo010040]%~ showed a one-€electron redox Co(l11)/Co(ll) couple
and reversible redox processes ascribed to Mo centers. This was ascribed to the
distribution of the charge on Co?* over the whole polyoxometalate cluster.26 In
addition, it was reported that in the presence of an oxidant, the [CoW12040]%
could be oxidized to give [CoW12040]°-, which is avery strong oxidizing agent.27.28

[Co(2,2-bipy)3]2* might contribute to the activity, similar to [Cu(bipy)z]2*,
which catalyzed the oxidation of cyclohexane by H20,.2° In addition, this same
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tungstocobaltate with [Co(phen);]2* as a cation was reported to show that the
electrochemical behavior of Co(ll) differ from those of [(n-C4Hg)aN]s
[HCoW12040]. This arose from the different coordinated environments of the Co
atoms.30

It is known that Keggin polyoxometalates degrade in the presence of excess
H>05 to form peroxo species { (PO4)[MO(02)2]4} 3= or [M203(02)4]%~ (M = W
or Mo), which are the catalytically active intermediate in the oxidation of organic
compounds by H>05.31 Santos et al. reported that (THA)2[W203(02)4] (THA =
= tetrahexylammonium) catalyzed the oxidation of cyclooctane with 83 % con-
version and 59:12:29 selectivity to cyclooctanone:cyclooctanol:cyclooctyl hydro-
peroxide at 80 °C in 12 h. A stoichiometric amount of catalyst was used (ca-
talyst/cyclooctane molar ratio = 1.5:1). They reported that in solution, the
[W203(02)4]%~ complex may be involved in a dissociative process, peroxide oc-
cupying the empty sites of the W coordination sphere that result from the break-
age of the oxygen bridges in solution.32

In order to check the stability of [Co]CoW upon reaction with HoO», FTIR
and UV spectra were taken of the HoOo-treated sample. In the FTIR spectrum of
the HoO»-treated sample, bands attributed to the Keggin anion were amost pre-
served, although the band shapes were more or less deformed. The UV spectrum
of the H>O,-treated sample in CH3CN exhibited two absorption peaks at 196 and
300 nm ascribed to the charge-transition absorption of O-W. These results
indicate that [ Co] CoW was stable.

Proposed mechanism

As shown in Table I, the oxidation reaction over the [Co]CoW and PV,W
catalysts in the presence of a radical scavenger (2,6-di-tert-butyl-4-methylphe-
nol) yielded no oxidized products, suggesting the involvement of a free-radical
mechanism. This is similar to the previously proposed mechanism for the
[PVM11040]* (M = Mo or W) and [PMW11039]4~ (M = Fe or Mn).10.13 Thus
for PVoW, HoOo was coordinated to V(V), followed by the formation of V(1V)
and peroxyl radicals. Hydroxyl radicals were formed upon interaction of a V(1V)
species with HoOo.

In the case of the [Co]CoW, it is thought that the same mechanism could be
applied. The activation of HoO, may occur simultaneously at W and Co.10 The
difference in product selectivity of these two catalysts, lower selectivity to cyc-
looctyl hydroperoxide for the [Co]CoW might be due to Co(ll) compared to
V(VI1). The generation of molecular oxygen, in situ from H2O», may not be as
extensive as proposed for PVoW.

CONCLUSIONS

The [Co(2,2-bipy)3z]2H2[ CoW12040]-9.5H20 and [(n-C4Hg)aN]s[PV2W10040]
were shown to be efficient catalysts for the selective oxidation of cyclooctane
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using the environmental friendly oxidant, HoO». The vanadium-substituted tung-
stophosphate gave high selectivity to cyclooctyl hydroperoxide. With the Keg-
gin-type tungstocobaltate, oxidation of cyclooctane could be obtained with high
selectivity to cyclooctanone (82 %) with a conversion of 88% at 80 °C in 12 h.
The oxidation catalyzed by these catalysts appeared to be aradical process.

H3BO[J

IMOJTMOKCOMETAJIATH KAO KATAJIU3ATOPHU OKCHUIALIUJE HUKIIOOKTAHA
[TOMORY BOOOHHUK-ITEPOKCHIA

WIMONRAT TRAKARNPRUK, APIWAT WANNATEM u JUTATIP KONGPETH

Department of Chemistry, Faculty of Science, and Center of Excellence for Petroleum, Petrochemicals, and
Advanced Materials, Chulalongkorn University, Bangkok 10330, Thailand

Keggin-tun Bondpam-kodanrata, [Co(2,2-bipy)s3],Hy[CoW12040]-9,5H,0 ([Co]CoW) u
TeTpadyTHUJIaMOHHUjYM COJIM BAaHAOUjyMOM CYIICTUTYHCaHUX Bondpamdocdara, [(n-C4Hg)4N1y
[PVW11040], [(n-C4Hg)4NI15[PV,W1¢040] (PVW, PV,W) cy ynoTpedseHn ka0 KaTanau3aTopu
3a OKcHpalMjy LuKkiIookTaHa nomohy H,0, y aueToHHTpuiay kao pacrBapady. Ilopen Tora,
oppehena je xaTanuTHuka akTUBHOCT 3a [(n-C4Hg)4N4H[PCo(H,0)W1039]-2H,0 (PCoW) u
nodujeHU pesyTaTH Yy OBOM Ciiy4ajy cy mopehenu ca mperxomuum. Hahewo je ma cy mpowus-
BOJM y OBUM peaklidjaMa UKJIOOKTaHOH, LIMKIOOKTAHOM U LIUKIOOKTHI-XUAponepokcus. JJo-
OujeHy excrepMMeHTalHU pesyartaTd cy nokasanu ga [Co]CoW, xapa je BpeSHOCT MOJICKOT
onnoca H,0,/uuknooxTan = 3 u Ha Temnepatypu ox 80 °C 3a Bpeme o 9 h, naje BUCOKY KOH-
BEP3HUjy U CENEeKTUBHOCT y LIMKIOOKTAaHOH Kao IIPOM3BOJ peakuuje. Karanusatopu koju capp-
Ke BaHagMjyM Cy TNoKasauu Behy akTHBHOCT y OOHOCY Ha KaTa/lM3aTope KOjU canp:ke KodaiT-
Bondpam-docdare. Karamusarop tuma PV,W naje BHCOKY CeNEKTHBHOCT Yy IMKIOOKTHII-
xugpornepokcun. KoHBepsdja LHUKIOOKTaHa ce noBehaBama ca moBehaweM pekanuvoHOr Bpe-
MEHa, WK MOJICKOT ofHoca 3a cucteM H,0,/uniiookran. Y npucycTBy Bondpamo-kodantaTa
Kao KaTajausaTopa 3a Bpeme off 12 catu U npu Mosnckom opHocy H,O,/uuKinooxTan = 9, KOH-
BEp3Hja LIMKIOOKTaHa je u3Hocuia 88 %, Jok je cesekTUBHOCT duna 82 %. ITopen Tora, 0Baj
KaTaJu3aTop je MoKa3ao BEJIMKY CTaDWIHOCT HakoH TpeTmaHa ca H,0,.

(ITpumsseno 24. nosembpa 2011, pesupupano 20. anpuna 2012)
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