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Abstract

The tetrabutylammonium (TBA) salts of the Keggin-type polyoxotungstates ;pOWM]"~, [XW11030]" "=, [XW1,VO,0]"~ and
[XW ;M (H,0)040]”~, X = P or Si and M = Fe or Mn, proved to be effective catalysts for the oxidation of cyclooctane with hydro-
gen peroxide, in acetonitrile, to the corresponding alkyl hydroperoxide, ketone, and alcohol. High turnover numbers and selectivity for
cyclooctyl hydroperoxide were obtained, with values of cyclooctane conversion, after 9 h, between 13 and 96%, depending on the catalyst
and reaction conditions. In general tungstosilicates were less active than tungstophosphates but presented higher selectivity for cyclooctyl
hydroperoxide. Results obtained with®} near the stoichiometric ratio and in excess are compared. Excess of hydrogen peroxide afforded
higher selectivity for cyclooctyl hydroperoxide.

In the presence of (TBAJPW;;Fe(H:0)Osq], 74% of cyclooctane conversion and 80% of selectivity for cyclooctyl hydroperoxide were
obtained after 2 h of reaction, using an excess ¢OH In the same conditions, 100% of cyclooctyl hydroperoxide was obtained with
(TBA)4H4SiW,,04,, after 9 h (55% conversion). These results indicate that these are very promising systems for the oxidation of alkanes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction formation of alkyl hydroperoxides in the catalytic oxidation
of cycloalkane$4—7].

Oxidation of saturated hydrocarbons give rise to quite  Several catalysts have been described for the oxygenation
valuable compounds for organic synthesis, and such oxida-of alkanes withtert-butyl hydroperoxide or hydrogen perox-
tive transformations have been extensively investigated overide [1,2,8,9] One of the first catalytic systems used to oxi-
the last few decaded,2]. In spite of the large number of  dize alkanes was the Fenton reagent, consisting of as&i
catalytic systems proposed, low selectivities and conversionsand HO,, for which it was established that the real oxidant
are frequently foungB]. A possible way to improve selectiv-  is the HO radical[10]. Recent reviews deal with specific
ity can be through the selective decomposition of alkyl hy- aspects of catalytic systems for the oxidation of alkanes in-
droperoxides formed during the oxidation reactions. One of volving transition metal ion§3,11-14] The importance of
the targets of our recentresearch is the finding of Keggin-type alkane oxidation is shown by the large number of publica-
polyoxotungstates that can afford good selectivity towards tions appearing annually on the subject, concerning a variety

of catalytic systems.
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published15-18] In the particular case of alkane oxygena-
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GC-MS analysis were performed using a Hewlett Packard

tion only a few polyoxometalates have been studied as cata-5890 chromatograph equipped with a mass selective de-

lysts[2,15,16,18,19]In 1999, we have shown that cyclohexyl
hydroperoxide could be obtained in high yields from the ox-

tector (MSD) series Il using helium as the carrier gas
(35cm/s) and a fused silica Supelco capillary column SPB-

idation of cyclohexane with hydrogen peroxide catalysed by 5 (30m x 0.25mm i.d.; 25um film thickness). The chro-

some tungstophosphates, namely [R%&(H0)Oz0]*~ [4].

matographic conditions were as follows: initial temperature:

The reaction took place in acetonitrile, at reflux, withoutneed 80°C (2 min); temperature rate: 2€/min; final tempera-
of any co-catalyst. This was, to our knowledge, the first report ture: 220°C (1 min); injector temperature: 25C; detector
on the presence of cyclohexyl hydroperoxide in the products temperature: 250C.

of polyoxometalate catalysed oxidation of cyclohexane. The

The total concentration of unuse@®, and hydroperox-

results obtained prompted us to study the use of hydrogenide produced in solution was determined by titration using
peroxide, which is considered to be environmentally benign the ceric sulphate methd@8]. An aliquot was accurately
[8,9,20] in the oxidation of different cycloalkanes catalysed weighted, dissolved in diluted sulphuric acid and the per-

by a variety of polyoxotungstates.
A few reports have been publish¢2il-23] concerning
the oxidation of cyclooctane in the presence of polyoxo-

oxides titrated against 0.1N ceric sulphate solution, using
ferroin as indicator. From the yields of hydroperoxide (and
cyclooctanol and cyclooctanone) determined by gas chro-

tungstates (excluding photochemical processes), in whichmatography, the amount ofJ@, in solution and that used in
the main oxidation products were the corresponding ketonethe reaction could be determined.

and alcohol. Formation of cyclooctyl hydroperoxide in the

presence of polyoxotungstates was only reported in our pre-as described previously[29].

vious paper on the oxidation of cyclooctane by, us-
ing borotungstates as cataly$6. In particular, reactions
using [BWi1Fe(H0)039]®~ occurred with high conversion
and selectivity for cyclooctyl hydroperoxide, with turnover
numbers that reached 6@&]. Other systems are known that
afford cyclooctyl hydroperoxide in oxidations with,B;
catalysed by metal complexg4—-26] including one using
a vanadium-containing molybdophosphgi@].

Cyclic voltammetry measurements were carried out
Acetonitrile  solutions
(0.1M TBACIO4) were prepared for TBA salts of
[PW11Fe(H0)030]*~ and [SiWi1Fe(H0)Os0]°~ (0.01 M)

in the presence of 0.005M of J@,. The solutions were
degassed with pure nitrogen for 5min before use and
blanketed with nitrogen gas during the voltammetric scans.
The voltammetric measurements were made immediately
after solution preparation and after 2h, at room temper-
ature, within the potential window +1000 t62400 mV,

Inthe presentwork, we report the oxidation of cyclooctane at 100 mV/s. Voltammograms were started near 1000 mV
by hydrogen peroxide, in acetonitrile, catalysed by several and run either in the positive or negative direction. The

Keggin-type tungstophosphates or tungstosilicates, includ-
ing transition metal substituted, lacunary and parent Keg-

gin anions. A brief reference to the formation of cyclooctyl
hydroperoxide in the presence of [RYFe(HO)Ozg]*~
was made beforgs]. Results obtained using an excess of
hydrogen peroxide and using a®h/substrate molar ra-

tio near the stoichiometric value are described and com-

pared. Using an excess ob8,, 74% of cyclooctane con-
version and 80% of selectivity for cyclooctyl hydroperox-

cathodic and anodic voltammetric peaks corresponding to
the Fé'/F' coupleq29] were monitored.

2.2. Catalyst synthesis

The following compounds were prepared by known
procedures: (TBAPW12040 [30], (TBA)4SiW12040 [30],
(TBA)4H3PW11039 [4], (TBA)4PW11Fe(H0)Oz9 [4],
(TBA)4PW11MN(H20)Oz9 [29], (TBA)4H4SiW11039 [29],

ide were obtained after 2 h of reaction with the compound (TBA)sHSiW1M"' (H,0)O39, M = Fe or Mn [29],

(TBA)4[PW11Fe(H0O)O3g] (TBA = tetrabutylammonium)

(TBA)4PW11VO4Q [31] and (TBAbSiW11VO4o-1.5H20

and the highest selectivity for the hydroperoxide (100%) was [31]. Characterization of these compounds has been de-

obtained in the presence of (TB&J4[SiW11039], after 9h

(55% conversion). This study, together with the previous one

using related tungstoborat€§, reinforces the great potential

of the Keggin-type polyoxotungstates in the homogeneous

catalytic oxidation of alkanes.

2. Experimental
2.1. Reagents and methods
Acetonitrile (Panreac), 30% hydrogen peroxide (Riedel

de-Haen), cyclooctane (Aldrich) and ceric sulphate (Aldrich)
were used as received.

scribed elsewherf@,29,32—-34]
2.3. Oxidation procedure

The reactions were typically carried out by heating a so-
lution of 1 mmol of cyclooctane, 1omol of the catalyst and
30% HO, in 1.5 ml of acetonitrile, at reflux. Aliquots were
withdrawn from the reaction mixture and injected directly
into the GC-MS. The percentage of each compound in the
reaction mixture was estimated directly from the correspond-
ing chromatographic peak areas. Aliquots were taken from
reaction mixtures, at regular intervals, for peroxide determi-
nation. The cyclooctyl hydroperoxide was identified by two
different methods: (a) reduction with triphenylphosphine to
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Scheme 1. § 60
S
give cyclooctand]2,13]and (b) GC-MS, using previous iden- § 40
tification of cyclooctyl hydroperoxide mass spectr{Bh 5
The experiments with [XW4O0sg]"~, X=P, Si and 20
PWi1Fe(H0)Osg 4= (molar ratio BO,/cyclooctane = 9.8)
were repeated under an atmosphere of nitrogen. The results 0
were not significantly different from those obtained in air. A 0 2 4 6 8 10 12
few experiments were performed in the presence of iodine, Time (h)
a well-known radical scavengg85]. In these cases, the oxi-
dation of cyclooctane did not occur. Fig. 1. Time course of cyclooctane oxidation in the presence of P&/

[(m) 9.8 mmol HOy; (a) 2.0 mmol HO,], SiW11Fe [(4) 9.8 mmol HOy;
(@) 2.0 mmol BOz] and SiWi1 [(X) 9.8 mmol HO3; (+) 2.0 mmol BOy].
Substrate: 1 mmol; catalyst: 1u8nol; acetonitrile: 1.5 ml; temperature: re-

3. Results and discussion flux.

The studies of the oxidation of cyclooctane by hydrogen =~ Comparing the performance of the different salts at differ-
peroxide in acetonitrile were carried out in homogeneous entreaction times, it could be seen that the highest conversion
phase, using tetrabutylammonium salts of the heteropolyan-was always observed in the presence ofipWé Fig. 1). In
ions [XWi12040]"~ (XW12), [XW1103g]"" ¥4~ (XW11), fact, the results obtained with this catalyst were quite remark-
[XW11VO40]”~  (XW11V), [XW 1M (H20)Ozg]?~ able, as 74% of cyclooctane conversion and 80% of selectiv-
(XW11M), where X = P or Si and M = Fe or Mn. Under ity for cyclooctyl hydroperoxide were produced after 2 h of
the conditions used, three oxidation products were found reaction.

(Scheme L Reactions performed with 9.8 mmol of oxidger mmol

Results obtained in the cyclooctane catalytic ox- of substrate afforded mainly cyclooctyl hydroperoxide and
idation with excess hydrogen peroxide (molar ratio cyclooctanone as products after 9 h. The former was always
H,Oo/cyclooctane = 9.8), including selectivity and turnover the major product, reaching 100% in the case of §W
numbers, are summarizedTable 1 All the used salts catal- as catalyst Table 1. In these conditions no cyclooctanol
ysed the oxidation of cyclooctane with conversion between 49 was detected, except in the presence of the ;3¥\Vand
and 96% after 9 h (conversion for both RWWe and SiWFe SiWyiFe. Although tungstosilicates showed to be less ac-
were approximately 969f;ig. 1). Several catalysts originated  tive than tungstophosphates they were more selective to the
100% conversion after 12 h (PMFe, SiW1Fe, and PW;). cyclooctyl hydroperoxide.

In the absence of the polyoxotungstates the oxidation of cy-  Results obtained with the molar ratip8y/cyclooctane

clooctane did not occur. equal to 2.0 are presentedTable 2 Conversions after 9h
Table 1
Oxidation of cyclooctane with 9.8 mmol of4@, catalyzed by several polyoxotungstates at@pafter 9 h of reactich
Catalyst Conversidh® (%) Turnover numbér H20, used (%) Selectivity (%)

CgH140 CgH150H CgH1500H
PW;y» 70 (71) 469 44 37 0 63
SiWi, 49 (57) 329 29 19 0 81
PWjy1 74 (100) 497 26 37 0 63
SiWi1 55 (65) 369 66 0 0 100
PW;i1Fe 8% (100) 593 97 26 0 74
SiWyiFe 62 (100) 414 62 30 8 62
PW;1Mn 70 (75) 465 43 22 0 78
SiW;1Mn 70 (79) 464 74 13 0 87
PWi1V 87 (94) 580 99 23 0 77
SiWV 69 (70) 460 38 14 10 76
No catalyst - - - - - -

@ Reaction conditions: catalyst, luBnol; solvent, CHCN (1.5 ml); cyclooctane, 1 mmol.
b Based on the gas chromatographic peak areas.

¢ The values in parentheses correspond to the conversion after 12 h.

d Mol of total products/mol of catalyst used.

€ Results obtained after 6 h.
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Table 2
Oxidation of cyclooctane with 2.0 mmol of4@, catalyzed by several polyoxotungstates at@pafter 9 h of reactich
Catalyst Conversidh® (%) Turnover numbér H20, used (%) Selectivity (%)
CgH140 CgH150H CgH1500H

PWi, 34 (49) 227 36 49 10 41
SiW12 34 (67) 227 36 37 11 52
PWi1 44 (79) 293 50 42 8 50
SiW11 41 (66) 273 48 35 6 59
PWy Fe 75 (96) 500 100 37 6 57
SiWq1Fe 46 (79) 307 93 39 9 52
PW11Mn 67 (89) 447 82 53 10 37
SiW11Mn 66 (89) 440 91 60 14 26
PWi;V 26 (87) 173 58 46 13 41
SiW11V 13 (53) 87 48 41 11 48
No catalyst - - - - - -

2 Reaction conditions: catalyst, unol; solvent, CHCN (1.5 ml); cyclooctane, 1 mmol.

b Based on the gas chromatographic peak areas.

¢ The values in parentheses correspond to the conversion after 12 h.

d Mol of total products/mol of catalyst used.

€ Results obtained after 6 h.
were generally lower when compared with thosdatble 1, actions with excess hydrogen peroxide, a decrease of cy-

with the highest values obtained in the presence of A&/ clooctyl hydroperoxide yield was also observed (but only
(Fig. ). The main products were again cyclooctyl hydroper- after 9 h of reaction) for all catalysts except PMWSiW1,
oxide and cyclooctanone. Cyclooctanol was always detectedand SiW1Fe. Thus, the results reportedTiable 1for most
inthe products in lowyields during the course of the reactions. catalysts correspond to conditions in which the yields of cy-
The ratio cyclooctyl hydroperoxide/cyclooctanone, calcu- clooctyl hydroperoxide are at their maximum. In certain cases
lated after 9 h of reaction, varied between 0.4 and 1.7, being (PW;11Mn, PWj1V, SiW11Mn), cyclooctanol was detected in
smaller than 1 for reactions with P PW;1V, PW11Mn the products after 12 h. When 2.0 mmol of®b per mol of
and SiW1Mn. Under these conditions, the lowest selectivity substrate were used, the lowering of the yield of cyclooctyl

for the hydroperoxide was observed for the XAMn poly- hydroperoxide, as shown kig. 3, was not observed for most

oxoanions and the highest selectivity for SW catalysts. The decreasing of the yield of cyclooctyl hydroper-
The comparison between the results obtained with 2.0 andoxide, with simultaneous increases of the yields of cyclooc-

9.8 mmol of O, per mol of substrateT@bles 1 and Rin- tanone or of this compound and cyclooctanol have been re-

dicates that, in most cases, an improvement in the selectivityported previously22,36,37]
for cyclooctyl hydroperoxide occurred when alarger amount ~ The concentration of D> in solution was monitored dur-

of oxidant was usedHig. 2). ing the course of reactions. For reactions with excegd
Fig. 3represents the yield of all products during cyclooc- in the presence of PYyFe, fairly rapid decomposition of
tane oxidation in the presence of RWe. The yield of cy- H>0, accompanied the oxidative reactidfiq. 4a). For an-

clooctyl hydroperoxide decreased after 6 h of reaction, andions like SiW, 1, the decomposition of unuse@ 8, was also

the yield of cyclooctanone was simultaneously raised. In re- complete after 12 h, but the oxidant vanished from solution
more slowly than in the case of the iron anion. In all cases the
catalysts favoured the decomposition of hydrogen peroxide,

100+
80 80 60
&
. 607 — 60 1 —
£ Q S 40
- R N~
= = 40 A =
g 407 . <
= >~ > 20 A
5] 20 1
20
0 ——— 0 ——
0 - s - =L EE - 0 2 4 6 8 10 0 2 4 6 8 10

SiWIl  SiWIIMn SiWIIV  PWIlFe PWIIV  PWII (a) Time (h) (b) Time (h)

09.8 mmeol O2 mmol
Fig. 3. Yield of all the products during cyclooctane oxidation in the presence
Fig. 2. Selectivity for cyclooctyl hydroperoxide formation with 2.0 or  of PWjiFe with (a) 9.8 mmol and (b) 2.0 mmol of,8;; (A): cyclooctyl
9.8 mmol of BHO; after 9h in cyclooctane oxidation reactions. Substrate: hydroperoxide; B): cyclooctanone;®): cyclooctanol. Substrate: 1 mmol;
1 mmol; catalyst: 1.umol; acetonitrile: 1.5 ml; temperature: reflux. catalyst: 1.5umol; acetonitrile: 1.5 ml; temperature: reflux.
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XW1iFe' + HOOH — XWyiFé' + HO® +OH™  (3)
RH + HO®* — R°® + Hy0 (4)
R* + 0; - ROC (5)
ROO® + RH — ROOH+ R* (6)
ROO® + XW1 Fe' + HY — XW1iFe" + ROOH (7)

Egs. (1) and (2) account for the reduction of iron (lll) in
the polyoxometalates in the presence ofdd in acetoni-
Fig. 4. Fraction of the initial KO, present in solution during the cyclooc- trile [9,38,39] This reduction was confirmed in this work by

(a) Time (h) (b) Time (h)

tane oxidation in the presence of (a) 9.8 mmg04 and (b) 2.0 mmol KO, cyclic voltammetry for SiVy;Fe and PW;Fe. This reaction
[PW1:Fe @) and SiWi; (A)]. Substrate: 1 mmol; catalyst: JuSnol; ace- does not occur in aqueous soluti@®]. This result parallels
tonitrile: 1.5 ml; temperature: reflux. that reported by Paczesniak and Sobkowiak for Fe4fO

_ . . o [41]. The molecular oxygen necessary to obtain RQEY.
which in their absence is only about 33% after 12 h. For reac- (5)) may possibly be originated, at least partially, in situ

tions performed with HO2/cyclooctane = 2.0 the amount of ¢, H,0; (e.g., from Eq. (2) and from HOOdismutation

H205 in solution also decreased more rapidly in the presence [9]). Others have suggested that some systems with excess

of PWysFe than of SiW; (Fig. 4b) but the decompositionof /5 ‘inyolving iron complexes, can produce their owp-O

H>0O, was not so extensive. In this case, after 9 h, between 15atmospher{512,42]. This would explain why the yield of hy-

and 35% of the initial HO, was decomposed in the presence  yqheroxide was higher when an excess of hydrogen peroxide

of the metal substituted anions and 4-8% in the presence ofyas used, and would agree with the fact that when some reac-

XW 12 or XWyg. o tions (molar ratio HO,/cyclooctane = 9.8) were performed
By comparing the cyclooctane oxidation after 12h of re- ,qer \ the same catalytic results were obtained. Formation

action, in the presence of 2.0 and 9.8 mmol e, insome ¢ oy cjgoctanol and cyclooctanone may be explained consid-
cases, like for the Si\M and PW1Fe catalysts, nearly the ering also other reactions of the Fenton's prodest2].
same conversions were achieved. This means that the system 5 cimilar mechanism could possibly explain the results

using 2.0mmol of HO, per mmol of substrate is more ef- obtained with other catalysts. The generation of*Hid

ficient than thg sy;tem with 9.8 mmol..ln fact, the efficiency HOO” in the presence of a vanadomolybdophosphate was re-
of use of HO; is higher than 90% for SiW when 2.0mmol o4y proposefP7]. In this case, the first step was assumed
were used, against 10% of efficiency in the case of 9.8 mmol , ¢ the coordination of a hydrogen peroxide molecule to
added. In the case of PMFe, nearly 70% of efficiency was V(V), followed by the formation of a V(IV) polyoxometa-
registered for the use of3®; (2.0 mmol) against 14% when late and HOO. The HO radicals were then generated by a

9.8 mmol were used. The only advantage of using a higher o4 ction similar to that of Eq. (3), with reoxidation of vana-
concentration of HO, seemed to be the higher selectivity i m.
observed for the formation of cyclooctyl hydroperoxide. In the case of the X\i4 and XW4» anions, where no other
Taking into account the results described in this work, it metal but tungsten exists, the activation af® could pos-
is clear that, even if the reaction mechanisms are radicalar i”sibly occur at the W aton,13 through a sequence of reaction
nature, the dgt_auls must vary, depending on the catalyst andgimjjar to that described for vanadium polyoxomolybdates
reaction conditions. This is the result of the existence of sev- [27]. The formation of peroxide (or hydroperoxide) com-
eral possible concurrent reactions, namely, the hydroperox-p|eyes with the Keggin or related structures having the per-
idation or hydroxylation (_)f cyclooctane_, the dgcomp05|t|on oxo group coordinated to W has been assumed before to ex-
of cyclooctyl hydroperoxide and the dismutation oi04, plain catalytic result§43—46] These type of complexes has
catal_ysed b_y metals like Fe or Mn. Alsq, Inview ofthe results rarely been structurally characteriZdd]. Formation of per-
obtained with XW, and XWa, anions, it is highly probable  , ,tngstocomplexes from reaction of Ryénd PW, with
that in the presence of XYM anions activation of 10, H,0, cannot be excludef®,16], but those species have not
may occur simultaneously at W and M. _ yet been described as radical generators. Further studies are
_ Whenexcess of fD; was used, extensive hydroperoxida-  eainly needed to clarify the reaction mechanisms in the
tion was obtained. In the presence of the iron catalysts, it WaSpresence of this group of polyoxotungstates.
assumfeq .that the formgtion of hydroperoxidg occurred by a Comparing the catalytic results presented in this work
Fe(lll) |n|t|aFed generation o.f HO[9], as describedrecently ik 4 few studies known for the cyclooctane oxida-
for several iron complexes in acetonitr[e9] and resumed 4o in homogeneous, non-photochemical, systems with

in Egs. ()=(7) (R = @H1s). polyoxotungstates, higher turnovers numbers were ob-

XW11Fe" + HyOy — XWqiFe! + HOO- +H* 1) tained in the presence of all catalygts reported here
than when the anions [PWWCo(H20)Oz9]°~ [21,22] and

XW11Fe" + HOO® — XW11Fe' + Oy + HT 2) [Mn2ZnW(ZnWgOs4)2]12~ [23] were used. Moreover, the
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formation of cyclooctyl hydroperoxide was not described the catalytic action of Keggin-type polyoxotungstates in the
in those reports. As far as we know, Shul'pin and co- oxidation ofalkanes seems notto depend only onthe presence
workers were the only researchers to report the formation of a substituting transition metal, as fairly good results were
of cyclooctyl hydroperoxide when using,B, as oxidant obtained with lacunary or parent anions. Similar results were
[24,25,27,36] namely with vanadium containing phospho- observed in our study with tungstoborafék
molybdates as catalysta7].

Recently, our group reported the oxidation of cyclooc-
tane with BO, using several borotungstates as catalysts Acknowledgments
[6]. The turnover numbers and the selectivity obtained
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