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Abstract

The tetrabutylammonium salts of sandwich-type tungstophosphates of general formula B-o-[M4(H,0),(PWo034),]"~, M =Co"", Mn"" and Fe™™,
proved to be catalysts or catalyst precursors for the oxidation of cyclohexane and cyclooctane with hydrogen peroxide, affording the corresponding
alcohol, ketone and alkyl hydroperoxide in variable proportions. Depending on the tungstophosphate used, the oxidation of cyclooctane could
also give 1,2-epoxycyclooctane or a cyclooctanedione. With the Fe sandwich anion, cycloalkyl hydroperoxide was generally the most abundant
product. The conversion of cycloalkanes was always higher than 68% after 12 h of reaction. Oxidation of cyclooctane into cyclooctanone could
be obtained with high selectivity (83%) and conversion (92%) using B-a-[Co4(H,0),(PWy034),]'°~. The Fe sandwich complex showed to be the
most effective catalyst, with turnover numbers of 1333 for cyclohexane and of 1930 for cyclooctane, after 12 h.
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1. Introduction

Many sandwich-type tungstophosphates having the general
formula B-a-[M4(H20)2(PW9O34)2]10’, M =transition metal,
are easily obtained in aqueous solution by reaction of appropriate
amounts of the tri-lacunary Keggin anion B-a-[PW9034]°~ and
transition metal ions [1,2]. The molecular structure of this type
of anions was presented for the first time by Weakley et al. for the
Co analogue [3] and is based on the linkage of two tri-lacunary
Keggin sub-units B-a-[PWy0341°~ by a belt of four metal ions
(Fig. 1). Only recently was described the first tetranuclear sand-
wich compound containing a belt of trivalent metal ions in the
centre [4].

This type of compounds have attracted special interest
for their structural and magnetic properties [5,6]. A small
number of reports appeared on their potential application as
catalysts for the oxidation of alkenes [4,7-9]. In particular,
the iron sandwich complexes, [FeH4(H20)2(PW9034)2]10_
and [Fe'4(H,0)2(PW9O14)21°~, showed to be effec-
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tive catalysts for the oxidation of several alkenes with
hydrogen peroxide as oxidant [4,8]. The Mn!' analogue,
[Mn'l4(H,0)2(PW9034)2]'%~, was used in the oxidation of
cyclohexene and cis-stilbene with iodosylbenzene [9].

An important area of interest in oxidative catalysis, for both
academic and industrial applications, concerns the transfor-
mation of saturated hydrocarbons into oxygenated derivatives.
Molecular oxygen is possibly the best oxidant choice. However,
non-selective radical-chain reactions usually occur. In particu-
lar, the catalytic systems currently used in the industry for the
cyclohexane oxidation employing molecular oxygen and cobalt
or manganese salts limit the conversion to 5-13% (depending
on the conditions) in order to achieve the required selectivity
for the ketone/alcohol mixture [10,11]. Hydrogen peroxide is
an interesting alternative to O, due to its high availability and
relatively low price, and to the fact of giving environmentally
benign water as by-product [12-14].

The use of several types of polyoxometalates in cyclo-
hexane and cyclooctane homogeneous oxidative catalysis has
been reviewed [7,15-18]. In particular, Keggin-type poly-
oxotungstates were used in homogeneous oxidation with
iodosylbenzene [19], m-chloroperbenzoic acid [20], #-butyl
hydroperoxide [21-25], hydrogen peroxide [26-33] and molec-
ular oxygen [26,30,34,35]. Zinc sandwich-type anions, like
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Fig. 1. Structure of the complex B-o-[M4(H20)2(PW9O34)2]"~. Each dashed
octahedron represents a MOg group and the open circles correspond to oxygen
atoms of co-ordinating water molecules.

[WZnMa2(ZnWoO34)2]"~, M=Mnll, Ru!, PdT and Pt hav-
ing a structure similar to that of sandwich-type tungstophos-
phates considered here, were also studied as catalysts in the
cycloalkane oxidation with #-butyl hydroperoxide [36] or ozone
in the case of [WZnMny(ZnWo034)2]'>~ [37]. When using
hydrogen peroxide, the most relevant results were obtained for
the cyclohexane and cyclooctane oxidation in the presence of
Keggin-type anions like [XW1Fe(H,0)O39]"~, X=P, Si and
B [29,31-33] or, in the case of the cyclohexane oxidation, with
Y-[SiWioFe!2(H20)20351°” [27].

It is reported in this paper for the first time the use of the
sandwich-type tungstophosphate anions, namely [M4(H,0);
(PW5034)2]'%7, M" = Co, Mn and [Fe'4(H20)2(PW9034)21°
(abbreviated as M4(PWy)»), as catalysts or catalyst precursors
in cyclohexane and cyclooctane oxidation using H,O, as oxi-
dant and acetonitrile as solvent. Catalytic oxidation occurred for
all compounds. Particularly good results were obtained with the
iron sandwich-type anion, with the oxidation of cyclohexane or
cyclooctane occurring with high conversion, comparatively high
turnover numbers, and very interesting selectivity values.

2. Experimental
2.1. Catalysts synthesis

[(C4Ho)4N]7H3[Cos(H20)2(PW9O34)2] and [(C4Ho)4N1;
H3[Mn4'(H,0),(PW9O34)>] were synthesised as previously
described [38]. Analytical and spectroscopic data were in agree-
ment with previously published values [38].

[(C4Ho)4N]g[Fes " (Hy0)2(PW9034)2]-4H,0 was  synthe-
sised by a modification of the procedure described by Zhang
et al. [4]. FeCl,-4H,O was substituted by FeSO4-7H,0 and the
re-crystallisation step in acetonitrile was not performed. Found
(calculated): (%) C, 18.5 (18.5); N, 1.29 (1.35); H, 4.02 (3.68);
H,0, 1.0 (1.1); thermogravimetric organic loss, 25.3 (24.7).

Infrared spectra were in agreement with that found in the lit-
erature [4].

2.2. Oxidation reactions with hydrogen peroxide

The reactions were typically carried out by refluxing a stirred
solution of the cycloalkane, catalyst (1.5 wmol) and 30% hydro-
gen peroxide (Riedel-de Haén) in 1.5 mL of acetonitrile, with
different HyO,/substrate ratio. Unless otherwise stated, the reac-
tions were carried out under air. When reactions were performed
in an inert atmosphere, an argon or nitrogen flow was bubbled
through the reaction mixture before the addition of hydrogen
peroxide and a rubber balloon with argon or nitrogen was main-
tained at the top of the condenser during the reaction.

Aliquots were withdrawn from the reaction mixture and
injected directly into the GC-MS apparatus (SPB-5 fused sil-
ica Supelco capillary column with 30 m x 0.25mm i.d. and
0.25 wm film thickness) using helium as the carrier gas (35 cm/s).
The conversion and percentages of each compound in the
reaction mixture were determined by GC-MS. The chromato-
graphic conditions for cyclohexane were: initial temperature:
40°C (4 min); temperature rate: 10 °C/min; final temperature:
200 °C (2 min); injector temperature: 220 °C; detector tempera-
ture: 230 °C; for cyclooctane: initial temperature: 80 °C (2 min);
temperature rate: 20 °C/min; final temperature: 220 °C (1 min);
injector temperature: 250 °C; detector temperature: 250 °C.

Blank reactions without catalyst were performed in all con-
ditions studied. No oxidation products were detected.

2.3. Instrumentation and methods

Electronic absorption and FTIR spectra, C, H, N elemental
analysis and thermogravimetric analyses were obtained as pre-
viously described [39].

Unused H>O, and hydroperoxide produced were quantified
by titration of aliquots with 0.1 M Ce(SQOy4), using ferroin as
indicator [40]. From the yields of the hydroperoxide determined
by GC-MS, the amount of H>O» used could be determined. The
efficiency of usage of hydrogen peroxide was calculated accord-
ing to the following formula: (amount of ketone x 2 + amount
of alcohol x 1 +amount of alkyl hydroperoxide x 2)/(amount
of HyO» used). All products were identified by GC-MS. Both
hydroperoxides had been previously identified in our group by
mass spectrometry [41].

At the end of the reactions, whenever H»O,/substrate =2 and
substrate/catalyst = 667, a drop of the reaction mixture was dried
on a KBr pellet and the infrared spectrum measured in order to
assess the stability of the catalysts. Visible spectra of the reaction
solutions were run at pre-determined intervals.

3. Results
3.1. Oxidation of cyclohexane
The results obtained for the cyclohexane catalytic oxidation

with different H>Oy/substrate molar ratio are summarized in
Table 1.
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Table 1
Oxidation of cyclohexane with hydrogen peroxide catalysed by sandwich-type tungstophosphates®
Polyoxometalate Conversion (%) TONP Hy0,(%)° Selectivity (%)
: O : OH : OOH

14 Co4(PWo), 83 549 93 62 38 0
2¢ Co4(PWo), 91 609 81 60 40 0
34 Mny(PWq), 68 453 76 59 41 0
4¢ Mny(PWo), 98 654 76 55 45 0
54 Fe4(PWo)y 94f 628 96 41 6 53
6° Feq(PWo), 98f 657 99 34 14 52
78 Fe4(PWo), 100 1333 96 20 10 70

2 Cyclohexane, 1.5 pmol of catalyst in 1.5 mL of CH3CN, H,O; (30%), reflux temperature, 12 h of reaction.

" Mole of products/mol of catalyst.

¢ H,0, used during the reaction.

4 1 mmol of substrate and 2 mmol H;0,.
€ 1 mmol of substrate and 4 mmol H,O5.
f After 6 h of reaction.

€ 2 mmol of substrate and 4 mmol H,O».

With Co4(PWy), and Mng(PWy),, the products obtained
after 12h of reaction were cyclohexanone and cyclohexanol,
the former being the main product. Cyclohexyl hydroperox-
ide could be identified during the course of the reaction in the
case of Co4(PWy)3, usually in low yield up to 15 %, disappear-
ing completely after 9 h. Higher conversion values (more than
90%) were obtained when excess of hydrogen peroxide was used
(HyOy/substrate =4).

The oxidation of cyclohexane proceeded faster with
Fe4(PWy); than with Co and Mn analogues (Fig. 2). After 6 h
of reaction, conversion values higher than 90% were obtained
with the Fe complex (Table 1). In contrast to the Co and Mn
sandwich complexes, cyclohexyl hydroperoxide was always the
main product up to 9 h of reaction. Nevertheless, selectivity for
this compound decreased with reaction time (Fig. 3).

For H>O»/substrate =2 and substrate/catalyst =667, the cal-
culated efficiency of usage of hydrogen peroxide at the end of
the reaction was 95, 72 and 72% with Fe4(PWo)2, Mns(PWy),
and Co4(PWo);, respectively. The experiments performed with
excess of hydrogen peroxide gave lower efficiencies.
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Fig. 2. Time dependence on the cyclohexane oxidation in the presence of
Mny(PWo), (a), Cos(PWg), (b) and Fe4(PWo); (c) and (d). H,O,/substrate =2
for (a)-(c); HoOy/substrate =4 for (d). Substrate: 1 mmol; catalyst: 1.5 pwmol;
acetonitrile: 1.5 mL; reflux temperature.

The experiments performed with the iron sandwich-type
complex with the ratio substrate/catalyst = 1333, corresponding
to higher concentrations of substrate and H,O» (entry 7, Table 1),
illustrated the possibility of extending the reaction of oxidation
of cyclohexane to higher turnover numbers. In fact, 100% of
conversion was obtained after 12 h of reaction, achieving 1333
turnovers for this reaction. The cyclohexyl hydroperoxide was
the main product (70% yield after 9 or 12h, 55% after 6 h and
47% after 3 h of reaction, Fig. 4).

When the experiments with the several sandwich-type anions
were performed in the presence of I, (radical scavenger) no
reaction products were detected, suggesting the involvement
of a radical-chain mechanism in the oxidation of cyclohexane
[42]. A similar result was found for the oxidation of cyclooctane
described below.

3.2. Oxidation of cyclooctane

The results obtained for the cyclooctane catalytic oxidation
are summarized in Table 2. Reactions performed in an inert
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Fig. 3. Selectivity for the cyclohexyl hydroperoxide formation during the
cyclohexane oxidation with hydrogen peroxide catalysed by Fes(PWo)a
(substrate/H, O = mmol substrate:mmol H, O5).
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Table 2
Oxidation of cyclooctane with hydrogen peroxide catalysed by sandwich-type tungstophosphates®
Polyoxometalate Time (h) Conversion (%) TONP Hy0; (%)° Selectivity (%)
O OH OOH

14 Co4(PWo) 12 92 616 64 83 13 4
2¢ Co4(PWo), 12 85 567 88 63 32 5
3df Mny(PWo), 12 91 605 66 64 12 13
4e.f Mny(PWo), 12 68 452 81 49 16 5
5d.g Fe4(PWo), 7 98 651 81 45 14 6
6 Fe4(PWo), 9 97 647 72 41 6 53
7¢ Fe4(PWo), 12 96 645 92 41 2 57
8"‘5_ Feq(PWg)2 12 96 1284 99 58 1 16
98 Fe4(PWo), 12 96 1930 99 64 1 16

? Cyclooctane, 1.5 pmol of catalyst in 1.5 mL of CH3CN, H,0, (30%), reflux temperature.

® Mole of products/mol of catalyst.

¢ H,0O; used during the reaction.

4 1 mmol of substrate and 9.8 mmol H,O».

¢ 1 mmol of substrate and 2 mmol H>O,.

f 1,2-Epoxycyclooctane was also found in the products.

2 A cyclooctanedione was also found in the products.

b1 mmol of substrate and 4 mmol H,O5.

12 mmol of substrate and 4 mmol H>O5.

J 3 mmol of substrate and 6 mmol of H,O,.
Table 3
Oxidation of cyclooctane with H,O, catalysed by sandwich-type tungstophosphates in the absence of dioxygen®

Polyoxometalate Time (h) Conversion (%) TONP Selectivity (%)
O OH OOH

1€ Co4(PWo), 12 82 547 60 34 6
2¢ Mny(PWo), 12 70 467 46 20 7
3¢ Fe4(PWo), 12 94 627 42 6 52
4d Fe4(PWo), 12 95 633 37 3 60

2 1 mmol of cyclooctane, 1.5 pmol of catalyst in 1.5 mL of CH3CN, 2 mmol of HyO; (30%), reflux temperature.

b Mole of products/mol of catalyst.
¢ Under nitrogen atmosphere.
d Under argon.
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Fig. 4. Yield of all the products obtained during cyclohexane oxidation in
the presence of Fes(PWo), with sub/H,O, =2 mmol:4 mmol. (a) cyclohexyl
hydroperoxide, (b) cyclohexanone and (c) cyclohexanol. Catalyst: 1.5 wmol;
acetonitrile: 1.5 mL; reflux temperature.

atmosphere yielded after 12 h results similar to those obtained
in air (Table 3).

With M4(PWg),, MY = Co or Mn, more than 90% of cyclooc-
tane conversion was obtained for H,Oj/substrate =9.8, after
12 h. With HyO,/substrate = 2 the conversion was lower, in par-
ticular with Mn sandwich anion, even after 12h of reaction
(Table 2 and Fig. 5). After 12h the main product was always
the cyclooctanone (selectivity values between 49 and 83%),
while the cyclooctyl hydroperoxide was always formed in low
amount. In the presence of Mns(PWy),, 1,2-epoxycyclooctane
was formed with 10-30% selectivity after 12h. This epox-
ide may be formed via dehydrogenation of the cyclooctane or
through dehydration of the alcohol. Turnover numbers were
higher than 600 (for a substrate/catalystratio = 667) when a great
excess of hydrogen peroxide was used.

Using the Fe4(PWy), sandwich-type anion near 100% of con-
version was obtained, in all cases, after 12 h of reaction (Fig. 5).
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Fig. 5. Time course of the cyclooctane oxidation with HyO; in the presence of
Mny(PWy), (a), Cos(PWo), (b) and Feq(PWy), (c)—(f). Substrate/H,O, = 1:2
for (a), (b) and (d); substrate/H,O, =2:4 for (e); substrate/H,O, =3:6 for (¢);
substrate/Hp O, = 1:9.8 for (f). Catalyst: 1.5 wmol; acetonitrile: 1.5 mL; reflux
temperature (substrate/H, O;=mmol substrate:mmol H>O,).

With excess of hydrogen peroxide (H,O»/substrate =9.8), the
conversion reached 64% after only 1h of reaction and nearly
100% after 7 h. It should be noted that the increase of the sub-
strate/catalyst ratio, for the fixed proportion HyO,/substrate =2,
did not affect the conversion at 12h of reaction (Fig. 5), and
this originated an increase on turnover numbers (645, 1284 and
1930, respectively, for the conditions of entries 7-9 of Table 2).
To our knowledge, these results represent the highest turnover
numbers ever reported for the cyclooctane oxidation employing
polyoxometalates.

Cyclooctyl hydroperoxide was always the most abundant
product until near 2h of reaction for all the H,Oj/substrate
proportions used (Fig. 6). With H,O»/substrate=2 or 4 and
substrate/catalyst = 667 cyclooctyl hydroperoxide was the main
product up to 12 h. The higher yield was observed after 3 h of
reaction for HyO»/substrate =4 (58% selectivity, 85% conver-
sion). In all other cases, cyclooctanone was predominant after
3—4 h of reaction and a fourth product, identified as a dione, was
detected.

Using HyO»/substrate =2 (and substrate/catalyst=667) the
efficiency of usage of hydrogen peroxide was higher than 60%
for all the three complexes. After 12 h of reaction, 99, 64 and

80

B1h
m 12h

Selectivity (%)

{m°
T T
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Fig. 6. Selectivity for the cyclooctyl hydroperoxide during the cyclooc-
tane oxidation reaction with hydrogen peroxide catalysed by Fes(PWo)a
(catalyst:  1.5wmol; acetonitrile: 1.5mL; reflux; substrate/H2O, =
mmol substrate:mmol HyO5).

81% of efficiency were obtained with Fe4(PWo)>, Mns(PWg);
and Co4(PWy),, respectively.

3.3. Catalysts stability

Catalyst recover was only attempted for reactions per-
formed with HyOj/substrate=2 and substrate/catalyst=667.
The infrared spectra of the residue obtained at the end
of the reactions indicated that decomposition of the cat-
alyst had occurred. The visible spectra of the reaction
media obtained during the course of reactions also sug-
gested that the catalysts were not stable in the reaction
conditions. Cos(PWy)>» and Mnys(PWy), seemed to decom-
pose with formation of [PW1;Co'(H,0)O39]°~ (PW;Co) and
[PW{;Mn"(H,0)039]*~ (PW{{Mn), respectively. Bands ten-
tatively attributed to the mono substituted Keggin anions were
observed in the FTIR and visible spectra [43,44]. The decom-
position was more extensive for Mn than for the Co anion.
Catalysis with PW;Mn in similar conditions had been previ-
ously described [33], but the results differed from those reported
here. Some preliminary studies with PW11Co were performed
in this work. Conversions did not exceed 35% after 12 h of reac-
tion. In the case of Fe4(PWy),, the infrared spectra of the solid
recovered at the end of the reaction also suggested the forma-
tion of [PW1; Fe(H,0)039]*~ (PW 1 Fe) [44]. Due to the lack of
d—d bands, analyses of visible spectra were not conclusive. Hill
and collaborators reported that a serious of yellow solids could
be isolated during the preparation of the Fe4(PWy), anions [4].
Possibly one or more of these species may also be formed in the
reaction conditions used.

Studies on the hydrolytic stability of these sandwich anions in
the presence of H>O; have not yet been published and are out of
the scope of this paper. Fe4(PWy), was found to be stable under
conditions of deficiency of H,O», at room temperature [4]. The
stability of Fe4(PWy), was also confirmed for reactions with
other substrates under conditions similar to those here used, but
for the HyO»/catalyst ratio up to 600 [45]. The H,O»/catalyst
ratios used in this work were above 1330, what may account
for the occurrence of catalyst degradation. Further studies are
needed to clarify the observed behaviour.

4. Discussion

In this work, the oxidation of cyclohexane and cyclooc-
tane with HyO,, in the presence of sandwich-type polyox-
otungstophosphates [M4(H20)2(PW9034)2]11°~, M'=Co, Mn
and [FCHI4(H20)2(PW()O34)2]6_, was achieved with high con-
versions and comparatively high selectivity. When Fe4(PWy)>
was used, cyclohexyl or cyclooctyl hydroperoxides were pro-
duced in amounts depending on the conditions and time of reac-
tion, the other major product being cyclohexanone or cyclooc-
tanone. In some conditions a cyclooctanedione was formed.
The results described in this paper for cyclooctane oxidation
with the Fe sandwich-type anion at low H,Os/substrate molar
ratio are comparable with those obtained in previous work with
[XW1Fell'(H,0)039]"~ (XW Fe), X =P, Si or B, as catalysts
[31-33]. However, the possibility of reaching up to almost 2000
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turnovers without significant alteration of the reaction profile is
presented here by the first time: with the iron-sandwich complex
turnovers higher than 1900 were reached after 12 h of reaction in
the appropriate conditions. The oxidation of cyclohexane with
H;0,, in acetonitrile, had been previously studied with PWFe
and BWy Fe as catalysts [29,31]. In the study with BWyFe,
in the same experimental conditions of this work, 98% con-
version (TON 1307) was observed after 12 h of reaction, along
with 57% selectivity to the cyclohexyl hydroperoxide [31]. With
Fe4(PWg),, 100% of conversion (TON 1333) with 70% selectiv-
ity to the cyclohexyl hydroperoxide was obtained. The reactions
with the Fe sandwich-type catalyst occurred faster (more than
60% of conversion after 6 h on comparison to about 40% with
BW/Fe in similar conditions). This may be due to the fact that
sandwich-type anions have more iron atoms available for catal-
ysis, even considering that, possibly, only the iron ions of the
Fe—OH,; group are catalytically active.

Another catalytic study of the oxidation of cyclohexane with
H;0O, in acetonitrile, with the iron-substituted polyoxotungstate
’y-[SinOFCIIIQ(H20)2038]6_, was reported by Mizuno et al.
[27]. The reactions were carried out with a H,O»/substrate molar
ratio equal to 1, the products being cyclohexanol and cyclohex-
anone. Considering the turnover numbers and time of reaction,
the results presented here with Fe4(PWg)> seem to be consider-
ably better than those previously reported [27]. Nevertheless, in
our work, the efficiency of usage of H,O» is lower and products
distribution is different.

In our work all the studies with iron catalysts were per-
formed with H,O»/substrate molar ratio equal or larger than
2 ([29,31-33] and this study), and hydroperoxides were gener-
ally found in significant amounts. We believe that the mechanism
proposed for the oxidation of cyclooctane with excess of HyO» in
the presence of the monosubstituted Keggin anions [33] applies
to the case of the Fe4(PWo), anion. In this mechanism, it was
assumed that the formation of the hydroperoxide occurred by
a Fe(IIl) initiated generation of HO® [14,46—48]. Generation
of molecular oxygen in situ from H,O;, has been suggested
by others, and this would favour extensive hydroperoxidation
in the presence of excess of HyO; [14,49,50]. The amount of
hydroperoxide in the products, at a given time of reaction, is
probably dependent on the existence of several possible concur-
rent reactions, namely the hydroperoxidation or hydroxylation
of cycloalkane, the decomposition of cycloalkyl hydroperoxide
and the dismutation of H,O» [33]. We may note that different
aqueous H»Os/acetonitrile molar ratios in the reaction media
correspond also to different percentage of water in the solvent,
leading to different O; solubility (it is known that this decreases
as the water content increases [51]) and, in this way, affecting
conversion and product distribution.

The use of iron polyoxotungstates as catalysts in the oxidation
of cycloalkanes seems to be a promising area of research. It
is very interesting to note that tuning of the outcome of the
oxidation of cycloalkanes may be possible through the choice
of catalyst and reaction conditions.

Catalysis with Co4(PWg), and Mns(PWy), yielded little or
no hydroperoxides in the course of the oxidative reactions of
the studied substrates. This behaviour of Mn4(PWpy); is notably

different from that of XW;Mn'!!, X=P, Si and B [29,31-33].
The usage of Mna(PWy); brought no clear improvement in con-
version or selectivity in relation to PW{;Mn [33]. Besides the
absence of hydroperoxides, the only noticeable difference was
the detection, with the former, of 1,2-epoxycyclooctane among
the products. The results obtained with Co4(PWg), were more
interesting, as PW11Co was a poor catalyst in the same con-
ditions. With the sandwich compound, cyclooctanone could be
obtained with 83% selectivity and 92% conversion of cyclooc-
tane. As the metal centres in these catalysts are in the +2 oxida-
tion state, generation of molecular oxygen, in situ from HyO»,
may not be as extensive as proposed for anions with Fe!l' [14,33],
what would account for the absence of the hydroperoxides.

An important point to consider is the efficiency of usage of
the oxidant in the reaction. Shuchardt et al. stated that for prac-
tical purposes the efficiency of usage of H,O, in the case of
cyclohexane oxidation should not be lower than 40% [15]. At
lower efficiencies the cost of the oxidant may be too high for the
industrial production of oxygenated derivatives of cyclohexane
[15]. We report here some hydrogen peroxide efficiency val-
ues that seem quite good. Nevertheless, these calculations were
done based on global reactions that were assumed to occur, and
should be considered as an estimation, allowing the comparison
with others obtained in similar conditions.

5. Conclusions

Sandwich-type tungstophosphates of general formula B-a-
[M4(H20)2(PWo034)21"~ (M =Co'l, Mn"! and Fe'") were used
as tetra-n-butylammonium salts for the catalytic oxidation of
cyclohexane and cyclooctane with hydrogen peroxide in ace-
tonitrile. Oxidative reactions occurred in all studied cases.
The reactions of the cycloalkanes in the presence of the iron
sandwich-type anion were faster and had higher turnover num-
bers than those with the Mn!! or Co!! anions.

It was demonstrated that the oxidation reactions of cyclo-
hexane and cyclooctane with Fe sandwich-type complex can
lead to very high turnover numbers, up to almost 2000. In fact,
the results described here correspond to the highest turnovers
ever reported in the literature for the oxidation of this type
of substrates employing polyoxometalates as catalysts. Oxi-
dation of cyclooctane into cyclooctanone could be obtained
with high selectivity (83%) and conversion (92%) using B-a-
[Cos(H20)2(PW5034)2]'0~.
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