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Abstract A group of new polymolybdates was synthe-
sized and tested in the catalytic oxidation of cycloalkanes.
Investigated compounds exhibit broad structural diversity
including polymolybdates with isolated anionic clusters (0-
dim), polymeric anions (1-dim), Mo—O layers (2-dim) as
well as hexagonal and orthorhombic molybdenum oxides
(3-dim). All studied molybdenum complexes were found to
be active in the reaction conditions yielding ketones and
alcohols as main products. In the case of layered com-
pounds (2-dim), dicarboxylic acid was detected in the
mixture of reaction products. The structure of investigated
molybdenum compounds was shown to have influence on
yields and selectivities of the investigated reactions.
Anionic layers separation (in 2-dim materials) as well as
type and charge of organic cations present in the com-
pounds are prime examples of structural factors influencing
the oxidation reactions efficiencies. On the basis of
obtained results and literature reports a mechanism for the
oxidation of cycloalkanes by polymolybdates has been
proposed.
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1 Introduction

Molybdenum complexes are well known as active centers
of several enzymes such as oxotransferases [1-4]. Some
molybdates show antiviral, antitumoral or antibiotic
activity [5-7]. They are also known as efficient catalysts
for the oxidation of various organic compounds with
different oxygen donors like ROOH [8-20] and H,0, [21-
29]. Molybdenum(VI) dioxo or oxodiperoxo compounds
are commonly encountered in oxidation catalysis. It has
been shown that mononuclear peroxo and mono-oxo
bridged dinuclear molybdenum complexes are active cat-
alysts for the epoxidation of olefins and nonfunctionalized
olefins with t-butylhydroperoxide TBHP as oxygen donor
[8, 13—15]. The epoxidation of olefins catalyzed by a large
family of complexes with MoO,X,(N-N), or MoO,X,(N—
0), formula where N-N or N-O are bidenate ligands and
X = Cl, Br or Me has been previously reported [10, 11,
15, 16]. All these catalysts show high activity and
selectivity.
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Molybdenum oxo-peroxo complexes were applied as
catalysts for selective oxidation of arylalkyl, diaryl and
dialkylsulfides to corresponding sulfoxides with TBHP as
oxidant [30-33].

Recent studies have shown that oxo-peroxo molybde-
num complexes in combination with H,O, can convert a
wide range of hydrocarbons like alkanes and alkylbenzenes
to the corresponding oxidized products [34]. Molybdenum
oxo and oxo-peroxo complexes have been used for selec-
tive oxidation of amines [13, 30-33] and for oxidation of
allylic alcohols with H,O, [34]. Dioxomolybdenum(VI)
complexes with a N-salicylidene amino acid hydrazide [28]
or oxazoline [16] ligand were applied for oxidation of
sulfides with high selectivity to sulfoxides. Dioxomolyb-
denum(VI) complexes of the MoO,L, type (L = (2/-piry-
dyl)alcoholate) were used as catalysts for the selective
terminal oxidation of n-alkanes with molecular oxygen
[35]. The catalytic data indicate an important influence of
ligand structure on the catalysts activity and product dis-
tribution [35].

Selective catalytic oxidation of cycloalkanes with
molecular oxygen is one of the most important and
attractive transformations in organic synthesis [36-38]. It is
evident that the use of molecular oxygen from air which is
an inexpensive, abundant and readily available oxidant in
place of other oxygen donors is clearly desirable on eco-
nomic and environmental grounds.

Very recently, we have reported the synthesis, physico-
chemical properties and catalytic activity of new
oxodiperoxomolybdenum complexes with nicotinic acid in
the oxidation of cyclooctane [39].

This paper is a result of combined studies on syntheses
of new polymolybdate complexes together with research
on their catalytic activity in cycloalkanes oxidation. Cat-
alytic properties are discussed in relation to structural
dimensionality of presented polyoxomolybdate complexes,
various amounts and types of oxygen atoms (in terms of
bonding arrangements) in their structures and ligands used
in syntheses.

2 Experimental
2.1 Synthesis and Structural Characterization

For the purpose of this work, a group of 13 polyoxo-
molybdenum compounds was selected. Three of them
represent compounds with polyoxo moieties in the form of
isolated clusters (denoted as An; n = 1,2,3), 4 contain
polymeric chains (Bn), we also investigated 4 layered
compounds (Cn) and two ‘molybdenum oxides’. To
determine the influence of structural features on catalytic
activity, all selected compounds (except for MoOs3) are

polyoxomolybdates of aromatic amines (three compounds
of 4-methylaniline, six compounds of other aniline
derivatives, two polyoxomolybdates of 4-methylpyridine).
Five of them, namely: A3, B1, B2, B4 and C4 are new
compounds, not previously reported. Consult Table 1, for
compounds description including chemical formulas,
symbols used henceforward and graphical representations
of their structures. Crystal structures of investigated cata-
lysts, in particular new compounds, are described in
chapter 3.1.

Chemical syntheses of new compounds were carried out
in aqueous solutions containing MoO3 or molybdic acid
and the appropriate amine. Full description of the syntheses
procedures, yields, results of chemical analyzes has been
placed in Supporting Information (SI).

The details of X-ray diffraction experiments and results
of crystal structure determination are also available in the
SI. Crystal structures of A3 and B1 were studied by single
crystal methods, other catalysts by ‘ab initio’ powder
diffraction methods. B2 and C4 were investigated with the
use of synchrotron radiation while B4 with a laboratory
diffractometer. Data concerning structure determination
and structure description are listed in Tables SI-1,2,3
(single crystal data) SI-4,5,6,7 (powder data), structures are
depicted on accompanying Figs (SI-A3, B1, B2, B4, C4).

While selecting catalysts, thermal stability data for
prospective compounds were considered, and if reliable
data were not available temperature dependent XRPD
studies (in air, temp = 25-600 °C) were performed.
Results are presented in SI. In general, all compounds were
found to be stable in reaction conditions and the most
active compounds B1, B3, C2-C4 were stable up to
250 °C.

Excluding samples obtained as large single crystals
(A1-A3), surface areas for investigated samples were
determined applying BET technique. Results of these
experiments are presented in Table 2.

Selected catalysts (B2, C2) after 6 h of reaction time
were recovered by filtration, washed with propanol, dried
in air, and reused in catalytic experiments. Obtained results
are discussed in chapter 3 (see also Fig. 3).

3 Catalytic Investigation

The liquid-phase oxidation of cycloalkanes (cyclopentane,
cyclohexane or cyclooctane) was performed in a stainlees-
steel batch reactor system at the optimum temperature of
393 K and under the pressure of 10 atm. with the reagents
molar ratio C,H,, (where n = 5, 6, 8):0, = 13:2. A Te-
flon-lined reactor of 1 L volume equipped with a magnetic
stirrer was used. In a typical experiment, molybdenum
based catalyst having the concentration of 3.3 x 107* M
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Table 2 Cyclooctane oxidation with molecular oxygen and polyoxomolybdates as catalysts

Mo catalyst  Yield of ketone® (%) TON¢ Yield of alcohol® (%) TONY Ketone + alcohol (%) Ketone/alcohol — Surface area mZ/g
Al 13.3 4990 9.3 3490 22.6 1.4

A2 10.2 3830 44 1650 14.6 2.3

A3 10.7 4010 94 3530 20.1 1.1

B1 343 12,860 16.6 6230 50.9 2.1 4.56
B2 29.6 11,100 15.5 5810 45.1 1.9 291
B2® Traces - Traces - - -

B3 34.7 13,010 13.6 5100 48.3 2.6 12.47
B4 25.6 9600 15.9 5960 41.5 1.6 9.59
C1° 11.7 4390 5.5 2060 17.2 2.1 4.34
C2° 34.1 12,790 10.8 4050 449 32 1.91
C3° 34.0 12,750 10.6 3975 44.6 3.1 4.66
C4° 234 8780 15.3 5740 38.7 1.5 3.76
D1 39 1460 2.7 1010 6.6 14

D2 34 1280 2.4 900 5.8 14

# Isolated yields calculated on the basis of oxygen quantity in batch reactor

® Reaction with free radical scavenger 2,6-di-tert-butyl-p-cresol
¢ Suberic acid as by-product is observed (see Fig. 4)
9 Mol product x mol catalyst™' x h™"

was introduced into the reaction mixture. The catalyst
together with the substrate were closed in the air-free
autoclave and were heated together with the whole system
until temperature of 393 K was reached. In due time air was
added to the hot reaction mixture in such amount that final
pressure of 10 atm was obtained and the reaction started.
After 6 h of reaction time the oxidation was stopped by
immersing the hot reactor in a cold water bath. Reaction
products (cycloketone and cycloalcohol) were analyzed by
means of Agilent Technologies 6890 N gas chromatograph
equipped with Innowax (30 m) column in the presence of
chlorobenzene as internal standard. Amounts of CO and
CO, were determined chromatographically using Perkin-
Elmer Clarus 500 with methanizer.

The amount of cycloalkane hydroperoxide in the reac-
tion mixture was evaluated by the iodometric titration and
Shul’pin method [40-42]. The yield of -cycloalkyl
hydroperoxide (yield <0.1 %) observed after 6 h of the
reaction is too small to have an impact on the results of the
subsequent GC analysis.

Stability of catalysts in reaction conditions was tested in
the following manner. Compounds B1 or C2 were mixed
with cyclooctane and boiled (T, = 149 °C) under reflux
(in air) for 24 h. When the mixture was cooled down,
catalysts were separated from cyclooctane by filtration and
dried in air. Diffraction patterns and IR spectra of fresh
catalysts and catalysts after cyclooctane treatment are
presented in the Supporting Information (see Fig. SI-11,12
and Fig. SI-13,14).

3.1 Catalysts Characterization—Crystal Structure
Description

Considering the structural diversity of presented poly-
molybdates, in particular their dimensionality, the com-
pounds were divided into four main categories.
Octamolybdates A1-A3 contain isolated molybdenum-
oxygen clusters (0-dim). Polymeric materials B1-B4 are
built of infinite molybdenum-oxygen chains (1-dim).
Compounds C1-C4 are formed by Mo-O layers with
amines in between (2-dim). Two types of three-dimen-
sional molybdenum trioxide D1 and D2 represent the last
group of compounds (3-dim). The main subject of the
presented research was to correlate catalytic activity with
the structure of investigated polymolybdates. The number
of terminal (oxo0) and bridging oxygen atoms (},,) was also
taken into account. In general, all investigated catalysts are
Mo(VI) isopolyoxo compounds, with all Mo atoms in
octahedral coordination surrounded only by oxygen or by
oxygen and nitrogen atoms.

The basic parameters of the compounds with structure
drawings are summarized in Table 1. Main structural fea-
tures are described below; data for new compounds are
highlighted with bold font.

As representatives of isolated (0-dim) compounds we
have selected y- and B-octamolybdates of 4-methylpyridine
Al- A2, recently investigated by us [39]. These compounds
were supplemented by a new P-octamolybdate of
4-methylanilinium A3 obtained within this study.

@ Springer
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Compounds A1-A3 are built of isolated octamolybdate
clusters (0-dim). Eight isomers of octamolybdates are
known: a, B, v, 6, €, {, n and 6. Among them the B-isomer
is the most common, while isomer v, considered an inter-
mediate between o and B forms is also an important and
frequently occurring ‘building block’ of many poly-
molybdate structures [52]. Compound Al is y-octamolyb-
date of 4-methylpyridine. The anion includes 14 terminal
oxygen atoms (O,y,) (average Mo=0 distance is
1.7104(49) A), 6 oxygens |1,-0O, 4 p3-O and 2 py-O. What is
more, in Al complex a molybdenum-nitrogen bond occurs
(Mo-N = 2.249(2) 10\) which is characteristic for this
octamolybdate type.

Both A2 and A3 are B-type isomers, where A2 is octa-
molybdate of 4-methylpyridine and A3 is octamolybdate of
4-methylaniline. The arrangement of B-octamolybdate
anion is somewhat different than in the case of Al. The Mo
atoms are surrounded only by O atoms. Each anion
includes 14 terminal oxygen atoms (like in the y-octa-
molybdate) average Mo=0 distance is 1.7007(88) A in the
case of compound A2 and 1.6981(49) A for A3), 6 oxygens
H2-0, 4 p3-0O and 2 ps-O. The B isomer is thermally more
stable and more compact than y form. An -octamolybdate
anion is surrounded by organic cations and molecules of
water, connected by a network ofhydrogen bonds. Crys-
tallographic data for A3 is listed in the SI part.

Group of one-dimensional (1-dim) polymeric com-
pounds (with fibrous morphology) consists of compounds
B1-B4. Since new compounds B1, B2 turned out to be
chemically different, we tested additional compounds
belonging to a family of polymeric molybdates. To verify
the effect of the type and charge of cation, 1,3-
phenylenediammonium trimolybdate B3 [45] was selected.
To test the effect of organic cation we have undertaken
efforts to synthesise trimolybdate of 4-methylaniline (B4).
Both B3 and B4 have the same type of anion as B2 but
different organic cation (cation charge is 24 in the case of
B3 and 1+ in B4).

In the case of Bl the infinite chain (without electric
charge) is formed by Mo and O atoms, with a molecule of
1,2-phenylenediamine (pda) attached to every molybde-
num atom. Formally, the compound may be treated as a
hybrid molybdenum oxide with the composition of
MoOs(pda). Each of the Mo atoms is coordinated by two
nitrogen atoms of pda bringing the coordination number of
Mo to 6. In each MoO4N, octahedron two terminal oxygen
atoms, in cis relative position, are present, Mo=0,,, bond
length is 1.7264(11) A. Two opposite vertices in each
octahedron are occupied by 1,-O atoms shared with adja-
cent octahedra.

New 3,5-dimethylanilinium trimolybdate hydrate (B2) is
composed of infinite, anionic chains with (M03010)2~

@ Springer

formula. These rigid, zigzag chains built of distorted
octahedra are linked by ionic interactions and hydrogen
bonds with 3,5-dimethylanilinium cations. In this com-
pound each MoOg octahedron contains two terminal oxy-
gen atoms (O,y,) and four p3-O oxygen atoms, that are
linking 3 adjacent octahedra. Very similar structure was
determined in the case of B4. Crystallographic data for B1,
B2, B4 is listed in SI.

Four pentamolybdates C1-C4 belonging to a group of
layered materials (2-dim) have been examined. As a
starting point, we selected aniline and 4-methylaniline
pentamolybdates C1, C2 [46, 47]. To investigate the
influence of substituent, we extended the group of inves-
tigated compounds adding pentamolybdate of 4-bro-
moaniline [48] and a new compound with a larger
substituent, that is 4-ethylanilinum pentamolybdate (C4).

All discussed compounds have infinite anionic layers
[(Mo5016)2_]n, formed by distorted MoOg octahedra and
are surrounded by different cations: Cl—anilinium, C2—
4-methylanilinium (p-toluidinium), C3—4-bromoanilinium
and C4—4-ethylanilinium. In the structures of the layered
pentamolybdates nearly flat, centro-symmetric blocks of 6
deformed MoO6 octahedra connected by their edges are
present. Two boundary octahedra on both sides of each
block are common to the two adjacent blocks, so each
formal unit consists of 5 MoQOg individuals. Two oxygen
atoms at a distance of ~ 1.735 A are bound to each of the
molybdenum atoms. These O atoms are always in cis
position relative to each other. The (M05016)27 anion
contains 10 oxygen atoms of this type, among them 6 are
terminal atoms, wherein 4 are perpendicular to the plane of
the layers. Each of the remaining four, strongly bonded
oxygen atoms are common for two coordination polyhedra
of neighbouring Mo,, and Mo,- atoms (Mo,-O ~1.70 A,
O-Mo,, ~2.42 t0 2.74 /OX). Octahedral coordination of four
Mo atoms in each pentamolybdate unit is achieved through
an oxygen atom placed at a long distance of ~2.4 to 2.7 A
from Mo atom. We believe that the fragment: Mo,-
O,,...Mo, (where Mo,-O,, ~1.74 A, £ Mo,-O,,...Mo,,
~165 °, O,-Mo,, ~2.60 10\) is a characteristic feature of
pentamolybdates. In (M050,6)>~ unit 6 Hr-O and 4 ps3-O
atoms are present (see Fig. 1 and SI for details for C4).

Three-dimensional hexagonal molybdenum trioxide D1
(3-dim) forms a system of parallel channels with a diameter
of ~5.8 A, which allows penetration of the channels by
monovalent ions (H", Ag®, K*, Rb*, etc.) [49]. For
comparison purposes, we have also tested D2, a commer-
cially available orthorhombic MoO5; (POCh Gliwice). It is
a layered compound with the distance between thick dou-
ble layers of about 6.5 A, whereas the distances between
atoms from adjacent layers, interacting through van der
Waals forces, are about 2.9 to 3.5 A [50].
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Fig. 1 Pentamolybdate building block and infinite layer, view along
a axis

4 Catalytic Results

Three different cycloalkanes, viz. cyclopentane, cyclo-
hexane or cyclooctane were applied as substrates
(Scheme 1) with molybdenum complex B2 as a represen-
tative catalyst.

The main products of cycloalkanes oxidation with
molecular oxygen (from air) were cycloketone and
cycloalcohol. No oxidation occurred at 393 K in the
absence of the catalyst. For cyclopentane, only 2.9 % yield
of ketone (TON = 1090) and 0.8 % yield of alcohol
(TON = 300) was obtained in the presence of Mo catalyst
B2 after 6 h (Fig. 2). Under analogous conditions, cyclo-
hexane was converted to ketone and alcohol with yields of
5.2 % (TON = 1950) and 2.2 % (TON = 830), respec-
tively. Finally, the oxidation of cyclooctane catalyzed by
B2 resulted in 29.6 % yield for ketone (TON = 11,100)
and 15.5 % yield for alcohol (TON = 5812).

o~ AP oy

cyclopentane cyclopentanone cyclopentanol

©> Moca(t)zlyst <;O¢°+ O/O“

cyclohexane

OO0

cyclooctane cyclooctanone cyclooctanol

cyclohexanone cyclohexanol

Scheme 1 Oxidation of cycloalkanes

I ketone
[ alcohol

Yield of products, %
o
1

o QO

O

Fig. 2 Oxidation of different cycloalkanes by Mo catalyst B2

Cyclooctane was determined to be the most reactive of
all investigated cycloalkanes and the following order of
catalytic reactivity was established: cyclooctane > cyclo-
hexane > cyclopentane. Consequently, cyclooctane was
selected for further investigations. All the catalytic results
of cyclooctane oxidation with molecular oxygen are gath-
ered in Table 2 and presented in Figs. 2 and 3. All applied
polyoxomolybdates were active as catalysts in the oxida-
tion of cyclooctane.

The A1-A3 compounds (0-dim) built of isolated octa-
molybdate anions show moderate activity towards desired
products. All compounds demonstrate quite similar selec-
tivity towards ketone but A2 reaches only 50 % of selec-
tivity towards alcohol in comparison with two other
members of the series.

Compounds of the B series (1-dim) demonstrate high
catalytic activity. Compound B1 shows the highest cat-
alytic activity among all the studied catalysts. The

50

40 -

30

run Il
run 11l

20 A

Yield of ketone and alcohol, %

B2 Cc2

Fig. 3 Recycling and reuse of B2 and C2 molybdenum catalysts
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following order of catalytic activity was established:
B1 > B3 > B2 > B4. B2 was twice recovered from the
reaction mixture and reused in the catalytic reaction. Yield
of ketone and alcohol decreases insignificantly in the
subsequent runs which is important for the possibility of
recycling and reuse of molybdenum catalysts (Fig. 3).
Higher catalytic activity of B3 in comparison with B2 and
B4 catalysts is intriguing taking into account the identical
polymeric structure of the trimolybdate anion.

Layered compounds: C1-C4 (2-dim) demonstrate
diverse catalytic activity (Fig. 4). C2 and C3 pentamolyb-
dates show similar catalytic activity and selectivity towards
the desired products. For C4 the selectivity to ketone
slightly decreases while selectivity to alcohol increases
significantly in comparison to C2 and C3 catalysts. C2
catalyst was recycled and reused with only a small change
of catalytic activity (Fig. 3) preserving the original crystal
structure as indicated by XRPD studies.

It is important to state that for the whole series of C
catalysts an additional product, suberic acid, was identified.
Its formation is connected with the presence of cycloalcoxy
radical formed during the oxidation of cyclooctane
(Scheme 2) and stabilized between layers of C catalysts.
The formation of suberic acid was found by XRPD analysis
of the solid phase left in the batch reactor after the oxi-
dation reaction with layered C1-C4 catalysts.

Considering the surface area values for compounds C1-
C4, one can see that they are rather small, and it appears
that surface is not the main factor determining catalytic
activity (Table 2). For example in case of C1 the biggest
surface area was determined, whereas it is the worst cata-
lyst in Cn family; exactly the opposite observation can be
made in the case of C2. Similar observation can be made in
case of compounds from B series.

Molybdenum oxides: hexagonal molybdenum oxide D1
and orthorhombic MoO; D2 show the lowest catalytic
activity among the tested catalysts. Low availability of
molybdenum-oxygen catalytic centres and a system of

Oketone Malcohole Oconversion Oketonefalcohole*10 Msuberic acid ‘

50
[ M

IS
)

x

w
o

.

Yield [%]

-
o
'

o
'

C1 C2 Cc3 (o2}

d(200)=13.60A d(200)=14.36A d(200)=14.81A d(200)=15.18A
Fig. 4 Oxidation of cyclooctane with layered C1-C4 compounds. In

the lowest row interplanar d(200) spacings are given. Conversion
indicates yield of ketone + alcohole
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narrow channels in three-dimensional covalent structure
that may be too small for the reactants to enter into, seem
to be the reason behind such poor results.

Summarizing, the best catalytic performance for oxida-
tion of cyclooctane was observed for the polymeric B1, B3
and layered C2, C3 materials. The results obtained indicate
that the catalytic activity is not only dependent on the
structure of the inorganic anion, but also on other factors,
e.g. type of organic cation and its charge, crystal structure
etc.

5 Discussion

Structural differences between the B and y-octamolybdate
anions are relatively small (the same amount of oxo oxy-
gens, and p,-O atoms), which may explain quite similar
catalytic activity. Slightly higher activity is observed for -
octamolybdate Al in which 2 nitrogen atoms are directly
connected to Mo atoms. Also, in the case of 7y-octa-
molybdates average Mo = O distance is slightly longer
than in the case of B-octamolybdates. The presence of
nitrogen atoms directly connected to Mo atoms, which is
also observed in one of the most active B1 catalyst, seems
to be a factor contributing to a higher catalytic activity.
However, the high activity of B3, C2, C3 (without Mo—N
bonds) proves the existence of additional factors needed to
be taken into account when discussing catalytic activity.

A very interesting observation is the high conversion of
cyclooctane for hybrid polymeric molybdenum oxide B1. It
seems that organic part of the compound improves liofility
(wettability), whereas rigid inorganic-chain ensures the
availability of catalytic centers (of yet unknown type)
along the polymeric chain. In comparison, anionic poly-
meric core in typical trimolybdates reduces the availability
of catalytic centers along one-dimensional chain, by the
presence of cations compensating its negative charge. This
may be an explanation of the much lower activity of B2
and B4 in comparison to B1. These assumptions are con-
firmed by high activity of the compound B3 (with exactly
the same polymeric anion as in B2 and B4). In this case
[NH;—C¢H,~NH;)** cations are present, and the number of
these cations needed to neutralize the charge of anionic
chain is halved with respect to B2 or B4. In this way the
availability of the active centers increases by providing
“free space” along anionic chain unoccupied by the
cations.

The high conversion of cyclooctane for C2 and C3 and
its significantly higher value compared to C1 is surprising
due to high similarity in chemical composition, structure of
the anion and location and arrangement of the cations.
Steric reasons may give a clue. For the reaction to proceed,
cyclooctane molecules must be absorbed in the inter-layer
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Scheme 2 Mechanism of
cycloalkanes oxidation in the
presence of polymolybdates
catalysts
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space of pentamolybdates. Cyclooctane seems to require
slightly more space than anilinium ion can provide, hence
the low activity of the compound CI1. Further, more
detailed considerations included the examination of the
impact of the distances between the layers on the catalytic
activity. The yield of products for 4-methylanilinium
pentamolybdate C2 [d(200) = 14.36 A] and 4-bro-
moanilinium pentamolybdate C3 [d(200) = 14.81 A] is
similar. Figure 4 shows that there is an optimal distance
between layers [corresponding to the inter-planar spacing
d(200)] for the best catalytic performance. If the interlayer
distance is too small, like in C1 [d(200) = 13.6 ;\], the
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oxidation reaction is more difficult to proceed and the
formation of oxidation products (along with suberic acid) is
suppressed. Increasing the distance between layers above
the optimal size does not provide a clear benefit. It may
even result in a decrease in catalytic activity, as is revealed
for the C4 compound for which the distance
d(200) = 15.18 A. Interplanar d(200) spacings used in
Fig. 4 are derived from lattice constants and formulas of
geometric crystallography. This value gives an estimation
of space available between neighbouring layers in catalyst.
Based on the yields of obtained products, correlation
existing between d(200) and catalytic performance for very

@ Springer
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similar compounds (C1-C4) seems to be reasonable and
justified.

Pentamolybdate layers are open-framework construc-
tions with variable thickness, which may allow for the
oxygen to pass through the layers. Adsorbed molecule
trapped in the oxidizing environment, may undergo further
oxidation reactions leading to formation of suberic acid.
For compounds A1-A3 (0-dim) or polymeric B1-B4 (1-
dim), after the occurrence of a single process of oxidation,
molecules of cyclooctanone or cyclooctanol can easily drift
away from the catalyst surface through diffusion. In a
qualitative manner, this also explains the lower ratio of
ketone/alcohol for these catalysts (see Table 2), and the
lack of suberic acid in the reaction products.

Oxidation of alkanes was widely studied by many
researchers. Oxidation of cyclohexane and cyclooctane
with hydrogen peroxide as oxygen donor was performed in
the presence of the CH3ReO3-PCA system. Formation of
the cycloalkyl hydroperoxide, which was the main product
in the cycloalkane oxidation, proceeded via free-radical
mechanism [36].

Radical mechanism of cyclooctane oxidation was also
observed for the reaction performed with H,O, at low
temperature [41, 42]. In contrast to our catalytic system,
cyclooctyl hydroperoxide was the main reaction product.

Non-radical reaction mechanism of cycloalkane oxida-
tion was described by [53] using t-butyl hydroperoxide and
peracetic acid as oxygen donors and ruthenium catalyst.
The reaction proceeds through the oxo-ruthenium species.
In this case the reaction was carried out in the presence of
radical sacavenger .

Similar catalytic systems based on polyoxometalates as
catalysts were studied in the cyclooctane oxidation with
molecular oxygen [54]. Introduction of cobalt ion into
heteropoly structure significantly influences the catalytic
activity and selectivity in the studied reaction. The amount
of cyclooctyl hydroperoxide formed during the reaction
was negligible.

Salen metallocomplexes were also investigated in the
same reaction conditions [55]. Catalytic activities of salen
complexes and polymolybdates are similar, selectivity to
cycloketone is different, though.

Based on the literature [56—61] and our investigations,
we suggest the following oxidation mechanism in the
presence of polymolybdate catalysts (Scheme 2).

According to Sheldon and Kochi [56] the oxidation of
cycloalkanes with molecular oxygen proceeds via free-
radical mechanism. The radical chain reaction mechanism
of this reaction was experimentally confirmed by us,
showing almost complete inhibition of cyclooctane oxida-
tion in the presence of a free radical scavenger 2,6-di-tert-
butyl-p-cresol (DBPC).

@ Springer

A hypothetical set of reactions is presented in Scheme 2.
Except cycloketone and cycloalcohol, which are the major
products of this reaction, small amounts of cyclohy-
droperoxide are observed but the formation of ring-opened
side-products like di-carboxylic acids is also possible
through this mechanism. It is well-known that the selective
catalytic oxidation of C-H bonds results in the formation of
hydroperoxides [36-38]. For the investigated polymolyb-
dates only traces of hydroperoxide (<0.1 %) were detected
after 6 h of reaction which is indicative of polymolybdates
as good catalysts for hydroperoxides decomposition.

The first step of the whole process is a slow reaction of
the cycloalkane with polymolybdate resulting in the
abstraction of hydrogen from hydrocarbon to form
cycloalkyl radical R® (Reaction 1), which acts as the ini-
tiation of chain reaction [57-59]. The newly formed spe-
cies can react further with molecular oxygen in the chain-
propagation step to the cycloperoxyl radical ROO® (Reac-
tion 2). This in turn reacting with cycloalkane gives
cyclohydroperoxide ROOH and cycloalkyl radical R°®
(Reaction 3). Recombination of cycloperoxyl radicals
ROO" is a first source of cycloketone and cycloalcohol
constituting the major chain-termination step (Reaction 4).
Cyclohydroperoxide can be decomposed in a heterolytic
[56, 60] or homolytic [56, 61] manner. The heterolytic
decomposition of cyclohydroperoxide catalyzed by
molybdenum catalyst produces cycloperoxyl radical
ROO®(Reaction 5) while cycloalkoxyl radical RO® and
hydroxyl radical OH® are produced in homolytic decom-
position (Reaction 6). Majority of cycloalcohol is produced
in Reaction 4. Additional amount of cycloalcohol origi-
nates from abstraction of hydrogen from cycloalkane by
cycloalkoxyl radical (Reaction 7). Cycloalkoxyl radicals
can also undergo a P-cleavage of C-C bond [62-65]
yielding the ring-opened ®-formyl radical CHO-(CH2)6—
CH2 which is the precursor for obtaining di-carboxylic
acid (Reaction 8). However, the literature dealing with
cycloalkane oxidation claims that cycloketone is the most
important precursor of ring—opened by-products [56-61].
In all our catalytic tests the yield of cycloketone is higher
than the yield of cycloalcohol. This is a clear indication
that cycloketone can be formed not only in Reaction 4 but
also in the oxidation of the cycloalcohol (Reaction 9).

To sum up the discussion, we have to consider all the
data which characterize the investigated compounds (also
data gathered in SI). In particular:

— Formation of CO and CO, is not observed during the
oxidation of cycloalkanes.

— Stability of compounds in reaction conditions was
indicated by XRPD studies versus temperature (see
Supporting Information).



Molybdenum Complexes as Catalysts for the Oxidation of Cycloalkanes with Molecular Oxygen 1009

— Recoverability and reusability of catalysts (B2, C2)
with only a small change of catalytic activity of fresh
and spent samples were confirmed (Fig. 3).

— Compounds Bl and C2 boiled in cyclooctane (T,
higher than the temperature of reaction) remain
unchanged (see Supporting Information). Furthermore,
compounds of C series were synthesized from the
reaction mixture containing boiling water solution (pH
2). Since the catalysts were synthesized in rather severe
conditions, their solubility in cycloalkane in given
reaction conditions is doubtful.

— Rather obvious dependence of catalytic activity on
cationic charge in compounds B2-B4 was observed.

— Dependence of catalytic properties on interplanar
d(200) spacing in the case of C1-C4 was demonstrated.

— Low surface area for all the investigated compounds
and no obvious correlation between surface and
catalytic activity indicate the significance of factors
other than the surface area.

All these observations allow us to draw a final conclu-
sion that the crystal structures of the catalysts investigated
by us are important factors in the catalytic process. This
also supports the heterogeneous character of the catalytic
reaction, at least in the case of the most stable B1, B3, C1—
C4 catalysts.

6 Conclusions

The first example of oxidation reaction of cycloalkanes
with molecular oxygen without solvent and co-reductor
that involves polymolybdate complexes as catalysts is
reported.

Polymolybdates with anions in the form of isolated
clusters A (0-dim), compounds with polymeric anions
B (1-dim), layered materials C (2-dim) as well as
hexagonal and orthorhombic molybdenum oxides D (3-
dim) were selected, synthesized and physico-chemically
characterized (if needed) and applied in the process of
catalytic oxidation of cycloalkanes. Among them A3,
B1, B2, B4, C4 polymolybdates were synthesized for the
first time.

All the synthesized compounds were active in the
investigated reaction. For series of B and C catalysts high
catalytic activity was observed. Moreover, for the series of
layered C catalysts the oxidation of cyclooctane to
cyclooctanone and cyclooctanol is accompanied by the
formation of suberic acid (COOH)-CgH;,—(COOH). For-
mation of suberic acid is observed for layered poly-
molybdates only. Product yields for C series seem to be
affected by inter-layer distance between [MosOy6]2~
anions.

The most active compounds B1l, B3, C2, C3 are
stable up to about 200 °C (temperature dependent XRPD,
see Supporting Information). What is more, catalysts are
recoverable and reusable, which indicates the possibility of
practical applications.

The catalytic properties of these materials are complex
features resulting from their crystal structure and chemical
composition. The interesting catalytic activity can be
observed for one-dimensional (polymeric) or two dimen-
sional (layered) materials. For the layered materials the
highest catalytic activity is obtained after adjusting proper,
optimal distance between layers. For the anionic polymers
B2, B4 higher blocking of molybdenum catalytic centers
(by cations) decreases the activity of the catalyst.
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