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Three new polyoxomolybdates of 4-propylaniline were obtained and characterized by X-ray diffraction
based crystal structure solution. Structure of compound 1: bis(4-propylanilinium) pentamolybdate was
studied using powder diffraction data, while compounds 2 (tetrakis(4-propylanilinium) S —octamolybdate
hydrate) and 3 (hexakis(4-propylanilinium) diacetato-octamolybdate) were studied by single crystal

diffraction methods. Compound 3 belongs to a relatively rare group of Mo(VI) compounds containing
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acetate (CH3COO~) groups directly bonded to the Mo atom. Our results indicate an intriguing instability
of some polyoxomolybdate compounds, leading to the formation of carboxylic acid containing structure
blocks, when such phases are left over in reaction solutions. Thermal stability and the catalytic activity
in the hydrocarbons oxidation reactions were studied for these new compounds.
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1. Introduction

Polyoxomolybdates are substantial and exciting group of com-
pounds, presenting a number of possible applications in catalysis
(typically redox reactions) [1, 2], corrosion inhibition, sensors, and
flame retardants [3-5] to name a few. The subgroup of aminium
polyoxomolybdates consists of inorganic polyanions formed by Mo-
Oy polyhedra, as well as protonated amines acting as counterions
as well as structure directing agents. The polyanions may exhibit
different dimensionality (clusters, chains, layers etc.) depending on
the reaction conditions including, but not limited to: substrates ra-
tio, pH, temperature, reaction time and the type of cation used [5,
6]. Apart from the ionic interaction, cations usually form hydrogen
bonds and the number of amine groups that can potentially bond
may be considered an important driving factor in the formation
of specific structures. Though the influence of these factors on the
resulting polymolybdate phases has been widely recognized, the
effects of these factors are far from fully predictable.

Catalytic oxidation of hydrocarbons in the liquid phase [7] is
widely used in the chemical industry for the synthesis of impor-
tant large-scale products (e.g. polyamide) as well as for the pro-
duction of fine chemicals (e.g. fragrances). The oxidation of cy-
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clohexane to cyclohexanone and cyclohexanol in the presence of
molecular oxygen as oxidant is a key stage of the method leading
to the formation of polyamides like Nylon-6 or Nylon-66. How-
ever, the oxidation of cyclohexane is a continuous challenge for
chemists because of the low formation efficiency of the desired
products. Therefore, new solutions are sought to enable the im-
provement of the economic and environmental parameters of the
cyclohexane oxidation. In order to discover the best catalytic sys-
tem cyclooctane was selected for laboratory testing out of three
cycloalkanes with the general formula CnH2n, where n = 5, 6, 8
[6]. It is the most active model substrate for further catalytic study
in the oxidation of cycloalkanes with molecular oxygen, which al-
lows a better comparison of the performance of different tested
catalysts.Limonene is a very important intermediate for the pro-
duction of fine chemicals. It is a nontoxic, biodegradable and re-
cyclable medium, readily available as by-product of the citrus in-
dustry, which can be transformed into compounds of very high
market value. Oxidation of limonene with molecular oxygen pro-
duces both epoxidation (limonene oxide) and allylic oxidation (e.g.
carveol, carvone) products [8]. Recently, a lot of attention is di-
rected towards limonene oxidation under environmentally accept-
able conditions.

Recently, we synthesized three 4-propylaniline (4PrAn) based
new polyoxomolybdates. The obtained compounds belong to well-
known structure types in the case of 1 and 2 (pentamolybdates
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Table 1
The carbon, hydrogen and nitrogen percentages determined for the studied com-
pounds.

Compound  Sum formula Element percentage (obs/calc)

C H N
1 CigHpgMosN, 016 21.59/21.45  2.791/2.80  2.78/2.78
2 C36HsgMogN4Oy;  25.33/24.76  3.603/3.35  3.26/3.21
3 CssHooMogNgO3p  32.62/32.88  3.90/4.28 4.376/3.97

and B-octamolybdates respectively) but in the case of 3 an uncom-
mon form of y-octamolybdate is formed with two acetate groups
incorporated into the polyanion. All of the obtained compounds
were tested with regard to their catalytic activity towards oxida-
tion of hydrocarbons as it is well known that the family of polyox-
omolybdate compounds tends to be active in these reactions with
different oxygen donors [2, 6, 9-13]. As the question of which fac-
tors regarding polyoxomolybdate compounds are responsible for
the efficacy of such catalysts is still open we suppose that analyz-
ing a group of chemically related polyoxometalate compounds may
give some insight into the matter. The role of polyoxomolybdate
structures in the liquid-phase cyclooctane and limonene oxidation
in the presence of molecular oxygen will be also elucidated.

2. Experimental
2.1. Reagents

Molybdic, glacial acetic and hydrochloric acid were purchased
at POCh Gliwice (Poland). 4-propylaniline was obtained from
Sigma-Aldrich, all reagents were used without any initial purifica-
tion.

2.2. Synthesis

Compound 1. 0.015 mol of 4-propylaniline mixed with
0.015 mol HCI and 10 ml of H,0 was added to a boiling solution of
0.01 mol of molybdic acid in 150 ml of water. Mixture was boiled
under reflux for 12 hrs. gray precipitate with a pale bluish hue was
filtered off, washed with a mixture of water and propanol (1:2 ra-
tio) and dried in air.

Compound 2. 0.01 mol of 4-propylaniline mixed with 50 ml of
glacial acetic acid was added to a boiling solution of 0.01 mol of
molybdic acid in 150 ml of water. Mixture was boiled under reflux
for 2 hrs. Obtained clear solution was left for crystallization. After
about 2 hrs white crystals of 2 were formed. Crystals were filtered
off and dried.

Compound 3. Some of the crystals of 2 were left over in the
reaction solution and after a few days they completely transformed
into 3.

3. Elemental analyses

An elemental analysis was performed with the use of a Vario
Micro Cube CHNS microanalyzer. The obtained results are collected
in Table 1.

3.1. Single crystal diffraction-based structure solution

Single crystal investigations of 2 and 3 were performed using
a Bruker-Nonius Kappa-CCD diffractometer with MoK;radiation.
Structure solution and refinement were carried out with the use
of SHELXS, SHELXL and WINGX software [14, 15]. Structures were
solved through the application of direct methods. All the non-
hydrogen atoms were refined with anisotropic displacement pa-
rameters. Hydrogen atoms were located using Fourier methods
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Fig. 1. IR spectra of the studied compounds. Individual spectra are vertically shifted
by 0.75 absorbance unit each.

supported by geometric criteria in the cases of -NH3 and -CHs3
groups.

3.2. Powder diffraction studies

Powder diffraction pattern was recorded with the use of PAN-
alytical X’pert PRO MPD diffractometer (CuK, radiation) equipped
with a PIXCEL detector (PSD type). For the determination of cell
parameters a measurement in Bragg-Brentano geometry was ap-
plied. For the structure determination and refinement stages, the
sample was loaded into a borosilicate glass capillary manufactured
by Hilgenberg GmbH (diameter of 0.5 mm) and the diffraction pat-
tern was recorded in transmission geometry with the application
of a focusing mirror.

The non-ambient powder diffraction experiments were per-
formed on a Philips XPert diffractometer (CuKa radiation)
equipped with a proportional counter as well as a XRK-900 reac-
tion chamber manufactured by Anton-Paar.

Cell parameters and the space group were determined by
PROSZKI package [16]. In the next step the majority of the atoms
from the anionic layer were found using EXP0O2014 software [17].
Position and orientation of 4-propylaniline was found by a global
optimization procedure using FOX [18] program working in parallel
tempering mode. Restrained Rietveld refinement was performed in
JANA2006 [19].

All the figures presenting structures were prepared using Dia-
mond [20] software.

The quality of the fits obtained in the structure determination
is reflected in the R-factor values collected in SI-Table 1, as well
as in the case of powder diffraction-based structure determination
of 1, visualized in the Rietveld plot presented in SI-Fig 1. Elevated
R-factor values as well as the electron density residuals for 2 and
3 are a result of disorder in the -C3H; substituent of the aminium
cations. All of the crystal structures were deposited at the CCDC.
The assigned CCDC numbers are collected in SI-Table 1.

3.3. Catalytic tests

3.3.1. Oxidation of cyclooctane in the liquid phase

The catalytic oxidation of cyclooctane selected as a model reac-
tion substrate was performed in a 1 L stainless steel batch reactor
at the optimal temperature of 120 °C, under the air pressure of 10
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atm and with the molar ratio of cycloalkane to oxygen set at 6.5.
In a typical experiment, 0.33 mmol of polymolybdate was intro-
duced into 60 mL of substrate and the was started upon reaching
the required reaction conditions. After 6 h of reaction time, the ox-
idation was stopped by immersing the hot reactor in a cold water
bath.

3.3.2. Oxidation of limonene

The catalytic oxidation of limonene was performed in a ther-
mostated glass reactor at the temperature of 80 °C for 6 h at atmo-
spheric pressure. In a typical experiment, 5.8 mmol of catalyst was
combined with 10 ml of limonene. The concentration of oxygen
was kept constant through the application of a system of valves
and a controller which monitored the oxygen levels in the reaction
mixture during the reaction.

3.3.3. Catalytic reactions product analysis

The obtained reaction mixtures were analyzed by means of Ag-
ilent Technologies 6890 N gas chromatograph equipped with a
FID detector and Innowax (30 m) capillary column. GC parameters
were quantified in the calibration by using standard samples prior
to the analysis. The yields were calculated as the amount of de-
sired product obtained, divided by the theoretical yield.

4. BET measurements

Specific surface areas of the studied compounds were deter-
mined by nitrogen adsorption at —196 °C based on BET formalism,
using Nova 2000 Quantachrome instrument. Prior to the measure-
ment, the samples were outgassed at 25 °C .

4.1. IR studies

The IR spectra were collected using a Bruker Vertex 70 FTIR
spectrometer in the 4000-400 cm~! range with 2cm~! resolution.
The samples were prepared by mixing 1 mg of the studied mate-
rial with 200 mg of KBr and pressing the resulting mixture into
pellet form.

5. Results
5.1. Elemental analyses

5.1.1. IR studies
The IR spectra collected for the studied samples are presented
in Fig. 1.

5.2. Structures description

Compound 1 is characterized by its layered structure and crys-
talizes in the monoclinic system (C2/c space group). The asym-
metric unit contains three distorted MoOg octahedra (Mo-O bonds
in the 1.65-2.57 A range), one of which is located in a special
position of a twofold axis ((4e) - Wyckoff symbol), as well as
a 4PrAn cation (Fig 2). The polyanion generated by such an ar-
rangement of octahedra is an openwork layer parallel to the (100)
plane, constructed through sharing some of the edges and ver-
tices of the polyhedra (SI-Fig1).The d,0y value corresponding to
the distance between neighboring anionic layers is ca. 16.81 A (the
largest among similar structures studied so far by our group [6])
while the interlayer space is populated by the nearly planar 4PrAn
cations (Fig 3). The cations form moderate to strong N-H...O hy-
drogen bonds with the oxygen atoms from the Mo-O layers which
is suggested by the N-O distances lying in the range of 2.531-
2.827 A. The individual hydrogen atoms positions were not de-
termined since their electron density contribution was not signif-
icant enough. The H-positions could not also be introduced from
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Fig. 2. Asymmetric unit of 1 with the labeling scheme.

Fig. 3. Packing of 1 showing the alternating arrangement of organic and inorganic
layers.

geometrical constraints as with the other hydrogen atoms in the
structure since such assumptions would lead to erroneous conclu-
sions regarding the H-bonding system. The relative arrangement of
the cations suggests the presence of C-H...m bonds between the
propyl substituent and the aromatic ring of neighboring aminium
moieties.

Compound 2 crystalizes in the triclinic system (P-1 space
group) and displays quite a complex structure that required the
refinement of 723 parameters and 47 restraints. The asymmetric
unit contains two halves of S-octamolybdate anions, four 4PrAn
cations, as well as a single water molecule (Fig 4). Both of the
anions are positioned in such a way that their geometric cen-
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Fig. 4. Asymmetric unit of 2 with the labeling scheme (the 3 missing 4-
propylanilinium cations are omitted for clarity; labels for the missing atoms are
obtained by adding 10, 20 and 30 to the respective labels in the presented cation).

ters lie on the inversion centers at 40,0 (1d) and 4,%,0 (1e)
(Wyckoff positions and corresponding Wyckoff symbols) thus the
halves mentioned above are sufficient to describe the complete §-
octamolybdate moieties. The anions are composed of 8 distorted
MoOg octahedra sharing edges with Mo-O bonds in the range of
1.683-2.418 A. Even though there are no direct bonds between
individual B-octamolybdate anions, the way they are arranged in
the cell allows distinguishing inorganic and organic layers paral-
lel to (001) (Fig 5). The layers alternate and the interlayer distance
(defined as the distance between neighboring inorganic layers) is
equal to dgr) namely 17.89A. The 4PrAn cations as well as the
water molecules in the structure form H-bonds indirectly joining
B-octamolybdate anions with N-O distances in the range of 2.766-
3.059 A (2.768 A for amine group-water molecule bond) and the
0-0 distances of 2.877 A and 2.924 A for water-anion H-bonds.
The interactions between the organic cations especially in the -
C3H; substituent area are weak, which is a cause for the atomic
displacement parameters to be rather large for the terminal car-
bons in the chain. A second reason would be relative rotational
freedom of this group. Three of the four 4PrAn cations present in
the structure of 2 have their alkyl chains twisted out of the aro-
matic ring plane by approximately 80-100° though the exact val-
ues are to be taken with some caution due to the significant dis-
placement values.

Compound 3 crystalizes in the monoclinic system (P2;/c space
group) and the asymmetric unit contains a half of a single cen-
trosymmetric y-octamolybdate anion as well as three 4PrAn
cations (Fig 6). The complete anion is composed of 8 distorted
MoOg octahedra, with two of the polyhedra containing oxygen
atoms originating from the carboxylic groups of the acetic acid
molecules that are bound directly with Mo centers. Even though as
in the structure of 2 there are no direct bonds joining individual
anions into a larger assembly, the arrangement of Mo-O clusters
and the organic cations allows distinguishing separate layers par-
allel to (100) plane. The interlayer distance corresponding to the
separation of neighboring inorganic layers is 20.98 A. Another fea-

Journal of Molecular Structure 1273 (2023) 134292

Fig. 5. Unit cell packing for 2.

Fig. 6. Asymmetric unit of 3 with the labeling scheme (hydrogen atoms omitted
for clarity).

ture that is similar to 2 is that the atomic displacement param-
eters for the -C3H; substituent are large, most likely due to ro-
tational freedom in the chain, which is particularly evident when
compared with the rest of the structure. The -C3H; chain is also
rotated out of plane of the aromatic ring by 80-85. The inorganic
and organic parts of the structure are joined via N-H...0 hydrogen
bonds connecting the amine groups with the oxygen atoms from
both the Mo-O cluster as well as from the acetic acids’ carboxylic
groups (N-O distances between 2.696 A and 3.049 A). Some of
these bonds indirectly join individual y-octamolybdate anions fa-
cilitating the formation of the layered structure (Fig 7).

All the details regarding the Mo-O bonding arrangement dis-
tances is presented in SI-Table 2.

5.3. Thermal stability test

Thermal decomposition studies using temperature dependent
powder X-ray diffraction indicate that in the conditions necessary
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Fig. 7. Unit cell packing for 3.

Table 2
The results of cyclooctane oxidation.

Compound, formula Cycloocta-none (A) %

Cycloocta-nol (B) %

Suberic acid (C) % A+B+C% A/B surface area m?/g

1 Mos016{NH3_CsHa_C3Hs} 29.4 149
2 MogO,6{NH;_CgHs_C3H;}a H,0 29.8 17.6
3 Mog0,6(CH3CO0),{NH3_CgHy-C3Hs}s  28.1 16.9

4.5 48.8 1.97 10.12
0 47.4 1.69 524
0 45.0 1.66  3.47

Reaction conditions: Temperature - 120 °C; pressure — 10 atm air; cyclooctane - 60 ml; catalyst amount - 0.33 mmol.

for catalytic oxidation of cyclooctane (conditions described in more
detail in the next section), compound 1 is stable, while 2 and 3 de-
compose around 100 °C. The partial decomposition of 2 observed
in ca. 100 °C most likely corresponds to the release of the water
molecule present in the structure while for 3 it is probably re-
lated with dissociation of acetic acid. The intermediate phase is
stable up to 175 °C. All the compounds undergo decomposition
coupled with amorphization and at temperatures in the range of
350-400 °C MoOs is formed (01-075-0912 [21]). Under the con-
ditions required for the reaction of limonene oxidation (also de-
scribed in the subsequent section all of the studied compounds are
stable. Plots presenting the all the collected diffraction patterns in
a function of temperature, are shown in Supporting Information
(SI-Fig 3, SI-Fig 4, SI -Fig 5, SI-Fig 6).

5.4. Catalytic tests

5.4.1. Oxidation of cyclooctane in the liquid phase

Scheme 1 represents the reaction taking place during the cat-
alytic process and lists the expected products. The yields, conver-
sion rates as well as the surface area determined for the studied
compounds are collected in Table 2.

Catalyst

OH
120°C
10 atm

+ 0 — -+

Cyclooctane Cyclooctanol Cyclooctanone

Scheme 1. Scheme of cyclooctane oxidation.

Catalyst f H (o]
80°C
1 atm

+o— N+ N

limonene epoxide carveol carvone

Scheme 2. Scheme of limonene oxidation.

5.4.2. Oxidation of limonene

Scheme 2 describes the reaction taking place in the limonene
oxidation process and shows the expected reaction products.

The results of the GC analysis are presented in Table 3.
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Table 3
Oxidation of limonene.
Catalyst Conversion of (R+)limonene %  Epoxide %  Carvone %  Carveol %
1 Mos046{NH3_CsH4-C3H7}» 16.1 34.7 17.9 45.4
2 MogO26{NH;_CgH4-C3H7 }4H,0 4.5 19.9 6.2 49.8.
3 Mog0O,6(CH3C00),{NH;3_C¢Hs-C3H;}s 1.5 12.9 9.2 21.1

Reaction conditions: Temperature — 80 °C; pressure — 1 atm O,; limonene - 10 ml; catalyst amount - 5.8 mmol.

6. Discussion

The materials synthesized here were obtained in relatively
straightforward reactions in which a proper selection of reac-
tion conditions controlled the resulting compound. All of these
are formed in acidified aqueous solutions containing appropriate
amounts of amine and molybdic acid (H,MoOQy).

Compound 1 is a typical pentamolybdate that can be com-
pared to the ones previously described in literature, including
but not limited to pentamolybdates of 4-methylanilinium and
4-iodoanilinium [22], anilinium [23], 4-bromoanilinium [24], 4-
ethylanilinium [6] studied in our group. The openwork Mo-O lay-
ers separated by the aminium cations most likely contribute to the
specific surface area that is clearly greater for 1 than for the rest
of the other compounds described in this manuscript.

Compound 2 belongs to the group of B-octamolybdates [6, 25-
27], the most numerously represented isomer in the octamolyb-
dates family. A search of “octamolybdates” keyword in the CSD
database returns a significant number of structures and around
60% of them are B-octamolybdates.

Compound 3 is an octamolybdate of the gamma type and is ob-
tained when compound 2 is left in the reaction solution acidified
with acetic acid. The structure of two tetragonal Mo-O pyramids
located at the opposite vertices of the centrosymetric anions are
converted into octahedra by a bond between one of the oxygen
atoms of the deprotonated acetic acid molecule and the Mo atom.
The molybdenum-oxygen core of the y-MogOy6(L,) anion is a fre-
quently occurring building block of many complicated polymeric
polyoxomolybdates.

Syntheses of compounds 1 and 2 are rather easy, and similar
compounds are relatively well known [6, 28]. However, compounds
of type 3, formed by carboxylic acid directly bonding with Mo cen-
ter from a polyoxomolybdate moiety, are not so frequent with a
prevalence of amino acids and small peptides in this group [29-
32]. A structure containing the y-octamolybdate anion with acetic
acid ligands occurring in a manner analogous to the one observed
here has been published [33]. The crystal structure in question
consists of anions found in 3 along with six ammonium cations
and 4 water molecules per anion. However, 3 differs through the
introduction of larger cations that influence the structure of the
material by their characteristic hydrogen bonding arrangement, as
well as steric effects introduced by the free rotation of the -CsH;
substituent of the aromatic ring.

Compound 1 and other pentamolybdates are rather stable in
solution as well as in the solid state at elevated temperatures.
Compound 2 transforms rather quickly to form 3 if not removed
from contact with acetic acid in the reaction solution. Interest-
ingly, even when large excess of acetic acid was applied, no addi-
tional carboxylic groups were attached to the octamolybdate an-
ion as a result. This has to be the result of significant stabil-
ity of the y-octamolybdate anion with two capping acetate lig-
ands. What is more the transformation of the S-octamolybdate an-
ion into acetate containing form seems to be pretty unique for
3 since analogous experiments performed in similar conditions
for 4-ethylanilium B-octamolybdate [6] lead to a pentamolybdate
form. Further experiments regarding the conditions in which sim-
ilar transformations for other aminium S-octamolybdate will be

pursed and perhaps this will lead to an explanation of this be-
havior of 2. All these observations indicate that 4-propylanilinium
polyoxomolybdates are an interesting subject of study even from a
purely structural point of view.

The collected IR spectra show high similarities between the ob-
tained phases, which is expected since all the studied materials
contain the same organic cations. It is particularly reflected in the
high wavenumber region of the spectra due to the presence of
the C-Hromatics C~Haiiy1, and N-H related vibration modes. The in-
creased intensity in the band centered at ca. 3450 for 2 is most
likely the result of the O-H vibrations due to the water molecules
in the structure, which are not present in other structures. The
lower wavenumber region (below 1700 cm~1) is also quite similar,
particularly for both octamolybdate spectra (2 and 3). In the case
of 1, all the spectral features are significantly sharper and more
pronounced. This sharpness of the spectral features is most likely
the result of the crystal structure symmetry of 1, which makes the
asymmetric part of the unit cell rather small, especially when com-
pared with the other studied structures. Small number of atoms
contributing to the asymmetric part of the cell causes a relative
reduction in the number of nonequivalent vibrations in the mate-
rial, which in turn causes less band overlap. This effect is particu-
larly evident in the 1700-1400 cm~! range, where the C-C,romatic
stretching and N-H bending are typically observed. The intensity
increase observed for the band at ca. 1565 cm~! in the spectrum
of 3 compared to the equivalent part of the spectrum of 2 most
likely results from the C-O stretching modes of the acetato- ligand
present in 3.

The region below 1000 cm~! differs significantly between all
the collected spectra as it contains major contributions from the
Mo-O vibration modes. These modes are strongly dependent on
the organization of the polyoxoanion present in the studied ma-
terial, so it is unsurprising that the vibrations observed for penta-
molybdate layers, S-octamolybdate, and y-octamolybdate clusters
are different.

The catalytic studies performed for the studied compounds
show that there is observable activity of all catalysts in both re-
actions (cyclooctene oxidation and limonene oxidation). Thermal
stability studies indicate that while 1 remains stable in the cy-
clooctene oxidation reaction conditions the other compounds af-
fect the reaction outcome as some type of decomposition product
instead of the described crystal form. The amorphous character of
the decomposed phase in the case of 3 makes it impossible to ac-
curately describe the structure and thus the character of the cata-
lyst in this case. In the case of 2 the decomposition intermediate
is most likely a product of dehydration of the starting phase. The
presence of suberic acid in the reaction products found for 1 might
be a result of higher oxidation achieved due to the diffusion lim-
iting effect of the pentamolybdate layers that hinder the ability of
the substrate to vacate the active center.

The A/B proportion from Table 2 represents the ratio of ke-
tone to alcohol (suberic acid was not taken into consideration).
The most active catalyst in the cyclooctane oxidation reaction was
1, which had the total conversion to oxygenates of 48.8%. In this
case, the conversion value includes the contribution from the for-
mation of suberic acid along with cyclooctanone and cyclooctanol.
The presence of suberic acid in the reaction products was previ-
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ously reported for other layered pentamolybdate compounds [6]. 2
demonstrated slightly lower catalytic activity with the total con-
version not exceeding 47.4%. The lowest catalytic performance was
observed for 3. In this case, the total yield to alcohol and ke-
tone amounted to 45.0%. The cyclooctanone to cyclooctanol ra-
tio indicates that ketone is the main product of this catalytic re-
action. It should be noted that the selectivity to cyclooctanone
decreases as the catalytic activity drops. The total observed con-
version correlates with the specific surface area for the studied
compounds.

The oxidation of limonene was performed under non-solvent
conditions in the presence of molecular oxygen acting as oxidant.
Usually, limonene can be oxidized to limonene-1,2 oxide in the
epoxidation route, which relies on the oxidation of the cyclic ring
double bond and to carvone and carveol through the oxidation in
the allylic carbon atom. The experiments showed that for all the
studied catalysts, oxidation reaction was dominant. The most active
catalyst, among the studied polyoxomolybdates, was 1. In this case,
the selectivity towards allylic oxidation products (63.3%) consid-
erably outmatched limonene epoxidation (34.7%). 2 demonstrated
moderate catalytic activity, with selectivity to epoxide of 19.9% and
to carvone and carveol of 6.2% and 49.8%, respectively. The low-
est catalytic activity was exhibited by 3. The selectivity towards
limonene epoxide reached 12.9% and the selectivity to both allylic
oxidation products amounted to 30.3%.

As for the cyclooctane case, the catalytic activity in the
limonene oxidation reaction correlates with specific surface area
since the (R+)-limonene conversion reduced significantly between
1, 2, and 3.

The activity of 2 and 3 is significantly higher when compared
with similar octamolybdate anions-containing phases that we have
previously studied (4-methylanilinium and 4-methyl pyridininum
based) [6]. The yields observed in cyclooctane oxidation when us-
ing 4PrAn containing compounds are ca. two times higher than for
the previous phases. The reason could be the lower thermal stabil-
ity of the 4PrAn materials, which leads to the formation of more
catalytically active decomposition products (see SI-Fig 4 and SI-Fig
5).

7. Conclusions
7.1. Summary of structural studies

Compound 1 is a layered compound, similar to pentamolyb-
dates of 4-methylaniline, 4-iodoaniline, 4-bromoaniline and ani-
line. In these compounds there are infinite, layers, composed of
MoOg octaedra, sharing edges and vertices. The layers have an
openwork structure and in the case of 1 are spaced by a distance
of 16.81 A.

Compounds 2 and 3 contain anions in the form of isolated clus-
ters. In acetic acid containing solutions f-octamolybdate anions of
2 reorganize significantly and bond with acetate ligands leading to
uncommon Yy -octamolybdate clusters. This transformation also af-
fects the charge of the form anion as evidenced in the number of
propyanilinium cations present in the structure of 3.

It is worth noting that the compounds similar to the com-
pound 3, although rare, are known. More common materials con-
taining MogO,¢(L), anions typically have ligands (L) that bond with
the Mo atom through a nitrogen atom of an amine or aminoacid
molecule.

7.2. Summary of the catalytic investigations
7.2.1. The oxidation of cyclooctane

All compounds are active in the reactions of catalytic oxida-
tion of cyclooctane with molecular oxygen. All compounds exhibit
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similar catalytic activity and the most active one is compound 1,
which also displays the best selectivity towards ketone. Layered
compound 1, exhibits a behavior similar to the other pentamolyb-
dates [6] and apart from other reaction products, promotes forma-
tion of suberic acid.

Activites of both octa-molybdates 2 and 3 in the cyclooc-
tane oxidation are higher than for similar octamolybdates of 4-
methylanilinium and 4-methylpyridinium [6]. This might be a re-
sult of thermal decomposition of the catalysts, which makes the
decomposition products the species actually participating in the
catalyzed reactions.

7.2.2. Limonene oxidation

Similarly to the cyclooctane oxidation the most active catalyst
of the studied reaction is compound 1. It can be related to its lay-
ered structure and higher specific surface area.
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