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Abstract

Co-containing polyoxometalate [BuyN]4H[PW 1 Co(H,0)O39] (Co-POM) was supported on various NH>-modified mesoporous silicate ma-
trixes (SBA-15, MCF, and SiO,-xerogel). The catalysts were characterized by elemental analysis, N, adsorption, DRS-UYV, and FTIR spec-
troscopy. a-Pinene autoxidation and its co-oxidation with isobutyraldehyde (IBA) over the supported Co-POM catalysts have been studied and
compared with the corresponding processes in the presence of the homogeneous Co-POM. The autoxidation process affords allylic oxidation
products, the selectivity to verbenol/verbenone decreases with alkene conversion and attains 70% at 20% conversion and 40% at 46% conversion.
The catalysts can be used repeatedly without loss of the activity and selectivity during several catalytic cycles. Co-oxidation of a-pinene and IBA
produces selectively «-pinene epoxide with up to 94% selectivity at 96% alkene conversion. The catalysts can be regenerated by evacuation.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

«-Pinene is a cheap and readily available starting material
for the production of various flavors, fragrances, agrochemi-
cals, and therapeutically active substances [1,2]. Particularly, its
oxygenated derivatives, verbenol, verbenone, «-pinene epox-
ide, and campholenic aldehyde, are of high practical importance
as flavor chemicals and precursors of a range of fine chemicals,
including citral, menthol, sandalwood fragrance santalol, and
taxol, as well as vitamins A and E [1-7]:
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The development of catalytic methods for the selective «-pi-
nene oxidation by “green” oxidants is a challenging goal of
fine chemistry. Molecular oxygen is the most attractive oxidant
because it is readily available, cheap, atom-efficient, and envi-
ronmentally benign.

The autoxidation of «-pinene produces the allylic oxi-
dation products verbenol and verbenone with a rather low
total selectivity [8—10]. Transition metals, in general, and
cobalt, salts, and complexes in particular, facilitate this reaction
and improve the selectivity [11-21]. The maximal verbenol/
verbenone selectivity (76%) was reported for homogeneous cat-
alysts, Co(NO3), and Co(4-MeCsH3N),Br, [16-18]. Several
attempts to heterogenize cobalt-containing catalysts effective
in a-pinene oxidation were made, including encapsulation of
Co(II)Saloph complexes in zeolite-Y [12] and immobilization
of Co(NO3); in silica matrix by the sol-gel method [21]. Harsh
reaction conditions [100 °C/30 atm O, for Co(II)Saloph-Y and
60 °C/10 atm O, for Co/Si0O;], along with rather low Co/SiO»
activity (40% substrate conversion after 24 h) are disadvantages
of these catalytic systems. No leaching of the active metal was
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announced, but no elemental analysis data and catalysts recy-
cling tests were reported to demonstrate the catalyst stability.

At the beginning of 1990s, Mukayama et al. found that
highly selective olefin epoxidation can be carried out under
mild reaction conditions (1 atm of Oy or air at room temper-
ature) using a very simple catalytic combination, such as tran-
sition metal complex/branched aliphatic aldehyde/O, [22-38].
Cobalt(II) complexes [25-27,33], including cobalt-containing
polyoxometalates [29,34,37], were among the most active cat-
alysts for alkene/isobutyraldehyde (IBA) co-oxidation. Impor-
tantly, this method can be applied even for the production of
acid-sensitive epoxides. The selective a-pinene epoxidation via
co-oxidation with branched aliphatic aldehydes has been re-
ported to proceed efficiently in the presence of both homoge-
neous Ni(Il) and Co(Il) catalysts [11,14,25,26,33,38], as well
as over solid CoNaY [39]; however, the latter was not stable
with respect to leaching of cobalt under the reaction condi-
tions.

Transition metal-substituted polyoxometalates are attract-
ing much attention as oxidation catalysts because of their
numerous unique properties, including metal oxide-like struc-
ture and thermodynamic stability to oxidation [40-49] and
their ability to be supported on different porous materials
[50-61], for example, attached to NH,-modified silica sur-
faces by dative [55] or electrostatic binding [51,54,61]. Sup-
ported materials, such as HsPV,Mo1gO40/MCM-41 [51,54],
IM{(H,0)PW ;039> /silica (M = Co, Zn) [55], and [SiWo-
037{Co"'(H,0)}3]'% /silica [55], revealed stable catalytic
properties in two cycles of cyclooctane oxidation [54] and
olefin/IBA co-oxidation [51,55]. However, no elemental analy-
sis data and experiments with fast catalyst filtration were pro-
vided to confirm the lack of leaching under the reaction condi-
tions. Recently, we found that Co-POM and [PW11C0039]5_
immobilized on amine-modified xerogel by electrostatic bind-
ing are active catalysts in aldehyde oxidation with dioxygen but
suffer from leaching [61].

In this work, we attempted to improve the catalytic per-
formance, including stability, of the supported Co-POM cata-
lysts by using hydrothermally stable silicate supports, such as
mesoporous cellular foams (MCFs) and mesostructured mater-
ial SBA-15 modified by amino groups. The catalytic properties
of the obtained materials were assessed in «-pinene autoxida-
tion and its co-oxidation with isobutyraldehyde. Special atten-
tion was paid to catalyst stability and recyclability.

2. Experimental
2.1. Materials

a-Pinene, containing 98% of «-pinene and 2% of B-pinene,
was obtained by vacuum rectification of gum turpentine. Isobu-
tyraldehyde was purchased from Fluka and distilled before each
experiment. All other reactants were obtained commercially
and used without further purification.

Tetrabutylammonium salt of Co-POM, [TBA]4H[PW;Co-
(H2,0)O39] (TBA = Buy4N), was prepared by metathesis of
NasPW;1CoO39 with TBABr in water at pH 2.7 as described

previously [61]. The number of protons in Co-POM was de-
termined by potentiometric titration with methanolic TBAOH
(Aldrich).

2.2. Catalyst preparation and characterization

2.2.1. NH;-functionalized mesoporous materials

Synthesis of SBA-15 silicate was carried out by a sol-“‘meso-
phase” route [62]. Briefly, a silica sol prepared from Na;SiyOs
and 4 M HCl solutions (Si*~/H* = 0.9) was added to a 0.02 M
solution of Pluronic P123 (Aldrich) in water. The resulting
mixture was stirred for 5 h, and then its pH was adjusted to
2.5. A composition of the mixture was Na:Si:Cl:H,0 = 1:1:
1.1:160. The mixture was placed into an autoclave and aged
overnight at 120 °C. Finally, it was filtered off, and the result-
ing precipitate was washed in distilled water, dried overnight,
and calcined at 550 °C. Synthesis of NH>-SBA-15 was carried
out as described previously [63,64]. Dried SBA-15 silicate (1 g)
was dispersed in 50 mL of o-xylol under helium, after which
1.5 g of 3-aminopropyltriethoxysilane was added. This mixture
was refluxed for 2 h. The NH,>-SBA-15 thus obtained was fil-
tered out and dried under vacuum at room temperature for 24 h.
The resulting NH>-SBA-15 contained 0.64 mmol NH, per 1 g
of SiOz.

NH;-functionalized mesoporous xerogel was prepared us-
ing 10 mol% of 3-aminopropyltriethoxysilane and ethyl silicate
40 as silica precursors as described previously [61]. The mo-
lar ratio of reagents was Si:H,O:EtOH:NH3 = 1:3:9:0.008. The
resulting NH»-xerogel contained 1.15 mmol of NH; per 1 g of
Si0,.

The structure of siliceous MCF was templated by oil in wa-
ter microemulsions as described previously [65]. The foams
were prepared in an oil/water system composed of aqueous
hydrochloric acid, the nonionic block copolymer surfactant
Pluronic PE 9400 (BASF) and 1,3,5-trimethylbenzene. Tetra-
ethoxysilane (TEOS) was used as a silica precursor. The NHj-
MCEF sample was obtained by a procedure similar to that de-
scribed for NH,-SBA-15 using 10 mol% of (CH30)3Si(CHj3)3-
NHCH;CH,;NHj;. The resulting NH,-MCF support contained
2.59 mmol of NH; per 1 g of SiO».

2.2.2. Immobilization of Co-POMs

The supported Co-POM samples were prepared by dissolv-
ing 157 mg of Co-POM in MeCN (3 mL), adding 326 mg of a
support (NH;-X), stirring for a few hours, storing overnight at
room temperature, filtering, washing with MeCN until the fil-
trate becomes colorless, and then drying in air until the weight
remains constant.

The Co-POM/SiO, composite material was prepared by the
sol-gel method using NasPW{;CoO39 (10 wt%) and tetram-
ethoxysilane as described previously [61]. The molar ratio of
reagents was Si:H,O:MeOH:HCl = 1:12:9:0.0016.

The textural characteristics of the catalysts were determined
from nitrogen adsorption isotherms. The catalysts were also
characterized by elemental analysis (nitrogen and cobalt con-
tent), DR-UV, and FTIR spectroscopy.
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2.3. Catalytic oxidations

Catalytic experiments were carried out in thermostatted
glass vessels under vigorous stirring at 50 °C for «-pinene au-
toxidation and at 25°C for «-pinene and IBA co-oxidation.
Typically, 0.1 mmol of ¢-pinene (and 0.4 mmol IBA in the case
of a-pinene and IBA co-oxidation) was added to a preliminary
blown with oxygen mixture containing catalyst (6 x 10~% mmol
Co), internal standard (biphenyl), and 1 mL of acetonitrile.
Aliquots of the reaction mixture were withdrawn periodically
during the reaction course by syringe through a septum. Each
experiment was reproduced 2 to 3 times. The reaction prod-
ucts were identified by GC-MS and quantified by GC. After
the reactions, catalysts were filtered off, washed with acetoni-
trile and methanol, dried in air at room temperature overnight
(treatment A) or evacuated at 130 °C for 2 h (treatment B), and
then reused.

2.4. Instrumentation

GC analyses were performed using a Tsvet 500 gas chro-
matograph equipped with a flame ionization detector and a
quartz capillary column (30 m x 0.25 mm) filled with Su-
pelco MDN-5S. GC-MS analyses were conducted using a
Agilent 6890 gas chromatograph with a quartz capillary col-
umn (30 m x 0.25 mm/HP-5 ms) equipped with an Agilent
MSD 5973 quadrupole mass-selective detector. DRS—UV mea-
surements were performed on a Shimadsu UV-vis 2501PC
spectrophotometer at ambient conditions. FTIR spectra were
recorded using KBr pellets containing 0.3 wt% of sample on
a BOMEM-MB-102 spectrometer in 2504000 cm™' range.

Table 1
Elemental analyses data for supported Co-POM catalysts

Nitrogen adsorption isotherms at 77 K were measured using
a Quantachrome Autosorb-6BKr.

3. Results and discussion
3.1. Catalysts preparation and characterization

To obtain immobilized Co-POM catalysts, we used an ap-
proach [61], which is based on the electrostatic binding between
[TBA]4H[PW11COO39] and X-NHz,

X-NH; + H-POM = X-NH{ POM~. (1)

The elemental analysis data and textural properties of the initial
supports (NH2-X) and supported Co-POM samples are given in
Tables 1 and 2, respectively. The Co-POM loading depended on
the surface concentration of NH» groups on the support. Both
the surface area and pore volume decreased on Co-POM de-
position, but the average mesopore diameter did not change.
FTIR studies were performed to check whether the Co-POM
structure was preserved in the supported samples similar to
how it was retained for Co-POM/SiO> mesoporous xerogel
and Co-POM/SiO; microporous composite materials [61]. The
IR spectra of Co-POM/NH;,-MCF and Co-POM/NH;-SBA-15
samples were similar after subtracting the peaks of the sup-
ports (Fig. 1). Some small differences in the spectra are most
likely due to an element of uncertainty in the subtraction pro-
cedure. Importantly, the IR spectra of the supported Co-POMs
exhibit the principal stretching modes of the Keggin Co-POM
unit (956, 888, 818, 752, and 720 cm"), which is a clear in-
dicative of the maintenance of the heteropolyanion structure
after immobilization.

NH; (mmol/g SiO) NH>/Co-POM (mol/mol)

Catalyst Co? (Wt%) Co-POM (wt%)
Co-POM/NH;-SBA-15 0.24 (0.10) 15
Co-POM/NH;-xerogel 0.31 (0.08) 20
Co-POM/NH;-MCF 0.51 (0.28) 32
Co-POM/SiO; 0.08 4

0.64 16
1.15 21

2.59 30

4 Weight percent of Co in the sample; inside parentheses, the wt% of Co after five catalytic cycles of a-pinene and IBA co-oxidation; the reaction conditions are
given in Table 4. After the reactions, catalysts were filtered off, washed with acetonitrile and methanol, dried in air at room temperature overnight and re-used.

Table 2

Textural properties of supported Co-POM catalysts

Sample A? (m?/g) Vpb (cm3/g) dp® (nm)
NH,-SBA-15 623 1.34 13
Co-POM/NH,-SBA-15 418 (420)4 1.15 (1.14)4 13
NH;-xerogel 540 1.24 12—16°
Co-POM/NH;-xerogel 510 (520)Cl 1.09 (1 .02)d 12—16°
NH,-MCF 625 2.82 15
Co-POM/NH,-MCF 440 (400)4 1.40 (1.35)d 15 (14)4
Co-POM/SiO,f 360 0.17 1.5

4 Mesopore surface area.

Mesopore volume.
Average mesopore diameter.

o

catalysts were treated as described in the footnote to Table 1).
€ A broad mesopore distribution.
f Microporous material.

Inside parentheses, the values after five catalytic cycles of «-pinene and IBA co-oxidation (the reaction conditions are given in Table 4; after the reactions,
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Fig. 1. FTIR spectra of (a) Co-POM/NH;-SBA-15 and (b) Co-POM/NH,-MCF after subtraction of the spectrum of the corresponding support: 1—Co-POM;
2—4—supported Co-POM catalysts before reaction, after one and five catalytic cycles of a-pinene and IBA co-oxidation, respectively. For the reaction conditions,

see Section 2 (treatment A).

The DRS-UV-vis study was carried out to characterize fur-
ther the supported Co-POMs. The band assignment in UV-vis
spectra and interpretation of the electronic state of metal ions
in the Keggin type Co-POMs, including PW; 1C0H(L)O39 , was
given previously [66]. The UV-vis spectra (d—d transitions) are
sensitive to the nature of the solvent and, in turn, the nature of
the ligand L on the sixth external position of Co(Il) [66]. Co-
POMs datively linked to NHj-silica reveal peaks or shoulders
in the range of 628—-640 nm, indicating the formation of dative
bonds between NH, groups and cobalt(Il) [55].

Fig. 2 shows the DRS-UV-vis spectra of the initial Co-
POM and supported Co-POM/NH;-MCEF before and after cat-
alytic reaction. The spectra for the other supported Co-POM
catalysts were alike. It is worth of noting that the spectrum
of the supported Co-POM is quite similar to that of the ini-
tial [TBA]4H[PW;Co(H>0)039] (Fig. 2) and to the spectra of
Co-POM electrostatically linked to amorphous NH;-silica [61].
Importantly, no peaks or shoulders were observed in the range
of 628—-640 nm, indicating no transitions due to dative bonds
between NH; groups and cobalt(I) [55]. This indicates the
electrostatic binding between Co-POM and the support. Yet one
more argument in favor of the coulomb nature of the interac-
tion between Co-POM and —NH;’ groups of the silica supports
is the fact that the catalyst containing immobilized Co-POM
(pale pink) becomes colorless after treatment with a 1 M solu-
tion of TBACIO4 in MeCN. In addition, the elemental analysis
data confirm Co-POM leaching from the solid matrix after such
treatment.

3.2. Catalytic oxidation of a-pinene

In the absence of catalyst and oxidant, «-pinene did not
undergo any transformations. All of the Co-POM-containing
materials catalyzed both the «-pinene oxidation by O, and
a-pinene co-oxidation with IBA. The results of the catalytic
a-pinene oxidation with O, and its co-oxidation with IBA,
along with blank experiments, are presented in Tables 3
and 4, respectively. According to GC-MS data, the main de-
tectable oxidation products of the catalytic «-pinene autoxida-

F(R)

00 T T T T T T T T T
450 500 550 600 650 700
A, M

Fig. 2. DRS-UYV spectra of (1) [BuyN]4H[PW{Co(H>0)039] and Co-POM/
NH,-MCEF: (2) before reaction and (3) after five catalytic cycles of «-pinene
and IBA co-oxidation. For the reaction conditions, see Section 2 (treatment A).

tion were verbenol and verbenone. The product of «-pinene
rearrangement, camphene, along with low-molecular-weight
oligo/polymerization products, were found by GC-MS. «-Pi-
nene co-oxidation with IBA gave selectively «-pinene epoxide

and isobutyric acid:
> : Oz/lBA
Co cat. Co-cat
o-pinene verbenone verbenol

lsobutyrlc o-pinene
acid epoxide

The catalyst activity related to one Co center (TOF) was
almost equal for all of the samples studied. Importantly, the ac-
tivity of the supported Co-POM catalysts was comparable to the
activity of the homogeneous Co-POM. Furthermore, the sup-
ported samples were even more selective in the case of a-pinene
and IBA co-oxidation. To estimate the effect of the support on
a-pinene oxidation, we carried out the experiments with Co-
POM-less NH,-SBA-15. It is worth of noting that the support
itself shows some inhibiting properties. Thus, «-pinene con-
version after 5 h was 60% and 40% in the blank experiment
of «-pinene and IBA co-oxidation in the absence and in the
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Table 3
a-Pinene autoxidation in the presence of supported Co-POM catalysts®
Catalyst a-Pinene conversion TOFP Yield® (%)

(%) (h™ 1) Campholenic aldehyde Verbenol Verbenone
_d 15 2 5(33) 4(27)
Co-POM*® 45 50 9 16 (36) 11 (24)
NH,-SBA-15 13 2 3(23) 2 (15)
CO-POM/NH;-SBA-15 46 50 7 12 (26) 6 (13)
Co-POM/NH;-xerogel 48 55 7 11 (23) 8 (17)
Co-POM/SiO,f 42 135 8 15 (36) 11 (26)
Co-POM/NH,-MCF 43 50 7 10 (23) 6 (14)

No catalyst was present.
Homogeneous catalyst, 2.1 mg (6 x 10~4 mmol Co-POM).

a
b
C
d
€
f 2 % 10=4 mmol Co-POM.

Reaction conditions: «-pinene, 0.1 mmol; O, 1 atm; catalyst, 6 x 10~4 mmol Co-POM; MeCN, 1 mL; 50°C, 1 h.
TOF = (moles of a-pinene consumed in the catalytic reaction — moles of a-pinene consumed in the blank experiment)/[(moles of Co) x 1 h].
GC yield based on initial ¢-pinene (inside parentheses, CG yield based on «-pinene consumed); unidentified oligomeric/polymeric products also formed.

Table 4
a-Pinene co-oxidation with IBA in the presence of Co-POM catalysts?
Catalyst «-Pinene conversion TOF® Yield® (%)

(%) (h~1) Campholenic aldehyde a-Pinene epoxide
d 4 Traces Traces
Co-POM® 77 130 8 (10) 67 (87)
NH;-SBA-15 5 Traces Traces
Co-POM/NH,-SBA-15 95 160 15 (16) 72 (76)
Co-POM/NH,-xerogel 98 160 11(11) 62 (63)
Co-POM/SiO,f 858 220 13 (15) 62 (73)
Co-POM/NH,-MCF 968 90 8(8) 90 (94)

presence of the support, respectively. The same tendency was
observed for the autoxidation reaction. This allowed us to as-
sume that the support can catch active radicals.

We have found that the nature of the support hardly af-
fects the selectivity of a-pinene autoxidation, which is a bit
lower compared with homogeneous Co-POM. The total ver-
benol/verbenone selectivity reached 37-40% at 43-48% sub-
strate conversion after 1 h reaction, except for Co-POM/silica
composite material, for which the total verbenol/verbenone se-
lectivity was as high as 62% at 42% substrate conversion.
The allylic oxidation products selectivity depended strongly
on the «-pinene conversion. The total selectivity toward ver-
benol/verbenone reached the maximal value of 60-70% at 16—
20% conversion of the substrate and then declined (Fig. 3) due
to overoxidation processes leading to oligomerization/polymer-
ization products.

The use of catalysts allows to obtain target products with
higher selectivity and to use milder reaction conditions [8-10,
67]. In a-pinene autoxidation, the verbenol/verbenone selec-
tivity reached 54% at 16% substrate conversion at 100 °C and
4 atm O, [67], whereas «-pinene oxidation over supported Co-
POMs led to the formation of allylic oxidation products (ver-

4 Reaction conditions: a-pinene, 0.1 mmol; IBA, 0.4 mmol; O, 1 atm; catalyst, 6 x 10~4 mmol Co-POM; MeCN, 1 mL; 25°C, 1 h.
b TOF = (moles of «-pinene consumed)/[(moles of Co) x 1 h].

¢ GC yield based on initial a-pinene (inside parentheses, CG yield based on a-pinene consumed).

4 No catalyst was present.

¢ Homogeneous catalyst, 2.1 mg (6 x 10~4 mmol Co-POM).

f 2 % 10=% mmol Co-POM.

g After 2 h.

® —°—Co-POM/NH,-SBA-15

604 e —e— Co-POM / NH,-xerogel

40

20

0 T T T T
0 20 40 60 80

a-Pinene conversion, %

Verbenol / verbenone selectivity, %
]
He
o
/;’
O
O

Fig. 3. Effect of a-pinene conversion on verbenol/verbenone selectivity. For the
reaction conditions, see Section 2.

benol and verbenone) with total selectivity of 70% at 20% sub-
strate conversion at 50 °C and 1 atm O;. Supported Co-POM
catalysts are more active/selective in «-pinene allylic oxidation
than the known heterogeneous Co-containing catalysts [12,21],
require milder reaction conditions, and are more stable [39].
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In the case of «-pinene and IBA co-oxidation, the supported
Co-POM catalysts were found to be more selective than the
corresponding homogeneous Co-POM. Yet, in contrast to au-
toxidation, the selectivity of «-pinene/IBA co-oxidation may
be altered by varying the amount of NH» groups. Thus, the
Co-POM/NH;,-MCF sample was the most selective catalyst;
a-pinene epoxide selectivity reached 94% at 96% substrate
conversion after 2 h. This may be explained by a larger sur-
face concentration of NH, groups in this sample, which may
partially neutralize the carboxylic acid formed during the reac-
tion.

3.3. Catalyst stability and recycling

The important questions that must be addressed while study-
ing liquid-phase oxidation processes over a solid catalyst relate
to (1) the stability of the catalyst to leaching of the active com-
ponent and to other transformations, (2) the true heterogeneity
of the oxidation catalysis, and (3) the possibility of catalyst
recycling. Previously, the stability of Co-POM/silica compos-
ite material was demonstrated in IBA oxidation with molecular
oxygen [61].

In this work, we revealed that the supported Co-POM cata-
lysts do not lose their activity/selectivity during at least 5 cat-
alytic cycles of «-pinene autoxidation (Fig. 4). At the same

- 504 B2 o-pinene conversion,%
c o E— verbenol selectivity,%
© o~ (I verbenone_selectivity, %
S 240 -
S
P
€ Q30
c —
o9
o wn
0B
c >
2 3
L 10 —
& s =|
3
0

1 2 3 4 5
Catalytic cycles

Fig. 4. Catalyst recycling in «-pinene autoxidation over Co-POM/NH,-MCF.
For the reaction conditions, see Section 2 (treatment A).

time, in the case of a-pinene and IBA co-oxidation, the catalyst
activity remains constant for a few catalytic cycles and then de-
creases (Fig. 5). The most plausible explanation for the loss of
catalyst activity is the formation of carboxylic acid, which can
destroy the structure of Co-POM or matrix or can bind to active
cobalt centers. Isobutyric acid also may induce some leaching
of Co-POM from the solid matrix. We have checked the amount
of cobalt on the support before and after treatment with isobu-
tyric acid (0.3 M in MeCN, 25 °C, 1 h) by elemental analysis
and found that the cobalt content was reduced 1.9 times.

According to the FTIR data, the Co-POM structure is re-
tained during «-pinene oxidation (Fig. 1). The nitrogen adsorp-
tion data indicate the stability of the porous structure (Table 2).
Thus, the loss of activity is most likely due to adsorption of
isobutyric acid on the catalyst surface and its binding to Co-
POM. Indeed, DRS-UV-vis studies pointed out some changes
in the position and intensity of d—d transition bands after o-
pinene/IBA co-oxidation, most likely due to partial substitu-
tion of water molecules for isobutyric acid in the coordina-
tion sphere of cobalt(Il) (Fig. 2). Similar changes were seen
when H,O was replaced by MeCN in PW; 1C0(H20)O§; [61].
Previously, the formation of complexes between Co-POM and
isobutyric acid was revealed and quantitatively studied by 3!'P
NMR [61]. In fact, catalyst regeneration appeared to be possi-
ble by evacuation at elevated temperature (Fig. 6).

The experiments with fast catalyst filtration performed at
the reaction temperature showed that a-pinene conversion in
the filtrate stopped after removal of the catalyst in the case
of a-pinene autoxidation (Fig. 7a). This finding supports the
heterogeneous nature of the oxidation catalysis. In contrast, in
the case of «-pinene and IBA co-oxidation, further a-pinene
transformation occurs in the filtrate after catalyst removal, yet
the reaction rate is higher than that in the blank experiment
(Fig. 7b). This indicates that Co-POM leaching from the solid
matrix into the solution occurs and that catalysis has at least a
partially homogeneous nature. The experiments with fast cata-
lyst filtration are in good agreement with the elemental analysis
data (Table 1), which unambiguously show that some leach-
ing of Co-POM occurs during o-pinene/IBA co-oxidation. Note
that the degree of leaching decreases in the following order:
xerogel > SBA-15 > MCF (Table 1). Interestingly, the activ-
ity of Co-POM/NH>-MCF is maintained despite the leaching

}33 o—Pinene conversion, %
A o—Pinene epoxide yield, %

-

o

o
|

80 -

60 -

404

20+

a-pinene epoxide yield, %

o-Pinene conversion and

2
Catalytic cycles

Fig. 5. Catalyst recycling in a-pinene co-oxidation with IBA: (a) Co-POM/NH;-SBA-15, (b) Co-POM/NH;-MCEF, and (c) Co-POM/NHj-xerogel. For the reaction

conditions, see Section 2 (treatment A).
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Fig. 6. Recycling regenerated catalyst in «-pinene co-oxidation with IBA: (a) Co-POM/NH;-SBA-15, (b) Co-POM/NH;-MCEF, and (c) Co-POM/NH,-xerogel. For

the reaction and catalyst regeneration conditions, see Section 2 (treatment B).
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Fig. 7. (a) «-Pinene autoxidation and (b) «-pinene co-oxidation with IBA over Co-POM/NH,-SBA-15. For the reaction conditions, see Section 2.

(Fig. 6). This may be due to a bell-shaped dependence of the
oxidation rate versus catalyst concentration that is well known
for Co-containing catalysts [68—70]. Consequently, the catalyst
activity is maintained over a rather wide range of catalyst con-
centrations.

4. Conclusion

The Co-containing polyoxometalate [BusN]4H[PW;Co-
(H20)039] was electrostatically bound to various NHp-modi-
fied silica matrixes, including SiO,-xerogels, MCF, and SBA-
15. The retention of the Co-POM structure on immobilization
and after catalytic runs was demonstrated by FTIR and DRS-
UV-vis. It was found that «-pinene autoxidation in the presence
of the supported Co-POM catalysts leads to formation of the
allylic oxidation products verbenol and verbenone, with se-
lectivity in the range of 60-70% at about 20% conversion. At
higher conversion, the selectivity decreases due to overoxida-
tion. «-Pinene co-oxidation with isobutyraldehyde selectively
affords a-pinene epoxide, with the selectivity depending on the
amount of NH; groups on the support and attaining 94% at 96%
alkene conversion.

The catalysis of «-pinene autoxidation over the electrosta-
tically immobilized Co-POM most likely has a true heteroge-
neous nature. In this process, the supported Co-POM catalysts

can be recycled without suffering a loss in activity/selectivity.
In contrast, homogeneous catalysis contributes significantly to
a-pinene/IBA co-oxidation due to the leaching of the active
Co-POM into solution. The degree of leaching depends on
the nature of the silicate matrix and reduces in the follow-
ing order: Co-POM/NH,-xerogel > Co-POM/NH;,-SBA-15 >
Co-POM/NH;,-MCF. The activity remains constant over sev-
eral catalytic cycles when catalyst regeneration via evacuation
is performed to remove adsorbed carboxylic acid.
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