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Abstract

Catalytic properties of different solids, containing Ti(1V), Zr(IV), and Fe(lll) isolated in inorganic matrixes, have been assessed in allylic
oxidation ofe-pinene with aqueous #D>. Among the catalysts studied were mesostructured metal silicates Ti-MMM-2 and Fe-MMM-2; TiO
SiO, mixed oxides, Ti and Zr grafted on mesoporous silica cellular foams (Ti- and Zr-MCF), and a new composite mafewal HO4q/silica,
prepared by a sol-gel method. The catalysts were characterized by elemental analgsispigtion, and DRS-UV. The Ti- and Zr-containing
materials showed catalytic properties superior to those of Fe-MMM-2. The reaction selectivity strongly depended on the solvent properti
substrate/oxidant molar ratio, reaction temperaturepaphene conversion. In optimized reaction conditions (MeCN,@)) the total selectivity
toward verbenol/verbenone reached the maximal value of 80—-82% at 8—15% conversiogPWig HO¢/silica catalyst can be used repeatedly
without loss of activity and selectivity. No leaching of the active species occurs, and the oxidation is a true heterogeneous process operating \
radical nonchain mechanism.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction The development of catalytic methods for the selectivgi-
nene oxidation by “green” oxidants is a challenging goal of
«-Pinene is the main component of gum turpentine and thulN€ chemistry. Aqueous hydrogen peroxide can be the oxidant
is an inexpensive, readily available, and renewable starting mé’-f choice becau_se it is quite cheap, atom-efficient, and envi-
terial for producing a wide variety of valuable products, such agonmentally benign, and produces water as the only byproduct.
flavors, fragrances, medicines, and agrochem(az®. Specif- Usually, O,-based oxidations require a catalyst to achieve an
ically, its oxidation products (verbenol, verbenorepinene acceptable reaction rate and selectivity. The selective epoxida-
epoxide, and campholenic aldehyde) are of high practical imtion of @-pinene with BO can be performed using manganese
portance as flavor chemicals and key intermediates for the ma#@—8], tungster{9], and rheniun{10,11] catalysts in both ho-

ufacture of various fine chemicals, including citral, menthol, Mogeneous and heterogeneous forms. .
taxol, and vitamins A and EL-5]; With manganese (lll) and (IV) complexes, the activity and

selectivity were rather low6,7]. Their heterogenization via

anchoring to silica[8] or entrapping in zeolitd7] allowed
[o] i CHO improved selectivity; however, these catalysts were easily de-
7 on Lo * stroyed under the reaction conditions. The Venturello complex
o-pinene verbenol verbenone a-pinene  campholenic [(C8H17)3NCH3]3PW4024 showed hlgh selectivity in-pinene
epoxide  aldehyde epoxidation with HO, (92% selectivity at 83%-pinene con-
version)[9]. In the presence of C#Re(Q; as a homogeneous
mpondmg author. Fax : +7-383-330-G0-56. catalyst and an excess of pyriding;pinene epoxidation at-
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the homogeneous one; the epoxide selectivity reached 100¥eteropolyacid HPW;1TiO40 was synthesized following pub-
at 98% conversiofill]. Alumina was used as a quite selec- lished method$68]. The HsPW;1TiO4g/silica composite ma-
tive a-pinene epoxidation catalyst; however, anhydrous conterial was prepared using tetramethoxysilane (TMOS) as the
ditions should be usefd.2,13] Mesoporous molecular sieves, silica precursor via a two-step procedure similar to that de-
Ti-MCM-41 and Ti-HMS, were reported to produaepinene  scribed for the Co-polyoxometalate/silica matefid®]. The
epoxide with 100% selectivity at a low substrate conversiormolar ratio of reagents was as follows: Si:MeOHMHCI =
(<6%)[14]. 1:9:6:0.0016. First, TMOS was prehydrolized usin@ bf the
Although the achievable level of selectivity im-pinene total amount of methanol, 0.2 M solution of HCI, and 2 mol of
epoxidation is rather high, sufficient selectivity toward the al-water per 1 mol of Si at 50C for 1 h. Then the solution contain-
lylic oxidation products, verbenol and verbenone, still remaindng the remaining half of the methanol, the rest of the water, and
a challenge. The autooxidation @fpinene produces verbenol HsPW;1TiO49 (10 wt%) was added to the first solution under
and verbenone with low yieldd5-17]} cobalt compounds fa- vigorous stirring. The gelation and aging (for 7 days) were per-
cilitate this reactiorf18—29] The maximal verbenol and ver- formed at 50C. Wet gels were dried in vacuum at 80 for 6 h
benone selectivities (24 and 34%, respectively, at 40% subkand then at 110C for 4 h. The pure silica sample was prepared
strate conversion) were reported for sol-gel Co/St@talyst by a similar procedure but without addingPW11TiO40.
[29]. The allylic oxidation ofx-pinene also proceeds smoothly  The structure of siliceous mesoporous cellular foams (MCF)
with z-butyl hydroperoxide over copper salt30] as well as was templated by oil in water microemulsions. The foams
with heterogeneous catalysts such as silica—titania cof8Els  were prepared in an oil/water system composed of aque-
chromium aluminophosphatef32], and Cr-pillared montmo- ous hydrochloric acid, the nonionic block copolymer surfac-
rillonite [33]. Moderate selectivity to verbenol and verbenonetant Pluronic PE 9400 (BASF) and 1,3,5-trimethylbenzene.
(41 and 12%, respectively, at 86% substrate conversion) werketraethoxysilane (TEOS) was used as a silica precursor.
achieved using kD5 in the presence of Pd(acad¢p0]. The preparation method was similar to that described previ-
Molecular sieves and mixed oxides containing highly dis-ously[70]. In a typical procedure, Pluronic PE 9600 (0.4 mmol)
persed transition metal ions, so-called “single-site” catalystswas dissolved in 1.6 M HCI (75 mL) at room temperature.
are well-known efficient catalysts for J@,-based oxidation 1,3,5-Trimethylbenzene (17 mmol) and hFH(0.6 mmol) were
[34-64] Unfortunately, many of these are not stable in theadded under vigorous stirring, and the mixture was heated
presence of aqueous8, [47-49,53,58,59,61,65-67h this  to 60°C. After 1 h of stirring, TEOS was added (4.4 g,
work, we assessed catalytic properties of different material21.2 mmol). The mixture was further stirred for 2 h and subse-
containing Ti(IV), Zr(IV), and Fe(lll) ions isolated in inorganic quently stored at 60C for 20 h and at 100C for 24 h. After
matrixes, such as hydrothermally stable silicate MMNB3], cooling to room temperature, the precipitate was separated by
mesoporous cellular foam (MCF), and Keggin type heteropolyfiltration, dried at room temperature for 4 days, and calcined
tungstate, in allylic oxidation ak-pinene with HO,. We paid at 500°C for 8 h. Titanium and zirconium were introduced
special attention to study factors governing the reaction seletce MCF by a common postsynthesis grafting procedurd.
tivity and to optimizing the reaction conditions. We evaluatedBefore grafting, the MCF samples were contacted with water

the catalysts’ stability and recycleability. vapor during 5 h and subsequently dried at 200or 3 h. Ti-
tanium(1V) or zirconium(lV) isopropoxide dissolved in hexane
2. Experimental were allowed to react with silanol groups present on the sil-
ica surface under reflux conditions for 24 h. Then hexane was
2.1. Materials removed by evaporation at 5C.

The textural characteristics of the catalysts were determined
a-Pinene, containing 98%-pinene and 2%8-pinene, was from nitrogen adsorption isotherms. The catalysts were also
obtained by vacuum rectification of gum turpentine. Hydrogercharacterized by elemental analysis and DR-UV spectroscopy.
peroxide was used as 30% in water, with its precise concerifo estimate catalyst stability, the samples were treated with
tration determined iodometrically before use. Urea hydrogemqueous 30% $0D, (0.35 M) at 80°C during 2 h in MeCN and
peroxide adduct was purchased from Fluka. All other reactantthen calcined at 500C for 1 h. To examine the hydrolytic sta-
were obtained commercially and used without further purifica-bility of Ti-MCF, the samples were treated with water, MeCN—

tion. H>O0 (1:1 v/v), MeCN-HO, (1:1 v/v), and 0.4 M HO3 in
MeCN for 2 h at 80 C. Then each treatment sample was dried
2.2. Catalyst preparation and characterization at 110°C for 4 h.

The titanium-silicate, Ti-MMM-2, was prepared by hy- 2.3. Catalytic experiments
drothermal synthesis under moderately acidic conditions using
cetyltrimethyl ammonium bromide as a template according to a Catalytic experiments were carried out in thermostatic glass
procedure described recen{§3]. The iron-containing mater- vessels under vigorous stirring at 2580 Typically, the reac-
ial, Fe-MMM-2, was synthesized following a similar proceduretions were initiated by adding 0.12 mmol of8; to a mixture
using NaSi»Os and Fe( as silica and iron sourcg83]. Ti,Si-  containing 0.1 mmol of-pinene, 14 mg of a catalyst, an inter-
aerogel and xerogel were prepared as described previ@idly nal standard (biphenyl), and 1 mL of acetonitrile. Aliquots of
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. . . - _ 0.20 0.6
reaction mixture were withdrawn periodically during the reac- ]
tion course by syringe through a septum without opening the 0-18 1 s
reactor. Each experiment was reproduced 2 or 3 times. The re- 0.16 - 0%
action products were identified by GC-MS ald NMR, and "g 014 w
quantified by GC. After the reactions, catalysts were fitered =7, ' 1 04
off, washed with methanol, dried in air at room temperature "’g ]
overnight and at 110C for 1-2 h, and then reused. The leach- & %107 o3
ing tests were performed as described previo[&8y59] § 0.08
_ ® 006 02
2.4. Instrumentation 0.0 "
GC analyses were performed using a Tsvet 500 gas chro- 002
matograph equipped with a flame ionization detector and a 0.00 Ty 1 0.0
quartz capillary column (30 nx 0.25 mm) filled with Su- ! Poreﬁiamem’nm 100

pelco MDN-5S. GC-MS analyses were conducted using an
Agilent 6890 gas chromatograph (With a 30x10.25 mm/HP-  Fig. 1. Pore size distributions for cages (s) and connecting windows (w) in
5 ms quartz capillary cqumn) equipped with a quadrupoIeTi'MCF after calcination determined from nitrogen adsorption and desorption

mass-selective detector (Agilent MSD 5973). DRS-UV mea-'somerms'

surements were performed on a Shimadsu UV-vis 2501P%%eated with several solutions, including water, MeCNeH

spectrophotometer at ambient conditions. Nitrogen adsorptlo%'i:1 VIV), MeCN-HO, (1:1 vv), and 0.4 M HOy in MeCN
-

isotherms at 77 K were measured using both a Micromeritic . )
ASAP 2000 instrument (Gliwice) and Quantachrome Autosorb- able . Some d(_ecrease in the mesopore diameter and V‘?'””.‘e
6BKr (Novosibirsk). _after treatment_wnh pure water was seen, whereas no S|gq|f—
icant changes in porosity were observed after treatment with
the HO,—H,O—-MeCN solutions. This is in contrast to what
we had observed earlier for the THE5iI0, mixed oxides, the
porous structure of which suffered from even small amounts of
water introduced with B0, [61]. The moderate stability of the
Ti-MCF porous structure makes this material a promising cata-
?yst for H,O»-based oxidations.

To the best of our knowledge, the composite material
5PW11TiO4g/silica prepared by a sol-gel method has not yet
een reported in the literature. According to thgaddisorption
data, the HPWy1TiO4g/silica sample is nonporou3gble J).

. S . According to the general concept of single-site catalysts,
The pore size distributions calculated from both adsorptloqhe more iS(g)Iated a r%etal ion is in zn inert r?watrix the hi;her

(cages) and desorption (windows) branches efiddbtherms . - . . .
AL 77 K for THNCE g, 1) ave o, n conast o e 354 15 el scbisned ot e avsrpten fedoncy
broad distributions typically observed for aerogglg,48,61] P P

. : p . dination number of Ti(IV) and its dispersion in the silicate
To examine the hydrolytic stability of Ti-MCF, the sample was matrix [37-44] A narrow band with a maximum at 211 nm

observed in DR-UV spectra of Ti-MMM-ZHg. 2a) clearly sig-

3. Resultsand discussion
3.1. Catalyst characterization

We previously reported the structural and textural propertie
of the hydrothermally stable Ti-MMM-2 materifd3]. Briefly,
this material has 2D hexagonally ordered mesopores with a nay;
row pore size distribution (mean diameter, 3 nm). The texturgt
parameters of Ti- and Fe-MMM-2 used in this work are given
in Table 1

;?]bgclochemical roperties of the catalvsts studied nifies that titanium is presumably in a site-isolated, most likely
y Prop Y tetrahedral-coordinated, form. For Ti-MCF, the UV absorption
Catalyst Active met& SgeT Vpb dp® DRS-UV
(wt%) (m°/g) (emP/g) (M) Amax (NM) Table 2
- able
H_5,PW11T'O40/ 015015 <05 - - 200 Effect of different treatments on the textural properties of Ti-MCF
silica (216, 346, 434’) . .
Ti-MMM-2 1.8 1096 Q74 32 211 Treatment SBET Vp dg®s dg®s
Ti-MCF 1.2 (1.2) 564 20 13 216 (m?/g) (cn/g) (nm) (nm)
TiOo>-SiOy-xerogel 2.4 657 @6 27 226 _b 564 240 24 13
Zr-MCF 1.8 508 230 127 197 (240) H,0° 587 202 23 10
Fe-MMM-2 18 925 (48 32 221 MeCN-H,0 (1:1 vivf 574 208 23 125
a Weight percent of active metal in the sample (the wt% of Ti after three cat-0.4 M HO2 in MeCNC 588 234 24 13
alytic cycles ofa-pinene oxidation inside parentheses; the reaction conditiond¥€CN—-HO3 (1:1 viv)° 566 244 23 13
atr)e given inTable 3. a After impregnation of MCF with Ti and drying at 12 for 4 h.
Mesopore vplume. b After calcination (5 degmin) for 2 h at 500°C.
¢ Mesopore diameter. ¢ Treatment conditions: 80C, 2 h. After each treatment the sample was dried

d Shoulders in DR-UV spectra. at 110°C for 4 h.
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—o—Ti-MCF
——Ti-MMM-2 ]
——H,PW,TiO,/SiO,

—=— Zr-MCF

400 500 200 250 300 350
A, Nm

Fig. 2. DR-UV spectra for the catalysts used (a) and for the Ti-MCF after different treatments (b): (1) initial; (2) after calcinatiohGidd@ig 1 h; (3) after
evacuation at 200C during 2 h; (4) after treatment with 30%B, and drying at 110C during 1 h; (5) after treatment with 30%B> and calcination at 500C
during 1 h; (6) after treatment with 30%B, and evacuation at 200 during 2 h. Treatment conditionspB», 0.35 mmol, MeCN, 1 mL, 80C, 2 h.

band was broader and had two maxima, at 216 and 250 nrmable 3
The presence of the second maximum indicates that part @fPinene oxidation with KO, in the presence of different cataly3ts

the titanium was in an octahedral, oligomerized, and/or highlycatalyst a-Pinene TOFR,P Yields® (%)

hydrated forn36—38,40,42-44,48,72-7&ignificantly, evac- conversion(h—1y  cam. CampholenicVerb- Verbe-
uation of the sample resulted in decreased intensity of the (%) phene aldehyde  enol none
second bandHig. 2b). This indicates that at least a part of — 30 - 4 5 2 1
the titanium species was in a highly hydrated form, whichHsPW11TiO4o/ 60 235 6 6 9 7

could be reversibly transformed to the tetrahedral form. Théllica

TiO,-SiO, mixed oxides showed a similar trend. The DR- S!:!Cad‘e ‘212 - 673 j 2 1
UV spectrum of the Ti-MCF catalyst recorded after treatmem;:I I(;?NllTio4 f 7 ; 43 3 4 3 3
with 30% aqueous pD, in MeCN showed a long-wave shift Tivmmiz D 7 28 2 7 7 10
of the absorption band to 270 nm that disappeared after cafi-mcF 53 30 5 8 8 7
cination and evacuatiorfFi{g. 20). Therefore, this shift can be TiO2-Si0;-aerogel 54 n 5 8 9 8
attributed to the appearance of highly hydrated titanium specie?ol\ié'oﬂemge' 6658 213 2 g g 2
. . . r_
rather than partially oligomerized ones. The Fe-MMM-2 andFe_MMM_2 a1 7 2 5 4 5

Zr-MCF samples showed DR-UV bands with maxima at 221 N . ——
and 197 nm, respectively, which can be assigned to isolateij Reaction conditionsx-pinene, 0.1 mmol, BO,, 0.12 mmol, catalyst,
. . . . 4 mg, MeCN, 1 mL, 50C, 5 h.
iron and zirconium specig$6,77-79] The DR-UV spectrum — . .

. o . TOFay = (moles ofe-pinene consumed](moles of active metalx 5 h)].
of |'|5PV\/11-|-|O40/5_'“Ca_mate”filI was very close to the UV spec- ¢ g¢ yield based on initiakx-pinene. Unidentified oligomeric/polymeric
trum of HsPWy1TiO4g in water, indicating that the heteropoly products also formed.

acid structure remained unchanged during encapsulation in thé silica without Ti.
silica matrix. € Without HpO,. Unidentified hydrocarbons also formed (about 40% of the
total amount of products).

f Homogeneous catalyst, 1.4 mg74 10~* mmol). Unidentified hydrocar-

3.2. Catalytic oxidation o&-pinene bons also formed.

The results of the catalytia-pinene oxidation with 10, In the absence of catalyst and oxidampinene did not un-

along with blank experiments are presentedTable 3 Ac- : . S
cording to GC-MS data, the main detectable oxidation prod-dergo any transformation. The-pinene oxidation by B0,

ucts were verbenol, verbenone, and campholenic alolehyolg/ithout catalyst resulted in 30% substrate conversion; how-
The product ofx-pinéne rearrangément, camphene, along witrever the yield of desirable oxidgtion products,_ verbenol and
low molecular weight oligo/polymerization products, were also/€"PENONe, was very low. Bodr-pinene conversion and ver-

found by GC-MSa-Pinene epoxide was not detected in the re_benol/verbenone yield increased in the presence of all of the
action mixtures, most likely due to its rapid further transforma-catalysts studied. Fe-MMM-2 was less active than Ti- and Zr-

tion to overoxidation products. Indeed, we observed rapid discontaining catalysts and gave lower yields of the target allylic

appearance of the epoxide under the reaction conditions use@,(idation products. The catalyst activity related to one Ti cen-

but found no campholenic aldehyde in the reaction mixture, t€r (TOFa) decreased in the following order:sAW;1TiO40f
silica > Ti-MCF > Ti-MMM-2 > Zr-MCF > Ti,Si-xerogel>

1,0y catalyst o Fe-MMM-2. The TOF value for the aerogel catalyst was rather
22 4 ) . . .
-3 + + . @t low, whereas thex-pinene conversion and the product yield
OH ~0 H :
. verbenol verbenone  campholenic  camphene gfter 5 .h were as high as t.hose. for the other T| catalysts stud-
aldehyde ied. This finding can be rationalized by taking into account the
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higher titanium loading in the aerogel material compared withrable 4
the other samples. It is well known that increasing Ti contengffect of the solvent properties on the catalyst activity/selecfivity

in a silicate matrix results in titanium oligomerization and de-cCatalyst Solvent [HO] «-Pinene  Yield (%)
creasing activity with respect to one catalytic cefi5&;61,80] (M) conversion \erh.  verbe-
This is in agreement with the shifting of the DRS-UV maxi- (%) enol  none
mum to longer wavelengths observed for the aerogel sampl@spw; TiOg/silica Acetonitrile 2 53 8 7
(Table 1. H5PW11TiOgq/silica  Acetonitrile 05 60 9 7

Surprisingly, the most active catalyst was thePVi1TiOsg/ ~ HsPWiiTiOagfsilica  Acetonitrile 08 49 9 7
silica composite material, despite its nonporous structure. ThEE’PWllT!O“O/S!'!Ca Acetone & 38 2 !

' O 5PWq1TiOgg/silica  Toluené 0.5 15 1 1

TOF values presented ifable 3were calculated considering Ti-ucrk Acetonitrile Q5 53 8 7
all of the Ti centers accessible. However, given the nonporousi-McF Acetonitrile Q8 62 14 12
structure of the HPW11TiO40/silica material, we can suppose Ti-MCF Acetone 05 44 1 3
that only a minor part of the active centers (about 2%, accordl"MCF Toluené 05 20 2 L

ing to our rough estimation) was really available for reactants, ® Reaction conditionsu-pinene, 0.1 mmol, pO, 0.12 mmol, catalyst,
and thus the TOF value should be even higher for this matek? mg. solvent, 1 ml, 50C, 5h.. _
rial than the value given ifable 3 Evidently, the titanium y OLJnhydrous hydrogen peroxide urea adduct was used instead of aqueous
center in BPW11TiOgo/silica, where Ti(IV) is bound via bridg- € 7 ee phase system: toluenai®catalyst.
ing oxygens to four W(VI) ions and one P(V) ion, was more
active than titanium dispersed in a silicate matrix. Recentlywhen aqueous $0- is used as an oxidaf#47,48,61] In con-
we reported that EPW;1TiO49 heteropoly acid is a highly ac- trast, this work demonstrates a relative stability of the porous
tive catalyst in HO,-based oxidation of cyclohexerj@l]. It  structure of Ti-MCF (se@able 2.
is noteworthy that despite the nonporous structure, the hetero- The solvent nature impacts both catalyst activity and se-
geneous BHPW11TiO4o/silica catalyst was as active as homo- lectivity, which decrease in the following order: acetonittile
geneous BHPW11TiO40. Moreover, the heterogeneous catalystacetone- toluene (a three-phase system in the latter case) (
was more selective to allylic oxidation products than the ho-ble 4). Increasing the concentration of hydrogen peroxide from
mogeneous catalystgble 3. To estimate the effect of support 0.12 to 0.2 M slightly increased the achievable substrate con-
on thex-pinene oxidation, we carried out the experiments withversion, but had practically no influence on the product yield.
pure silica prepared by the sol-gel method. Our results indicateédding water favored formation of the allyl oxidation prod-
that silica itself promoted--pinene isomerization to camphene ucts when Ti-MCF was used as the catalyst. In contrast, adding
both in the presence and in the absence gD or removing water (experiment with nonhydrous@®j-urea

We studied the factors governing the selectivityrepinene  adduct) produced very little effect on thePW;1TiO4g/silica-
allylic oxidation using the Ti-MCF and $PW1,TiOg0/silica  catalyzed oxidationTable 4.
catalysts. Both materials are rather new, and to the best of our The kinetic curves fora-pinene consumption and ver-
knowledge, their catalytic properties inp8,-based selective benol/verbenone formation are shownkig. 3. Their char-
oxidations have not yet been studied. We focused also our a&cter indicates that verbenol and verbenone form via parallel
tention on these two materials because their selectivity withioutes, and that the ketone does not derive from the alco-
respect to verbenol/verbenone formation was higher than thieol. An independent experiment with verbenol oxidation under
selectivity with the other materials studied. The yields of ver-typical reaction conditions at 5@ corroborated this sug-
benol and verbenone with Ti9SIO, aerogel and xerogel were gestion. Verbenol rapidly disappeared to yield overoxidation
close to those obtained with Ti-MCF. However, it is well known products, but no verbenone was found among them. The rate
that TiO—SiO; mixed oxides suffer from hydrolytic instability of both «-pinene consumption and verbenol/verbenone for-

80

R
c
.g L
Z ° 7]
S s
(&) "6 0
© S 41 m verbenol, 30°C 1
c
o cl| 8 ® verbenone, 30°C
[ — 0
o c | o 24 O verbenol, 50°C 1
3 C O verbenone, 50°C
. 0+ T T T
7 0 1 2 3
Time, h Time, h

Fig. 3. Effect of temperature on the reaction course (a) and product yield (b). Reaction conditfinene, 0.1 mmol, BO», 0.12 mmol, HPW; 1 TiO4g/silica,
14 mg (44 x 10~4 mmol Ti), MeCN, 1 mL.



180 N.V. Maksimchuk et al. / Journal of Catalysis 235 (2005) 175-183

80

22 o-pinene conversion, % b
B verbenol yield, %

60- | ==l verbenone yield, %

Y

a-Pinene conversion
and product yield, %

T
=
e

D=l

Fig. 4. Effect of temperature on tlhepinene conversion/product yield in the presence glP¥W;1TiO4g/silica (a) and Ti-MCF (b). Reaction conditions:pinene,
0.1 mmol, B0y, 0.12 mmol, catalyst, 14 mg, MeCN, 1 mL, 5 h.
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Fig. 5. Effect ofa-pinene conversion and temperature on verbenol/verbenone selectivity at 30 (a)°@@JO0Reaction conditions:-pinene, 0.1 mmol, HO,,
0.12 mmol, HPW71TiO4q/silica, 14 mg (44 x 10~4 mmol Ti), MeCN, 1 mL.

72 o-pinene conversion, %
BXRZ verbenol yield, %
E—= verbenone yield, %

mation increased with increasing temperatuféy( 3). The 60
feasiblex-pinene conversion, and thus the®} efficiency,
increased with increasing temperature, indicating that unpro-
ductive decomposition of $D- is likely less pronounced at
elevated temperatures compared witipinene oxidation. The
same regularity was also observed for Zr-MCF. The total ver-
benol/verbenone yield at a settled reaction time (5 h) did not
change significantly with changes in temperature, whereas the
molar ratio of verbenol/verbenone decreased once the temper- 10+
ature exceeded 5 (Fig. 4). Again, the latter effect was not
due to conversion of verbenol to verbenone. Selectivity toward
verbenol/verbenone depends stronglyaepinene conversion
and the reaction temperatutéiq. 5). At 30°C, the total selec-
tivity toward verbenol/verbenone reached the maximal valuerig. 6. Effect of thea-pinene/lO, molar ratio on thea-pinene conver-

of 80-82% at 8-15% conversion of the substrate and thesion/product yield. Reaction conditions:-pinene, 0.05-0.2 mmol, 40y,
declined Fig. 5a) due to the overoxidation processes, Ieadiniblozcm?r?" HPW11TiO40/sllica, 14 mg (44 x 107 mmol Ti), MeCN, 1 mL,

to oligomeriztion/polymerization products. At 8C, the max- T

imal attainable selectivity to verbenol/verbenone at the samg 3 Catalyst stability and recycling

conversion level was loweF{g. %).

Both H,O, efficiency and verbenol/verbenone yield in-  The important questions that must be addressed while study-
creased with increasing-pinene/HO, molar ratio fig. 6). ing liquid phase oxidation processes over a solid catalyst in-
Thus the total yield of verbenol and verbenone based gBpH volve catalyst stability to leaching of the active component
was 5% at a molar ratio of 0.42 and 28% at a molar ratio ofand other transformations, the true heterogeneity of the oxi-
1.67. The augmenting catalyst content acceleratqzinene  dation process, and the possibility of catalyst recycling. Pre-
oxidation and had very little effect on verbenol/verbenoneviously we demonstrated that mesoporous titanium silicates of
yield. different natures behave as true heterogeneous catalysts in a
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Fig. 7. Oxidation ofx-pinene with BHO, over HsPW;1TiOgg/silica (a) and Ti-MCF (b). Reaction conditions:pinene, 0.1 mmol, biO,, 0.12 mmol, catalyst,
14 mg, MeCN, 1 mL, 30C.
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Fig. 9. Effects of the reaction atmosphere (a) and additive of inhibitor (2tértdbutyl-p-methylphenol, 0.002 mmol) (b) on the reaction course. Reaction condi-
tions: «-pinene, 0.2 mmol, biO,, 0.24 mmol, catalyst, 28 mg (0.001 mmol Ti), MeCN, 2 mL,°Z0

number of selective oxidations witho®, when MeCN was conversion in the filtrate after catalyst removBig. 7). This
used as a solvent; no titanium leaching was obsefv8¢b1] proves that both EPW;1TiOg4o/silica and Ti-MCF operate as
Meanwhile, most of these catalysts lost some activity due taruly heterogeneous catalysts. Even if very small amounts of
damage of the porous structure and partial oligomerization othe titanium species are leached from the solid matrix during
titanium, which typically occurred on the catalyst surface inthe oxidation process, the observed catalytic activity is not due
the presence of aqueous®h [49,53,58] The exception was to these species. Additionally, elemental analysis data showed
the recently developed Ti-MMM-2 catalyst, the macrostruc-that the titanium content remains constant after at least three
ture and microstructure of which do not suffer from water andcatalytic cyclesTable ).

H202/MeCN[63]. Using the commonly accepted methodology  The catalyst recycling was examined for botgFV; 1 TiO49

of studying the stability of solid catalysts in liquid phase oxida-/silica and Ti-MCF Fig. 7). The HsPW;1TiOgg/silica compos-
tions, we investigated the Ti-MCF angPW11TiOgg/silicacat-  ite material lost practically no activity and selectivity during
alysts. The experiments with fast catalyst filtration performedat least eight catalytic cycle§ig. 8a). In contrast, the activ-

at the reaction temperature demonstrated no furdhpnene ity of Ti-MCF («-pinene conversion after 5 h) decreased after



182 N.V. Maksimchuk et al. / Journal of Catalysis 235 (2005) 175-183

the first use, whereas the verbenol/verbenone yields remainefh] B.F. Sels, A.L. de P. Villa, D. Hoegaerts, D.E. De Vos, P.A. Jacobs, Top.
unchangedFKig. 8). We may assume that some decrease in  Catal. 13 (2000) 223.

the activity of Ti-MCF is due to the formation of hydrated tita- [°! (Al-gég)egﬁ\?/i”a* B.F. Sels, D.E. De Vos, P.A. Jacobs, J. Org. Chem. 64
mum_spemes in the presence of® (vide supra). Importantly, [10] A.L. de P. Villa, D.E. De Vos, C. de C. Montes, P.A. Jacobs, Tetrahedron
the yields of the target products, verbenol and verbenone, do | et 39 (1998) 8521.

not suffer from this partial titanium oligomerization, in sharp [11] R. Saladino, V. Neri, A.R. Pellicia, E. Mincione, Tetrahedron 59 (2003)
contrast to what we had observed earlier for th€®ptbased 7403.

oxidation of 2,3,6-trimethylphenol over Ti,Si cataly§§s,61]  [12] 2_- g::dig 'Eggdg Zgg Mliet, R.A. Sheldon, U. Schuchardt, Appl. Catal.

. F_mmatlon (_)f the E!IIYIIC oxidation _prO_dUCtS wrpinene ox- . [13] M.C.A. van Vliet, D. Mandelli, . W.C.E. Arends, U. Schuchardt, Green

idation over Ti-containing catalysts indicates that the reaction ~ chem. 3 (2001) 243.

proceeds via a homolytic mechani§@®?]. If the reaction pro-  [14] D. Trong On, M.P. Kapoor, P.N. Joshi, L. Bonneviot, S. Kaliaguine, Catal.
ceeded via a heterolytic oxygen transfer, then the predominate Lett. 44 (1997) 171.

formation ofa-pinene epoxide and its rearrangement product$!®! R-N. Moore, C. Golumbic, G.S. Fisher, J. Am. Chem. Soc. 78 (1956)
would be expected. We found that the reaction atmosphere (ai[lie] J1P73B'ain W.Y. Gary,
Og, or Ar) and small amounts of the radical chain inhibitor, 2,6-" " pany
di-tert-butyl-p-methylphenol, did not affect the reaction rate [17] GB Patent 761 656 (1956), to The Glidden Company.

(Fig. 9 and product yield. All of these facts collectively sup- [18] N. Fdil, A. Romene, S. Allaoud, A. Karim, Y. Castanet, A. Morteux,
port a radical nonchain mechanism of haeinene oxidation J. Mol. Catal. A: Chem. 108 (1996) 15.

or a mechanism that involves short Ch&ﬁ&S]. [19] 'éh‘lc:eggll?zgog)a;v:;t C.S. Gopinath, S.B. Halligudi, J. Mol. Catal. A:

[20] R. Chakrabarty, B.K. Das, J. Mol. Catal. A: Chem. 223 (2004) 39.

US Patent 2 911 442 (1959), to The Glidden Com-

4, Conclusion [21] M.M. Reddy, T. Punniyamurthy, J. Igbal, Tetrahedron Lett. 36 (1995) 159.
[22] M.J. da Silva, P. Robles-Dutenhefner, L. Menini, E.V. Gusevskaya, J. Mol.
The new composite §PW;1TiO4g/silica material prepared Catal. A: Chem. 201 (2003) 71.

: : - 23] M. Lajunen, A.M.P. Koskinen, Tetrahedron Lett. 35 (1994) 4461.
th I-gel techni well as Ti-MCF, are efficient catal . ;
by the sol-gel technique, as well as CF, are efficient ca a[24] M. Lajunen, T. Maunula, A.M.P. Koskinen, Tetrahedron 56 (2000) 8167.

lysts for allylic oxidation of«-pinene to a verbenol/verbenone [25] M. Lajunen, J. Mol. Catal. A: Chem. 169 (2001) 33.

mixture. The product selectivity depends strongly on the solf26] M. Lajunen, M. Myllykoski, J. Asikkala, J. Mol. Catal. A: Chem. 198
vent nature, substrate to oxidant molar ratio, reaction tempera- (2003) 223.

ture, andx-pinene conversion. The oxidation is a true hetero-127] G. Rothenberg, Y. Yatziv, Y. Sasson, Tetrahedron 54 (1998) 593.
geneous process. In MeCN, at 30, with the HsPW1TiO40/ [28] C.-C. Guo, W.-J. Yang, Y.-L. Mao, J. Mol. Catal. A: Chem. 226 (2005)
silica catalyst, the selectivity toward verbenol/verbenone attain 9] P. g-obles—Dutenhefner, M.J. da Silva, L.S. Sales, E.M.B. Sousa, E.V. Gu-
80-82% at 8—15% conversion of the substrate and 68% at 28% ~ seyskaya, J. Mol. Catal. A: Chem. 217 (2004) 139.

conversion. The EPW;1TiOgg/silica can be used repeatedly [30] B.A. Allal, L.E. Firdoussi, S. Allaoud, A. Karim, Y. Castanet, A. Morteux,
without a significant loss in activity, whereas Ti-MCF activity J. Mol. Catal A: Chem. 200 (2003) 177.

decreases after the first use: no Ieaching of the active Compg_l] P. McMorn, G. Roberts, G.J. Hutchings, Catal. Lett. 67 (2000) 203.

tis ob d. Th ti t likel ds Vi di 2] H.E.B. Lempers, R.A. Sheldon, Appl. Catal. A: Gen. 143 (1996) 137.
nentis observed. € reaction mostlikely proceeds via aradic 3] B.M. Choudary, A.D. Prasad, V. Swapna, V.L.K. Valli, V. Bhuma, Tetra-

nonchain mechanism. hedron 48 (1992) 953.
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