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Abstract

TapOs5-SiO, catalysts were prepared by a sol-gel method using tetraethyl orthosilicate (TEOS) and tantalum (V) ethoxide as the sources o
silicon and tantalum, and two families of quaternary ammonium saltgi$6: 1 (CH3)3N]Br (n = 14, 16, 18) and [(¢H2,+1)4N]Br (n = 10,
12, 16, 18) as surfactants. The catalysts were compared for the selective sulfoxidation of 4,6-dimethyl-2-thiomethylpyrimidine using peroxide as
an oxidising agent in a range of ionic liquids and organic solvents. The sol—gel catalysts were also compared with tantalum on MCM-41 prepare
by grafting. The catalysts were characterized from adsorption—desorption isotherso@ Dl patterns, small-angle X-ray scattering, IR spectra
from adsorbed pyridine and CD4;IXPS spectra, antPsi magic angle spinning (MAS) NMR experiments. The effect of recycling on the catalyst
leaching and selectivity/activity was also studied. High activities and selectivities were found ] [NdGdsed ionic liquids and organic solvents
with good recyclability of the catalyst. Tantalum was found in the solution after reaction; however, this was determined to be due to entrapmen
of catalyst particulates, as opposed to leaching of the active metal.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction molybdenum-antimony mixed oxidg4], and polyoxometa-
lates[5]; however, in all of these studies, leaching of the active
Liquid-phase selective oxidations using hydrogen peroxidéF’eCies into the reactiqn mediawas detected to_varying degrees,
with heterogeneous catalysts that are stable with respect to trafith those based on titanium reportedly showing the greatest
sition metal leaching is of significant interest to the fine andSt@bility in molecular solvents]. More recently, the use of
pharmaceutical chemical industries. In particular, the selectiv@n'c_ '|IC|UIdS 'as alternative regf:tlon media has been'showr'l to
oxidation of thioethers has attracted much attenfih The significantly increase the stability of these catalysts with a wide

oxidation products of these substrates are widely used as drug{?nge of structure$7-9]. Unexpectedly, the increase in the

agrochemical and synthetic intermediates for valuable biologiic2ching stability was also accompanied by significantly greater

cally active compounds, and synthons in the synthesis of naturgf"‘talyt'C activity. _ ) )
products2]. Because of the amount of leaching seen in these studies, the

B_eterogeneity of the catalytic process was examined, includ-
Ing an investigation of whether the catalysts are needed for the
thioether to sulfoxide reaction. For example, Robinson et al.
showed that oxidation of dialkylthioethers to the correspond-
" Corresponding author. ing sulfoxide in the absence of a catalyst was possible, whereas
E-mail address: c.hardacre@qub.ac. (€. Hardacre). oxidation to the sulfone required the use of TS-1 as the cat-

Several metals have been shown to be active and sele
tive in such reactions, including titaniuf8], molybdenum and
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W W W ilies of quaternary ammonium salts were used as surfactants,

NN \NgAL| NN [C,H2,+1(CH3)3N]Br (n = 14, 16, 18) and [(£H2,+1)4N]Br
Y o . Y S \C/o (n = 10, 12, 16, 18), with the catalysts that formed denoted
S /S\\o -~ S\\O as Tan and Ta-4sn, respectively. Tantalum on MCM-41 (Ta-

MCM) was prepared using an MCM-41 support, synthesized
Scheme 1. Sulfoxidation of 4,6-dimethyl-2-thiomethylpyrimidine. following the procedure reported by Chen et [@1]. Depo-
sition of tantalum was carried out by grafting from an alco-

alyst[10]. Although homogeneous reactions were minimizegholic solution of tantalum(V) ethoxide. All catalysts contained
using the ionic liquid, particularly in the case of Ti-SBA-15 in 15 wt% TaOs as determined by ICP-AES.

[emim][BF4] [9], leaching was not totally eliminated even un- Surface area measurements and pore size distributions
der these conditions, and thus the need for nonleachable acti¥¢ere obtained from adsorption-desorption isotherms of N
species remains important. In this regard, the present paper rat —196°C using a Micromeritics ASAP 2000 apparatus af-
ports on the use of tantalum supported on silica for the selectivier evacuation of the samples at 28D for 12 h. The mea-
sulfoxidation reactions in ionic liquids and organic solvents. surements were made using both micropore and mesopore

Meunier et al. have shown that similar catalysts with atomi-formalisms. XRD patterns were recorded with a Siemens
cally dispersed tantalum are active for asymmetric epoxidatio®>5000 Kristalloflex diffractometer using CusKadiation ¢ =
of allyl alcohols and that the catalysis was related to the surfack 5406 A) and a 0.03step size. Small-angle X-ray scattering
sites and not to dissolved specjé4]. This finding may not be (SAXS) experiments were performed with an evacuated Kratky
surprising, however, because tantalum exhibits very low epoxcompact camera mounted on a Siemens rotating copper anode
idation activity as a dissolved speciii?]. Zemski et al. re- (6 kW) with a take-off angle of 3 Selection of Cu-k radia-
ported that tantalum is an active species for the heterogeneougign was achieved using a Ni filter and completed by electronic
catalysed oxidation of-butang13]. In this case, the active site discrimination. A one-dimensional proportional counter (Braun
was related to tantalum oxide clusters in which the reactiviyOEDS0M), placed at a distance of 24.5 cm from the sample,
of the clusters was dependent on the composition, size, chardéas used to record the scattering patterns. The channel width
state, and degree of coordinative saturation. Dispersed tantaludh the detector was-71 um, that is, close to the resolution
oxide has been shown to be an effective promoter for mixe®f the detector. Precise values of channel width and sample-
oxides in selective oxidation of propene, butanes, and xylene§-detector distances were obtained by measuring calibration
[14,15] as well as in photocatalytic oxidatiofis8]. Recently, ~standards, namely rat-tail collagen and crystalline monodis-
Wachs et al[17] reported that increasing the size of the tanta-perse oligomers with (-F-O—-F-O-F-CO-) as a repeating unit,
lum oxide particles to large crystallites or agglomerates reduce@here F represents a para-linked aromatic moiety. The beam
the oxidation capabilities of Ta due to a change in the acidiéhape P(, v) was measured in the plane of the detector in the
property of the clusters formed. horizontal direction §) with 0.658 cm as the standard devi-

In the present study, highly dispersed Ta in a mesoporougtion. In the vertical directionv), the beam was very sharp
like matrix was used for the liquid phase sulfoxidation of (~300 um FWHM), and thus was considered a delta func-
4,6-dimethyl-2-thiomethylpyrimidine to the corresponding sul-tion. The powders were measured in 1-mm-diameter Mark glass
foxide (Scheme )L Previous studies reported the synthesiscapillaries, and acquisition times of 1800 s were used through-
of pure mesoporous tantalum oxide molecular sief8] out. The scattering of an empty capillary was also recorded, to
or tantalum-silica mixed oxides organized either as silicaliteobtain the so-called “parasitic” scattering. This parasitic scat-
molecular sieves with MFI structurfl9] or as nonordered tering, scaled by sample transmittance, was subtracted from the
microporous—mesoporous soli@®]. The present approach ex- sample scattering to obtain the parasitic-corrected scattering.
amined the incorporation of dispersed tantalum oxide clusters IR spectra from adsorbed pyridine and CR@kre collected
in a nonordered monomodal and bimodal porous silica matricegn a Bruker IFS88 infrared spectrometer. The samples were

using the sol-gel technique. studied as self-supported discs (10-15 mgépnin a Pyrex IR
cell with KBr windows. Before adsorption, the samples were
2. Experimental outgassed at 45 under 104-10"° mbar vacuum for 4 h.

The spectra were recorded after removal of the excess or weakly

TapOs5-SiO, catalysts were prepared by a sol-gel methodadsorbed pyridine at room temperature, 200 and°850n the
using tetraethyl orthosilicate (TEOS) and tantalum (V) ethox-case of deuteriated chloroform, the spectra were recorded only
ide as the sources of silicon and tantalum, respectively. That room temperature after the adsorption of 100 mbar GDCI
silica sol was prepared from TEOS under acid hydrolysisand then again after degassing of the samplesat frtbar.
(pH = 1.5, HCI) using a gel composition ratio of 1:4.5:50 The XPS spectra were recorded using a SSI X probe
(TEOS:H0O:CH50H). After refluxing for 2 h at 80C, the so-  FISONS spectrometer (SSX-100/206) with monochromatic Al-
lution was cooled to room temperature, and tantalum ethoxid&, radiation. The spectrometer energy scale was calibrated
(14 wt% in GHsOH) and the surfactant were added to the sol-using the Au47,, peak (binding energy, 84.0 eV). The €1
gel, producing a transparent gel. Gelification was carried out at 284.8 eV was used as an internal standard for calculating the
room temperature. The resulting gel was dried under vacuum &tinding energies. The peaks assigned tadTd44f, Si2p, and
80°C and subsequently calcined at 6@for 5 h. Two fam-  Ols levels were analyzed.
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The 2°Si MAS NMR experiments were performed at room Table 1
temperature on a Bruker ASX100 spectrometer (2.33 T) operaftextural characteristics of the investigated catalysts from adsorption—
ing at a Larmor frequency of 19.89 MHz f89Si with a 4-mm  desorption isotherms at196°C, and SAXS
probe head. Th&°Si MAS NMR spectra were obtained at a 5- Catalyst BET surface Micropore area from-plot Pore size (nm)

kHz spinning rate using a single pulse excitatian/10) with area(Mg~') surface analysis (fig™) N, adsorption SAXS
a recycle delay of 15 s to prevent saturation. ¥#®i chemi-  Ta-14 724 181 3 37
cal shifts were referenced relative to Si(g)id The simulations Ta-16 692 171 3@ 37
were performed using the DMfit prograi22]. Ta-18 698 178 352 37
1-Butyl-3-methylimidazolium triflate ([bmim][OTf]), 1-but- To 472 252 e po >
yl-1-methyl-pyrrolidinium bis(trifluoromethanesulfonyl)amide 1, 4.16 157 o5 B, 24 _
([ompyr][NTf2]), 1-butyl-3-methylimidazolium bis(trifluoro- t4.4-18 145 11 B, 240 -
methanesulfonyl)amide ([bomim][N%}), and 1-butyl-3-meth- Ta-MCM 845 45 282 31

ylimidazolium lactate ([bmim][Lac]) were prepared in-house a ponomodal pore size distribution.
from the corresponding halide salts using standard literature® Bimodal pore size distribution.
methodg23-25] Each ionic liquid was dried under high vac-

uum at 80°C for 12 h. The purity of the ionic liquids was the textural properties. Using [€l2,.1(CHz)sN]Br (n = 14,
confirmed by'H and'*C NMR spectroscopy. 16, 18) leads to high surface area materials in which the alkyl
Typically, the sulfoxidations were performed using 25 mgchain length;z, had little influence on the surface area or the
(0.16 mmol) 4,6-dimethyl-2-thiomethylpyrimidine, 5 mg cata- pore size. In contrast, the surface area and pore size of the cat-
lyst, 0.2 mmol oxidant, and 0.6 g solvent stirred at 12000 rpm ahlysts formed using [(§H2.+1)4N]Br were strongly dependent
40°C for the time required. The oxidations were performed uUson the length of the chain. Two types of catalyst were formed
ing hydrogen peroxide as a 30 wt% solution in water (HPW),using alkyl chainz = 10 or 12 andz = 16 or 18. A signifi-
a 2 M anhydrous solution in dioxane (HPD), a 70%t-  cant decrease in surface area was found using the longer alkyl
butylhydroperoxide (TBHP) solution in water, or the solid chains, which also resulted in the formation of catalysts with a
urea—hydrogen peroxide complex (UHP). bimodal pore size distribution compared with a monomodal dis-
Leaching and recycle tests were carried out using a douribution found using alkyl chains = 10 or 12. As expected,
ble amount of catalyst (10 mg) in [bmim][OTf] after 100 min |arger pore sizes were found using [¢€2,1)4N]Br compared
of reaction time. After the reaction was complete, the suspenwith [C,Ha,1(CHz)3N]Br with 24-nm macropores found in
sion was centrifuged for 5 min at 3500 rpm, the liquid phaseTa-4-16 and Ta-4-18.
was decanted, and the catalyst residue was washed with ace-The z-plot analysis of these materials indicated that in ad-
tone (3x 2 cnP) to ensure that no residual ionic liquid or sub- dition to mesopores, significant microporous surface area was
strate/product remained on the catalyst. Before recycling, thelso formed. The micropore surface areas were very similar to
catalyst was dried in air at 12C for 2 h. In addition, reactions those determined using the micropore formalism. As found for
were performed on the solvent after separation of the catalyshe BET surface area, the micropore surface area of the cata-
using the procedure described earlier. To assess tantalum leadysts prepared from [(Hy,1(CH3)3N]Br was not dependent
ing after each reaction, the tantalum content of the solvent angn », whereas for [(GH2,.1)4N]Br, a decrease in micropore
dried catalyst was analysed by ICP-AES. After each run, thgurface area was observed with increasing valuas the size
catalysts were analysed by diffuse reflectance UV-vis (DR-ef the micropores, as determined using the micropore formal-
UV-vis) using a UV-4 Unicam spectrophotometer equippedsm, was<0.8 nm for all of the catalysts.
with an integrating sphere. SAXS measurements confirmed the pore size determina-
The reaction products were analysed by HPEEand3C  tion obtained using BET formalism. The small angle reflections
NMR spectroscopy. NMR spectra were recorded using a Brukeg29 = 2.4-6.1°) indicated a two-dimensional hexagonal texture
Avance DRX spectrometer, operating at 300 MHz ¥erand  and, from thed10o spacing, pore sizes of 3.6 nm for Ta-14 and
75 MHz for 13C. 'H NMR analysis was performed on the re- Ta-18 and 4.4 nm for Ta-4-10 and Ta-4-12. However, the dif-
action mixture, showing very good agreement with the HPLCfraction patterns for these materials were weak, demonstrating
results. HPLC analysis was performed on an Agilent 1200 ligthat much of the catalyst was amorphous. This was confirmed
uid chromatograph, using a C8 (Eclipse-XDC8) column withby XRD in the wide-angle region 2= 10-9C), which showed
an eluent containing acetonitrile:water (1:1), at a flow rate ofonly a broad peak centred at 26 dorresponding to the silica

1 cmP min~ L. matrix (Fig. 1a). The absence of diffraction features associated
with tantalum oxides is a good indication that the tantalum was
3. Results well dispersed in the silica matrix.
In contrast, although the Ta-MCM catalyst showed BET sur-
3.1. Textural characterization of the catalysts face area comparable to that of the/Taaterials, significantly

smaller micropore surface areas and pore sizes were observed.
Table 1summarises the textural characteristics of the invesin comparison, with the parent MCM-41 material (BET sur-
tigated catalysts, Ta; Ta-4#, and Ta-MCM. The data demon- face area= 1141 nfg~1), the deposition of tantalum led to
strate that the directing agent plays an important role in definin@g decrease in total surface area-e25%. The deposition of
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Table 2
M- e S A Ta-14 XPS binding energies of Tg4,2 and Sigs,2 levels and comparative XPS and
M v oo chemical TdSi atomic ratios determined by ICP-AES
M Catalyst XPS binding energy (V) @i atomic ratiox 103
Tadf7/2 Si2p3/2 Chemical analysis XPS
Ta-4-12 Ta-14 264 1032 115 64
Ta-16 264 1032 115 69
Ta-18 265 1032 115 75
Ta205 Ta-4-10 264 1032 115 102
Ta-4-12 265 1032 115 134
Ta-4-16 264 1032 115 188
‘ ‘ Ta-4-18 264 1032 115 194
1 1 1 [ T 1 Ta-MCM 265 1034 115 234
10 20 30 40 50 60 70

20 /° @

@ . /\\

Intensity
)
. /
-

Parent MCM-41
1650 1600 1550 1500 1450

Wavenumber / cm-!

Ta-MCM

Fig. 2. IR spectra of (a) fresh Ta-14, (b) pyridine adsorption on Ta-14 at room
temperature and Ta-14 following pyridine adsorption heated to (c) 200 and

2 4 6 8 10 (d) 350°C.
20/° clear whether the increase in the/Baratio observed is due to
(b) the decreased tantalum found in the pores of the catalyst or to

Fig. 1. XRD patterns of catalysts prepared via (a) the sol-gel method usingt,)he higher dispersion of tantalum over the surface, resulting in
[CyHa,11(CHg)3N]Br (1 = 14, 16) and [(GHo,41)aN]Br (n =10, 12) and ~ Smaller TaOs clusters. Both scenarios would result in a higher
(b) grafting of tantalum on MCM-41 (Ta-MCM). The lines show the diffraction Ta/Si ratio.
peak positions expected for tantalum(V) oxide. The slightly higher TaSi XPS atomic ratio found for Ta-
MCM cannot be compared with the ratios found for thexTer
tantalum did not affect the pore structure, with SAXS showingTa-4+ catalysts because of the significant difference in prepa-
the well-defined 2-D hexagonal texture of MCM-41, as was exration method. For example, the grafting method used in the
pected Fig. 1b). As found for the Tar or Ta-4#, wide-angle  synthesis of Ta-MCM is more likely to lead to multilayer of
XRD showed that no agglomeration of the tantalum oxide hadantalum oxide compared with the sol-gel method.
occurred during the grafting onto the MCM-41 support.
3.3. IR spectra of adsorbed pyridine
3.2. XPS
Fig. 2shows typical IR spectra from adsorbed pyridine (py-

XPS binding energies and comparative chemical and XP$R) recorded for the investigated catalysts at room temperature,
determined atomic ratios are given Table 2 As expected, 200 and 350C in the 1425-1650 crt region. These spectra
the binding energies corresponding to T# 4 level exhibit  show typical py-IR absorption bands for solid acid materials as-
typical values for Tat for Tan, Ta-4n, and Ta-MCM cata-  signed to the 8a and 19b vibration modes of adsorbed pyridine
lysts[26]. A significant difference between the bulk and surfaceon Lewis acid sites (py-L) with bands at 1613 and 1450 ¢m
Ta/Si atomic ratios was found, with materials showing surfaceand on Brgnsted acid sites (py-B) with bands at 1638 and
enrichment of tantalum in all cases. In addition, for bothwTa- 1545 cnt!. The bands at 1597, 1576, and 1490 ¢rmay be
and Ta-4n catalysts, as the chain of the directing agent wasassigned to pyridine adsorbed on either Lewis or Brgnsted acid
lengthened, the surface /@i ratio also increased, with those sites[27]. Table 3summarises how the relative intensity of the
formed from [(G,H2,1)4aN]Br showing significantly higherra- bands located at 1450 and 1545 thfor the py-L and py-B
tios than those prepared using, &, 1(CH3)3N]Br. It is not  sites, respectively, vary with temperature for the investigated
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Table 3

The evolution of the relative intensity of the bands associated with pyridine
adsorbed on Lewis acid sites (py-L) at 1450 chand pyridine adsorbed on (a)
Bransted acid sites (py-B) at 1545 chat room temperature, 200 and 38D

as a function of the catalyst 2

[7]
Catalyst Intensity of py-L at 1450 cid  Intensity of py-B at 1545 cm?! g

[

RT 200°C 350°C RT 200°C 350°C - (b)
Ta-14 258 109 043 036 0 0
Ta-16 314 128 053 029 002 0 ©
Ta-18 276 124 049 012 0 0
Ta-4-10 216 198 Q72 027 014 0
Ta-4-12 188 119 059 019 0 0 T w w w w w
Ta-4-16 088 044 036 0 0 0 2500 2400 2300 2200 2100 2000
Ta-4-18 064 037 031 0 0 0
Ta-MCM 2349 032 012 0 0 0 Wavenumber / cm”
Fig. 3. IR spectra of (a) fresh Ta-14, (b) CRCidsorbed on Ta-14 at room

Table 4 temperature and (c) after outgassing following adsorption of GD@ITa-14.

Intensity ratios of the bands associated with the bands associated with pyridine
adsorbed on Lewis acid sites (py-L) at 1450 chat room temperature with  Table 5
pyridine adsorbed on Bransted acid sites (py-B) at 1545%at room temper-  Position of the CDGJ-adsorption bands and the normalized intensity as a func-

ature and with pyridine adsorbed on Lewis acid sites (py-L) at 1450%cat tion of catalyst preparation method and directing agent used
200°C and 350 C for the sol-gel-prepared and MCM catalysts

Catalyst Position of the CDgI Normalized

Catalyst py-L(1450 cml)/ py-L(1450 cnrd, RT)/ py-L(1450 cnt, RT)/ adsorption bands (cnt) intensity

py-B(1545 cntl) py-L(1450 cnl, py-L(1450 cn 1, Ta1a 2259 B

atRT 200°C) 350°C) Ta-16 2259 a
Ta-14 72 24 6.0 Ta-18 2259 6l
Ta-16 108 24 59 Ta-4-10 2262 5
Ta-18 230 22 5.6 Ta-4-12 2263 a
Ta-4-10 80 11 30 Ta-4-16 2262 3
Ta-4-12 99 16 32 Ta-4-18 2262 o
Ta-4-16 — 20 24 Ta-MCM 2262 11
Ta-4-18 - 17 21
Ta-MCM — 734 1957

and 350 C (Table 4 shows that the pyridine was bound more
) strongly on the Ta-4+ catalysts than on the Tamaterials, but
catalysts. All of these values were normalized to the Cataly%;vith no obvious trend in the strength of the pyridine adsorption

mass. o as a function of:.
In general, the Ta catalysts showed a significantly greater |, comparison, the sample Ta-MCM demonstrated Lewis

number of Lewis acid sites at room temperature than the Tasq sjtes only at room temperature and, despite a surface area
A}-n catalysts. .In ad_dlt_lon, a]though the former catalysts hadimilar to that of the Ta-4- (n = 10 or 12) and Tas catalysts,

little systematic variation withz, the catalys';s formed from 4 significant concentration of py-L species. However, the pyri-
[(C1H2,+1)aN]Br showed a clear decrease in the number Ofgine adsorption of Ta-MCM was much weaker than that of the
Lewis acids at room temperature with increasing alkyl chainsg|_gel materials, as evidenced by the large desorption found at
length. In contrast, the number of Bransted acid sites decreasegg and 350C.

with increasings for both sol-gel-prepared catalysts. In gen-  For all of the catalysts studied, only weak adsorption was

eral, the intensity of the bands, and hence the number of acighserved on the Brgnsted acid sites. Practically no py-B bands
sites, maps the surface area measurements sholabie 1 remained after the samples were outgassed at@00

In particular, a substantial drop in the number of acid sites was
observed for the Ta-4-catalysts whem = 16 or 18, whichis  34. |R spectra of adsorbed CDCl3
consistent with the large decrease in surface area observed for
those catalysts compared with= 10 or 12. It is also interest- Fig. 3 shows typical IR spectra from adsorbed CR®r
ing to note that the relative proportion of Lewis to Brgnstedthe investigated catalysts in the 2500-2000 ¢mange, and
acid sites increases with chain length for both surfactants usettable 5summarises the adsorption band positions and inten-
as shown infable 4 For the Ta-4a catalysts, where =16 or  sities normalised to the catalyst mass. The adsorption bands
18, the features due to the Brensted acid sites were below thghserved between 2263 and 2259 ¢morrespond to weak ba-
detection limit of the technique. sic sites and are consistent with adsorption on pure Ji%8h

As expected, increasing the temperature resulted in desorpx small shift (~3—4 cn!) in the CDCk-adsorption bands to a
tion of pyridine from the surface even at 200, indicating lower wave number was found on comparing the:Teatalysts
a relatively weak interaction with the acid sites. Comparingwith the samples prepared from [(B2,+1)4N]Br or through
the py-L intensities at room temperature with those at 20@rafting onto MCM-41, which may indicate increased adsorp-
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Table 6
Cl Relative populations determined from the peak areas and isotropic chemical
surface—OH ---- CI-C-D shift of the different silicon species used to model #Asi MAS NMR signals
él for the sol—-gel- and MCM-41-supported ;3 catalysts. The standard devia-
tion for the chemical shift between samples wakppm
Catalyst Isotropic chemical shift (ppm)
Scheme 2. Schematic of the adsorption geometry of G@@lthe acidic cata- Q3 Q4
lyst surface. 895 954 1005 103.6 106 109.3 113.8 1175
Ta-MCM - 7 29 5 7 37 11 4
Ta-16 4 10 30 6 - 41 9 -
Ta-4-12 13 - 41 - 4 31 11 -
Ta-4-18 4 9 35 5 8 32 7 -

a unique peak centred aroundl09 ppm that can be fitted
to a minimum of five to seven components. These peaks cor-
respond to a small variation in the local environment of the
silicon atoms. The results of the simulation are givenra
ble 6 2°Si chemical shifts in oxide systems are very sensitive
to two factors, the nature of the neighbour close to the studied
silicon atoms and the local environment of the silicon. These
factors determine the Si—-O-Si angle and Si—O bond length,
with the nearest-neighbour atom type having the most influ-
ence on the isotropic chemical shift. Considering this parameter
only, five different silicon environments can be conceived, de-
noted as Q, wherem represents the number of silicon atoms
in the second coordination sphere. For examplepajigcies
can be formally written as Si(QX*)4, where X#£ Si, Q is
Si(0Si)(O"X )3, and Q is Si(0OSip(0O~XT)2, where 0< m <
4 and with the isotopic chemical shift range for each value of
well known[30].
Based on this, the different contributions can be separated
‘ into two main groups consisting ofidEpecies (three bridging
100 50 0 -50 -100 -150 -200 -250 -300 oxygen atoms around the silicon and one nonbridging oxygen
Isotropic Chemical Shift / ppm atom) at a chemical shift between90 and—105 ppm, and
Q4 species (four bridging oxygen atoms around the silicon)
Fig. 4.29Si MAS NMR spectra of the catalysts prepared by the sol-gel routeat a higher chemical shift between -106 and17 ppm. The
and via grafting onto MCM-41. fits using the peaks summarisedTiable 6indicate no signifi-
cant differences in the relative population of the two groups for
tion strength and thus more basic sites. In agreement with theatalysts prepared by the sol-gel method, with bott Eard
pyridine adsorption measurements on the Lewis acid sites, thea-4 materials having a summed;@Bummed @ peak area
intensity of the CDG band was found to have little system- ratio of approximately 1. In contrast, the MCM-41-based mate-
atic variation withn for the Tan catalysts, whereas a decreaserial had a ratio close to 1.4, indicating that grafted catalyst had
with n was observed for the Ta+-materials. However, unlike a higher degree of polymerization with less Si-O-X-8i)
the pyridine adsorption, litttle CDglwas found to bind to the Jinkage. Comparing the grafting and sol-gel-prepared catalyst
Ta-MCM catalyst. The CDGladsorption is thought to be asso- Q4:Qs ratios suggests the existence of (-OsSTha bonds in
ciated with the surface OH species, as showBdheme 2and, the framework when the sol-gel process was used.
as expected, the adsorption was accompanied by a decrease inBecause of the low concentration of tantalum in the cat-
the intensity of the band associated with the hydroxy group aglysts, no information on the tantalum environment could be
3740 cnl [29]. The weak basic strength of the surface hy-determined from thé8Ta MAS NMR spectra.
droxyls is also consistent with the complete desorption of the
adsorbed CDGl on evacuation of the samples and the reap3.6. DR-UV-vis spectra
pearance of the 3740 crh hydroxy group band.

DR-UV-vis spectra of the catalysts showed a significant
3.5. MASNMR measurements change as a function of the reaction media ugéd.(5). The
spectra from the fresh catalysts (Ta-16 and Ta-4-16) were es-
2935i NMR spectra of Ta-MCM, Ta-16, Ta-4-12, and Ta-4- sentially featureless in the region associated with the tantalum
18 are shown irFig. 4. The four catalysts signals exhibited oxide species band, in agreement with the high dispersion de-
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(f) using [NTH]~ and the least conversions found using [Lac]

It is interesting to note that almost no reaction was observed
with the lactate anion, in agreement with a report of similar
(e) reactions using Ti-Ge supported on MCM-f. Therein it
was proposed that the anion interacted directly with the active
metal species and caused inhibition. Comparing [bomim]plTf

(d) and [bmpyr][NT%] demonstrates & 50% decrease in the con-
© (c) version, with the imidazolium cation showing higher activity
(b) than the pyrrolidinium-based ionic liquid. This again is in ac-
cordance with the previously proposed model for the Ti-Ge
(a) supported on MCM-41 catalysts. Here the cations were thought

to activate the peroxy group to varying extents by increasing
the electrophilicity of the oxygen. Because of the stronger hy-
drogen bonding capability of the imidazolium cation compared
with the tetraalkylammonium species, stronger activation oc-
curred, and increased conversion was observed. Considering the
anion, it is interesting to note that the acid-free ionic liquids,
42000 37000 32000 27000 22000 17000 12000 prepared by metathesis from LiOTf, showed much lower rates
of reaction than the corresponding ionic liquid prepared us-
ing HOTf. From previous studies, although the sulfoxidation is
Fig. 5. DR-UV-vis spectra of (a) fresh Ta-16, (b) Ta-16 after reaction innormally considered a Lewis acid-catalysed process, Brgnsted
[omim][NTf2], (c) fresh Ta-4-16, (d) Ta-4-16 after reaction in ethanol, (e) Ta-4- acids may also catalyse the reaction, and the increased con-
16 after rgaction in dioxane and_(f) Ta-4-16 after reaction in [omim]NTf  y,arsion is likely due to acid impurities from the synthegik
The reactions were performed using HPW for 4 h at@0 It should be noted that with the exception of the ionic liquid
prepared from HOTT, reactions performed in the absence of cat-
-IF-’z?IchZta e conversion and selectivity with respect to the sulfoxide followin alyst showed<0.5% conversion after 60 min. In the presence
the oxidagt]ion of 4,6-dimethyl-2-thiom)(/ethylpyrimpidine using Ta-14 and HPDgbf 2 mM HOTT, the conversion in the ionic Ilqwd-cata_lysed re-
after 4 h at 45C as a function of the reaction media action in the absence of the heterogeneous catalyst increased to
4% after 60 min. Unlike in previous reports that used titanium-

0

Wavenumber / cm™!

lonic liquid Conversion (%) Sulfoxide selectivity (%) . . . . .

‘ based catalysts, in which changing from conventional organic
[omim][NTf5] 375 838 | ionic liauid ited i anifi ) }
[omim][OTf] 119 289 s.olvents to ionic liquids resu ted in a significant increase in ac-
[bmim][OTf] (H free) 77 100 tivity [7-9], similar activities were found comparing the best
[bmpyr][NTf5] 18.7 842 ionic liquid solvents with dioxane or ethanol for the tantalum
[bmim][Lac] 0.9 100 systems.

Dioxane 342 813 High selectivities to the sulfoxide were found for all of the
Ethanol 427 782

solvents used, with lower selectivities found in the reactions
with the highest conversions, as expected. At the same con-
termined for tantalum from XRD and XPS measurements. Litversion, only small differences in sulfoxide selectivity were
tle difference in the spectra was observed After sulfoxidatiorpbserved, indicating that the solvent had little influence on
of the 4,6-dimethyl-2-thiomethyl-pyrimidine in [omim][NT}f,  the relative rates of sulfoxide and sulfone formation. No other
which may indicate that the dispersion of tantalum remainedyproducts were observed. To compare the variation with the
unchanged during the reaction. In contrast, after the reactioaxidant and catalyst preparation used, all subsequent reactions
was performed in ethanol and dioxane, bands at ca. 36,000 ameere performed using [bmim][NEf.

29,300 cnt! were found. The former has been reported to be Figs. 6 and &how the variation of the conversion and selec-
due to the presence of @s (36,000 cnT?) [19], whereas the tivity to sulfoxide using HPW and HPD as oxidants, respec-
feature at 29,300 crt may be due to a change in the coordi- tively. Although similar selectivities were observed for both
nation of tantalum as a consequence of exposure to oxidativexidants, a significant decrease in conversion was found us-

conditions. ing HPD compared with HPW. Both oxidants showed similar
trends with respect to the variations in catalyst preparations.
3.7. Oxidation of the 4,6-dimethyl-2-thiomethyl pyrimidine Varyingn for the [G,H2,+1(CHz)3N]Br surfactant had little ef-

fect on the rate of reaction, whereas a clear decrease in conver-
Table 7gives the sulfoxidation yields using Ta-14 and HPD sion was observed with increasindor the [(C,H2,+1)4N]Br-
as a function of the ionic liquid and organic solvent used. Bothdirecting agent, and almost no activity was found for Ta-4-
the ionic liquid cation and anion have a significant affect on18. Furthermore, all catalysts prepared using the sol-gel route
the conversion observed. As found with other sulfoxidationshowed lower activity than the grafted MCM-41 material. Com-
reactions[7], increasing the coordinating ability of the anion paring the selectivity at comparable conversions shows no clear
caused a deleterious effect, with the highest conversions fourdifference between the catalysts, indicating that the nature of
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Fig. 6. Variation of the percentage conversi@) @nd sulfoxide selectivity[{) for the sulfoxidation of 4,6-dimethyl-2-thiomethylpyrimidine using HPW af 40
over 220 min in [omim][NT$] as a function of the catalyst.
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%Conversion/Selectivity
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Ta-14  Ta16  Ta18 Ta4-10 Ta4-12 Ta4-16 Ta4-18 Ta-MCM

Catalyst

Fig. 7. Variation of the percentage conversi@) @nd sulfoxide selectivity({l) for the sulfoxidation of 4,6-dimethyl-2-thiomethylpyrimidine using HPD af 40
over 220 min in [bomim][NT$] as a function of the catalyst.

the structure directing agent, its size, and the catalyst prep@pmim][OTf] is illustrated in Fig. 9. Although a decrease in
ration method do not influence selectivityig. 8 compares conversion, with a corresponding increase in sulfoxide selec-
the conversion of 4,6-dimethyl-2-thiomethylpyrimidine using tivity, was observed for the first four reactions, thereafter the
HPW, HPD, TBHP, and UHP as oxidants. Clearly, hydrogenconversion remained almost unchanged for all three catalysts
peroxide in water was the most active oxidant of the peroxideexamined. Furthermore, using Ta-MCM, complete selectivity
tested, with an inverse relationship found between conversiowas achieved at 50% conversion from the fourth reaction af-
and sulfoxide selectivity. ter 100 min.Fig. 9 also shows the corresponding amount of
The variation in conversion and selectivity as a func-tantalum leaching into the ionic liquid for each reaction as a
tion of catalyst recycling for Ta-14, Ta-16, and Ta-MCM in function of catalyst recycling. In each case, tantalum was found
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Fig. 8. Comparison of the percentage converslhgnd sulfoxide selectivity 0 ' ' ‘ ‘ ' ' ' 0
() for the sulfoxidation of 4,6-dimethyl-2-thiomethylpyrimidine using Ta-14 T2 3 4 5 6 7
at 40°C over 220 min in [bmim][NT$] as a function of the oxidant. Reaction Number
@
in solution and, with the exception of Ta-14, the concentration - 5
decreased with increasing recyclings, eventually becoming con- Ta-16 o
stant at between 1 and 2%. Surprisingly, there was an increase 907
in tantalum in the ionic liquid for Ta-14 as a function of recy- 2 é s © -4
cling number. Similar amounts of tantalum were observed ing 807
solution on recycling using ethanol as the reaction medium; for% 701 o_\°|
Ta-14, 2% tantalum leaching was found over the first two reac-® 3 o
tions. Comparing the Si:Ta atomic ratio of the recycled catalysté 601 x « §
with the fresh material reveals no significant difference in cata-% X o L, S
lyst composition, indicating that the tantalum detected was duez 507 " e
not to solvated metal, but rather to a retention of small catalys@ ] n
. . L . . . > 40 | |
particles in the ionic liquid on separation. This also explains s~ -1
how the increases and decreases in tantalum leaching depend  3q " o
on catalyst preparation. Increases in the Ta concentration in " oom
solution with recycling may be due to the breakup of larger 20 ' ' ' ' ' ' ' 0
aggregates as a function of stirring, and thus the “fines” will T2z 3 4 5 6 7
increase with reaction number, whereas the decrease can be un- Reaction Number
derstood by the fact that the “fines” will be gradually removed (b)
from the catalyst with each recycle. The fact that the XRD and 100 o— o 8
DR-UV-vis data before and after reaction also showed little Ta-MCM o
change is also consistent with this interpretation. This is in | X o © -7
contrast with catalysts based on mesoporous titanium catalyst 90
where significant structural reorganisation was found after reacs3 o "6
tion, which was thought to be due to dissolution of the transition% 807 n L5 §°|
metal followed by readsorptid@]. Very low activity was found £ © « o
from the separated ionic liquid phase, wi#20% of the activ- _5 70 L ; -4 5
ity observed in the absence of catalyst compared with that in theq—,"’ Q
presence of the catalyst. Similar behaviour has been observeg 60 X 3 &
for vanadium- and titanium-supported silica catalysts for per-8 % L
oxide selective oxidation reactions by Deng ef2d]. Therein, | u XX
inseparable nanoparticles by material erosion disguised the ex- 50 . . = -1
tent to which leaching had occurred and whether or not the
reaction was homogeneously catalysed. The loss in activity dur- 40 ! ' ‘ ‘ ' ' ' 0
ing recycling was also complicated by losses due to the manual 1 2 3 4 5 6 7
manipulation; for example, 80% of the material was recovered Reaction Number
after four reactions. Furthermore, pore blocking of the catalyst ©

by the ionic liquid has been shown in heterogeneously catalrig. 9. variation of the percentage conversiill) (sulfoxide selectivity ©) and

ysed hydrogenation reactions, which may also contribute to th&a leached ) as a function of recycle in [omim][OTf] after 100 min reaction
reduction in conversion with recyclir{§2]. time using HPW and 10 mg of (a) Ta-14, (b) Ta-16 and (c) Ta-MCM.
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Scheme 3. Schematic of the tantalum surface species.
Scheme 4. Schematic of the sulfoxidation reaction site.

4. Discussion - .
It noteworthy that the excellent selectivity obtained for all of

The 29Si MAS NMR and pyridine/CDGJ adsorption data these catalysts is in agreement with the acidic character of the

demonstrate that virtually no Brgnsted acid sites are preseﬁf"talySts' The presence of Brrapsted acid sites on the cata_lysts
on any of the catalysts studied and that all have almost pur\gould.easﬂy generate an oxoanion from the h_y,droge” peroxide,
Lewis acid character, because no basicity was determined. Thi1d this species would have a more nucleophilic nature than that
is an extremely important property of the catalyst, because of structurel n Scheme &nd thus would lead to overoxidation

is well known that in liquid phase oxidations using hydrogen© the sulfoxide to the sulfone. o
peroxide, the presence of Bransted acidity leads to decompo- Liké the reaction medium and catalyst, the hydrophilicity
sition of Hb,O,, and thus a reduction in the concentration ofOf the oxidant also has a strong effect on the rate of reac-

active oxidan{33]. In the sol-gel-prepared catalysts, the Iocalt_ion’ with HPW showing the greates.t conversion by far. It is
environment for the tantalum is likely to be bound via Ta—0-lIkely that the presence of water activates the catalyst by hy-

Si or Ta—O—Ta linkages, as shown by spediés Scheme 3 drating the Ta—O-Ta or Ta—O-Si linkages, which activates the
Because there is little evidence that the tantalum is atomicallf€rOXY SPecies in a manner similar to that proposed for the
dispersed in mixed-oxide catalysts using sol-gel metfi@is ydrogen-bqndmg interaction Qf imidazoliym a'nd increases
a significant number of Ta—O—Ta species likely exist. Similarly,"® conversion cheme % This type of reaction has been
the grafting procedure on MCM-41 is likely to produce small, °PServed for amorphous 3@s in Ta-TMS-1, which readily
isolated TaOs clusters with few Ta—O—Si bonds. In both cases,’orms superficial hydroxyl groups on contact with gas contain-

because of the lack of Bransted acidity observed in these syd1d 0-5 Torr of water at 300 K35]. The trend in conversion that
tems, any —OH species are likely to be terminal and not bridge-

HPW > HPD > UHP > TBHP is in line with the lack of acid-
bound, that is, not Ta—O(H)-Ta/Si, as illustrated in speties ity of the_ cata_lyst surface and is in agreement with the variation
in Scheme 3For all of the catalysts studied, the active site is/oUnd with Ti-Ge-MCM-41 catalysts reported previougf.
thought to be a tantalum-peroxo species. The low gctlwty for the TBHP is posqbly due to.sterlc hln-

The relative activity of the catalysts can be understood fronflrance with theert-butyl group, preventing strong interaction
the surface area measurements. Clearly, the rate dropped sigrtfith the active site. Although this may also be true to a lesser
icantly as the surface area decreased, as expected. It is difficGtent for UHP, itis more likely that either the weak basicity of
to compare the activities for the grafted catalyst over the solUréa reduces the acidity of the surface, and hence the catalyst
gel-prepared material because of differences in preparation afftivity, or that of the urea acts as a ligand, blocking the active
structure of the catalysts formed. For example, comparing th'gatf'ily'tlc §|tes, as found in the case of coordinating anions in the
rates found for the Ta-MCM catalyst with Ta-4-12 where the!Onic liquid solvents.
surface areas were similar, the conversion was increased by
~25% for the grafted catalyst over the sol-gel-prepared mad. Conclusions
terial. It is likely that the difference observed is due to the
higher crystallinity of the MCM catalyst, which leads to higher ~ Both sol—-gel and grafted MCM-41 catalysts with 15 wt%
tantalum dispersion (hence the high Ta:Si ratio) and easier atantalum showed high activity and sulfoxide selectivity for
cessibility for the reactants and removal of the products. the sulfoxidation of 4,6-dimethyl-2-thiomethylpyrimidine us-

The precise role of the directing agent in catalyst synthesis igg peroxide oxidants in ionic liquids, particularly those based
not clear. Obviously, conventionally, the directing agent allowson the [NT%]~ anion, as well as in dioxane and ethanol. Good
the formation of micelles, which are structure-determining. Inrecyclability was found for the catalysts, although some me-
this particular case, the directing agent acted as a co-solverthanical attrition of the catalysts was observed, which pre-
influencing the orientation of the polymeric chains. Becausevented total recyclability. However, this problem can be alle-
alkoxide was introduced together with the template in an alcoviated on a larger scale by directly distilling the product from
holic solution, the silica gel polymerised in a controlled mannerthe ionic liquid phase without separating the catalyst. Analy-
favouring high dispersion of tantalum by avoiding rapid hydrol-sis of the catalysts postreaction indicated that the reaction was
ysis. The size/shape of the template normally controls the oriersurface-catalysed. The high activity and selectivity of the cat-
tation of the polymeric chains and the hydrolysis rate; howeveralyst were due to the lack of basic and Brgnsted acid surface
water was present in the synthesis mixture generating the finaites. As found for similar titanium-based catalysts, the rates
gel, and although some association of the template moleculef reaction were found to be strongly dependent on the cation—
occurred, this had very little effect. anion combination of the ionic liquid and the oxidant used.
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