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Efficient and selective hydrogen peroxide-
mediated oxidation of sulfides in batch and
segmented and continuous flow using a

peroxometalate-based polymer immobilised ionic
liquid phase catalyst}

S. Doherty,*® J. G. Knight,® M. A. Carroll,? J. R. Ellison,? S. J. Hobson,? S. Stevens,?
C. Hardacre*® and P. Goodrich®

The peroxometalate-based polymer immobilized ionic liquid phase catalyst [PO4{WO(O,),}41@PIILP has

been prepared by anion exchange of ring opening metathesis-derived pyrrolidinium-decorated norbo-

rnene/cyclooctene copolymer and shown to be a remarkably efficient system for the selective oxidation of

sulfides under mild conditions. A cartridge packed with a mixture of [PO4{WO(O,),}4]@PIILP and silica oper-

ated as a segmented or continuous flow process and gave good conversions and high selectivity for either

sulfoxide (92% in methanol at 96% conversion for a residence time of 4 min) or sulfone (96% in acetonitrile
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Introduction

The selective oxidation of sulfides is a challenging and techno-
logically important process as sulfoxides and sulfones are ver-
satile intermediates used in the synthesis of fine chemicals,
bioactive compounds, agrochemicals, as chiral auxiliaries®
and most recently as ligands for transition metal asymmetric
catalysis.® Moreover, sulfide oxidation is also the basis for the
catalytic oxidative desulfurisation of crude oil in which sulfur
compounds are removed by selective extraction of their sul-
fones into a polar solvent under much milder conditions than
typically required for classical industrial catalytic hydrodesul-
furization.* Sulfoxidations have traditionally employed either
strong oxidants, (e.g. nitric acid or KMnO,) which suffer
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at 96% conversion for a residence time of 15 min). The immobilized catalyst remained active for 8 h under
continuous flow operation with a stable activity/selectivity profile that allowed 6.5 g of reactant to be pro-
cessed (TON = 46 428) while a single catalyst cartridge could be used for the consecutive oxidation of mul-
tiple substrates giving activity-selectivity profiles that matched those obtained with fresh catalyst.

numerous drawbacks such as low yields, extreme reaction con-
ditions and poor E-factors,” or reagents such as m-chloroper-
benzoic acid, UHP,” NacClO,® NalO,,” oxone'® and
dimethyldioxirane'* which are expensive, must be used in
excess, generate stoichiometric amounts of by-product and
involve protocols that require long reaction times, high tempe-
ratures and complicated handling procedures. Since hydrogen
peroxide is economical, more environmentally benign and
relatively atom efficient it is considered the oxidant of choice
and as such numerous organocatalysts,'” enzymes'? as well as
transition metal catalysts based on iron,'"* manganese,'’
vanadium,'® titanium,'” ruthenium,'® molybdenum,"® tung-
sten,”® and zinc®" have been developed for this process. In this
regard, an efficient catalyst must be highly selective for either
sulfone or sulfoxide, inexpensive, easy to prepare and handle,
operate under mild conditions across a wide range of sub-
strates and functionality, have long term stability and be easy
to recover and recycle. While several of these criteria have been
successfully realized there is still a demand to identify and
develop alternative systems to address remaining drawbacks
such as long reaction times, protracted and tedious isolation
and catalyst recovery protocols and leaching of the active com-
ponents under liquid-liquid biphasic conditions while also
being suitable for use in a continuous flow process.*

To this end, oxidation catalysts have been immobilized on
the surface of porous supports or polymers to improve separ-
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ation and recovery as well as recycling but such systems often
suffer from slow reaction rates as well as leaching.>® Ionic
liquids (ILs) are a fascinating class of solvent that have been
widely embraced by the catalysis community as a method for
immobilization of catalysts under homogeneous, liquid-liquid
biphasic and liquid-solid (SILP) biphasic conditions.** Recent
relevant examples include an efficient protocol for the oxi-
dation of sulfides to sulfones catalyzed by V,05 in [C;,mim]-
[HSO,4],>® highly selective sulfoxidation of sulfides to sulfoxides
catalysed by the bifunctional IL combination [SO;HC;py]-
[TiFq)/[C4py][BF4],>® a selective catalyst-free oxidation of sul-
fides to sulfoxides that is faster in ionic liquid than conven-
tional solvents,>” and, most recently, heterogeneous selective
oxidation of sulfides catalysed by ionic liquid-based polyoxo-
metalates®® or tungstate-based poly(ionic)liquid entrapped
magnetic nanoparticles.”® While good conversions and high
selectivities have been obtained in IL media, surprisingly few
recycle studies have been reported.

Taking SILP catalysis as a lead, we have been exploring the
concept of Polymer Immobilized Ionic Liquid Phase (PIILP)
catalysis®® whereby an ionic liquid is immobilized in the form
of a cation-decorated co-polymer. This is an intriguing concept
with a great deal of design potential as it aims to combine the
favourable properties of ILs with the advantages of a solid
support. Such a catalytic process will minimize the amount of
ionic liquid in much the same manner as a SILP system, elimi-
nate undesired leaching of ionic liquid, and facilitate catalyst
recovery and recycling while also being ideally suited to liquid
and gas phase continuous flow processing. Thus, we reasoned
that the use of a well-behaved living polymerization should
enable surface properties, the ionic microenvironment and
porosity of the polymer to be modified in a rational and sys-
tematic manner and thereby catalyst-surface interactions, sub-
strate accessibility and efficiency to be optimized and new
activity—selectivity relationships to be established. Our initial
foray in this area demonstrated that peroxophosphotungstate
[PO{WO(0,),}4]>~ immobilized on a ROMP-derived cation-
decorated polymer ([PO,{WO(O,),},]J@PIILP) is an efficient
catalyst for H,O,-mediated epoxidations.soa Herein, we report
that the same system catalyses the oxidation of sulfides under
mild conditions, both in batch and in a continuous flow
process with short residence times and that high selectivity for
sulfoxide and sulfone can be obtained in segmented and con-
tinuous flow using methanol and acetonitrile, respectively, as the
mobile phase. Moreover, continuous flow operation can be main-
tained over 8 h with only a minor reduction in performance and
the same resin can also be used consecutively with different sub-
strates to give yields and selectivities that match those obtained
when a fresh batch of catalyst is used for each substrate.

Results and discussion

Catalyst synthesis, batch and recycle studies

Peroxometalate-based PIILP [PO,{WO(O,),},]J@PIILP (2) was
prepared by stoichiometric exchange of the bromide anions in
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pyrrolidinium-based ROMP-derived polymer 1 with [PO,{WO-
(0,)2}4]~ (Scheme 1)*°¢ and the resulting amorphous white
solid that precipitated was characterized by a combination of
solid state P-31 NMR spectroscopy, ICP-OES (tungsten
content), nitrogen sorption analysis, TEM and TGA/DSC. A
series of catalytic reactions was first conducted under batch
conditions to evaluate the efficiency of 2 as a catalyst for
sulfide oxidation and to undertake preliminary optimization
studies and recycle experiments.

Our initial catalyst evaluation, comparison and optimi-
zation focused on thioanisole as the benchmark substrate as
this oxidation has recently been catalysed by peroxometalate-
based systems immobilized on the surface of ionic liquid
modified silica,**”* ionic liquid-based polyoxometalates
salts,”® a temperature responsive phase transfer catalyst based
on a Keggin-type lacunary anions>**” as well as tungstate ions
embedded in mesochannels of SBA-15**? and poly(ionic)
liquid entrapped magnetic nanoparticles.>® A series of batch
reactions were first conducted to explore the effect of the
H,0,:substrate mole ratio on conversion and selectivity in
acetonitrile and methanol, details of which are presented in
Table 1.

High sulfoxide selectivity (96%) and moderate to good con-
versions were obtained in acetonitrile using a 0.5 mol%
loading of 2 to catalyse the oxidation of thioanisole at room
temperature for 15 min with H,0, : S mole ratios of either one
or two while selectivity dropped to 80% when the peroxide to
substrate ratio reached three, albeit at complete conversion
(entries 1-4). In contrast, a parallel series of reactions con-
ducted in methanol showed that sulfoxide selectivity remained
high even at a H,0,:S mole ratio of three (entries 8-11). In
this regard, the solvent has previously been reported to have
a dramatic effect on the selectivity of sulfide oxidation with
protic solvents such as methanol and ethanol favouring
formation of sulfoxide which in some cases was obtained as
the exclusive product at short reaction times; this has been
attributed to the high hydrogen bonding capacity of these sol-
vents.?**3* for example, high sulfoxide and sulfone selectivity
has been obtained with relatively low loadings of Merrifield
resin supported peroxomolybdenun(vi) compounds®*¥ and
polymer-immobilised peroxotungstates®*? under mild con-
ditions while peroxotungstates immobilised on multilayer
ionic liquid brushes-modified silica®** or ionic liquid modified
silica*” and Keggin heteropolycompounds'¥ required elevated
temperatures, higher catalyst loading and/or markedly longer
reaction times to reach comparable conversions. The data in
Table 1 also shows that high sulfoxide selectivity is retained at
high conversion for reactions conducted in methanol (entries

3-
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Table 1 Oxidation of thioanisole as a function of hydrogen peroxide mole ratio using [PO4{WO(O,),}4]@PIILP (2) as catalyst”

0.5 mol% 2

o0

o

solvent, rt, 15 min

Q
SN S

Solvent H,0, equiv. Conv.” % Sulfoxide® % Sulfone” Sulfoxide selectivity”*

1 MeCN 1.0 54 52 2 96
2 MeCN 2.0 68 65 3 96
3 MeCN 2.5 88 74 14 84
4 MeCN 3.0 100 80 20 80
5 MeCN 5.0 100 53 47 53
6 MeCN* 2.5 100 5 95 5
7 MeCN* 2.5 2.2 — — —

8 MeOH 1.0 70 70 0 100
9 MeOH 2.0 90 88 2 98
10 MeOH 2.5 95 91 4 96
11 MeOH 3.0 100 95 5 95
12 MeOH 5.0 100 85 15 85
13 MeOH? 2.5 100 93 7 93
14 MeOH* 2.5 0 — — —

15 EtOH 2.5 85 71 14 84
16 i-PrOH 2.5 32 52 0 100
17 EG/ 2.5 21 21 0 100
18 PC* 2.5 72 56 16 78

“@Reaction conditions: 0.5 mol% 2, 1 mmol substrate, 1.0-3.0 mmol 35% H,0,, 3 mL solvent, 20 °C, 15 minutes. ” Determined by 'H NMR
spectroscopy. °Sulfoxide selectivity = [%sulfoxide/%sulfoxide + %sulfone] x 100%. ¢ Reactions conducted under the same conditions using
0.5 mol% [1Bu,]s[POL4{WO(0,),}4] as catalyst.  Reaction conducted without catalyst using 0.5 mol% 1./EG = ethylene glycol. £ PC = propylene

carbonate.

10-11) whereas selectivity appears to drop with increasing con-
version in acetonitrile (entries 3-4) and that sulfoxide selecti-
vity decreases much more dramatically in acetonitrile
compared with methanol as the hydrogen peroxide ratio
increases (entries 5 and 12). In stark contrast, under the same
reaction conditions the [nBuy];[PO,{WO(O,),},]-catalysed sul-
foxidation of thioanisole with 2.5 equivalents of H,0O, in aceto-
nitrile resulted in quantitative conversion to afford sulfone as
the major product in 95% selectivity (entry 6), whereas the
corresponding reaction in methanol gave sulfoxide as the
major product in 93% selectivity (entry 13), again with com-
plete consumption of sulfide. Even though heterogenisation of
[PO{WO(0,),}4]>~ in the form of [PO{WO(O,),}s]@PIILP
results in an inversion of selectivity to favour sulfoxide, high
yields of sulfone have been obtained with 2 using excess H,0,
at a higher reaction temperature (vide infra). The efficiency of 2
enabled the catalyst loading to be reduced to 0.025 mol% and
under otherwise identical conditions the oxidation of thioani-
sole using 2.5 equivalents of H,O, in acetonitrile reached 74%
conversion with a sulfoxide selectivity of 96% after 2 h at
25 °C, which corresponds to a total TON of 2960 mole sulf-
oxide per mole cat™" and a TOF of 1480 mole sulfoxide per
mole cat™' h™". This TOF compares favourably with those of
1470 h™" and 1235 h™" reported for a Merrifield resin sup-
ported dioxomonoperoxomolybdenun(vi)**® and a polymer-
immobilised peroxotungstate,*? respectively. Control reac-
tions for the oxidation of thioanisole conducted in methanol
and acetonitrile in the absence of the tungstate catalyst but
with 0.5 mol% polymer immobilized ionic liquid 1 and 2.5
equivalents of H,O, gave 0% and 2.2% conversion, respect-

This journal is © The Royal Society of Chemistry 2015

ively, which confirmed the active role of the catalyst (Entries 7
and 14). A survey of the influence of solvent on conversion and
selectivity revealed that reactions conducted in ethanol and
propylene carbonate gave high conversions and good sulfoxide
selectivity (entries 15 and 18), albeit slightly lower than that
obtained in methanol. Both solvents will be promising candi-
dates to develop greener processes and, in this regard, studies
are currently underway to improve selectivity. Although reac-
tions conducted in isopropanol and ethylene glycol gave sulf-
oxide as the sole product a marked improvement in conversion
will be required if these solvents are to be considered as viable
replacements for methanol.

Encouraged by the efficacy of 2 for the selective oxidation of
thioanisole, catalyst testing was extended to a range of sul-
fides, full details of which are summarized in Table 2. Gratify-
ingly, high conversions were obtained across the range of
substrates examined and in each case selectivity for sulfoxide
was higher in methanol than in acetonitrile ranging from
89-98% in the former compared with 58-98% in the latter.
Oxidation of allylphenyl sulfide and homoallylphenyl sulfide
occurred with complete chemoselectivity for sulfoxide and
sulfone with no evidence for epoxidation of the double bond,
presumably due to the mild conditions and short reaction
times.'??2°%234¢ The moderate conversion obtained for the
[PO4{WO(0,),},|@PIILP-catalysed sulfoxidation of DBT at
room temperature in acetonitrile is entirely consistent with the
proposed electrophilic pathway, the lower nucleophilicity
of this substrate and previous reports that the rate of
oxidation increases with increasing nucleophilicity of the
sulfide 20223431632 Ag expected, the same oxidation occurred

Green Chem., 2015, 17, 1559-1571 | 1561
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Table 2 Selective oxidation of sulphides to sulfoxides with hydrogen peroxide catalysed by [PO4{WO(O,),}41@PIILP?

O
1] O,

s 25H.0 0.5 mol% catalyst S + \\S//O
VRN . AN
R" R 7 22 solvent, RT, 15 min RO g Or

Substrate Solvent % Conversion” % Sulfoxide” % Sulfone” Sulfoxide selectivity” TON?
©/S\ MeCN 88 74 14 84 704
MeOH 95 91 4 9% 760
©/Sv MeCN 92 74 18 80 736
MeOH 92 86 6 93 736
@/s\/\ MeCN 98¢ 64° 34° 65 784
MeOH 99 97 2 08 792
OS\ MeCN 89 78 11 88 712
o MeOH 56 53 3 95 448

2

MeCN 24 21 3 88 192
MeCN/ 95 18 77 19 760
@SN MeCN 98 58 40 58 792
MeOH 62 56 6 90 456
©/S\/Ph MeCN 99 75 24 76 792
MeOH 92 90 2 08 736
\P\ MeCN¢ 59 58 1 98 472
MeOH¢ 99 77 22 78 792

“Reaction conditions: 0.5 mol% 2, 1 mmol substrate, 2.5 mmol 35% H,0,, 3 mL MeCN, room temperature, 15 minutes. b Determined by 'H
NMR spectroscopy. © sulfoxide selectivity = [%osulfoxide/%sulfoxide + %sulfone] x 100%. ¢ TOF = moles sulfide consumed per mole catalyst per
hour. ¢ Determined by '*C NMR spectroscopy. / Reaction conducted at 65 °C. € Reactions conducted in deuteriated solvent for 2 minutes and

monitored by NMR spectroscopy.

more rapidly at higher temperatures such that a conversion of
95% was obtained after 15 min at 65 °C, albeit at the expense
of sulfoxide selectivity as the sulfone was obtained as the
major product in 81% selectivity. Unfortunately, it was not
possible to obtain reliable data for the sulfoxidation of diben-
zothiophene in methanol, possibly due to its low solubility in
this solvent.

As sulfones are a useful class of compound, the conversion-
selectivity profile was also monitored as a function of time and
temperature in methanol and acetonitrile using a catalyst
loading of 0.5 mol% and a peroxide to substrate ratio of 5 with
the aim of identifying optimum conditions for the formation
of methyl phenyl sulfone. Not surprisingly, selectivity for
sulfone increased with increasing temperature and reached a
maximum at 45 °C for a reaction time of 15 min, irrespective
of the solvent, however, the data in Fig. 1a also highlights
the disparate solvent dependent selectivity as reactions
conducted in acetonitrile consistently gave a higher selectivity
for sulfone, under comparable conditions. This solvent
dependent selectivity is also evident in Fig. 1b which shows
the selectivity as a function of time at 45 °C; in acetonitrile
sulfone is obtained as the exclusive product after only 30 min
whereas in methanol a reaction time of 60 min is required to
obtain sulfone with 100% selectivity. High selectivity for
methyl phenyl sulfone has previously been reported for the
oxidation of thioanisole in methanol catalysed by
[Cymim];5[PMo,,0,,] and, moreover, conditions were similar to
those identified above.”® Under optimum conditions

1562 | Green Chem., 2015, 17, 15591571
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Fig. 1 Influence of reaction conditions on the selectivity for methyl
phenyl sulfone for the oxidation of thioanisole with H,O, using 0.5 mol%
[PO4{WO(O,),}4]1@PIILP. Influence of (a) temperature at a reaction time
of 15 min (b) reaction time at 45 °C. Reaction conditions: 0.5 mol% cata-
lyst, 1 mmol substrate, 5 mmol 35% H,O,, 3 mL solvent. All reactions
reached 100% conversion under these conditions.

0.025 mol% of 2 catalysed the oxidation of thioanisole in
acetonitrile at 45 °C to give a total turnover number of
3960 mole sulfone per mole cat™", albeit after 6 h.

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4gc01770f

Open Access Article. Published on 08 December 2014. Downloaded on 12/8/2025 11:43:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

The favourable formation of sulfone when the sulfoxidation
was conducted in acetonitrile is consistent with previous
reports>*? and having identified optimum conditions for the
formation of sulfone catalyst testing was extended to include a
selection of aryl alkyl sulfides, details of which are summar-
ized in Table 3. Under these conditions, a 0.5 mol% loading of
2 catalysed the sulfoxidation to give complete conversion after
15 min with high selectivity for the corresponding sulfone
(77-100%) with the exception of dibenzothiophene which only
reached 68% conversion and 51% selectivity for its sulfone;
however, for all other substrates tested complete conversion to
sulfone was achieved when the reaction time was extended to
60 min. Even though the TOF of 280 h™" obtained for the sulf-
oxidation of dibenzothiophene under these conditions is lower
than that for the other substrates examined, the data in
Table 2 shows that high TOFs and high sulfone selectivity can
be obtained at 65 °C; the TOF of 760 h™" is a marked improve-
ment on that obtained with the temperature responsive phase
transfer system [(CygHg;),(CH3),N];[PW1;,050] (248 h™' at
60 °C),>°’ polymer immobilised peroxotungstates (9 h™' at
78 °C),?? V,05/[C;,mim][HSO,] (ca. 4 h™ at 45 °C)** and
Merrifield resin supported peroxomolybdenum(vi) compounds
(7.2 h™" at 78 °C).**® Even at 45 °C the sulfoxidation of allyl
and homoallylphenyl sulfone occurred with complete chemo-
selectivity to the sulfoxide and sulfone with no evidence for
epoxidation of the double bond.

Reasoning that the polymer immobilized ionic liquid
should efficiently retain the peroxometalate, catalyst recycle
experiments on the sulfoxidation of thioanisole were under-
taken to assess the robustness and longevity of the catalyst and

View Article Online
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the potential for incorporation into a continuous flow process.
Methanol was identified as the solvent of choice for the initial
recycle experiments on the basis that conditions for the selec-
tive oxidation to sulfoxide and sulfone had already been identi-
fied (vide supra). The catalyst was recovered in an operationally
straightforward filtration, washed with methanol, dried and
reused directly without being replenished or reconditioned. A
comparative study of the conversion and sulfoxide selectivity
for the [PO,{WO(O,),}s]@PIILP-catalyzed sulfoxidation of
thioanisole in methanol as a function of time across two runs
is presented in Fig. 2a. The data clearly shows that selectivity
reduces gradually from 99% to 90% with increasing conversion
and that the conversion and selectivity-time profiles for the
two runs map closely to each other. For comparison, a parallel
recycle experiment in acetonitrile revealed a much more dra-
matic drop in selectivity, from 98% to 54%, as a function of
conversion/time than the corresponding reaction in methanol
(Fig. 2b). Thus, methanol was chosen for a more extensive
recycle study which showed that [PO,{WO(O,),}s|@PIILP
recycled efficiently across six runs with only a minor reduction
in conversion and no significant change in selectivity
(Table 4).

Analysis of the solvent after filtration and recovery of the
catalyst from the first two runs of the recycle experiment
revealed that the tungsten content was too low to be detected
by ICP-OES (i.e. <1 ppm), confirming that the peroxotungstate
was efficiently retained by the polymer immobilized ionic
liquid and potentially suitable for application in a continuous
flow process (vide infra). Moreover, analysis of catalyst recov-
ered after the 6th run gave a tungsten content of 25.84% which

Table 3 Selective oxidation of sulphides to sulfones with hydrogen peroxide catalysed by [PO4{WO(O,),}4]l@PIILP?

I o0
S 0.5 mol% catalyst S 7,
O\, + 25H,0, 5 - P2uN + S
: , N
R R MeCN, 45 °C, 15 min R R’ R/ R
b « 1 b b . N d
Substrate Conv. % Sulfoxide % Sulfone Sulfone selectivity” TOF
©/S\ 100 14 86 86 688
@/s\/ 100 0 100 100 800
©/S\/\ 99° 1° 98° 99° 792
/©/s\ 100 33 77 77 616
O,N

68 33 35 51 280
©/SN 100 3 97 97 776
100 4 96 9 768

©/S\/Ph

“@Reaction conditions: 0.5 mol% 2, 1 mmol substrate, 5 mmol 35% H,0,, 3 mL MeCN, 45 °C, 15 minutes. ” Determined by "H NMR spectroscopy.
¢ Sulfone selectivity = [%sulfone/%sulfone + %sulfoxide]| x 100%. 9 TOF = mole sulfone generated per mole catalyst per hour. ¢ Determined by *C

NMR spectroscopy.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) Conversion and sulfoxide selectivity profiles as a function of
time for a recycle [PO,{WO(O,),}4,]l@PIILP-catalysed sulfoxidation of
thioanisole in (a) methanol at room temperature (b) acetonitrile at room
temperature, using 0.5 mol% 2 and a substrate : H,O, ratio 1: 2.5.

Table 4 Comparative recycle studies for the sulfoxidation of thioani-
sole in  methanol catalysed by [PO4{WO(O;),}4]@PIILP and
[NBuy4l3[PO4{WO(O5,),}41/SiO5’

o

N’

.

o0
0.5 mol% catalyst SN
solvent, rt, 15 min

Q
o

[PO.{WO(O,),},]@PIIP [NBu,5[PO{WO(0,),},)/SiO,
Sulfoxide Sulfoxide
Run Conversion” selectivity” Conversion” selectivity”*
1 88 92 99 97
2 87 92 44 97
3 88 92 14 96
4 86 91
5 86 90
6 84 88

“Reaction conditions: 0.5 mol% 2, 1 mmol substrate, 2.5 mmol 35%
H,0,, 3 mL MeOH, 30 °C, 20 minutes. ” Determined by '"H NMR
spectroscopy. “Sulfoxide selectivity = [%sulfoxide/%sulfone +
%sulfoxide] x 100%.

is close to that of unused catalyst, again a strong indication
that leaching was negligible. In a direct comparative study,
[nBuyN]5[PO,{WO(0,),}4], immobilised on Geduran® Si60
(43-60 pm) by wet impregnation (6.5 wt%), was shown to be an
efficient catalyst for the sulfoxidation of thioanisole in metha-
nol and a 0.5 mol% loading gave 99% conversion and 97%
selectivity for phenyl methyl sulfoxide after 15 min at room
temperature. However, the system recycled very poorly as evi-
denced by a dramatic drop in conversion to 44% after the first

1564 | Green Chem., 2015, 17, 1559-1571
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run and a subsequent drop to only 14% for the third run,
although the selectivity remained constant at 97% across the
three runs (Table 4). ICP-OES analysis of the combined
aqueous and organic phases collected after work-up and analy-
sis of the first run revealed that 23% of the tungsten had been
removed or extracted, a strong indication that the drop in con-
version was due to efficient leaching of the active tungstate
from the SILP based catalyst, which also highlights the advan-
tage of the PIILP methodology. The IR spectrum of 2 contains
characteristic bands at 1079 ecm™" y(P-0), 957 cm™" y(W=0),
585 ¢M ™' Vagym(W-0,) and 531 em™" vg,,(W-0,) which are
entirely consistent with those for related supported peroxome-
talates reported in the literature.>® Catalyst recovered after the
6th run was found to contain IR bands similar to that for 2
with no evidence for oxidation of the benzylic group to the
corresponding  benzoyl pyrrolidinium cation  strongly
suggesting that the catalyst remains intact; a comparison of
these IR spectra are provided in the ESI (Fig. S197). A bench-
mark oxidation of thioanisole in the presence of ethylbenzene
also confirmed that benzylic oxidation did not occur under
these mild conditions and short reaction times.

Segmented and continuous flow processing

The short reaction times and mild conditions required for
[PO{WO(0,),},J@PIILP catalysed oxidations and the recycl-
ability of the system prompted us to explore the potential
applications of this system in a continuous flow protocol and
to establish how residence time, substrate/peroxide mole ratio
and temperature influence selectivity. The flow set-up for sulf-
oxidation of thioanisole is shown in Fig. 3 and is based on a
Unigsis FlowSyn reactor. Preliminary evaluation and optimi-
zation studies were conducted using segmented flow in which
either methanol or acetonitrile solutions of sulfide (0.2 M) and
30% hydrogen peroxide (0.6 M) are simultaneously pumped
through a cartridge reactor packed with 2.0 g of silica
(Geduran® Si60 43-60 pum) mixed with 0.1 g of [PO,{WO-
(0,)2}4]@PIILP with precise control of the flow rates; the resi-
dence times were calculated based on these flow rates and
methanol or acetonitrile was used as the carrier solvent. The
exiting product stream was collected in triplicate as 2 mL ali-
quots, subjected to an aqueous work-up and analysed by
either "H or *C NMR spectroscopy to determine conversion
and selectivity.

A: 0.147-4.4 mL min’!
Waste

Sulfide

. Collect
B:0.147-44mLmin™ 156 \WO(0,),}]@PIILPISilica

30°C

Solvent

Fig. 3 Schematic representation of the set-up for segmented and con-
tinuous flow sulfoxidations catalysed by [PO4{WO(O,),}41@PIILP (2).
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Using the optimized batch conditions as a lead, we first
explored the effect of residence time, temperature and the
amount of hydrogen peroxide on selectivity and conversion for
the sulfoxidation of thioanisole in acetonitrile and methanol.
Preliminary studies examined the effect of temperature on the
conversion and selectivity profile at a fixed flow rate of 1.1 mL
min~", corresponding to a residence time (Rt) of 4 min, and in
acetonitrile conversions increased smoothly from 44% at 20 °C
to 100% above 45 °C while sulfoxide selectivity decreased
across this temperature range from 88% to 21% (Fig. 4a). For
comparison, the corresponding conversion-selectivity profile
obtained using methanol as the mobile phase revealed that
conversions increased steadily from 24% at 20 °C to 88% at
50 °C while sulfoxide selectivity remained high and decreased
only slightly from 100% to 90% within this temperature range
(Fig. 4b); a similar solvent dependent selectivity profile was
obtained in batch wherein the sulfoxide selectivity obtained at
high conversion in acetonitrile was lower than that in metha-
nol under the same conditions. Taking both studies into
account, a reaction temperature of 30 °C gave the optimum
balance/compromise between conversion and sulfoxide selecti-
vity and as such this temperature was chosen to examine a
range of substrates (vide infra). A corresponding study to
explore the influence of residence time on the conversion-
selectivity profile at 30 °C with acetonitrile as the mobile
phase revealed that conversions increased gradually with
increasing residence time from 21% for a residence time of
0.5 min to 90% when this was increased to 4 min and that
high selectivity for sulfoxide was maintained across this range

of retention times; however, selectivity decreased quite
(a) Wav suI:ide av sulfoxide (b) mav sulfide av sulfoxide
& av sulfone
¥ av sulfone
100 100
80 80
60
= - %60
40 - 40
20 20
0 0
20 25 30 35 40 45 50 20 25 30 35 40 45 50
Temp/ (°C) Temp/ (°C)
() Wavsulfide av sulfoxide (d) MW av sulfide av sulfoxide
100 X av sulfone 100 @ av sulfone
80 80

60 60

X ES
40 40
it =10,
0
- 05 1 2 3 4 5
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10 15

Fig. 4 Conversion-selectivity profile as a function of temperature for
the continuous flow [PO4{WO(O,),}4]@PIILP-catalysed sulfoxidation of
thioanisole in (a) acetonitrile (b) methanol for a residence time of 4 min.
Conversion-selectivity profile as a function of residence time (Rt) for the
[PO4{WO(O,),}4]@PIILP-catalysed sulfoxidation of thioanisole in (c)
acetonitrile (d) methanol at 30 °C. Reaction conditions: 0.1 g catalyst/
2.0 g silica, 3 equiv. 35% H,O,, solvent, residence time 0.5-15 min or
temperature 20-50 °C.
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dramatically at longer residence times such that sulfone was
obtained as the major product in 96% selectivity after 15 min
(Fig. 4c). For comparison, the conversion-selectivity profile in
methanol was qualitatively similar although interestingly the
optimum balance of conversion and sulfoxide selectivity of
96% and 92%, respectively, obtained at a residence time of
5 min was a significant improvement on that in acetonitrile
while the selectivity for sulfone only reached 63% for a resi-
dence time of 15 min; this is markedly lower than the 96%
obtained under the same conditions in acetonitrile (Fig. 4d).
Thus, the data in Fig. 4 clearly shows that high selectivity for
either sulfoxide or sulfone can be obtained under continuous
flow processing through a judicious choice of solvent, resi-
dence time and temperature.

A survey of the influence of the amount of H,0, on conver-
sion and selectivity as a function of residence time for the oxi-
dation of thioanisole revealed a disparate solvent dependent
behaviour. In the case of acetonitrile, a strong dependence on
the rate was observed up to 12 equivalents of H,0,. For both
12 and 20 equivalents similar profiles with respect to Rt were
observed. In comparison a much weaker dependence on
[H,0,] was observed in methanol and approximately zero
order behaviour was found. Details of the composition-time
profile and analysis are provided in the ESI (Fig. S49-S627).
Approximate rate constants for the formation of methyl phenyl
sulfoxide (k,) and methyl phenyl sulfone (k) in acetonitrile
and methanol were extracted by fitting the concentration-time
profile for the consumption of sulfide and the formation of
product using pseudo steady state analysis. As 2.5 equivalents
of H,0, are consumed during the reaction the rate constants
derived were only calculated for the reaction with 20 equiva-
lents of H,0,. Table 5 compares the effects of the solvent on
the two rates assuming a first order dependence on the sub-
strate and sulfoxide. Interestingly, the solvent has a much less
significant effect on the second oxidation compared with the
first. The strong dependence on peroxide concentration in
acetonitrile may reflect a reduced solubility of the substrate
compared with methanol which blocks the surface sites on the
catalyst and/or hydrogen bonding between H,0, and the sub-
strate impeding access to the catalyst. In contrast, the
increased H-bonding capacity of methanol could result in a
greater degree of solvation of the substrate which would
reduce the coverage of substrate at the catalyst and thereby

Table 5 Estimated rate constants for the formation of methyl phenyl
sulfoxide (k;) and methyl phenyl sulfone (k,) in acetonitrile and

methanol®
MeCN MeOH
Entry H,0, ka ky ka ky
1 20 2.68 0.17 0.55 0.11

“Data obtained using 0.2 M solution of thioanisole and a 4.0 M
solution of H,0, with flow rates between 0.293 mL min~* and 8.8 mL
min~" at 30 °C.
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allow peroxide to bind effectively. This may also be the reason
why methanol has a reduced overall rate compared with aceto-
nitrile. The possible effect of the additional water content on
the conversion-selectivity profiles arising from the increasing
mole ratio of aqueous hydrogen peroxide was also investigated
by doping experiments based on three equivalents of hydrogen
peroxide with the corresponding amount of water that would
be present with six equivalents of peroxide; the associated con-
version-selectivity profiles as a function of residence time are
provided in the ESI (Fig. S63-S64+). Interestingly, for reactions
conducted in acetonitrile the first oxidation is more rapid in
the water-doped system while the second oxidation appears to
be slightly slower. In contrast, the profile for the water-doped
methanol system maps more closely, across the range of reten-
tion times, to the data for the undoped system with three mole
equivalents of hydrogen peroxide. The slight increase in rate
for the water doped-acetonitrile system compared with metha-
nol may be due to interaction of the water with the catalyst-
support surface facilitating access of the substrate to the cata-
lyst, possibly through a network of hydrogen bonds. High
selectivity for sulfoxide was retained when the water content
was increased further by generating the segmented flow with
equal volumes of aqueous hydrogen peroxide and methanolic
thioanisole. Under these conditions the combination of 93%
sulfoxide selectivity and 92% conversion at a flow rate of
0.88 mL min~" (Rt = 5 min) was a marked improvement on that
obtained by varying the hydrogen peroxide concentration; the
associated conversion-selectivity profile as a function of resi-
dence time is presented in the ESI (Fig. S25f). A comparison
with the corresponding batch reaction in 1:1 methanol/water
revealed a further potential benefit of continuous flow as
0.5 mol% catalyst gave a conversion of only 22% in batch after
15 min, albeit with high sulfoxide selectivity (91%); such a poor
conversion may well be due to agglomeration of the catalyst.

In addition to the obvious advantages associated with con-
tinuous flow operation such as simple product catalyst separ-
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ation and ease of scale-up due to the linear increase in TON
with time, our preliminary studies revealed that high selectivity
for sulfoxide or sulfone can also be obtained by changing the
solvent and residence time. For example, a sulfoxide selectivity
of 98% at 83% conversion was obtained for the sulfoxidation
of thioanisole at a residence time of 4 min under segmented
flow in methanol, which is a marked improvement on the
corresponding selectivity of 89% at 75% conversion in aceto-
nitrile under otherwise identical conditions. For comparison,
the corresponding sulfoxidation conducted in methanol under
batch conditions gave 96% conversion but with slightly lower
selectivity of 95%. In contrast, complete conversion and a
sulfone selectivity of 96% was obtained in acetonitrile by
extending the residence time to 15 min; this is significantly
higher than the 62% selectivity obtained either under segmen-
ted flow in methanol or under batch conditions in both sol-
vents (Table 1). With the optimized conditions in hand the
substrate range was extended to establish the scope and
efficiency of this system. As for thioanisole, the selectivity for
sulfoxide obtained in methanol at any given residence time
was higher than that in acetonitrile for each substrate studied
and in the majority of cases the optimum compromise
between conversion and selectivity appeared to peak at a flow
rate of 1.1 mL min~' (Rt = 4 min) with the exception of
4-nitrothioanisole which required a slightly longer residence
time. Under these conditions sulfoxide selectivities as high
as 90% were obtained with reasonable to good
conversions (61-93%). While sulfone selectivity increased with
increasing residence time and reached 75-89% at complete
conversion, the optimum selectivity was solvent dependent.
Full details of the conversion-selectivity profile as a function of
residence time for the [PO,{WO(O,),},]@PIILP-catalysed
sulfoxidation of each sulfide in methanol and acetonitrile are
reproduced in the ESI (Fig. S47-S48 and S66-S72%) and a
summary of the optimum selectivity and conditions is given in
Table 6.

Table 6 Summary of the optimum sulfide and sulfone selectivity for the segmented flow [PO4{WO(O,),}4]@PIILP-catalysed sulfoxidation of

selected aryl sulfides?

Substrate Rt Solvent % Conv.” Sulfoxide selectivity” Sulfone selectivity”?
©/S\ 4 MeOH 83 98 -
15 MeCN 100 — 9%
©/S\/Ph 4 MeOH 93 90 —
15 MeCN 100 — 79
/@/S\ 4 MeOH 61 90 —
o 15 MeCN 100 — 75
©/SN 4 MeOH 80 89 -
15 MeCN 100 — 89
15 MeCN 76 — 76

“Reaction conditions: 0.1 g 2/2.0 g silica, 3 equivalents 35% H,0,, solvent, residence time 0.5-15 min, 30 °C. ? Determined by 'H NMR
spectroscopy. ©Sulfoxide selectivity = [%sulfoxide/%sulfone + %sulfoxide] x 100%. ¢ Sulfone selectivity = [%sulfone/%sulfone + %sulfoxide] x

100%.
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Encouraged by the recyclability of 2 in batch and the con-
version-selectivity profile obtained under segmented flow con-
ditions, comparative scale-up continuous flow studies were
conducted in methanol and acetonitrile using a mixture of
[NBu,5[PO4,{WO(O,),}4] and silica as the benchmark to assess
the robustness, longevity and relative merits of the PIILP-
based system. The efficiency of [PO,{WO(O,),},]J@PIILP for the
catalytic oxidation of thioanisole under continuous flow con-
ditions (1.1 mL min™", 30 °C, Rt = 4 min) in acetonitrile was
monitored over 8 h and the resulting time-performance profile
(Fig. 5a) revealed a slight decrease in activity with time, as evi-
denced by the decrease in conversion from 89% to 79%, with a
parallel decrease in sulfone formation from 29% to 16% while
the concentration of sulfoxide remained constant. Reasoning
that these changes may be due to either deactivation or leach-
ing of the catalyst and/or decomposition of peroxide the
experiment was repeated and the reservoir replenished with
fresh hydrogen peroxide after 4 h. The resulting system
showed a marked improvement in the activity/selectivity
profile as the concentration of sulfide, sulfoxide and sulfone
remained constant and stable (Fig. 5b), indicating that the

(a) msulfide © sulfoxide % sulfone (b)  Wsulfide = sulfoxide ¥ sulfone
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x
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Fig. 5 Conversion-selectivity profile as a function of time for an 8 h
continuous flow [PO4{WO(O,),}4]@PIILP-catalysed sulfoxidation of
thioanisole at 30 °C with a residence time of 4 min in (a) acetonitrile, (b)
acetonitrile with the H,O, reservoir replenished after 4 h (¥), (c) metha-
nol, (d) methanol with the H,O, reservoir replenished after 4 h (*). Con-
version-selectivity profile as a function of time for an 8 h continuous
flow sulfoxidation of thioanisole using [NBu4N]3[PO4{WO(O,),}4] as cata-
lyst at 30 °C with a residence time of 4 min in (e) acetonitrile and (f)
methanol.
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change in performance with time is unlikely to be due to
leaching and more likely associated with the efficacy of catalyst
activation and/or decomposition of hydrogen peroxide. In this
regard, ICP-OES analysis of aliquots collected every hour
revealed that 4.3% of the tungsten leached from [PO,{WO
(0y)2}4]@PIILP over an 8 h period. Interestingly, the corres-
ponding scale-up study in methanol showed a much more dra-
matic variation in the activity/selectivity profile which was
manifested by a marked reduction in conversion from 85% to
just 55% after 8 h accompanied by a concomitant reduction in
formation of sulfoxide from 77% to 53% and a minor
reduction in sulfone (Fig. 5¢). Although stability, as measured
by the absolute change in conversion and selectivity, improved
noticeably after replenishing the peroxide a gradual decrease
in conversion was paralleled by a decrease in the amount of
sulfoxide (Fig. 5d). The contrasting behaviour of this system
may be due, at least in part, to catalyst leaching as ICP-OES
analysis of samples collected every hour indicated that 21% of
the tungsten leached over an 8 h run. A comparative set of life-
time studies was also conducted using a cartridge packed with
[nBu,N]5[PO,{WO(0,),}4]/SiO, in order to assess the effective-
ness and influence of the PIILP-based approach. Under the
same flow conditions a cartridge packed with [nBu,NJs-
[PO4{WO(0,),},4]/Si0, was more active than its polymer
immobilized ionic liquid-based counterpart for the oxidation
of an acetonitrile solution of thioanisole, as judged by the
quantitative conversion of sulfide during the first 3 hours of
operation. However, in addition to a minor but steady increase
in the amount of unreacted sulfide after 3 h there was a
smooth and significant change in the sulfoxide selectivity
from 60% to 90% over the same time (Fig. 5e); the tungsten
leaching of 7% over the 8 h run is higher than that determined
for the [PO,{WO(O,),}4]@PIILP/SiO, system under the same
conditions. The corresponding comparison with [nBusN];-
[PO,{WO(0,),},4]/SiO, and methanol as the mobile phase
resulted in a rapid and dramatic drop in activity such that the
system was essentially inactive after the first hour (Fig. 5f); in
this case ICP analysis of the methanol collected over the first
60 min contained 14.9 ppm tungsten, which corresponds to
21% leaching after only 1 h thereby accounting for the dra-
matic loss in activity. A semi-quantitative scale-up flow experi-
ment conducted in acetonitrile at 30 °C with a flow rate of 1.1
mL min~" (Rt = 4 min) processed 6.5 g of sulfide over the
course of an 8 hour period (0.81 g h™") with 88% conversion
and a sulfoxide selectivity of 78% while a similar scale-up in
methanol only gave 52% conversion but with excellent sulfox-
ide selectivity (98%). For comparison, a polystyrene supported
benzenesulfonic acid Amberlite IR 120 H has recently been
reported to catalyse the oxidation of sulfides under continuous
flow with high sulfoxide selectivity and excellent long term
stability at 22 °C, however, the system required a catalyst to
substrate ratio of 0.3.%*

The promising long term stability of [PO,{WO(0,),},]@
PIILP for the continuous flow oxidation of thioanisole in aceto-
nitrile provided the driver to examine whether the same resin-
packed column could be used consecutively for the oxidation

Green Chem., 2015, 17, 1559-1571 | 1567
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Fig. 6 (a) Conversion-selectivity profile at residence times of 5 and

15 min for the continuous flow [PO4{WO(O,),}4]@PIILP-catalysed con-
secutive sulfoxidation of three different substrates (i) thioanisole, (ii)
4-nitrothioanisole and (iii) dibenzothiophene with the same catalyst car-
tridge. (b) Conversion-selectivity profile at residence times of 5 and
15 min for the continuous flow [PO4{WO(O,),}4]l@PIILP-catalysed sulf-
oxidation using a fresh catalyst cartridge for each substrate. Reaction
conditions: 0.1 g catalyst/2.0 g silica, 3 equiv. 35% H,0,, MeCN, 30 °C,
residence times 5 and 15 min.

of several different substrates. In a proof of principle exercise,
a column packed with [PO4{WO(O,),},]J@PIILP and silica was
operated under continuous flow (1.1 mL min~"', 30 °C, Rt =
4 min, MeCN) for the sequential oxidation of thioanisole,
4-nitrothioanisole and dibenzothiophene. Gratifyingly the con-
version-selectivity profile for residence times of 5 and 15 min
for the substrates run sequentially closely matched that
obtained for the oxidation of each substrate conducted with
fresh catalyst under the same conditions (Fig. 6a-b), provided
the cartridge was purged with methanol between different
substrates.

Conclusions

The peroxophosphotungstate-based pyrrolidinium-decorated
polymer immobilized ionic liquid [PO,{WO(O,),}4]@PIILP
catalyses the oxidation of sulfides with remarkable efficacy
under mild conditions and in short reaction times using
hydrogen peroxide as oxidant. High selectivity for sulfoxide
can be obtained at room temperature in methanol while the
sulfone can be obtained in acetonitrile at higher temperature
with an excess hydrogen peroxide. The catalyst could be recov-
ered in a straightforward filtration procedure with no evidence
for leaching and recycle studies gave good conversions and a
stable selectivity profile over several runs. A segmented flow
process based on a catalyst cartridge packed with a mixture of
[PO,{WO(0,),},]J@PIILP and silica gave good conversions and
high selectivity for sulfoxide in methanol at short residence
times while sulfone was obtained with high selectivity in aceto-
nitrile at longer residence times. The catalyst is remarkably
robust and ideally suited for scale-up and could be operated
under continuous flow conditions for 8 h with a stable activity-
selectivity profile, allowing 6.5 g of material to be processed
(TON = 46 428). A single cartridge was also used for the con-
secutive oxidation of three different substrates and resulting
conversion and selectivity profiles closely matched those
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obtained with fresh catalyst. Future studies are underway to
develop robust adaptable multifunctional support materials
based on polymer immobilized ionic liquids and to this end
we are currently (i) introducing functionality onto the polymer
chain and modifying hydrophilicity to explore what factors
influence catalyst performance in order to identify an
optimum catalyst-support combination to improve the selecti-
vity profile, stability and recyclability, (ii) exploring whether
phase separated polymers can be used for catalyst isolation,
(iii) extending the concept of PIILP catalysis to a wider range of
transformations as well as the stabilization of nanoparticles
and (iv) developing peroxometalate@PIILP systems for the oxi-
dative desulfurization of crude oil in batch and under continu-
ous flow as well as the capture and removal/scavenging of
toxic/odorous sulfur compounds.

Experimental
Synthesis of polymer immobilised peroxophosphotungstate 2

A hydrogen peroxide solution (35% w/w, 9.7 mL, 100 mmol)
was added to phosphotungstic acid (1.73 g, 0.6 mmol) dis-
solved in a minimum volume of water and stirred at room
temperature for 30 min. After this time, pyridine (0.145 mL,
1.8 mmol) was added followed by a solution of 1 (0.877 g,
1.8 mmol) in the minimum volume of ethanol, which resulted
in the immediate precipitation of an amorphous white solid.
The mixture was cooled to 0 °C, filtered through a sintered
glass frit and the precipitate washed with water (2 x 10 mL)
and diethyl ether (3 x 75 mL) and dried under vacuum to
afford 6 in 84% yield. FT-IR (KBr plates, cm™"): & = 1087, 1058,
1028 (P-0), 956 (W=0), 837 (0-0), 585, 535 W(Oy)asym sym
Anal. Calc. for C;9gH;65N30,,PW,: N, 1.58; W, 27.66. Found: N,
1.46; W, 26.31. Loading of tungsten 1.4 mmol g~

Synthesis of [nBusN[5[PO,{WO(0,),}4]/SiO,

A flame-dried Schlenk flask was charged with [nBu,N];-
[PO{WO(0,),}4] (0.094 g, 0.05 mmol) and dichloromethane
(6 mL) and the mixture stirred at room temperature for 15 min
after which time 1.0 g of Geduran® Si60 (43-60 pm) was added
and stirring continued for a further 2 h. The dichloromethane
was removed under vacuum to afford a free flowing powder.
FT-IR (KBr plates): 7 = 1087, 1058, 1028 (P-0), 956 (W=0), 837
(0-0), 585, 535 W(O5)usym,sym- The tungsten loading was con-
firmed to be 0.19 mmol of W g™" of silica by ICP-OES analysis.

General procedure for catalytic sulfoxidation in batch

An oven-dried Schlenk flask was allowed to cool to room
temperature and charged sequentially with sulfide (1.0 mmol),
catalyst (0.013 g, 0.005 mmol) and solvent (3 mL), the reaction
was then activated by the addition of 35% H,0, (0.24 mL,
2.5 mmol) and allowed to stir at room temperature for 15 min.
The reaction mixture was diluted with dichloromethane
(25 mL), washed with water (ca. 50 mL) and the organic extract
dried over MgSO, and the solvent removed under reduced
pressure. The resulting residue was analysed by either 'H or

This journal is © The Royal Society of Chemistry 2015
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BC{'H} NMR spectroscopy to quantify the composition of
starting material and products; for each substrate tested an
internal standard of 1,3-dinitrobenzene was initially employed
to ensure mass balance.

General procedure for catalytic sulfoxidation recycle studies

An oven-dried Schlenk flask was allowed to cool to room
temperature and charged sequentially with sulfide (3.0 mmol),
polymer immobilised catalyst 2 (0.039 g, 0.015 mmol) or
[nBuyN];[PO,{WO(0,),}4}/SiO, (100 mg, 6.5 wt% W) and
solvent (9 mL). The reaction was initiated by addition of 35%
H,0, (0.72 mL, 7.5 mmol) and the resulting mixture allowed
to stir at room temperature for 20 min. After this time the solu-
tion was centrifuged (10 min, 12 000 rpm), decanted using a
pipette and the remaining catalyst washed with the reaction
solvent and dried prior to reuse under the same conditions.
The remaining solution was subject to the same work-up and
analysis as described above. ICP analysis of a portion of the
organic and aqueous phases between recycles was conducted
using a using a Perkin Elmer Optima 4300DV ICP-OES (Induc-
tively Coupled Plasma Optical Emission Spectrometer).

General procedure for catalytic sulfoxidation kinetic studies

An oven-dried Schlenk flask was allowed to cool to room
temperature and charged sequentially with sulfide (3.0 mmol),
polymer immobilised catalyst 2 (0.039 g, 0.005 mmol) and
solvent (9 mL). The reaction was initiated by addition of 35%
H,0, (0.72 mL, 7.5 mmol) and the resulting mixture stirred at
room temperature for the 20 min during which time 0.5 mL
aliquots were removed for work-up (as above) and analysis by
"H NMR spectroscopy. After the final aliquot had been
removed the remaining reaction mixture was decanted, the
catalyst washed with diethyl ether, dried and replenished to
account for losses arising from the sampling. The recycle
kinetic experiment was conducted by charging the Schlenk
with fresh sulphide (3.0 mL), solvent (9 mL) and 35% H,0,
(0.72 mL, 7.5 mmol).

General procedure for segmented and continuous flow
catalytic sulfoxidation

Two reservoirs were charged with sulfide (5.0 mmol) dissolved
in the appropriate solvent (25 mL, 0.2 M) and hydrogen per-
oxide (1.29 mL, 35%) in the same (25 mL, 0.6 M). A Unigsis
FlowSyn reactor was used to pump 1 mL of each reagent at
total flow rates that varied between 0.293 mL min~' and
8.8 mL min ' through a T-piece mixer to combine the two
streams; in the case of segmented flow an additional reservoir
of carrier solvent was also employed. The reaction stream was
then flowed through a OMNIFIT® glass column reactor car-
tridge (10 mm id x 100 mm) packed with 0.1 g of [PO,{WO-
(02)2}4]@PIILP and 2.0 g of SiO, (Geduran® Si 60) and
mounted in a FlowSyn column heater. The exiting stream was
passed through a back pressure regulator (BPR) and 2 mL frac-
tions were collected into separate vials followed by a 2 mL
post-collect. Each sample was diluted with dichloromethane
(10 mL), washed with water (ca. 15 mL), the organic extract
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dried over MgSOy, the solvent removed under reduced pressure
and the resulting residue analysed by either '"H or "*C NMR
spectroscopy to quantify the composition of starting material
and products.
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