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Abstract The catalytic activity of a series of bis-coordi-
nated oxidovanadium(IV) complexes with 2-(4,5-diphenyl-
1H-imidazol-2-yl)-4R-phenol ligands (R = NO,, Br, H,
MeO) was investigated for the oxidation of thioanisole by
hydrogen peroxide in acetonitrile at 25°C. The substituent
groups had a significant effect on the catalytic activity and
followed the order NO, > Br > H > MeO, with the nitro
(NO,) derivative achieving >99% conversion after 10 min
while the methoxy (MeO) derivative yielded the same
result in 60 min. The nitro- and methoxy-substituted
homogeneous catalysts were incorporated into polystyrene
and electrospun to form nonwoven mats with fiber diam-
eters in the range 0.33-1.98 um. These vanadium incor-
porated fibers were subjected to a continuous flow system
at a flow rate of 1 mL/h for the oxidation of thioanisole and
the nitro-substituted catalyst showed excellent catalytic
activity with conversions dropping from 99 to 93% in the
10th fraction while the drop was down to 88% for the
methoxy-substituted catalyst.
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1 Introduction

The oxidation of sulfides has become a popular and useful
reaction [1-4]. Not only does this reaction yield products
which serve as intermediates in the synthesis of biologi-
cally active compounds [5], but it also holds importance for
the petrochemical industry in the production of low sulfur
fuels through oxidative desulfurization [6]. Several oxi-
dants have been used for the oxidation of sulfides including
but not limited to, molecular oxygen, peroxides and mon-
operoxysulfate [7]. Current economical and environmental
concerns make hydrogen peroxide an attractive option due
to its low cost and lack of harmful by-products, respec-
tively [8]. Combining hydrogen peroxide with a transition
metal catalyst provides further benefits including a reduced
reaction time [9, 10], as well as the ability to manipulate
product selectivity and chirality [11]. The use of vanadium
catalysts for the oxidation of sulfides has attracted much
interest in this regard. Both oxidovanadium(IV) [12] and
dioxidovanadium(V) [13] complexes have been shown to
facilitate the oxidation of not only sulfides but several
organic substrates including alkanes and alkenes [14].

A great deal of research at the moment is focussed
around immobilizing these homogeneous catalysts onto
solid supports [15, 16]. Although homogeneous catalysts
often exhibit improved activity over their heterogeneous
counterparts, they are rarely applied to the chemical and
petrochemical industries [6]. This is possibly due to the
difficulty and expense of recovering homogeneous cata-
lysts from the reaction solution. There are several materials
that have proven to be useful supports for immobilizing
vanadium catalysts, one of which is micro-spherical poly-
styrene-based resins [10-12]. These resins can be easily
functionalized to provide sites for subsequent ligand and
metal attachment. The catalytic surface area of these resins

@ Springer


http://dx.doi.org/10.1007/s10562-011-0749-1

R. S. Walmsley et al.

244
05eq VOS8O, R N/ NH
o] =
N N ANV
HZO/MeOH AN
N R

O ® Ao

R =H, Br, NO,, MeO
Scheme 1 Synthesis scheme of oxidovanadium(IV) complexes

can be increased by decreasing their diameter, however as
one enters the nanometer domain, separation of the resins
can become more difficult and centrifugation is often
required [17]. Electrospun nanofibers have diameters in the
nanometer region and intertwine to form a web-like
structure or mat, making them very easy to separate from
solution [18] as well as having possible application as
membranes in membrane catalysis [19]. Most research in
application of fibers in catalysis involves the deposition of
metal nanoparticles on the surface of the fibers [20], or
preparation of inorganic/metal oxide based fibers [21].
There are, however, no studies focusing on immobilization
of coordination complexes onto nanofibers.

In this paper, a series of 2-(4,5-diphenyl-1H-imidazol-2-
yl)-4R-phenol ligands and their corresponding bis-coordi-
nated oxidovanadium(IV) complexes were prepared
(Scheme 1) and characterized. The effect of the electron
donating/withdrawing substituents on catalytic activity was
evaluated. The homogeneous catalysts were then incorpo-
rated into polystyrene and electrospun to produce nanofiber
mats. The catalytic performance of the incorporated cata-
lysts was evaluated for the oxidation of thioanisole with
hydrogen peroxide under continuous flow conditions.

2 Experimental
2.1 Materials and Instrumentation

Polystyrene (Mw, 192 000) and all other chemicals used
were >98% purity and were purchased from either Sigma-
Aldrich or Merck chemical company and used without
further purification. Solvents were reagent grade.

The infrared spectra were recorded on either a Perkin
Elmer 100 ATR-FTIR (4000-650 cm™ l) or Perkin Elmer 400
FT-IR spectrometer (4000400 cm™"). '"H and '*C NMR
spectra of the ligands were recorded on a Bruker AMX 400
NMR MHz spectrometer and reported relative to tetrameth-
ylsilane (6 0.00). Electronic spectra were recorded on a Perkin
Elmer Lambda 25 UV-Vis spectrophotometer using 1 cm
quartz cells and N,N-dimethylformamide (DMF) as the
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solvent. Microanalysis was carried out using a Vario Ele-
mentar Microcube ELIII. Catalyzed reactions were monitored
using the Agilent 7890A gas chromatograph (GC), fitted with
a flame ionization detector (FID) and a Zebron, ZB-5MSi,
capillary column (30 m x 0.25 mm x 0.25 pum). Mass
spectra were obtained using a Thermo-Finnigan GC-MS fit-
ted with electron impact ionization. The morphology of the
polymer fibers was investigated using a TESCAN Vega TS
5136 LM scanning electron microscope (SEM). The vana-
dium content was determined using a Thermo Electron (iCAP
6000 Series) inductively coupled plasma (ICP) spectrometer
equipped with an OES detector. The wavelengths 290.88 nm,
292.40 nm, 309.31 nm, and 311.07 nm were chosen and
triplicate analyses were performed at each wavelength.
Aqueous hydrogen peroxide (H,0O,) was standardized using a
potassium permanganate titration [22] and found to have a
concentration of 29.4% (wt%).

2.2 Preparation of Ligands

All substituted 2-(4,5-diphenyl-1H-imidazole-2-yl)phenol
derivatives were prepared according to a literature proce-
dure [14].

2.2.1 2-(4,5-Diphenyl-1H-imidazol-2-yl)phenol (dpimH)

Yield: 70%. Mp 203-204°C. Selected IR peaks (cm™'):
3,189 m, 3,053 m, 1,601 m, 1,590 m, 1,552 m, 1,485 s,
1,216s, 1,023's, 766 vs, 691 vs. 'H NMR (400 MHz,
DMSO); 6 8.09 (br, d, 2H); 7.65 (m, 4H); 7.56 (m, 3H);
7.43 (m, 6H). '>*C NMR (100 MHz, DMSO): 159.4, 145.2,
136.0, 131.9, 130.8, 128.7, 128.4, 128.1, 127.6, 126.5,
126.4, 126.1. Anal. Calcd for C,H;(N,O: C, 80.75; H,
5.16; N, 8.97. Found: C, 80.17; H, 5.22; N, 8.87.

2.2.2 4-Methoxy-2-(4,5-diphenyl-1H-imidazol-2-yl)phenol
(dpimMeO)

Yield: 86%. Mp 159-160°C. Selected IR peaks (cm™'):
3,194 m, 3,048 m, 1,605 m, 1,586 m, 1,499 s, 1,224 s,
1,036 s, 764 vs, 696 vs. '"H NMR (400 MHz, DMSO); 6
13.02 (s, 1H); 12.47 (s, 1H); 7.67 (s, 1H); 7.40 (m, 10H);
6.89 (m, 2H); 3.77 (s, 3H). '>*C NMR (100 MHz, DMSO):
151.9, 150.8, 145.8, 134.2, 133.6, 128.8, 127.3, 127.1,
126.7, 117.5, 116.9, 112.5, 108.8, 55.6. Anal. Calcd for
CyHgN>0O,: C, 77.17; H, 5.30; N, 8.18. Found: C, 77.10;
H, 5.38; N, 8.09.

2.2.3 4-Bromo-2-(4,5-diphenyl-1H-imidazol-2-yl)phenol
(dpimBr)

Yield: 71%. Mp 186-187°C. Selected IR peaks (cm ™ '):
3,166 m, 3,043 m, 1,604 m, 1,579 m, 1,567 m, 1,484 s,
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1,278 s, 1,254 m, 1,143 m, 1,074 s, 1,026 m, 762 vs,
696 vs. '"H NMR (400 MHz, DMSO); 6 13.11 (br, s, 1H);
8.30 (s, 1H); 7.53-7.39 (m, 11H); 6.95 (d, 1H). >*C NMR
(100 MHz, DMSO): 167.3, 156.7, 154.9, 145.3, 133.2,
129.5, 128.7, 128.3, 127.9, 127.7, 119.9, 115.6. Anal.
Calcd for C,1H;sBrN,O: C, 64.46; H, 3.86; N, 7.16. Found:
C, 64.26; H, 3.90; N, 7.25.

2.2.4 4-Nitro-2-(4,5-diphenyl-1H-imidazol-2-yl)phenol
(dpimNO,)

Yield: 62%. Mp 219-220°C. Selected IR peaks (cm™'):
3,289 m, 3,055 m, 1,615w, 1,594 m, 1,584 m, 1,471 s,
1,336 s, 1,129 s, 1,074 m, 1,024 m, 763 s, 739 s, 687 s. 'H
NMR (400 MHz, DMSO); 6 13.9 (br, s, 1H); 9.15 (s, 1H);
8.17 (d, 1H); 7.54 (m, 4H); 7.43 (m, 4H); 7.38 (m, 2H); 7.16
(d, 1H). >*C NMR (100 MHz, DMSO): 165.5, 157.3, 154.3,
144.4, 133.2, 130.1, 128.8, 127.9, 127.6, 127.3, 126.9,
120.3, 114.5. Anal. Calcd for C,H;sN3O5: C, 70.58; H,
4.23; N, 11.76. Found: C, 70.29; H, 4.18; N, 11.46.

2.3 Preparation of Oxidovanadium(IV) Complexes
2.3.1 [VO(dpimH),]

The ligand dpimH (0.31 g, 1 mmol) was dissolved in warm
methanol (10 mL). Vanadyl sulfate (0.1 g, 0.45 mmol) was
dissolved in 3 mL of a methanol/water (2:1 ratio) solution.
This solution was then added dropwise to the methanolic
ligand solution. The mixture was stirred for 4 h at room
temperature. The resultant blue-green precipitate was col-
lected by filtration and washed with water and methanol
and then dried at 100°C. Yield: 62%. Selected IR peaks
(ecm™Y): 1,604 m, 1,589 w, 1,565 m, 1,477 s, 1,456 m,
1,303 m, 1,251 s, 1,139 s, 1,025 m, 945 m, 869 s, 750 s,
694 s. UV-Vis (DMF) Amax (&, M~ 'em™"): 527 (53), 632
(31), 836 (43). Anal. Caled for C4H30N405V.2H,0: C,
69.51; H, 4.72; N, 7.72. Found: C, 69.59; H, 4.71; N, 7.64.

2.3.2 [VO(dpimMeO),]

This compound was prepared as for 2.3.1 above except the
ligand dpimMeO was used. The resultant compound was a
yellow-green solid. Yield: 64%. Selected IR peaks (cm™'):
1,587 m, 1,489 s, 1,225 s, 1,034 m, 975 m, 764 s, 692 s.
UV-Vis (DMF) Zna (6, M~ 'em™"): 515 (78), 625 (48),
844 (55). Anal. Calcd for C44H34N,05V.H,0: C, 68.84; H,
4.73; N, 7.30. Found: C, 68.71; H, 4.81; N, 7.26.

2.3.3 [VO(dpimBr),]

This compound was prepared as for 2.3.1 above except the
ligand dpimBr was used. The resultant compound was a

blue-green solid. Yield: 59%. Selected IR peaks (cm_l):
1,601 m, 1,561 m, 1,475 s, 1,294 m, 1,250 m, 1,142 m,
1,028 m, 958 m, 696s. UV-Vis (DMF) An.x (e,
M 'em™h): 522 (54), 639 (30), 823 (42). Anal. Calcd for
C4H,sBr,N,O3V.2H,0: C, 57.20; H, 3.59; N, 6.30.
Found: C, 57.10; H, 3.65; N, 6.34.

2.3.4 [VO(dpimNO,),]

This compound was prepared as for 2.3.1 above except the
ligand dpimNO, was used. The resultant compound was an
orange-green solid. Yield: 45%. Selected IR peaks (cm™'):
1,608 m, 1,579 m, 1,486 m, 1,331 m, 1,138 m, 1,072 m,
964 m, 692 s. UV-Vis (DMF) Ay (6, M 'em™): 613
(49), 849 (55) Anal. Calcd for C42H32N609V.2HQO: C,
61.84; H, 3.95; N, 10.30. Found: C, 62.06; H, 4.13; N,
10.08.

2.4 Electrospinning
2.4.1 PS-25

A mass of 1.25 g of polystyrene (PS) was dissolved in
5 mL of a DMF:THF (4:1) solvent mixture to make a 25%
PS solution, which was subsequently stirred for 24 h to
ensure homogeneity. The solution was then transferred to a
20 mL syringe and electrospun. The voltage applied to the
needle tip was 20 kV and the tip to collector distance was
15 cm. The internal diameter of the needle was 1 mm and
the flow rate was 1 mL/h. The white fibers were collected
by vertical electrospinning on a piece of aluminum foil that
was grounded (Fig. 1). Selected IR peaks (cm™'): 1,655 s,

High Voltage Supply

1 Fiber mat

=n=,

Reactant solution

Collector

Fig. 1 An illustration of a typical electrospinning and continuous
flow reaction set-up. The polymer solution was placed in a syringe
connected to a high voltage supply. A high voltage was applied at the
needle tip and the resultant fibers were collected on a grounded
collector. These fibers were then packed in a syringe, and a sulfide-
containing reactant solution passed through the fibers at a controlled
rate in a continuous flow fashion
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1,492 s, 1,451 s, 749 vs, 696 vs. Anal. Found: C, 84.68; H,
8.08.

2.4.2 PS-25-[VO(dpimMeO),]

Same as above (2.4.1) except [VO(dpimMeO),] (0.25 g, 20
wt% relative to PS) was added to the mixture. The resulting
fiber mat was a light green color. Selected IR peaks
(cm_l): 1,491 s, 1,451 s, 1,281 w, 975 vw, 811 w, 694 vs.
Anal. Found: C, 73.36; H, 7.43; N, 3.32; V, 3.00.

2.4.3 PS-15-[VO(dpimMeO),]

Same as above (2.4.2) except a mass of 1.25 g of PS was
dissolved in 8.3 mL of a DMF: tetrahydrofuran (THF)
(4:1) solution to make a 15% PS solution. The internal
needle diameter was 0.5 mm and the flow rate was kept
constant at 0.5 mL/h. The resulting fiber mat was a green
color. Anal. Found: C, 85.85; H, 7.31; N, 1.28; V, 1.19.

2.4.4 PS-25-[VO(dpimNO,),]

Same as for (2.4.2) except [VO(dpimNO,),] (0.25 g, 20
wt%) was used. The flow rate was reduced to 0.6 mL/h.
The resulting fiber mat was a yellow color. Selected IR
peaks (cm_l): 1,579 m, 1,182 vw, 1,138 w, 1,070 w,
1,025 w, 987 vw, 966 vw, 891 vw, 840 vw. Anal. Found:
C, 87.22; H, 7.61; N, 1.41; V, 0.86.

2.4.5 PS-15-[VO(dpimNO,),]

Same as for (2.4.3), except that [VO(dpimNO,),] was
included in the mixture. The resulting fiber mat was yellow
in color. Anal. Found: C, 85.93; H, 7.45; N, 1.41; V, 0.84.

2.5 Catalytic Activity Studies
2.5.1 Batch Experiments

In a typical homogeneous catalytic oxidation experiment,
20 mL of acetonitrile and the oxidovanadium complex
(0.25 mol%) were mixed in a 50 mL round bottom flask.
The temperature of the reaction was fixed at 25(£+1)°C by
use of an external temperature probe. The oxidant, H,O,
(2 mol eq), was added followed by thioanisole (10 mmol)
while the reaction was stirred at a constant rate of 300 rpm.
Aliquots were withdrawn at 10 min time intervals and
analyzed by GC.

2.5.2 Continuous Flow Experiments

The catalytic activity of the polymer-incorporated oxido-
vanadium(IV) complexes was also evaluated using a
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continuous flow approach. The fibers (0.010 g) were
packed between two filter disks (Whatmann no. 1) in a
10 mL syringe. In a separate flask; H,0, (2 mol eq),
thioanisole (0.5 mmol) and solvent mixture were mixed for
5 min. This reactant solution was poured into the syringe.
The solution was passed through the fibers at a controlled
rate using a syringe pump (New Era, NE-1000). Fractions
of 1 mL were collected and analyzed using GC.

3 Results and Discussion
3.1 Synthesis and Characterization of Catalysts

The ligands chosen in this study were based on the 2-(2'-
hydroxyphenyl)-1H-imidazoline ligand used in our previ-
ous work [10] with two major exceptions. Two extra
phenyl groups were added to provide additional stability
through 7-m interactions with polystyrene [23] and the
substituent at the para-position of the phenol ring was
varied to assess the effect of electron withdrawing/donating
groups on the catalytic activity. All the complexes dis-
played characteristic v(V = O) stretches occurring
between 945 and 975 cm ™!, which is within the reported
range for oxidovanadium(IV) compounds [24]. The UV-
Vis spectra of all of the complexes besides [VO(d-
pimNO,),] displayed three d—d transitions, commonly
observed for a square pyramidal oxovanadium(IV) com-
plexes [25]. The first transition appeared between 515 and
527 nm (dx_‘, — dzz), the second between 613 and 639 nm
(doy — d2_,2) and the third between 823 and 849 nm
(dxy — dy, dyz). Although the lowering of symmetry from
C4y to Cy, lifts the degeneracy of the dy, and d,, orbitals
this is often not observed experimentally. The first d—d
transition for [VO(dpimNO,),] was hidden beneath the
intense charge transfer band appearing in this region
(Fig. 2).

The homogeneous catalysts were incorporated into
polystyrene by mixing them together in a solvent mixture
of DMF/THF. This simple method offers practical advan-
tages in that no chemical modification of the homogeneous
catalysts is required [26]. Fibers of the composite material
were then produced by using the electrospinning technique
[27]. The change in color of the fibers (Fig. 3), along with
elemental (Sect. 2.4) and infrared data (Fig. S1) confirms
the presence of the catalysts within the polymer fibers.

The amount of catalyst added to the polystyrene solution
was kept constant at 20% (wt% with respect to polysty-
rene) while the percentage of polystyrene was adjusted to
tune the fiber diameters. Inclusion of the oxidovanadium
complexes in the polymer solution allowed for the pro-
duction of smooth fibers at both 25% (w/v) and the lower
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Fig. 2 UV/Vis spectra of the oxidovanadium(IV) complexes

15% polystyrene concentrations (Fig. 4) while for the pure
polystyrene smooth fibers were only obtained at the higher
25% concentration, a trend commonly observed [28].
The fiber diameters were measured from an average of
20 fibers; the 25% polystyrene-based fibers, PS-25-
[VO(dpimMeO),] and PS-25-[VO(dpimNO,),], had aver-
age fiber diameters of 1.37 and 1.98 pm, respectively,
while for the 15% polystyrene-based fibers, PS-15-
[VO(dpimMeO),] and PS-15-[VO(dpimNO.,),], it was 0.33
and 0.51 pm, respectively.

3.2 Catalytic Activity of Homogeneous Catalysts

In this study, the activity of the oxidovanadium(IV) cata-
lysts was evaluated for the H,O, facilitated oxidation of
thioanisole. The oxidation products detected were methyl
phenyl sulfoxide and methyl phenyl sulfone as confirmed
by comparison of retention times with standards and by
GC/MS. The general reaction and proposed catalytic
mechanism is shown in Scheme 2. From this scheme it is

Fig. 3 Picture of the
electrospun fibers, from

left to right; PS-25,
PS-15-[VO(dpimMeO),]
and PS-15-[VO(dpimNO,),]

evident that although the prepared oxidovanadium(IV)
complexes are referred to as catalysts, they are really cat-
alyst precursors which are converted to the active species
in peroxide conditions.

The amount of catalyst and H,O, was kept constant at
0.25 mol% and two equivalents relative to thioanisole,
respectively, while the temperature was kept at 25 (£ 1)°C,
since we have found these conditions to be effective in the
past [10, 12]. It was observed that the electron withdrawing/
donating substituents on the para-position of the phenol
group of the ligand had a significant impact on the overall
catalytic activity and selectivity. The nitro substituted
homogeneous catalyst showed the best activity with
a >99% conversion of thioanisole, being attained after just
10 min at 25°C, compared to the electron donating MeO-
substituted catalyst, which achieved the same result in
60 min (Fig. 5). The activity of the catalysts showed the
following trend as shown by their turn-over frequencies
(TOF); NO, (2,400 h™!) > Br (800 h™!) > H (600 h™ ') >
MeO (480 hfl). When the solvent mixture was changed
from pure CH;3CN to a mixture of CH3CN/H,O the con-
version dropped slightly, while the selectivity shifted
slightly to favor the formation of sulfone (Table S1). In the
absence of catalyst low conversions were obtained.

The introduction of electron withdrawing groups para
on the phenol group of the ligand seems to improve the
activity perhaps by rendering the metal center electron
deficient. The product selectivity was also dependant on the
substituent groups. The milder MeO-substituted catalyst
displayed higher selectivity towards the formation of
methyl phenyl sulfoxide whereas the NO,-substituted
derivative seemed to favor the formation of the sulfone,
especially as time progressed (Fig. 6). This was expected
since the more active NO,-substituted derivative further
oxidizes the sulfoxide to the sulfone. A table containing
product selectivity and overall conversions for the cata-
lyzed reactions can be found in the electronic supplemen-
tary information.
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Scheme 2 Outline of the catalytic reaction [16] and general reaction
for the oxidation of thioanisole to methyl phenyl sulfoxide and methyl
phenyl sulfone

3.3 Catalytic Activity of Nanofiber-Incorporated
Catalysts

Rather than applying these fibers in a batch reaction as was
the case for the homogeneous catalysts, a continuous flow
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Fig. 5 Ligand substituent effect on catalytic activity. Conditions:
Catalyst (0.25 mol%), thioanisole (10 mmol), H,O, (2 eq, 20 mmol),
CH;CN (20 mL), and at 25°C

approach was chosen since the highly porous nature of the
fiber-mats was well suited to this approach. Furthermore,
the non-crosslinked polystyrene fibers are susceptible to
breaking by mechanical agitation with the magnetic stirrer
bar. Since the oxidovanadium complexes were highly
insoluble in water, the solvent used in the catalyzed
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Fig. 6 Product selectivity for the oxidation of thioanisole. Condi-
tions: Catalyst (0.25 mol%), thioanisole (10 mmol), H,O, (2 eq,
20 mmol), CH3CN (20 mL), and at 25°C

reactions was changed to a mixture of CH;CN/water (1:1),
rather than pure CH;CN to limit leaching from the
polymer.

The effect of the flow rate, fiber diameter and catalyst
type on the reaction was investigated. Only [VO(dpim-
MeO),] and [VO(dpimNO,),], which were least and the
most active catalysts, respectively, were studied by this
method to assess if any impact on catalytic activity would
be observed. An increase in flow rate from 0.5 to 1 mL/h
resulted in an improvement in % conversions but a further
increase to 1.5 mL/h resulted in a moderate drop in con-
version and so subsequent reactions were performed at
1 mL/h (see the supplementary information). The different
diameters of the fibers (0.33 and 1.37 um for PS-15-
[VO(dpimMeO),] and PS-25-[VO(dpimMeO),], respec-
tively, and 0.51 and 1.98 pm for PS-15-[VO(dpimNO,),]
and PS-25-[VO(dpimNO.,),], respectively) had no obser-
vable effect on catalytic activity. As shown in Fig. 7, PS-
15-[VO(dpimNO,),] showed good catalytic activity, with
the conversion of thioanisole remaining above 93% over
the 10 h (or 10 mL) period studied. As has been the trend
with homogeneous catalysts (Fig. 5), PS-15-[VO(dpim-
MeO),] was also slightly less active than PS-15-[VO(d-
pimNO,),] with conversions dropping to 87.7% in the 10th
fraction. The greater activity of the NO,-substituted cata-
lysts resulted in slightly higher formation of the sulfone
compared to the MeO-substituted catalyst, for the same
reason as discussed for the homogeneous catalysts. When
using un-functionalized polystyrene fibers (PS-25) a max-
imum conversion of 22.9% was obtained on the last frac-
tion intimating that the presence of the catalyst is crucial
for expediting these oxidation reactions. More data
regarding the effect of the above mentioned conditions on
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Fig. 7 Oxidation of thioanisole under continuous flow conditions.
Conditions: thioanisole (50 mM), H,O, (100 mM), PS-15-[VO(d-
pimNO,),] (0.01 g) and PS-15-[VO(dpimMeO),] (0.01 g) of catalyst
in 1:1 CH3CN/H,0; 25°C; flow rate = 1 mL/h

selectivity and overall conversion may be found in Table
S1 and Fig. S2.

For both catalysts, the activity drops slightly after time
and for this reason the leaching of vanadium from the
polymer was quantified. Each of the 1 mL product frac-
tions collected from the continuous flow system were
evaporated to dryness. The remaining residue was digested
in 0.5 mL of nitric acid (Ultrapure, 69%) for 24 h and
diluted with deionised water to a total volume of 15 mL.
This solution was passed through a Millipore filter
(0.45 M) and analyzed by ICP-OES. An average of 3.8
(£ 1.4)% of vanadium was lost in each fraction which
corresponds with the observed drop in activity. This study
has led us to begin work on covalently linking the ligands
to the polymers and electrospinning their solutions prior to
the introduction of oxidovanadium(IV). It is hoped that this
will improve the stability of the catalysts and address the
vanadium leaching observed in this incorporation method.

4 Conclusions

A series of novel, catalytically active, oxidovanadium(IV)
complexes with electron withdrawing/donating substituents
para to the phenol group of the ligand, were successfully
prepared and evaluated for the catalytic oxidation of thio-
anisole. All complexes successfully catalyzed this reaction;
however, inclusion of an electron withdrawing group on
the ligand significantly improved the activity. The homo-
geneous catalysts were incorporated into polystyrene and
electrospun into nanofibers. The catalytic activity of these
fibers was evaluated using a continuous flow set up and
under these conditions near quantitative conversion of
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thioanisole was observed for an extended period of time.
Despite a small drop in catalytic activity of these fibers
over time, their excellent activity makes them an attractive
option that needs further improvements with respect to
stability before consideration for real application in
desulfurization processes.
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