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The catalytic effect of VO(acac)2 in the oxidation of sulfoxides to sulfones with chlorine dioxide was found.

Chlorine dioxide (ClO2) is a convinient industrial oxidant. The
oxidation of amines, phenols, olefins and carbonyl compounds
by chlorine dioxide was described.1

Previously,2–5 it was shown that the oxidation of sulfides with
ClO2 at a substrate-to-oxidant molar ratio of 1:0.5 in CH2Cl2,
CCl4, AcOEt or without solvent results in 95–100% conversion
of the sulfide to give the corresponding sulfoxide in 80–95%
yields; the formation of  sulfones does not exceed 2–3%.

In the oxidation of dipropyl and methyl phenyl sulfoxides
at a substrate-to-oxidant molar ratio of 1:0.5 in CH2Cl2 and
AcOH at room temperature, the conversion of sulfoxides does
not exceed 20–25%. The reaction products are sulfones and
monochlorinated sulfoxide derivatives (Scheme 1).† At 80 °C,
the conversion of sulfoxides was 98–100% in AcOH. In the
case of methyl phenyl sulfoxide, the yields of methyl phenyl
sulfone and (chloromethylsulfinyl)benzene are 25 and 75%,
respectively. Dipropyl sulfoxide gave a sulfone (yield 15%) and
two monochlorinated sulfoxide derivatives (10 and 75%).

Probably, the formation of chlorinated derivatives is associated
with the reactions of radicals formed on the thermolysis of
chlorine dioxide. For instance, among the oxidation products
of substituted phenols with chlorine dioxide, the following
products have been identified: 2-chloro-1,4-benzoquinone and
2,6-dichloro-1,4-benzoquinone.1 Cycloalkanes and benzene
homologues slowly interact with chlorine dioxide to form
chlorinated products.6 The main oxidation products of lower
alcohols at 70–80 °C are ketones and chloroketones.7,8

Therefore, the oxidation of sulfoxides to sulfones can be a
useful model for catalytic oxidation.

The preparation of sulfones usually involves the direct
oxidation of sulfides and sulfoxides using hydrogen peroxide,
peracids, hydroperoxides, chlorine, nitrogen oxides, oxygen or
ozone.9–11 The most common oxidant is hydrogen peroxide,
generally in acetic acid.12–13 Various transition metal compounds
are utilised in the preparation of sulfones from sulfoxides with
homogeneous catalysts (W, Mo, V).14–16

Vanadium(V) compounds are one-electron oxidants (VV–VIV)
widely used in organic reactions. VO(acac)2 is used as a catalyst
for oxygen transfer in the oxidation reactions of alkanes, alkenes,
alcohols, amines, sulfides, sulfoxides, etc. in the presence of
TBHP or molecular oxygen as an oxidant.17

Previously,18 it was found that chlorine dioxide oxidizes the
vanadyl ion to a vanadium(V) dioxo cation at a high rate.
Among the products of this reaction are the chlorate ion and
chlorine, which oxidize the vanadyl ion to vanadium(V) dioxo
cation at a lower rate. Note that, in comparison with the chlorate
ion, chlorine dioxide reacts with vanadium(IV) approximately
100 times faster.

Presumably, among the reaction intermediates, there is a radical
of chlorine which also rapidly oxidizes vanadium(IV).19

Here, we report on the oxidation of sulfoxides with chlorine
dioxide in the presence of catalytic amounts of VO(acac)2. The
catalytic oxidation of dipropyl and methyl phenyl sulfoxides
with VO(acac)2 at a substrate-to-oxidant molar ratio of 1:0.5
leads to the formation of sulfones in CH2Cl2 or AcOH at room
temperature (Scheme 2).† The yields of sulfones in product
mixtures are 80–95%. The minor products are mono-chlorinated
sulfoxides.
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† GC analysis was performed on a Chrom 5 chromatograph; argon was
used as a carrier gas, and the column was packed with 5% SKTFT-50 on
Chromaton N-AW-DMCS. The mass spectra were acquired on a Finnigan
Trace DSQ instrument (column RM-5MS, 30 m×0.25 mm, Tcol = 50–220 °C,
4 K min–1). IR spectra were recorded on a MIR-8000 instrument in a thin
layer (0.2–0.5 mm) and KBr pellets at 400–4000 cm–1. 1H NMR spectra
were recorded on a Bruker DPX 300 instrument (300.13 MHz).

General procedure for the catalytic oxidation of sulfoxides. A sulfoxide
(5 mmol) and VO(acac)2 (0.05 mmol) were dissolved in 10 ml of acetic acid
(or CH2Cl2) to give a pale green solution. After stirring for 5 min, a solution
of chlorine dioxide in acetic acid was added dropwise with rapid stirring
at room temperature to produce a brown solution. The mixture was stirred
for 3–4 h at ambient temperature to give afresh pale green solution.
After removing the solvent at low pressure, the residue was diluted with
100 ml of diethyl ether and washed with 50 ml of a saturated aqueous
solution of NaHCO3. The organic phase was dried with Na2SO4, and the
solvent was evaporated.  The concentrations of the products were deter-
mined by GLC and GC/MS. Sulfone was recrystallized from ethanol.
The yields were 80–95%.
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The batchwise addition of an oxidant changed the colour
of the reaction mixture from pale green to brown; after the
exhaustion of the oxidant, the colour became light green.

The direct oxidation of methyl phenyl sulfide and dipropyl
sulfide at a substrate-to-oxidant molar ratio equal to 1:1 in AcOH
with catalytic amounts of VO(acac)2 gives corresponding sulfones
in 75–92% yields.

Thus, the ClO2–VO(acac)2 system is suitable for the oxidation
of sulfoxides to sulfones.
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Methyl phenyl sulfoxide: 1H NMR (80 MHz, CDCl3) d: 2.5 (s, 3H,
Me), 7.23–7.41 (m, 5H, Ar). IR (n/cm–1): 1046 (S=O). MS, m/z (%): 140
(40) [M]+·, 125 (100) [PhSO]+, 109 (10) [PhS]+, 97 (40), 77 (27) [Ph]+.

Methyl phenyl sulfone: mp 86–88 °C. 1H NMR (CDCl3) d: 2.96 (s,
3H, Me), 7.44–7.60 (m, 3H, Ar), 7.79–7.91 (m, 2H, Ar). IR (n/cm–1):
1151, 1306 (O=S=O). MS, m/z (%): 156 (65) [M]+·, 141 (32) [PhSO2]+,
125 (5) [PhSO]+, 94 (45), 77 (100) [Ph]+.

(Chloromethylsulfinyl)benzene: 1H NMR (CDCl3) d: 4.16–4.45 (m, 2H,
CH2Cl), 7.23–7.41 (m, 5H, Ar). IR (n/cm–1): 1058 (S=O). MS, m/z (%):
174.5 (6) [M]+·, 125 (100) [PhSO]+, 110 (5) [PhS]+, 97 (20), 77 (13) [Ph]+.

Dipropyl sulfoxide: mp 22–23 °C. 1H NMR (CDCl3) d: 0.85 (t, 3H,
MeCH2CH2, J 7.2 Hz), 1.45–1.76 (m, 2H, MeCH2CH2), 2.45 (t, 2H,
MeCH2CH2, J 7.25 Hz). IR (n/cm–1): 1038 (S=O). MS, m/z (%): 134 (70)
[M]+·, 117 (14) [Pr2S]+, 92 (100) [PrSO]+, 77 (8) [CH2CH2SO]+, 63 (72)
[CH2SO]+.

Dipropyl sulfone: mp 29.5–30.5 °C. 1H NMR (CDCl3) d: 0.99 (t, 3H,
MeCH2CH2, J 7.2 Hz), 1.54–2.00 (m, 2H, MeCH2CH2), 2.86 (t, 2H,
MeCH2CH2, J 7.2 Hz). IR (n/cm–1): 1125, 1310 (O=S=O). MS, m/z
(%): 150 (10) [M]+·, 134 (11) [Pr2SO]+, 108 (100) [PrSO2]+, 93 (4)
[CH2CH2SO]+, 63 (6) [CH2SO]+.

1-Chloro-2-(propylsulfinyl)propane [in the mixture with 1-chloro-
3-(propylsulfinyl)propane]: 1H NMR (CDCl3) d: 4.20–4.45 [m, 1H,
MeCH(Cl)CH2]. MS, m/z (%): 168 (10) [M]+·, 92 (100) [PrSO]+, 77 (16)
[CH2CH2SO]+, 63 (37) [CH2SO]+.

1-Chloro-3-(propylsulfinyl)propane [in the mixture with 1-chloro-
2-(propylsulfinyl)propane]: 1H NMR (CDCl3) d: 3.69–3.90 [m, 2H,
CH2(Cl)CH2CH2]. MS, m/z (%): 168 (10) [M]+·, 92 (100) [PrSO]+, 77
(16) [CH2CH2SO]+, 63 (37) [CH2SO]+. Received: 11th March 2008; Com. 08/3098



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


