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Oxidation of Sulfoxides by Hydrogen Peroxide, Catalyzed by Methyltrioxorhenium(VII)

David W. Lahti and James H. Espenson*

Ames Laboratory and Department of Chemistry, lowa State University of Science and Technology,
Ames, lowa 50011

Receied Naember 5, 1999

Dialkyl and diaryl sulfoxides are oxidized to sulfones by hydrogen peroxide using methyltrioxorhenium as the
catalyst. The reaction rate is negligible without a catalyst. The kinetics study was performegd@NEH,0O

(4:1 v/v) at 298 K with [H] at 0.1 M, conditions which make the equilibration between MTO and its peroxo
complexes more rapid than the oxygen-transfer step. The values for the rate constant for the oxygen-transfer step
lie in the range 0.43 L mol~! s™1. The rate constants were significantly smaller than for the oxidation of sulfides

to sulfoxides. A study of ring-substituted diaryl sulfoxides yielded kinetics results that are consistent with
nucleophilic attack of the sulfur atom on the peroxide oxygen group ginee—0.65. The results cited refer to

the reactions of the diperoxo from the catalyst, MeRef®},),H.O. The monoperoxo complex showed no
measurable reactivity toward sulfoxides, in contrast with the situation for nearly every other substrate. That unusual
finding suggests a hydrogen-bonded interaction between the substrate and the diperoxorhenium compound which
cannot exist with the monoperoxo compound.

Introduction Scheme 1

Methyltrioxorhenium (CHReQ;, abbreviated as MTO) is an 3 ki MOz O ﬁ,o eHO, O ﬁ,o
effective catalyst for reactions in which a substrate, X, usually CH. Reso = “Rel] —F |e‘(|>
an electron-rich species, is oxidized to XO by hydrogen ¢ "0 kqHz0 CHs ko CHygyy)
peroxide: MTO A B

X + H,0,— X0 + H,0 Q) compounds show a remarkable U-shaped Hammett plot when
aromatic substituents are changed; thioketone&£; 3rpresented

In these reactions an oxygen atom is transferred from peroxide@ regular progression of rat&Since this phenomenon could
to the substrate. The important place of O-atom transfer in iN part be attnbutgd to the presence of an electronegat[ve oxygen
industry and biology has been documerteahd a common  atom on the sulfines, we undertook a study of the kinetics of
mechanism suggested for inorganic and organic perogidias. oxidation of diaryl sulfoxides. The sulfoxides are related to
particular place of MTO in this arena has been revie®édn diaryl sulfides as sulfines are to thioketones, whose reactions
brief, two peroxorhenium compounds play catalytic roles, feature a steady (ordinary) increase in rate as substituents on
usually about equaltythey have been designatédandB, as the aromatic ring are made more electron-donatiAgseries
shown in Scheme 1. The specisndB attain their equilibrium of substrates, ASO, was therefore examined as a part of this
concentrations rapidly but not instantaneously; during the Study-
operation of the catalytic cycle, the improved steady-state ) .
method approximates their concentrations to good accuracy. Experimental Section

In studying the oxidation of alkyl and aryl sulfides €XR.S, Materials. Reagent-grade acetonitrile was used; laboratory-distilled
ArSR, ArS) to sulfoxides, it was noted that further oxidation \ater was purified by a Milli-Q water system. To maintain homogeneity
to sulfones ensued over longer tinfeg/e were motivated to  and afford reasonable solubility for these reagents, particularly the less
examine this second oxidation step, not only by its fundamental soluble diaryl sulfoxides, 4.1 acetonitritevater was used as the solvent.
interest and utility in organic synthesiyut also by certain MTO was purchased or prepared from sodium perrhefakdost

recent findings with diaryl sulfines, %= AroCSO. These  sulfoxides were obtained commercially.
Bis(4-dinitrophenyl) sulfoxide was prepared from the sulfide by

(1) Holm, R. H.Chem. Re. 1987, 87, 1401-1449. MTO-catalyzed oxidation. The sulfide (2.5 mmol in 25 mL of

(2) Mimoun, H.Angew. Chemnt. Ed. Engl.1982 21, 734-750. acetonitrile) was treated with 1.0 equiv of hydrogen peroxide and 4%

(3) Espenson, J. H.; Abu-Omar, M. Mdv. Chem. Ser1997, 253 99— MTO. The product was isolated after a 24 h of reaction time by filtration
134. after overnight cooling at10 °C. Anal. (G2HsSN;Os) found (calcd):

(4) Espenson, J. HChem. Commuril999 479-488.

(5) Roni®, C. C.; Kihn, F. E.; Herrmann, W. AChem. Re. 1997, 97 C, 49.09 (49.31); H, 2.61 (2.76); N, 9.48 (9.58).

(7), 3197. Kinetics. The progress of most reactions was monitored spectro-
(6) Herrmann, W. A.; K, F. E.Acc. Chem. Re<.997 30, 169. photometrically, with NMR used occasionally. The reactions were
(7) Espenson, J. HChemical Kinetics and Reaction Mechanisraad carried out at 25.0C in quartz cuvettes or NMR tubes. The solutions

ed.; McGraw-Hill: New York, 1995; pp 8690.
(8) Vassell, K. A.; Espenson, J. H. Am. Chem. S0d.994 33, 5491.
(9) Tanaka, K.; Kaji, A. InThe chemistry of sulphones and sulphoxjdes (10) Huang, R.; Espenson, J. Bl.Org. Chem1999 64, 6374.
Patai, S., Rappoport, Z., Stirling, C. J. M., Eds.; John Wiley & Sons, (11) Herrmann, W. A.; Kratzer, R. M.; Fischer, R. \Wngew. ChemInt.
Ltd.: London, 1988; p 759. Ed. Engl.1997 36, 2652-2654.
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Figure 1. Buildup of bis(dimethyl)sulfone as determined from the
integrated intensity of it$H resonance. The inset shows the fit to
first-order kinetics through the linearity of the plot of [Me,SO} —
[Me,SOy]} with time, which gavek = 2.07 x 103 s Initial
concentrations were 1.3 mM MTO, 9.9 mM DMSO, and 1.0 MOl

in 4:1 acetonitrile-water containing 0.1 M HOTT.

contained 0.10 M trifluoromethanesulfonic acid to stabilize MTO
peroxide against deactivatién.

Owing to the high molar absorptivities, short-path (G-021 cm)
UV cuvettes were used. Typical reaction conditions were 1 mM
sulfoxide, 100 mM hydrogen peroxide, and 0.5 mM MTO. These
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Figure 2. Pseudo-first-order rate constanis, for bis(4-nitrophenyl)
sulfoxide (circles) and PhS(O)Me (squares) versus the total initial MTO
concentration. The slopes, which represkentare 2.08 and 0.113 L
mol! s71, respectively.

Kinetics experiments were also carried out at much lower
concentrations of hydrogen peroxide. These are the conditions
under whichks for the reaction betweef and sulfoxides could
be determined. With no immediate success in determiking
under the selected conditions, the kinetics simulation program
KinSim13-15 was used to select the optimum conditions,
especially the peroxide concentration, that would best elicit the
reactivity of A. Regardless of any reasonable assumption as to

conditions offer accurate absorbance changes. The recorded absorbangge relative values oks and ks, no contribution from theks

amplitudes agreed with those calculated from the molar absorptivities
for the conversion of sulfoxide to sulfone. The NMR method was
mandatory for MgSO, given the lack of suitable absorptions. Thé;€
S(O)R resonance was monitored with time. Both UV and NMR methods
were used foB as a double-check. Typical NMR concentrations were
10 mM sulfoxide 1 M hydrogen peroxide, and 1.0 mM MTO.

Results

Values for equilibrium and rate constants for Scheme 1
pertinent to the interpretation of the data have been deter-
mined: K; = ky/k—; = 347 L mol}, K; = 91 L mol?, k; =
15.5 L mol? s, andk, = 0.17 L mol? s71.10 Most kinetics
experiments were carried out with a hydrogen peroxide con-
centration sufficiently high that essentially all of the rhenium
was present as the diperoxo compouhdUnder such condi-
tions, the contribution ofA to the kinetics can be entirely
ignored. The data consist of absorbantme (UV) or intensity-
time (NMR) values, such as those displayed in Figure 1. Each
experiment was fit very well by a first-order rate equation,

establishing a first-order dependence on the sulfoxide concentra

tion. As shown in Figure 2 for PhS(O)Me and (4-MCH,)o-
SO, the plot okyps against [Re} is linear. This pattern affirms
the rate law

d[R,SQ)] dt = k,[R,SO][Re}

term could be detected experimentally. To ensure that the
procedure was sound, experiments were carried out on thioani-
sole, for which thek; step provides the major pathway, as once
again confirmed. Then, to be certain that the sulfoxide does
not interact with catalytic intermedia#%, measurements were
carried out on a mixture of diphenyl sulfoxide and thioanisole.
The results obtained were as if thioanisole alone had been used;
the sulfoxide did not alter the rate, and in the time allotted it
was itself not oxidized. We thus conclude/ks = 250 for
diphenyl sulfoxide: theks path does not enter.

Sulfoxides are much less reactive tow#&dhanB, and they
do not coordinate to MTO (oh) to any detectable extent. Thus,
they do not affect the oxidation of sulfides by M¥®1,0..
These points are not out of the ordinary, in that sulfoxides are
not strong Lewis bases and sulfides are oxidized more rapidly
than sulfoxides. The relative reactivitiesAdfandB are striking;
only for allylic alcohols has such an effect been noted
k4,16 which was reasonably ascribed to special hydrogen
bonding.

Discussion

Large kinetic differences are found between sulfides and
sulfoxides, favoring the sulfides by 3,0vhich has been noted
for these species befot&:2° The inductive effect of the oxo
group on the sulfoxide must greatly lower the nucleophilicity
of the sulfur atom. It is important to contrast kinetics against

The rate constant proved independent of the hydrogen perOXidethermodynamics. For that purpose we use values for thermo-

concentration in the range 6-1..0 mol/L. These concentration

dynamic functions of the sulfur compounds gi@rkor these

dependences show that the slopes of the lines in Figure 2 afford

the values ofk,, the rate constant for the reaction betwd®n
and RSO. The values ok, for the various sulfoxides studied

(13) Barshop, B. A.; Wrenn, C. F.; Frieden, @nal. Biochem1983 130,
134.

are presented in Table 1. For entry 3, data from NMR and (14) Frieden, CTrends Biochem Scl993 18, 58-60.

spectrophotometry were used to confirm agreement between th({

two techniques. Thus, the valuelaffor Me,SO (which seemed
low, given the trends in Table 1) can be trusted. Further, it was
redetermined multiple times.

(12) Abu-Omar, M.; Hansen, P. J.; Espenson, J.FAm. Chem. So4996
118 4966-4974.

15) Frieden, CMethods Enzymoll994 240, 311—-322.

16) Tetzlaff, H. A. R.; Espenson, J. thorg. Chem1999 38, 881—-885.

(17) Adam, W.; Mitchell, C. M.; Saha-Moller, C. Rietrahedron1994
50, 13121.

(18) Ballistreri, F. P.; Tomaselli, G. A.; Toscano, R. M.; Bonchio, M.;
Conte, V.; Di Furia, FTetrahedron Lett1994 35, 8041.

(19) Di Furia, F.; Modena, GRPure Appl. Chem1982 54, 1853.

(20) Yamazaki, SBull. Chem. Soc. Jpri996 69, 2955.

(21) Benson, S. WChem. Re. 1978 78, 23—35.



2166 Inorganic Chemistry, Vol. 39, No. 10, 2000 Lahti and Espenson

Table 1. Rate Constants for the Oxidation of Sulfoxides with Hydrogen Peroxide Catalyzed by Methyltrioxorhenium

entry substrate koL mol~1s? entry substrate koL mol~1s?
1 Me,SO 1.54+0.12 6 (4-MeOGH,4).SO 3.10+ 0.02
2 PhS(O)Me 2.08:0.03 7 (4-MeGH,),SO 1.724+ 0.01
3 4-MeGH;S(O)Me 2.83+ 0.07 8 PRSO 0.91+ 0.02
29+0.17 9 (4-FGH.,)2.SO 0.68+ 0.02
4 PhCHS(O)Me 2.874+0.05 10 (4-CIGH4),SO 0.54+ 0.02
5 (PhCH),SO 2.02+ 0.02 11 (4-NQCgH,4).SO 0.113+ 0.001

aDetermined from NMR; others determined from YVis measurements.
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Figure 4. Values of logks) for selected sulfoxides versus log)ior

the parent sulfide compounds (ref 12). Compounds are numbered
according to Table 1. A general linear correlation with a slope of about
Figure 3. A Hammett plot for the oxidation of substituted diaryl 0.4 can be seen. Values for the sulfides kyé€filled squares) andt
sulfoxides by hydrogen peroxide with MTO as a catalyst. The slope of (0pen triangles).

the line givesp = —0.65.

tones!® and aryl sulfide$.In that case, the available data refer
two reactions the values of the molar Gibbs energies at 298 K not to ArS but to ArSMe® The Hammett reaction constants

are as shown: are given below:
Me,S + H,0, — Me,SO+ H,0 —206 kJ Ar,SO ALCS ArSMe AsCSO
Me,SO+ H,0, — Me,SO, + H,0 —307 kJ 20 20 o 20
p=—0.65 p~—11 p=-0.98 U-shaped

These data apply to M8(O}), in the gas phase, but the same
picture emerges when data are referenced to the condense
state?? This trend is more or less independent of the R-group
on the sulfur atom; for P4$ analogues, for whichH® but not
AG?® values are knowA! the AH® values are-221 and—324
kJ, respectively. Thus, it is clear that the thermodynamic trends
lie in an order opposite that of the kinetic trends.

The rate constants for the series{&sH4).SO were analyzed
by the linear free energy correlation method described by
Hammett. For this purpose theaxis is given by 2, whereo

learly the same effects operate along each series, except for
the thioketones. The fact that the sulfoxides have a smaller
p-value compared to the sulfides is consistent with the elec-
tronegative oxygen atom muting the kinetic effects of the ring
substituent, owing to its polarizing effects in the transition state.
Much more dominant than those trends, however, are the large
changes {10°) in reactivity of sulfides to sulfoxide®.

Another means of exploring these effects is by means of a
linear free energy correlation between parallel sets of com-
pounds, sulfides and sulfoxides. This method allows the

is the Hammett substituent constant. Twice the value wfs ! .
taken, since two equivalent groups are present in these!nclusmn of sets of compounds that cannot be accommodated

compounds. The resulting correlation is displayed in Figure 3. in a single Hammett corr_elation. Figure 4 presents a plo_t ki
The slope of the line gives the reaction constan as—0.65. rate constark, for sulfoxides, ArS(O)Me and ABO, against
The linearity of the plot indicates that a common mechanism, 1€ rate constank{ or k,, as available) for ArSMe and £8.

and a common rate-controlling step, operates throughout the;rhe nun}ber of dat?} p|0|nts IhS limited, land the corrhelanr?n far
seriest® The negative value qf shows that the reaction center rom perfect. Nonetheless, these results suggest that the same

(the sulfur atom) becomes more positive in the transition state /€ctronic factors are, by-and-large, applicable to all the rate
than in the reagent, consistent with a mechanism in which the constants for the.parallel reactions Of.SU|fOXIdeS and su!fldes.
peroxide group has become electrophilically activated by The s_Iope of that |mp§rfect correlation is ak_)(_)ut £.0.1, again
coordination to the heptavalent rheniumBofin that sense, then, ~ SNOWing the electronic effects of the additional oxygen atom
the electron pair of the sulfoxide has it acting as a nucleophile on the reaction center. The matter ur_lder discussion IS not 5|mlply
attacking the peroxo oxygen &. This mechanism has been that sulfoxides are much less reactive than the sulfides, which
assigned to nearly all reactions in which substrate X is oxi- V&S dealt with in the opening part of the Discussion. Rather,

dized by hydrogen peroxide under the catalytic influence of this point concerns theelative rates along the series, sulfoxide

MTO.34 (The notable exception is the case of the sulfines, X compared to sulfide. Put another way, each sulfoxide is less
= Ar,CSOL0) """ reactive than its sulfide, but along a series in which the sulfide

| rate constants rise a given amount, those for the sulfoxide rise
less. This effect signals a lessening of the influence of the
oxygen atom for the more reactive compounds.
(22) Thermochemistry of sulfoxides and sulfartésrron, J. T., Eds.; John The most notable feature of the kinetic data for the sulfoxides
Wiley & Sons: New York, 1988. is the lack of a detectable contribution for tkepathway. In

We can make certain comparisons between the diary
sulfoxides reported here with rate constants for diaryl thioke-
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other words, oxidation proceeds entirely through the diperoxo- does not. Thus, the Re atomhis seven-coordinat®,and in
rhenium compoun®, and not at all througt\. This contrasts A five-coordinaté! The water molecule can allow for hydrogen
with the usual trend for many substrates, wharandB react bonding in the transition state of the oxidation. The oxo group
at comparable rate&q~ ks).34 Indeed, in most of those cases on the sulfoxide can hydrogen-bond with this water molecule
A carries the much larger portion of the reaction, owing to a and make a six membered ring:
rate of regeneration d from A that makes the more probable

. ¥
fate of A oxygen atom transfer; namely (often) the following (|)|

inequality holds: ks[X] > ky[H.,O,]. The single exception to cga\ /0
these general statements to date has been the oxidation of allylic (\D/Rf """"" 0

alcoholst® a reaction that has also been examined by offiéfs. oL SR,
That unusual finding was interpreted to suggest a hydrogen-
bonded interaction between the substrate and the diperoxorhe-
nium compound, which cannot exist witl\, as conveyed by
the structure shown (see ref 15).

In support of this suggestion it should be noted that sulfones
are formed to a greater extent during sulfide oxidation by
MTO—-H,0; as the water concentration increades.
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Sulfoxides do not offer a parallel pathway. It is however 22) Adam. W.- Mitchell. C. Saha-Moller. Gl Ora. Chem1999 64
known thatB has a water molecule bonded to rhenium @nd ( )36557_]’ -+ Mitchell, C.; Saha-Moller, C1. Org. Chem.1999 64,

(25) Herrmann, W. A,; Fischer, R. W.; Scherer, W.; Rauch, MAbigew.
(23) Adam, W.; Wirth, T.Acc. Chem. Red.999 32, 2. Chem, Int. Ed. Engl.1993 32, 1157.




