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Oxidation of Thioanisoles and Methyl Phenyl Sulfoxides by Oxo(phosphine)ruthenium(IV) 
Complexes 
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The oxo(phosphine)ruthenium(IV) complexes [Ru(bpy)z(O)PR3] (C104)2 (bpy = 2,2’-bipyridine; PR3 = P(C6H5)3, 

to sulfoxides and in separate experiments oxidize sulfoxides to sulfones. The substrate oxidations are second order 
overall, first order in substrate concentration and first order in ruthenium concentration. Through the use of 
para-substituted thioanisoles and para-substituted methyl phenyl sulfoxides, linear free energy relationship analyses 
of the kinetics of substrate oxidations by [Ru(bpy)2(O)P(C6H~)3] (C104)2 were conducted. For the oxidation of 
sulfides to sulfoxides, an excellent correlation (R2 = 0.99) was obtained between log (kx/kH) and the cr- values for 
the substituents of para-substituted thioanisoles ( p  = -1.56). For the oxidation of sulfoxides to sulfones, a good 
correlation (R2 = 0.98) was obtained between log (kx/kH) and the u+ values for the substituents of para-substituted 
methyl phenyl sulfoxides ( p  = -0.42). In addition, the kinetic isotope effect for the oxidation of thioanisole and 
methyl-d3 phenyl sulfide produced kH/kD = 1.14, and the oxidation of methyl phenyl sulfoxide and methyl-d3 phenyl 
sulfoxide resulted in an inverse isotope effect of kH/kD = 0.64. Finally, through the use of [R~(bpy)~(0)PR~]-  
(C104)2 complexes, Hammett-type analyses of the kinetics of thioanisole oxidation and methyl phenyl sulfoxide 
oxidation by the [Ru(bpy)z(O)PR3] (C104)2 complexes afford a different approach in analysis of the mechanism 
of sulfide and sulfoxide oxidation. Hammett correlations of log (kx/kH) versus Zu (where u is the Hammett 
substituent constant for each of the para substituents on the triphenylphosphine ligands) also show linear relationships. 
The slopes of these plots gave p = 0.49 (R2 = 0.99) for the oxidation of thioanisole and p = 0.37 (R2 = 0.99) for 
theoxidationofmethyl phenyl sulfoxide by the [Ru(bpy)2(O)PR3](C104)2complexes. The resul tsofallour experiments 
suggest that the rate-determining step in the oxidation of thioanisole by [Ru(bpy)~(o)P(C6H~)3](ClO~)~ involves 
primarily single-electron transfer, whereas the rate-determining step of the oxidation of methyl phenyl sulfoxide 
involves primarily an S N ~  mechanism. 

P(p-C&OCH3)3, P(p-C6H&H3)3, P(p-Ca&F)3, P(C&,)(p-C6H&F3)2, P(p-C&cF3)3) Cleanly oxidize Sulfides 

Introduction 
There have been a number of reports concerning the oxidation 

of organic sulfides, with particular focus on the synthetic 
applications on the oxidized products in asymmetric synthesisl-5 
and also on the mechanisms of sulfide oxidation.617 A large 
variety of reagents such as peroxides,l8 sodium periodate,19 
enzymatic systems,l2,*0Jl and transition metal-based oxi- 

have been utilized for the oxidation of sulfides. 
Notably, transition metal-oxo systems such as KMn0433 fre- 
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quently react to give unselective products and thus are not suitable 
for mechanistic studies. 

There are two different proposed mechanisms for the oxy- 
genation of organosulfur compounds. A single-electron-transfer 
mechanism has been proposed for the oxidation of sulfides by 
peroxybenzoate,6 hydroperoxidase? Cr(VI),8 Ce(IV),14 and met- 
alloporphyrin systems.28 The second mechanism, S N ~ ,  involving 
a nucleophilic attack by sulfur on an electrophilic oxygen center, 
leading to the formation of a trivalent sulfur, has been proposed 
for reactions involving oxidants such as molybdenum perox- 
opolyoxoanions,~3 s~lfamyloxaziridines,~~ and pyridinium chlo- 
rochromate.36 For the majority of studies of the oxidation of 
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by distillation, and the crude product was passed through a silica gel 
column using hexane as eluant. The product was then purified by 
distillation under reduced pressure. Yield: 4.32 g (76% based on 
4-chlorobenzotrifluoride). Mp: 3 1-32 OC. Anal. Calcd for CsH,F,S: 
C, 49.99; H, 3.67. Found: C, 49.99; H, 3.67. IH NMR (CDCIg): b - 
2.45 (s, 3H, CHs), 7.35 (dd, 4H, phenyl protons). 

Methyl p(Trifluoromethyl)pbet~yI Sulfoxide. The sulfoxide was 
synthesized according to the literature procedureI9 for the synthesis of 
methyl phenyl sulfoxide. p(Trifluoromethy1)thioanisole (0.46 g) was 
reacted with NaI04 (0.54 g) to yield 0.37 g (74%) of methyl p(triflu- 
oromethy1)phenyl sulfoxide. Mp: 3 9 4 1  OC. Anal. Calcd for CsH7F3- 
OS: C, 46.15; H, 3.39. Found: C, 46.23; H, 3.39. 

Methyl p(Trifluoromethy1)plmyl Sulfm. This sulfone was synthe- 
sized from the corresponding sulfoxide according to the literature 
procedure.19 p-(Trifluoromethy1)phenyl methyl sulfoxide (0.25 g) was 
reacted with NaI04 (0.32 g) togive0.15 g (54%) of product. Mp: 101- 
102 OC. Anal. Calcd for C8H7FgOzS: C, 42.86; H, 3.15. Found: C, 
42.76; H, 3.14. 

Methyl-& Phenyl SuVide. Diphenyl disulfide (3.5 g) was reacted with 
sodium meta142 (1.5 g) in DMF (70 mL) by heating the reaction mixture 
gently for about 30 min until the sodium melted. After the mixture was 
cooled to room temperature, methyl-d3 iodide (4.65 g; Aldrich, 99+ atom 
96 D) was added and the solution was stirred overnight. The workup and 
purification procedures are the same as those described in the synthwis 
ofp-(trifluoromethy1)thioanisole (see above). Yield: 2.5 g (61%). The 
'H NMR spectrum showed no detectable amount of CH3 present, and 
a gas chromatographic analysis indicated a pure product. 

Methyl-& Phenyl Sulfoxide. The literature procedure19 for the 
oxidation of the sulfide was used. Methyl-& phenyl sulfide (0.31 g) 
yielded 0.24 g (70%) of the sulfoxide. Both the IH NMR spectrum and 
the gas chromatographic analysis indicated a pure product. 

[R~(~PY)~(O)PRJI(CIOI)I  W-Bipyridiw; PR3 = P(Cd35)39 
P(PCsHPcH3)k P(PC6H4CHJ)k P(PC6H4F)k P(caH5)@cs4CF,)% 
P(pCficF3)~). Thesecomplexes were prepared according to published 
procedures.3834 

[Ru(bpy )r(OS(CHJ)(CcHs))P(CsHs)d(ClOl)rH20. Thioanisole (0.7 
mL) was transferred into a 25-mL round-bottom flask equipped with a 
magnetic stirrer. Methylene chloride (4 mL) was added, and the solution 
wasdegassed withNz(g) for 3 min. [Ru(bpy)~(O)P(C~Hs)31 (CI04)z-HzO 
(15.85 mg) was added, and the solution was stirred under a blanket of 
Nz(g) for 30 min. At the end of 30 min, the product was precipitated 
by the addition of pentane (10 mL). The mixture was subjected to 
centrifugation for 5 min, and the solvent was decanted. The product was 
washed several times with pentane and dried in a vacuum oven at room 
temperature. Aquantitativeyieldof 100% based on theamountofoxidant 
was obtained. Anal. Calcd for C ~ J H ~ ~ C I Z O ~ P S R U . H ~ O :  C, 52.33; H, 
4.00. Found: C, 52.53; H, 4.23. 

Instrumentation. Electronic spectra were recorded either on a Bausch 
and Lomb Spectronic 2000 spectrophotometer equipped with a Houston 
Instruments Model 200 X-Y recorder or on a Milton Roy Spectronic 
3000 array spectrophotometer equipped with a Hewlett-Packard 7470A 
plotter. Cyclic voltammetric and differential pulse experiments were 
performed using an IBM EC/225 polarographic analyzer equipped with 
a Houston Instruments Model 100 recorder. Acetonitrile was used as 
the solvent with tetra-n-butylammonium tetrafluoroborate (0.1 M) as 
the supporting electrolyte. A platinum disk working electrode, a platinum 
auxiliary electrode, and a saturated sodium chloride calomel reference 
electrode (SSCE) were used. IH NMR spectra were recorded using 
either a Varian EM-390 or a Varian Gemini 300 NMR spectrometer. 
Elemental analyses were conducted by Atlantic Microlabs, Norcross, 
GA. 

The product analyses were done using a Shimadzu GC 8A gas 
chromatograph equipped with a flame ionization detector and a split/ 
splitless injector. A Restek Corp. wide-bore capillary column of 0.32- 
mm i.d. and 35-m length, with a 5% diphenylpolysiloxane stationary 
phase, was used. The kinetics measurements were performed spectro- 
photometrically using Beckman DU spectrophotometers retrofitted with 
Gilford accessories. Thermostated temperature baths were used to 
maintain the temperature of the cell blocks at  15 OC. 

Product Distributions. In a typical experiment a 5CL100-fold ex- 
of the sulfide was weighed into a 25-mL round-bottom flask equipped 
with a magnetic stir bar. Acetonitrile (2 mL) was added, and the solution 
was degassed with N2(g) for 3 min. A weighed amount (6-8 mg) of the 
oxidant was then added, and the solution was stirred under a blanket of 
N2(g) for 3 h. Methylene chloride (2 mL) was added, followed by the 

organosulfur compounds, the effects of the electronic nature of 
the substrate have been studied in detail, but the effects of the 
electronic nature of the oxidant have not been studied as carefully. 
Oxo(phosphine)ruthenium(IV) complexes cleanly oxidize a 

variety of organic ~ubstrates,3~-40 including organosulfur com- 
pounds.30 In addition, by varying the substituents at the para 
position of the phenyl rings of the triphenylphosphine ligand, it 
is possible to vary the electronic properties of the metal complex 
while maintaining the steric properties constant.41 Thus oxo- 
(phosphine)ruthenium(IV) complexes are particularly suitable 
for the mechanistic investigation of the oxidation of organosulfur 
compounds. 

We wish to report here the kinetic and mechanistic studies of 
the oxidation of thioanisoles and sulfoxides by oxo(phosphine)- 
ruthenium(1V) complexes. The oxidants were found to selectively 
oxidize sulfides to sulfoxides and in separate experiments oxidize 
sulfoxides to sulfones. Hammett analyses of the kinetic data 
indicate excellent correlation (R2 = 0.99) between log ( k x / k ~ )  
and the substituent constant u- for the oxidation of para- 
substituted thioanisoles whereas a good correlation (R2 = 0.98) 
was found between log ( k x / k ~ )  and u+ for the oxidation of para- 
substituted phenyl methyl sulfoxides. Also, a plot of the natural 
logarithm of the second-order rate constant (k) for the oxidation 
of thioanisole versus the Elp values of the ruthenium(IV/III) 
couples gives a linear relationship with RZ = 0.98. Similarly, a 
plot of log (kx/k~) versus the E,, values of the para-substituted 
thioanisoles shows a linear relationship with R2 = 0.96. The 
kinetic isotope effect of the oxidation of thioanisole and methyl- 
d3 phenyl sulfide ( k ~ / k ~ )  is 1.14, where the kinetic isotope effect 
of the oxidation of methyl phenyl sulfoxide and methyl-dg phenyl 
sulfoxide ( k ~ / k ~ )  is 0.64. Finally, Hammett correlations of log 
( k x / k ~ )  versus E u  (where u is the Hammett substituent constant 
for para substituents on the triphenylphosphine ligands) yield p 
= 0.49 (R2 = 0.99) for the oxidation of thioanisole and p = 0.37 
(R2 = 0.99) for the oxidation of methyl phenyl sulfoxide by the 
[ Ru(bpy)l( 0)PRJ (C104)2 complexes. From these observations, 
we propose that a rate-determining single-electron-transfer 
mechanism is indicated in the thioanisole oxidation whereas an 
S N ~  mechanism is proposed for the oxidation of the sulfoxide. 
Experimental Section 

Materials. Acetonitrile (Fisher Scientific) was stirred overnight over 
activated 3-A molecular sieves and distilled before use. Methylenechloride 
(Baker, reagent grade) was used as received. Thioanisole, methylp-tolyl 
sulfide, pchlorothioanisole, p-bromothioanisole, pchlorophenyl methyl 
sulfone, and methyl phenyl sulfoxide were purchased from Lancaster 
Synthesis. 1 -Methoxy-4-(methylthio)benzene and 2-bromothioanisole 
were purchased from Aldrich Chemical Co. All other sulfoxides and 
sulfones were prepared according to the literature procedure.I9 

Syntheses. p(Trifiuoromethy1)thiornisole. This compound was pre- 
pared by a modification of the literature p r o c e d ~ r e . ~ ~ . ~ ~  4-Chloroben- 
zotrifluoride (4 mL) was added to DMF (50 mL) in a 100-mL round- 
bottom flask, and the resulting solution was degassed with Nz(g) for 5 
min. Sodium metal (2 g) and dimethyl disulfide (6 mL) were added to 
the mixture. The flask was equipped with a long reflux condenser and 
was heated until the sodium metal melted. Upon melting, the sodium 
reacted vigorously with the dimethyl disulfide, liberating a large amount 
of heat. The mixture was heated for 1 h and then allowed to cool to room 
temperature, after which 2 mLof methyl iodide was addedand themixture 
was then stirred for 1 h. The mixture was poured into a saturated aqueous 
sodium chloride solution, stirred for 5 min, and extracted with four 50- 
mL portions of methylene chloride. The combined organic layer was 
dried withanhydroussodiumsulfateand filtered. Thesolventwas removed 
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addition 8 mL of pentane or hexane to precipitate the metal complex. The 
mixture was stirred for 30 min, and then transferred into centrifuge tubes 
andsubjected tocentrifugation for 5 min. Theclear solution wasdccanted 
from the precipitated metal complex, and the solvent was removed with 
a rotaryevaporator. The residue was then dissolved in methyknechloride, 
and a weighed amount of edibromobenzene was added as internal 
standard. Samples were then injected into the gas chromatograph for 
analysis. Blank reactions using the corresponding aqua complex were 
conducted as described above to calculate the amount of product lost in 
the manipulations. 

-tic Mtuurmeata The rates of the oxidation of sulfides and 
sulfoxides were measured at IS "C in acetonitrile by monitoring the 
wavelength maximum of the metal to ligand charge-transfer band of the 
ruthenium(I1) species which is formed during the substrate oxidation. By 
using a minimum of a 100-fold ex- of the substrate, pseudo-first-order 
conditions were achieved. In a typical kinetics experiment, the reaction 
was initiated by quickly mixing together a 2-mL solution of the oxidant 
(which had been thermostated at 15 "C) with a 1-mL solution of the 
substrate in a glass cuvette. The progress of the reaction was monitored 
by the use of a chart drive as the time base. The absorbance versus time 
curves were recorded for seven solutions of different substrate concen- 
trations. Plots of In [ (A-  - A0)/(AB - A,)] versus time were linear, and 
the pseudo-first-order rate constants were calculated by least-squares 
treatment of data using the relationship 

-In (A, - A,) = kobt - In (A, -Ao)  (1) 

where A, is the final absorbance at  the completion of the reaction, A0 
is the initial absorbance, A, is the absorbance at  time t ,  and kob is the 
observed rate constant. A plot of kob versus substrate concentration 
yielded a slope which is equal to the second-order rate constant for the 
substrate oxidation. 

Aquaye et al. 

Product Distributions. The [R~(bpy)2(0)PR~](ClO~)~ com- 
plexes (bpy = 2,2'-bipyridine; PR3 = P(C~HS)~,  P(pC&OCH3)3, 
P(p-C&CH3)3, P(p-C6H4F)3, P ( C ~ H S ) @ C ~ H ~ C F ~ ) ~ ,  p(p- 
C&CF3)3 were found to selectively oxidize thioanisoles to the 
corresponding sulfoxides and in separate experiments oxidize the 
sulfoxides to sulfones, in high yields. The sulfoxide yields ranged 
from 81% to 98%, with an average yield of 89%. The sulfone 
yields ranged from 80% to 921, with an average yield of 87%. 

Study of the Intermedlrte [Ru(bpy)z(oS(~3)(CS~))P- 
(CJ-Is)#+. We observed evidence of an intermediate in the 
oxidation of thioanisole by [Ru(bpy)2(o)P(C6H~),](C104)2 
reminiscent of our observations regarding the oxidation of dibutyl 
sulfide by [R~(bpy)2(O)PEt3](C104)2.~~ When the reaction 
between [Ru(bpy)2(o)P(c~H~)~](clO~)2 and thioanisole was 
performed in a noncoordinating solvent such as o-dichlorobenzene 
or methylene chloride, the GC analysis of the reaction mixture 
showed no evidence of the formation of methyl phenyl sulfoxide, 
and the complex [ Ru( bpy ) 2( 0s (CH3) (C&))P( C&) 2+ was 
isolated from the reaction mixture. Also, spectrophotometric 
studies of the reaction between [Ru(bpy)2(o)P(c~H~)3](ClO4)2 
and thioanisole camed out in o-dichlorobenzene or methylene 
chloride indicate the formation of the [Ru(bpy)2(OS(CH3)- 
(CsHs))P(C&)~]2+complexinsolution. However, ifacetonitrile 
was added to the dichlorobenzene or methylene chloride solution, 
the formation of the analogous [RU(~~~)~(CH~CN)P(C~HS)~]~+ 
complex was observed, and the presence of the sulfoxide was 
observed by GC analysis. These observations combine to suggest 
that, in the reaction between [Ru(bpy)~(O)P(C~H,),](C104)2 
and thioanisole, the intermediate complex [Ru(bpy)2(OS(CH3)- 

displacement of the bound OS(CH3)(C&). Notably, the 
intermediate is not observed spectrally if acetonitrile is used as 
the solvent; therefore the kinetics studies of sulfide and sulfoxide 
oxidation were conducted using acetonitrile as the solvent. 

Kinetic Studies. The kinetics of the oxidation of the sulfides 
and sulfoxides by [Ru(bpy)2(O)PR3] (C104)~ showed first-order 
behavior with respect to the substrate and first-order behavior 

(C~HS))P(C&)~]~+ is first formed, followed by the acetonitrile 

I 
350 450 Sh 6% 

Wavelength (nm) 
Figure 1. Repetit ive scan of t he  reaction of [Ru(bpy)l-  
(O)P(CsH&](C104)2 (7.0 X 1W5 M) with thioanisole (1.1 X 10-3 M) 
in acetonitrile at IS "C. 

O.OO0 0.001 0.002 0.003 0.004 0.005 
[THIOANISOLE] (M) 

Figure 2. Plot of the observed pseudo-first-order rate constant, kob, as 
a function of thioanisole concentration for the oxidation of thioanisole 
by [Ru(bpy)2(0)P@-C~H4F)s](ClO& in acetonitrile at  15 OC. 

with respect to the oxidant. Figure 1 shows an example of the 
isosbestic spectral changes that occur in the oxidation of 
thioanisoles by an (oxo)ruthenium(IV) complex, [Ru(bpy)z(O)- 
P(CSHS)~] (C104)2 in acetonitrile, where a clean (oxo)ruthenium- 
(IV) to (acetonitrile)ruthenium(II) conversion is observed. 
S i a r  (oxo)ruthenium(IV) to (acetonitrile)ruthenium(II) spec- 
tral changes were alsoobserved for theoxidations of the sulfoxides 
to thecorresponding sulfones using the [Ru(bpy)l(O)PR3] (C104)2 
complexes. 

Linear plots of kat* versus substrate concentrations were made 
using the relationship in eq 2. Figure 2 shows the plot of kob 

-d[Ru(IV)]/dt = d[Ru(II)J/dt = k[substrateJ[Ru(IV)J = 
kobs[Ru(IV)l (2) 

versus substrate concentration for the oxidation of thioanisole by 
[R~(bpy)~(o)P(pC~H4F)p] (Cl04)2, where the slope of the plot 
is equal to the second-order rate constant. Results of the second- 
order rate constants for the oxidations of the thioanisola and the 
methyl phenyl sulfoxides by [Ru(bpy)~(O)PRd(C104)2 arc shown 
in Tables I and 11. 

The effects of substituents at the para position of the phenyl 
ring of thioanisole and the methyl phenyl sulfoxide were studied 
by the reaction of para-substituted thioanisoles and sulfoxides 
with [RU(~~~)~(O)P(C~HS)~](CI~~)~. Tables I and I1 show the 
second-order rate constants for the oxidation of para-substituted 
thioanisoles and sulfoxides. A plot of log ( k x / k ~ )  versus the Ep,. 
values for the oneelectron oxidation of the substituted thioanisoles 
is shown in Figure 3. The linearity of the correlation suggests 
a one-electron transfer occurs in the rate-determining step of 
t hioanisole oxidation .u 
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TlWc I. Second-Order Rate Constants for Oxidation of 
Thioanisoles by [Ru(bpy)~(O)PR~l(ClO,)2 Complexesa 
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PR3 substrate k(M-’ s-l) 
P ( p C s H 4 X h  thioanisole 17.90 & 1.67 
P(pC6H&F3)2(C6Hd thioanisole 10.11 & 0.65 
P(pCsH4F)3 thioanisolc 4.70 & 0.17 

thioanisole 2.30 & 0.19 P(CsHd3 
P(pCsH4CHd3 thioanisole 1.47 & 0.16 
P ( ~ C ~ H ~ ~ C H ~ ) I  thioanisole 1.31 h 0.09 

P(C6Hrh pmethoxythioanisole 8.59 & 0.55 
P(GHd3 pmethylthioanisole 5.49 h 0.41 
P(C6Hh pchlorothioanisole 1.55 f 0.11 
P(C6Hh pbromothioanisole 1.26 & 0.10 
P(C6Hd3 p(trifluoromethy1)thioanisole 0.24 0.04 

9 Conditions described in text. 

Table II. Sccond-Order Rate Constants for Oxidation of Methyl 
Phenyl Sulfoxides by [Ru(bpy)~(O)PR3] (c104)2 Complexes“ 

PR3 subtrate k (M-I s-I) 
0.29 0.04 methyl phenyl sulfoxide 

methyl phenyl sulfoxide 
methyl phenyl sulfoxide 
methyl phenyl sulfoxide 
methyl phenyl sulfoxide 
methyl phenyl sulfoxide 
methyl pmethoxyphenyl sulfoxide 
methyl pmethylphenyl sulfoxide 
methyl pchlorophenyl sulfoxide 
methyl pbromophenyl sulfoxide 
meth I p(trifluoromethy1)phenyl 

su!foxide 

9 Conditions described in text. 

0.16 * 0.01 
0.10 * 0.01 
0.06 0.01 
0.043 0.004 
0.038 f 0.003 
0.114 * 0.002 
0.073 0.008 
0.053 f 0.002 
0.043 0.007 
0.030 f 0.006 

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 
(VOLTS vs. SSCE) 

Figure 3. Plot of log ( k x / k ~ )  versus thcE,,values of the para-substituted 
thioanisolea from the reaction with [Ru(~~~)~(O)P(C~HS)~](CIO~)Z. The 
para substituents are (1) OCH3, (2) CH,, (3) H, (4) C1, (5) Br, and (6)  
CF3. 
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F@re 4. Hammett correlation of log ( k x / & ~ )  versus d for the reaction 
of para-substituted thioanisoles with [Ru(bpy)~(o)P(c~H~)~](c~o4)~. 
The para substituents arc (1) OCH3, (2) CH3, (3) H, (4) C1, (5) Br, and 

The relative rates for the oxidation of the para-substituted 
thioanisoles showed an excellent correlation with 6, p = -1.56 
(R2 = 0.99) (see Figure 4), compared with u, p = -1.80 (R2 = 
0.97), and u+, p = -1.12 (R2 = 0.93). For the oxidation of the 
para-rubstituted sulfoxides, log (kx/kH) gave the best correlation 

(6) CF3. 

0.254 

“ I  
-1 0 1 

6+ 
Figure 5. Hammett correlation of log ( k x / k ~ )  versus u+ for the reaction 
of methyl para-substituted phenyl sulfoxides with [Ru(bpy)z- 
( O ) P ( C ~ H ~ ) ~ ] ( C ~ O ~ ) Z .  Theparasubstituentsarc(l)OCH3,(2) CH3, (3) 
H, (4) C1, (5) Br, and (6) CF3. 

31 0.08 

1 .o 1.1 1.2 
Eln (Volts VS. SSCE) 

with IS+, p = -0.42 (Rz = 0.98) (see Figure 5) ,  compared with 
u, p = -0.64 (R2 = 0.92), and 6, p = -0.57 (R2 = 0.92). In both 
cases, the negative values of p indicate an accumulation of positive 
charge at the sulfur center, while the relative magnitudes of the 
p values indicate the extent of charge development on the sulfur 
atom, in the transition state of the rate-determining step.4s 

The effect of changes in the electronic nature of the oxidants 
is shown in Figure 6, where a plot of the natural logarithm of k 
versus the E l p  values for the ruthenium(IV/III) couples4 is 
linear for the oxidation of thioanisole by the [Ru(bpy)~(O)- 
PR3](C104)2 complexes. A similar plot can be made for the 
oxidation of methyl phenyl sulfoxide by the [Ru(bpy)~(O)- 
PR3] (C104)* complexes. Thus, for the oxidation of organosulfur 
compounds by the [Ru(bpy)2(0)PR3](ClO& complexes, log k 
values are a direct function of the electron density at the 
ruthenium(1V) center. Since the cone angles of the para- 
substituted triphenylphosphine ligands are constant, as suggested 
by Tolman,41 the above observation is solely due to the electronic 
effects of the phosphine ligands. 

Hammett correlations of log (kx/kH) versus Zu (where u is 
the Hammett substituent constant for parambstituted triphcn- 
ylphosphine ligands) also show a linear relationship. The slopes 
of these plots gave p = 0.49 (R2 = 0.99) for the oxidation of 
thioanisole (see Figure 7) and p = 0.37 (R2 = 0.99) for the 
oxidation of methyl phenyl sulfoxide (see Figure 8) by the 
[R~(bpy)~(O)PR~l (C10~)~  complexes. The positive values of p 
indicate a buildup of negative charge on the metal center in the 
transition state of the rate-determining step, as would be expected 
in the reduction of ruthenium(1V) to rutheni~m(II).~S 

and methyLd3 phenyl sulfide by [Ru(bpy)2(O)P(C6H~)3] (c104)2 
is 1.14. Notably, an inverse isotope effect of kH/kD = 0.64 was 
observed for the oxidation of methyl phenyl sulfoxide and methyl- 
d3 phenyl sulfoxide by [Ru(bpy)~(o)P(C~H~)3](c104)2. 

htOpEffecc& The kH/kDratiOfW theoxidationofthioanisole 

(45) Johnson, C. D. The Hammer? Equarfon; Cambridge University Prw: 
New York, 1980. 
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of aniline by pyridinium chlorochromate?o for the benzolation 
of anilines45 and the reaction of Nfi-dmethyladines with methyl 
iodide.45 These are reactions which involve the development of 
positive charge at the reaction site in the transition state but give 
the best correlations of log (kx/kH) versus 6 instead of u+ or u. 
It is noteworthy that 6 values were derived for systems such as 
phenols and anilines, where the lone pairs of electrons are in 
conjugation with electron-withdrawing groups at the para position 
of the benzene ring.45 In accordance with this, since the sulfur 
atom in thioanisole has unshared electron pairs, it is conceivable 
that conjugation of the lone pair of electrons docs occur with 
sulfides, as has been observed with phenols and anilines. 

Although the sign and magnitude of the p values for the 
oxidations of thioanisole suggest an SET mechanism while the 
values for the oxidation of methyl phenyl sulfoxide indicate an 
s N 2  mechanism, Miller has pointed out that misleading con- 
clusions can result if the interpretation of reaction mechanism is 
based solely on Hammett  correlation^.^ Therefore to verify our 
conclusion, we also conducted kinetic isotope effect studies. 

Khetic Isotope Effects. Deuterium isotope effects have been 
utilized to distinguish between SET and s N 2  mech~nisms,6.~ where 
kH/kD values greater than 1 suggest an SET mechanism and 
kH/kD values less than 1 suggest an s N 2  mechanism. The 
oxidation of thioanisole and methyl-d3 phenyl sulfide by 

which is in good agreement with that found by Miller7 for the 
oxidation of thioanisole by 4a-(hydroperoxy)isoalloxazine (kH/ 
kD = 1.04) and the kH/kD value of 1 . 2  obtained for the oxidation 
of phenacyl phenyl sulfide by microsomal cytochrome P-450,,' 
where SET mechanisms were assigned for both oxidations. 
Hyperconjugative stabilization of CH3 over CD3 in the transition 
state has been used to explain this type of secondary isotope 
effect.52 The electron-deficient sulfide center, which results from 
an electron transfer, will cause a shift in electron density from 
themethyl C-H bond to theelectrondeficient center. This results 
in a greater weakening of the C-H bond relative to the C-D 
bond. The hyperconjugative stabilization will therefore begreater 
for CH3 than for CD3, resulting in the observed rate constant 
differences. 

The inverse isotope effect observed for the oxidation of methyl 
phenyl sulfoxide and methyl-& phenyl sulfoxide by [Ru- 
(bpy)z(O)P(C6Hs)3] (C104)~suggests an s N 2  mechanism. Kaplan 
and Thorntons3 studied the sN2 reaction of methyl ptoluene- 
sulfonate with Nfi-dimethylaniline and N,Ndi(methyl-ds)aniline 
to form trimethylammonium and methyldi(methyl-d6)- 
phenylammoniump toluenesulfonates, respectively, and observed 
an inverse isotope effect of kH/kD = 0.88. The observation was 
suggested to be due to the steric effects arising from the 
overcrowding of the methyl groups in the ions compared to the 
free amines. The consequence of the steric crowding is to favor 
thedeuterated amine in an sN2 ratedetermining step. In a similar 
fashion, we suggest that the inverse isotope effect observed for 
theoxidation of thesulfoxides by [Ru(bpy)~(O)P(C~H,)31(C10,)~ 
is due to an s N 2  ratedetermining step, which leads to the 
formation of a sulfoxide-bound ruthenium intermediate. 
Electronic Oxidant Effects. Electron-donating and -with- 

drawing para substituents on the phenyl ring of the triphen- 
ylphosphine ligands were used to vary the electronic properties 
of the oxidants. The Hammett correlation for the oxidation of 
thioanisole by [Ru(bpy)z(O)PR3](C104)~ shows an excellent 
correlation with p = 0.49 (Rz = 0.99) between log (kx/kH) and 
Zu. Also, the plot of the natural logarithm of k versus E112 of 
the Ru(IV/III) couple of the [Ru(bpy)~(O)PR3](C104)~ com- 
plexes is in accord with Marcus' prediction of an a value (transfer 

[ ~ ~ ( b ~ ~ ) ~ ( ~ ) ~ ( ~ ~ ~ ~ ) ~ ] ( ~ ~ ~ ~ ) z  yields a kH/kD value Of 1.14, 

1 .o 
0.8 

0.7 1 
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0 1 2 
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Za 
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EktronkSubstrateEffeeQ. Theoxidationof para-substituted 
thioanisoles with [Ru(~~~)z(O)P(C~H,)~](CIO~)Z was studied 
to evaluate thesubstrateelectroniceffects on thioanisoleoxidation. 
A p valpe of -1.56 was obtained, and this is reminiscent of the 
p values found for the oxidation of substituted thioanisoles by 
isoalloxazine hydroperoxide and tert-butyl pchloroperoxyben- 
m t e  ( p  = -1.68)7J and by singlet oxygen ( p  = -1.63).& For all 
three cases, single-electron-transfer (SET) mechanisms were 
proposed. In contrast, a p value of -0.42 was obtained in the 
oxidation of para-substituted methyl phenyl sulfoxides by 
[Ru(bpy)z(O)P(CsH,)~] (C104)2. The p value of -0.42 is similar 
to the values of p = -0.76 for the oxidation of substituted methyl 
phenyl sulfoxides by dioxiranes47 and to the value of p = -0.83 
for the oxidation of sulfoxides by gem-dialkylperoxonium ions." 
These reactions were characterized as undergoing an s N 2  rate- 
determining step. 

An excellent correlation was obtained from the plot of log 
(kx/kH) versus 6, p -1.56, (R2 = 0.99), for the oxidation of 
the substituted thioanisoles by [Ru(bpy)2(O)P(C&)3] (ClO,),, 
whereas the plots with u and u+ showed p = -1.8 (Rz = 0.97) 
and p = -1.1 (Rz = 0.93), respectively. The excellent correlation 
produced by u- is in contrast to a number of studies where u or 
u+ has usually been used.7 In several cases, a combination of u+ 
and 6 has been used in the Hammett correlation of thioanisole 
oxidation. For example, u + / 6  was employed in the oxidations 
of thioanisoles by peroxydisulfate49 and (u+ - a) was used in the 
oxidations by pyridinium ~hlorochromate.~~ To the best of our 
knowledge, this is the first reported correlation of log (kx /kH)  
versus 6 for thioanisole oxidation. However, a survey of the 
literatureshowed analogous results wereobtained for theoxidation 

(46) Silverman, J.; Dodaon, R. W. J. Phys. Chem. 1952, 56, 846. 
(47) Murray, R. W.; Jeyaraman, R.; Pillay, M. K. J. Org. Chcm. 1987,52, 

(48) Bloodworth, A. J.; Melvin, T.; Mitchell, J. C. J. Org. Chem. 1988, 53, 
746. 

1071. 
(49) Sf lnban ,  C.; Kuthalingam, P.; Arumugam, N. Con. J.  Chem. 1978, 

56, 3043. 

(50) Panigrahi, G. P.; Mahapatro, D. D. Inr. J.  Chem. Kimr. 1#2.14,977. 
( 5 1 )  Watanabe, Y.; Numata, T.: Iyanaai, T.: Oae. S .  Bull. Chcm. Soc. h n .  - -  

1981, 51, 1163. 
(52) Halevi. E. A. Prog. Phys. Chem. 1963, I, 109. 
(53) Kaplan, E. D.; Thornton, E .  R. J .  Am. Chcm. Soc. 1%7,89, 6644. 
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coefficient) of 0.5 for an outer-sphere electron-transfer mech- 
anism.5‘ Our results give an u value of 0.45, which is in good 
agreement with other observed values such as u = 0.46 for the 
V2+/V3+ couple at a dropping mercury electrodess and 0.50 for 

An u value of 0.51 was also obtained for the reduction of 
(polypyridine)ruthenium(III) complexes by Fe(II).$’ The close 
agreement of these values with our results suggests that the rate- 
determining step involves a single-electron-transfer mechanism 
in the oxidation of thioanisole. 

The rate constants for the oxidation of methyl phenyl sulfoxide 
by [Ru(bpy)2(O)PRp](C10& were 30-60 times smaller than 
the rate constants for thioanisoles oxidation. The Hammett 
correlation of log ( k x / k ~ )  versus Ea for the phosphine ligands 
was linear with p = 0.37 (R2 = 0.99). Again, the plot of the 
naturallogarithmof kversus E~pvaluesoftheRu(IV/III) couple 
is linear (R2 * 0.99) with u = 0.34. The smaller values of p and 
u obtained for the sulfoxideoxidation, relative tosulfideoxidation, 
suggest that a mechanism different from SET may be in operation 
for the oxidation of sulfoxides. We propose that the smaller p 
and u values suggest that an sN2 mechanism is occurring for 
sulfoxide oxidation, because the charge development for an S N ~  
mechanism would be centered more on oxygen than on the 

the squarewave elCCtrOl)’Sh of the Fe(CN)&/Fe(CN)6* 

(54) Marcus, R. A. J. Phys. Chem. 1963,67,853. 
( 5 5 )  Randlea, J. E. B. Can. J .  Chem. 1959, 37, 238. 
(56) Wijnen, M. D.; Smit, W .  M. Red.  Trao. Chim. Pays-Bas 1960,79,289. 
157) Lin. C.-T.: Bottcher. W.: Chou. M.: Creutz, C.; Sutin, N. J.  Am. Chem. 

‘ Sac: 1916; 98,6536. 
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ruthenium center, relative to an SET mechanism. Thus, the 
reaction center for an sN2 mechanism is one bond further from 
the triphenylphosphine substituent than the reaction center for 
the SET reaction, resulting in the observed smaller p and u values. 

Coaclusioa. We have shown that (1) oxo(phosphine)ruthe 
nium(IV) complexes oxidize thioanisoles cleanly to sulfoxides 
and in separate experiments oxidize sulfoxides to sulfones, (2) 
the mechanisms of thioanisole oxidation and methyl phenyl 
sulfoxide oxidation can be elucidated by varying the electronic 
nature of the substrates and by a deuterium isotope study, and 
(3) thioanisole oxidation and methyl phenyl sulfoxide oxidation 
can be further studied by varying the electronic nature of the 
ruthenium-based oxidants. All of our observations combine to 
suggest that an SET mechanism occurs for the thioanisole 
oxidation, while an sN2 mechanism occurs for methyl phenyl 
sulfoxide oxidation. In addition, we propose that our interpre- 
tation of p values obtained from the electronic variation of the 
ruthenium-basadoxidantsdemonstrates theutilityoftheelectronic 
variability of the oxidant in the mechanistic study of the oxidation 
of organosulfur compounds. 
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