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Abstract: The study of the oxidation of 4-methoxyphenethyl phenyl sulfide and 3,4-dimethoxy- 
phenethyl phenyl sulfide with potassium 12-tungstucobalt(lll)ate [Co(Ill)W] suggests that in the radical 
cations of 3,4,5-(MeO)3PhCH2SPh (4) and 2,4,6(MeO)3PhCH2SPh (5) the positive charge is not 
localized on the sulfur atom, but in the benzylic aromatic ring. Nevertheless, in the biomimetic and 
microsomal oxidation of 4 and $ the products observed are exclusively sulfoxides and sulfones, which 
appears in contrast with a mechanism involving the formation of an intermediate sulfide radical cation 
followed by a fast oxygen rebound. A direct oxygen transfer mechanism seems most likely. 
© 1997 Elsevier Science Ltd. 

The sulfoxidation of  sulfides catalyzed by bemoproteins (particularly, cytochrome P-450 and 

peroxidases) is a subject of  current interest, especially with respect to the possible role of  sulfide radical 

cations as reaction intermediates. ~'2 Accordingly, it is generally accepted that these oxidations are initiated by 

the transfer of  one electron from the sulfide to the iron(IV) oxo porphyrin radical cation, therefrom indicated 

as Por+.-Fe(IV)=O, which is suggested to be the active species in these reactions. 3 As illustrated in Scheme 1 

(paths a and b), the sulfoxide is then formed by reaction of  the radical cation with Por-Fe(IV)=O (oxygen 

rebound). 

Re S+" + P-Fe(IV)=O (a) ,~, 

+. J 
R2S + P-Fe(IV)--O (b) 

(c) ~ R2S--O + P-Fe(III) 

Scheme 1 
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Indeed, there is little doubt that this mechanism holds in the oxidation of sulfides by horseradish 

peroxidase (HRP). Recently, we found clear evidence for the formation of sulfide radical cations in this 

reaction and were also able to give an estimate of the rate of the oxygen rebound stepJ Accordingly, 

formation of the expected benzylic products was observed in the oxidation by HRP of benzyl phenyl sulfides 

which when converted into radical cations can undergo C-S bond cleavage, forming benzyl carbocations. 

Less defined appears instead the situation for what concerns the mechanism of the oxidation of sulfides 

by cytochrome P-450. The electron transfer mechanism of Scheme 1 was proposed in the eighties by Oac and 

his associates, who suggested that it also operates in the oxidation of sulfides catalyzed by iron(III) 

porphyrins, which are good models of cytochrome P-450J" However, the evidence supporting this 

mechanism is not unequivocal. Thus, the finding that the oxidation rate is increased by electron donating 

substituents in the sulfide by no means proves an ET mechanism. Apart from the fact that the p+ of the S- 

oxygenation promoted by a reconstituted system with purified cytochrome P-450 is extremely small (-0.16), 

it can be mentioned that the epoxidation of alkenes catalyzed by models of cytochrome P-450 also exhibits a 

negative p+ value (-1.9), 51 yet the intermediacy of radical cations in this reaction seems very unlikelyJ b More 

important, perhaps, is the observation that when ArSCH2X sulfides (X is a strong electron-withdrawing 

group) were studied, fragmentation products were also obtained, attributed to the deprotonation of the radical 

cation in competition with the oxygen rebound step. However, it cannot be excluded that, due to the presence 

of the electron-withdrawing group weakening the adjacent C-H bond, a hydrogen atom transfer reaction 

(leading to the same fragmentation products) takes place in competition with sulfoxidation. Thus, at present, 

whereas an electron transfer mechanism is possible, also viable is a direct oxygen transfer mechanism from 

the iron oxo porphyrin radical cation to the neutral sulfide, as shown in Scheme 1, path c. 

Few years ago, this problem was addressed by the same mechanistic approach used for our 

investigation on the oxidation catalyzed by HRP ~ and accordingly the microsomal and biomimetic oxidations 

of benzyl phenyi sulfide (1), 4-methoxybenzyl phenyl sulfide (2) and cumyl phenyl sulfide (3), all forming 

radical cations undergoing C-S bond cleavage, were studied. 6 In no case, did we find evidence for the 

formation of benzylic products and thus no support for the formation of radical cations was obtained by this 

work. The possibility that the oxygen rebound might occur to a rate much faster than that of the C-S bond 

cleavage step was considered unlikely as PES experiments suggested that in 2 +., the SOMO was located on 

the aromatic benzylic ring, 7 thus making unreasonable the hypothesis of a fast rebound step. However, more 

recent studies have cast doubts on this conclusion by indicating that in solution the location of the SOMO in 

2 +. is probably on the sulfur atom? 

To remove this uncertainty we have now undertaken the study of the enzymatic and biomimetic 

oxidation of benzyl phenyl sulfides where certainly the SOMO resides on the benzylic aromatic ring. The 

compounds of choice were the sulfides 4 and 5, where the three methoxy groups present in the benzylic 
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aromatic ring, should make it much easier to remove the electron from this ring rather than from the sulfur 

atom. 

CH30 OCH3 

CH30 OCH 3 

4 5 

To check this point, we also investigated the oxidation of 4-methoxyphenethyl phenyl sulfide (6) and 

3,4-dimethoxyphenethyl phenyl sulfide (7) promoted by a genuine one electron transfer oxidant potassium 

12-tungstocobalt(III)ate, abbreviated as Co(III)W. 9 In 6 and 7, the benzylic and thiophenoxy moieties are 

separated by a methylene group and different products are therefore expected depending on whether the 

SOMO of the intermediate radical cation is on the benzylic aromatic ring or on the sulfur atom. By this 

means, we should get information on the actual role of methoxy group(s) with respect to the SOMO 

localization in the radical cation, in solution. The results of this study are reported in this paper. 

CH30. 

6 7 

RESULTS AND DISCUSSION 

Oxidations o f  6 and 7 with Co(Ill) W. 

The oxidations of 6 and 7 with Co(III)W were carried out in a mixed AcOH-H20 (70:30) solvent, 

where both Co(III)W and the substrate could be dissolved, at 55 ° C. The substrate : oxidant molar ratio ratio 

was 1 : 2, to keep overoxidation to a minimum, the substrate concentration being ca 0.06 M. Experiments 

were carried out in the presence and in the absence of AcOK, to look at possible effects of  the presence of a 

basic species. At the end of the reaction (30 min-lh), the products were identified by NMR, GC-MS and 

HPLC, in most cases by comparison with authentic specimens. For details see the Experimental Part. 

Quantitative analyses of the products were performed by NMR, with the exception of the sulfoxides which 

were quantitated by HPLC. The material balance was always very good, ranging from 90 to 100°,6. All results 

are in Table 1. 
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Table 1. Reaction Products (%) in the Oxidation of ArCI-IzCH2SPh by Co(III)W in AcOH : H20 at 55 oC in the 
absence and in the presence of AcOK. 

Ar AcOK Products (yield; %)a 

ArCHO ArCHXCH2SPh ArCH2CH2SPh ArCH2CHO ArCH2CHXSPh 
8 9 10 0 11 12 

4-MeOPh 0.5M 1.2 9.8b 2.4 7.8 17.6 c 

2.4 25.0b 10.6 4.8 d 

3,4-(MeO)2Ph 0.5M 0.6 28.4b 0.8 0.6 1.6c 

0.8 28.8b 2.4 d d 

a Yields are referred to the oxidant considering a stoichiometry of2:l [Co(lll)W/Substrate] in the formation of oxidation products. 
Average of two or more determinations. The error is + 10%. 

b Sum of the yields of 9(X--OH) and 9(X=OAc). 
c 12(X=OAc). 
d Under the limit of detection (0.2 %) 

When the oxidation of 6 was carried out in the presence of AcOK, 4-methoxybenzaldehyde, 

8(Ar---4-MeOPh), and the products of benzylic substitution 9(Ar'---4-MeOPh, X=OAe, OH) are formed along 

with the sulfoxide 10(Ar--4-MeOPh), the acetoxy derivative 12(Ar-'--4-MeOPh, X=OAe) and 4- 

methoxyphenylacetaldehyde, ll(Ar---4-MeOPh). Clearly, to reasonably account for these products requires 

the intervention of both the alkylaromatic (6a) and the sulfur centered (6b) radical cations, probably in 

equilibrium with one another, 1° as reaction intermediates. 

6a 6b 

Accordingly, deprotonation of the former radical cation at the benzylic position accounts for the 

formation of 9 and 4-methoxybenzaldehyde, as shown in Scheme 2, (Ar = 4-MeOPb). A benzylic carbon 

radical is formed undergoing oxidation by Co(III)W to a carboeation which reacts with water or acetic acid to 

give 9(Ar---4-MeOPh, XffiOH, OAe). Oxidation of 9(Ar---4-MeOPh, XffiOH) leading to 4- 

methoxybenzaldehyde, a well known reaction involving C-C bond cleavage, I~ also occurs in part. 
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+. .H + ArCH2CH2SPh ~ A~HCH2SPh Co(III)W + H + ArCHCH2SPh ~ ArCHXCH2SPh + 
-Co(II)W AcOH/H20 9 

~ (X=OH) 

ArCHO 
Scheme 2 8 

The other products derive from the sulfur radical cation (6b). Thus, the sulfoxide is probably formed 

from 6b via the mechanism already suggested for the sulfoxidation of the thianthrene radical cation (eqs. 1- 

3)) 2 The oxidation of  the sulfur centered radical by Co(III)W (eq. 2) can drive the process towards the 

sulfoxide formation. 

R2S+'+ H20 ~ ~ R2S-OH + H + (1) 

R2S-OH + Co(III)W = R2~-OH + Co(II)W (2) 

+ 

R2S-OH = R2SO + H + (3) 

For the formation of 11 and 12 the mechanism illustrated in Scheme 3 (Ar---4-MeOPh) can be 

suggested. Deprotonation of 6b at the cz to sulfur C-H bond leads to an ct-thiophenoxy carbon radical which 

is then oxidized by Co(III)W to a carbocation. The latter reacts with AcOK to form 12(Ar---4-MeOPh, 

X=OAc) and, probably, also reacts with the mixed solvent to give 12(Ar---4-MeOPh, X--OH), which 

however is not observed since it rapidly hydrolyzes to the aldehyde 11. Accordingly, in the absence of 

AcOK, the same products but 12 (Ar--4-MeOPh, X=OAe) were observed. Probably, under these conditions, 

the carbocation reacts predominantly with the water present in the mixed solvent to form 12(Ar--4-MeOPh, 

X--OH) and therefrom 11, as suggested above. It can also be noticed that in the absence of the base, 

deprotonation of 6b at the C-H bond adjacent to sulfur is a relatively much less important process, which is 

probably due to the relatively low acidity of  the C-H bond adjacent to the positively charged sulfur atom. 

+ °  _ H  + ArCH2CH2SPh -~ ArCH2CHSPh Co(III)W + H+ ArCH2CHSPh _~ ArCH2CHXSP h + 
-Co(II)W AcOH/H20 12(X=OH, OAc) 

~ ( X - - O H )  

ArCH2CHO 

Scheme 3 11 
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This result is in line with the recent finding that the deprotonation of thioanisole radical cation is very slow in 

water, but it undergoes a dramatic acceleration in the presence of OH- .  8 

A clearly different situation is found in the oxidation of 7 where the benzylic substitution product 

9[Ar=3,4-(MeO)2Ph, X~OAe, OHI are by far the major products accompanied by very small amounts of the 

other products listed in Table 1. Clearly this finding shows that now the radical cation is the one 

predominantly formed where the SOMO resides on the dimethoxy substituted benzylic aromatic ring, 

whereas the sulfur centered radical cation plays a very minor role. Accordingly, 9[Ar=3,4-0VleO)2Ph, 

X=OAe, OH! and 3,4-dimethoxybenzaldehyde derive from deprotonation of the benzylic radical cation as 

described in Scheme 2 JAr = 3,4-(MeO)2Ph], whereas 10, 11 and 12 are formed by the sulfur centered radical 

cation as described above for 6b. A similar situation is found in the absence of AcOK, where again the almost 

exclusive product is 9[Ar=3,4-(MeO)2Ph, X=OH, OAel and only very small amounts of sulfoxide are 

formed. 

In conclusion, the data presented above show that when only one methoxy group is present in the 

benzylic aromatic ring the sulfur centered radical cation and the radical cation with the SOMO on the 

benzylic moiety are formed in comparable amounts upon electron abstraction from the neutral parent. When 

two methoxy groups are present, however, the radical cation where the SOMO is on the benzylic aromatic 

ring is produced in much larger amounts than the sulfur centered radical cation. 

Oxidation o f  4 and 5 by Co(Ill) W 

On the basis of the results previously presented, there is little doubt that 4 and 5 should almost 

exclusively form radical cations with the SOMO residing on the benzylic aromatic ring, where as many as 

three methoxy groups are present. A further support to this conclusion comes from the observation ~3 that the 

UV spectrum of 4 ÷. (~.~ at 430nm) closely resembles that of 1,2,3-trimethoxybenzene radical cation, ~4 

whereas it is drastically different from that of thioanisole radical cation ( ~  at 540 rim). 8 It follows that, both 

4 +. And 5 ÷. should behave as alkylaromatic radical cations and not as sulfide radical cations. 

-H + ArCHSPh -e / " ~  + X- ~ ArC HSPh ~ ~ ArCHO 
/ X 

ArCH2SPh 

"-- + "S h x =  o . ,  OAc 

HX 

~ e H 2 X  + I-I + 

Scheme 4 
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Table 2. Reaction Products (%) in the Oxidation of ArCl-hSPh by Co(III)W in AcOH : H20 at Room Temperature 
in the presence of AcOK. 

Ar base Products (yield; %)a 

ArCHO ArCH2OH ArCH2OAc 

CH30 

c H 3 o ~ - ~  AcOK 0.5M 19.0 2.8 8.0 
) - - ,  

CH30 

OGH3 

c83°/'~/_ %-- AcOK 0.5M 5.6 2.4 16.0 
OGH3 

a Yields are referred to the oxidant considering a stoichiometry of2: l  [Co(lll)W/Substrate] in the formation of  oxidation products (the 
stoichiometric ratio is however 1:1 in the case o f  the benzylic products alcohol and acetate). Average of  two or more determinations. 
The error is ~- I 0%. 

Thus, the products obtained in the oxidations with Co(III)W (reaction conditions are the same as those 

described above for 6 and 7 except for the temperature, see Experimental) and namely benzaldehydes, 

benzylic alcohols and acetates, as reported in Table 2, can be interpreted according to the mechanism 

illustrated in Scheme 4, where the radical cation undergoes deprotonation (leading to the corresponding 

benzaldehyde) and C-S bond cleavage (leading to the corresponding benzylic acetate and bcnzyl alcohol). 6"~5 

It should however be noticed that small amounts of many other products were also obtained in the 

oxidations of 4 and 5, which probably derive from reactions involving the very electron rich benzylic 

aromatic ring. As a matter of fact, it can react with the benzylic earbocation formed in the C-S bond cleavage 

step as well as undergo acetoxylation once formed the radical cation. An identification of these products 

(expected to be very difficult) was not considered worthwhile with respect to the aim of the present work. 

Enzymatic and biomimetic oxidation of 4 and 5 

The microsomal oxidations of 4 and 5 were carded out by incubating the substrates with phenobarbital 

induced rat liver microsomes. In both cases the reactions were started by addition of NADPH generating 

system. The biomimetic oxidations were carded out in acetonitrile, using FeTPPC1 as the catalyst, imidazole 

as the porphyrin ligand and H202 as the oxidant. Products analyses were performed by NMR and liquid 

chromatography (further details are in the Experimental Part) and the results are collected in Table 3 
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Table 3. Reaction Products,(%) in the Oxidation of ArCH2SPh with Phenobarbital Induced Rat Liver Microsomes 
or with H202 Catalyzed by FeTPPCI in MeCN. 

Ar Oxidizing System Products (yield; %)a 

ArCH 2SOPh ArCH2SO2Ph 

cHso Microsomal P450b 4.2 2.8 
CH30"-'~ 

CH30 FeTPPCI/H202 c 64.9 5.4 

,,._#OCH3 Microsomal P450b d d 

CH30~'=~H 3 ~  FeTPPCI/H202 c 6 I. l I I. 5 

a Yields are referred to the starting material. Average of two or more determinations. The error is-+ 10%. 
b No products were formed when either NADPH generating system or microsomes were omitted. 
c No products were observed in the absence of FeTPPCI. 
d Under the limit of detection (0.2 %). 

The first notation is that no products whatsoever were obtained in the microsomal oxidation of 5. This 

was attributed by us to the too small solubility of 5 in the reaction medium. Concerning the other reactions, 

the data in Table 3 show that in all cases sulfoxides and sulfones are the observed reaction products. No 

evidence for the formation of benzylic as well as of other fragmentation products was obtained, at complete 

variance with what observed in the oxidations promoted by Co(III)W. 

Clearly, this result is very important as it shows that in these reactions sulfoxides can be formed also 

from sulfides which upon electron transfer should not form a sulfur centered radical cation. Thus, it seems 

unlikely that the absence of fragmentation products is due to an extremely fast rate of the oxygen transfer 

between P-Fe(IV)=O and the sulfur of the radical cation (Scheme l, path b). Accordingly, a fast rate for this 

step can reasonably be suggested when the SOMO of the radical cation is on the sulfur atom, but not certainly 

when the positive charge is delocalized on the aromatic ring as well as on the methoxy groups. Thus, the data 

in our hands suggest that the biomimetic and microsomal oxidations of sulfides most probably occur by a 

direct oxygen transfer from the iron-oxo complex to the sulfur atom of the neutral substrate (Scheme l, path 

c). 

EXPERIMENTAL SECTION 

Methods. IH-NMR spectra were recorded On a Bruker AC300P spectrometer in CDCI 3. GC-MS 

analyses were performed on a HP5890 GC (OV1 capillary column, 12m x 0.2 mm) coupled with a HP5970 
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MSD. GLC analyses were performed on a Varian 3400 GC (OVI capillary column, 25m x 0.2mm) and 

Varian Vista 6000 (OV1701 capillary column, 30m x 0.35 nun). HPLC analyses were carded out on a 

Hewlett Packard 1050 liquid chromatograph fitted with a UV-Vis detector operating at 230 nm (Supelcosil 

LC-18 column, 25 cm x 4.6 nun). 

Starting Materials. The solvents AcOH (CARLO ERBA) and CH3CN (CARLO ERBA-HPLC grade) 

and high purity commercial samples of thiophenol, 2-Phenylethyl chloride, 2-(4-methoxyphenyl)ethyl 

chloride, 2-(3,4)dimethoxyphenyl)ethanol, 3,4,5-trimethoxybenzyl chloride, 2,4,6-trimethoxybenzaldehyde, 

cobaltous acetate tetrahydrate, potassium acetate, sodium tungstate dihydrate, potassium persulfate, 

tetrapbenylporphyrin iron(III) chloride (FeTPPCI) were used as received. 2-(3,4-dimethoxypbenyl)ethyl 

chloride was obtained from 2-(3,4)dimethoxyphenyl)ethanol using thionyl chloride and pyridine. Potassium 

12-tungstocobalt(III)ate was prepared as described in literature. 9 

2-(4-methoxyphenyl)ethyl phenyl sulfide (6), 2-(3,4-dimethoxypbenyl)ethyl phenyl sulfide (7), 3,4,5- 

trimethoxybenzyl phenyl sulfide (4) were prepared by reaction of the corresponding phenethyl or benzyl 

chloride with thiophenol in refluxing acetone in the presence of anhydrous K2CO 3 as previously described.~6 

2,4,6-Trimethoxybenzyl phenyl sulfide (5) was obtained by treating 2,4,6-trimethoxybenzyl alcohol (obtained 

after reduction of the corresponding benzaldehyde with NaBH4) with excess thiopbenol in the presence of 

trace amounts of p-toluenesuifonic acid in benzene. All compounds were purified by chromatography on 

silica gel columns eluting with light petroleum ether-ethyl acetate (5:1) and characterized by ~H NMR and 

GC-MS. 

Products. Product structures were demonstrated as follows: 4-methoxybenzaldehyde, 3,4- 

dimethoxybenzaldehyde, 3,4,5 -trimethoxybenzaldehyde, 2,4,6-trimethoxybenzaldehyde and 3,4,5- 

trimethoxybenzylalcohol, comparison with authentic specimens (commercial products). 4-Methoxyphenethyl 

phenyl sulfoxide, 3,4-dimethoxypbenethyl phenyl sulfoxide, 3,4,5-trimethoxybenzyl phenyl sulfoxide, 2,4,6- 

trimethoxybenzyl phenyl sulfoxide, 3,4,5-trimethoxybenzyl phenyl sulfone, 2,4,6-trimethoxybenzyl phenyl 

sulfone, l-(4-methoxypbenyl)-2-(phenylthio)ethanoi, 1-(4-methoxyphenyl)-2-(pbenylthio)ethyl acetate, 

3,4,5-trimethoxy-benzyl acetate and 2,4,6-trimethoxybenzyl acetate, comparison with authentic specimens 

(sinthethized according to literature procedures). 17~9 4-Methoxyphenylacetaldehyde 1 l(Ar---4-MeOPh), 2-(4- 

Methoxyphenyl)-l-(pbenylthio)ethyl acetate 12(Ar--4-MeOPh, X=OAe), 1-(3,4-Dimethoxyphenyl)-2- 

(phenylthio)ethanol 9[Ar=3,4-(MeO)2Ph , X=OH] and l-(3,4-dimethoxypbenyl)-2-(phenylthio)ethyl acetate 

9[Ar=3,4(McOhPh , X=OAe] were isolated from the oxidation in a preparative scale of 6 and 7 with 

Co(III)W in AcOH/H20 (713) in the presence of AcOK 0.5M and characterized on the basis of the following 

spectral data. II(Ar---4-MeOPh) [NMR 8 9.73-9.71 (t, 1H, CHO), 7.13-6.88 (m, 4H, ArH), 3.80 (s, 3H, 

OCH3), 3.63-3.62 (d, 2H, CH2); MS m/z (rel. intensity) M + 150,121(100),91,78,77,51 ]; 9[Ar=3,4-(MeO)2Ph, 

X--OH] [NMR 8 7.43-6.79 (m, 8H, ArH), 4.70-4.65 (q, 1H, CH), 3.86 (2s, 6H, OCH3), 3.32-3.07 (m, 2H, 
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CH2), 2.9 (s, 1H, OH); MS m/z (rel. intensity) M ÷ 290,272,167(100),139,124,109,108,77,65,51]; 9[Ar--4- 

(MeOhPE , X---OA¢] [NMR 8 7.40-6.80 (m, 8H, ArH), 5.86-5.81 (q, 1H, CH), 3.86 (2s, 6H, OCH3), 3.47- 

3.19 (m, 2H, CH2), 2.02 (s, 3H, COCH3); MS m/z (rel. intensity) M* 332,272,241,209,167(100),165, 

139,91,77,51]; 12(Ar--4-MeOPh, X=OAc) [NMR 5 7.5-6.8 (m, 8H, ArH), 6.27-6.23 (q, IH, CH), 3.78 (s, 

3H, OCH3), 3.10-2.97 (m, 2H, CH2), 1.98 (s, 3H, COCH3)]. The formation of II[Ar=3,4-(MeO)2Ph] and 

12[Ar=3,4-(MeO)2Ph, X=OAc] in the reaction of 7 with Co(III)W/AcOK was deduced on the basis of the 

presence, in the NMR spectrum of the crude product, of an AzX [5 9.74-9.71 (t, IH, CHO), 3.63-3.62 (d, 2H, 

CH2)] and an ABX [5 6.29-6.25 (q, 1H, CH), 3.11-2.88 (m, 2H, CH2)] system, closely corresponding to those 

observed for ll(Ar---4-MeOPh) and 12(Ar--4-MeOPh, X=OAe), respectively. Moreover, the presence of 

ll[Ar=3,4-(MeO)2Ph] was confirmed by GC-MS analysis [MS ngz (rel. intensity) M ÷ 

180,166,151 (100), 135,107,77,65,51 ]. Both 11 [Ar=3,4-(MeO)zPh] and 12 [Ar=3,4-(MeO)2Ph, X=OAc I were 

formed in so small amounts as to make impossible their isolation from the reaction mixture. 

Microsomal Preparation. The liver microsomes were obtained from Male Sprague Dawley rats 

pretreated with sodium phenobarbital (300 mg/Kg of body weight, each day for 7 d) according to a procedure 

reported in the literature. 2° 

Oxidation with Potassium 12-tungstocobalt(Ill)ate. The oxidation procedure was as follow: a solution 

of the substrate (0.3 mmol) in 5 ml of AcOI-I/H20 (7/3), in the presence or in the absence of AcOK (2.5 

mmol), was degassed with argon in a 10 ml Schlenk tube. After thermal equilibration at 55 °C (oxidation of 

6-7) or at room temperature (oxidation of 4-5) the reaction was started by rapid addition of 0.15 mmol of 

cobalt(III) complex under Ar atmosphere. Reaction time was 30 min for 5, 6 (in the presence of base) and 7, 

1 h for 4 and 6 (in the absence of base). Workup was performed as already described 9 and the residue was 

subjected to analysis. The reaction products and the yields referred to the oxidant are reported in Table 1 

(oxidations of 6 and 7) and in Table 2 (oxidations of 4 and 5). Diphenyl disulfide was also observed among 

the reaction products in all the experiments. 

Quantitative determinations were performed by HPLC (MeOH/H20=4/1, flow rate lml/min) and 

1H-NMR. The material balance was between 90% and 100%. 

Biomimetic Oxidation. FeTPPCI (6.5 p.mol) and imidazole (30 ~tmol) were added to a solution of 

substrate (0.125 retool) in 5 ml of CH3CN, H202 30% (0.25 retool) was added and the reaction mixture was 

stirred under argon atmosphere at room temperature for 30 min. At the end of the reaction an internal 

standard and 10 ml of H20 were added, the mixture extracted with ether and analyzed by 1H-NMR. Only 

sulfoxides and sulfones were produced. Reaction products and the yields referred to the starting material are 

reported in Table 3. Blank experiments were carried out in the absence of the metalloporphyrin, no products 

were observed in the absence of the catalyst. 
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Enzymatic Oxidation. In the microsomai oxidation, phenobarbital-induced rat liver microsomes (28 mg 

protein), NADPH generating system (5 ~tmol of NADP +, 50 Ixmol of glucose-6-phosphate, 50 ~tmol of 

MgCI 2 x 6H20, 10 units of  glucose-6-phnsphate dehydrogenase) and 4-5 (20 lxmol) were incubated in 5 mi 

of phnsphate buffer (pH 7.4, 0.1 M) at 36 °C for 2 h. The substrates had a limited solubility, therefore the 

reaction mixture, except for the NADPH generating system, was preineubated for 10 rain at 36 °C. Reaction 

products were extracted as reported before ~" and analyzed by HPLC (MeCN/H20=88/12, flow rate lml/min). 

In the oxidation of 4 the products observed were the corresponding sulfoxide and sulfone. The yields, 

referred to the starting material, are reported in Table 3. In the oxidation of 5 no products were observed after 

the incubation. Blank experiments, carded out in the absence of microsomes or of NADPH generating system 

lead to the complete recovery of the starting material and no formation of oxidation products. 
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