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Abstract 

The Co(H)-catalysed oxidation of alkyl- and aryI-sulfides was achieved under homogeneous and heterogeneous 
conditions using oxygen or air as the oxidant in the presence of excess aldehyde. The reactions in the homogeneous phase 
were carried out using the soiuble Co(acac), or WAAEMA), complexes IAAEMA-= deprotonated form of 2-(acetoa- 
cetoxy)ethyl methacrylate) wherea!: the heterogeneous catalytic tests were carried out using the copolymers obtained by 
reaction of Co(AAEMA), with acrylamides. Under suitable conditions excellent conversions and very good selectivities 
were achieved both in homogeneous and in heterogeneous phase. The supported complexes were recyclable with negli,oible 
loss of efficiency and did not suffer from metal leaching. 

KfW’ork Sulphoxidation; PKeloestclates; Heterogeneous reactions; Cobalt; Supported cadysts; Polymer-supported catalysis 

1. ctio 
The oxidation of sulfur compounds is arous- 

ing great interest ir:, the academical and indus- 

trial communities. Recent work showed that 
sulfoxidations can be achieve5 by charcoal-sup- 
ported sterically hindered cobalt(II)-phthaIo- 
cyanines/O, [ 1 ], t- hutylhydroperoxide [2], hy- 
droxyl radicals [3], 1 &dimethoxynaphthalene 
promoted photooxidation [4], so&urn hypochlo- 
rite and oxoammonium salts [5], ruthenium 
trichloride/sodium periodate [6], 
nium trioxide/hydrogen peroxide 
phthalocyanines/ iodosylbenz 

NO,/Fe(III) [9], sodium pemthenate [l O] and 

* Corresponding author. 

that catalytic asymmetric reactions can also be 
accomplished [ 1 I]. 

We have recently shown that a mixture of 
branched aldehyde, oxygen and a polymerizable 
Fe(III), Ni(I1) or Co(H) complex can oxidize 
sulfur compounds such as dimethy~s~l~~e or 
di-n-butylsulfide to the corresponding sulfox- 
idek :>r sulfones [i:L]. Cobalt(H) based system 
was shown to be superior both in activity and in 
selectivity when compared to the analogous 
Ni(II)- and Fe(III)-based systems. 

Starting from those preliminary results, in 
ose a ge:neral method for P 

r compounds by means of 
es under homoge 
se. CoLAAEMA 

commercially available Co(acac), were used 
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under ukaiyama’s oxidation con 
&oxygen in the presence of exce 
hyde) for the reactior,s carried out in the homo- 
geneous phase. 

The copolymer obtained by reaction of 
imethylacrylamide 
lenebisacrylamide 

dimethy~formam~de ( 
[I 31 (see Scheme 1) was used as the heteroge- 
neous catalyst. 

aerobic oxidations of 

air as the oxidant. e reactions were c 
out in concentrated 1,2-dichloroethane solutions 

strate ratio equal to 3 in 
equal to 4.5 in the caye 

of the oxidation of (3) Ly oxygen and equal to 6 
in the case of the oxidation of (3) by air. 

oreover, rhe sacrificial aldehyde was 
ng of the reaction for the s 
), whereas it was added dropwise 

ing the course of the reaction for substrats 
. This procedure was suggested by the obser- 

vation that, when the oxidation of (3) was car- 
ried out in the presence of an initial 
aldehyde/substrate ratio equal to 3, the reaction 
stopped before cc .~.onsqflgey- sf 

sacrificial aldehyde. The 
oxidation could be successive addi- 
tions of fresh aldeh were made to the reac- 
tion mixture. In these conditions the total amount 
of sacrificial aldehyde necessary for the comple- 
tion of the reaction was a 4.5fold excess in the 

2 promoted reaction, and a g-fold excess in 

Table 1 
Aerobic oxidation of sulfides (I.30 mmol) by Cdl!) complexes (0.020 mmol) in the presence of i-valeraldehyde in I ,Zdichloroetbane (2.0 

ml) at room temperature and atmospheric pressure 

Entry Substrate 

._ 

CRtalySt mm01 

aldehyde 

Oxidant Time Conv. Yield (%a) 

01) i%:‘o) Sulfoxide Sulfone 

I CH,-S-CH \ ixm )! 
2 CH>-S-CH 1 CdK,lC), 
3 W--S -CH? CdiKX)? 

4 CH,-S-CH, CdAAEMA), 

5 CH,-S-CM, CotAAEMA)2 

6 Ch,-S-CH, CL$AAEMA)~ 

7 Bu-S-B-J (:dac& 
8 Bu-S-Bu CdacacIz 

9 Bu-S-Bu Cdacac& 

IQ Bu-S-Bu Cdacac), 

II Bu-S-Bu CdAAEMAj2 

12 Bu-S-Ru CdAAEMA), 

I3 Bu-S-Bu CdAAEMA)? 

I4 Bu-S-Bu CdAAEMA), 

I5 a Ph-S-Ph Cdacaci, 

I6 b Ph-S-Ph 

I7 b 

cdacac), 

Ph-S-Ph CdacacJz 

I8 a Ph-S-Ph 

19 b 
CdAAEMA), 

Ph-S-Ph 

20 b 
CdAAEMA), 

Ph-S-Ph CdAAEMA): 

3.h O? 2 100 
3.6 air 4 70 

3.6 air IS 100 

3.6 Q? 2 100 

3.6 air 6 80 

3.6 air I5 IO 

3.6 0, 6 92 

3.6 02 7 100 

3.6 air 22 97 

3.6 air 32 IO0 

3.6 02 8 91 

3.6 0, 9.5 IO0 

3.6 air 38 9.5 

3.6 air 60 100 

5.4 0, 2 It?0 

5.4 air 3 95 

5.4 air II IO0 

5.4 02 2 100 

7.2 air 2 90 

7.2 air 12 IO0 

- 

IO6 
_ 
- 

IO0 

88 

7 

88 

20 

94 
- 

91 

6 

94 

I5 

4 

94 

II 

100 
- 

100 

100 
- 

IO0 

I2 

93 

I2 

80 

6 

100 

9 

99 

94 

6 

85 

96 

6 

89 

a The aldehyde was added as follows: 0.9 mmol were present at the beginning of he reaction and 4.5 mmol dissolved in 2.0 ml of 

l,2-dichloroethane were added dropwise in the course of the reaction at a rate of 2.5 mmol/h. 

b The aldehyde was added as follows: 0.9 rnmol were present at the beginning of the reaction and 6.3 mmol dissolved in 2.0 ml of 

1 .Zdichloroethane were added dropwise in the course of the reaction at a rate of I .O mmol/h. 
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Scheme 1. Synthesis of supported Co(AAEMA), 

the reaction carried out in the air. Since rhe 
procedure of adding the aldehyde in successive 
stages was rather inccnvenient, we c&Tied out 
tests with (3) by adding at the beginning of the 
experiment the total amount of aldehyde re- 
quired by the reaction. PJnexpectedly these reac- 
tions were slower and did not reach completion 
probably owing to the preferential oxidaticn of 
the aldehyde respect to the sulfur compound by 
the oxidant species present in solution. The 
resolutive idea was to maintain the concentra- 
tion of the aldehyde in the reaction mixture 
sufficient to create the oxidant species, but low 
enougn not to compete with the substrate for the 
oxidation. This was realized, as previously 
stated, by addi.ng a part of the aldehyde drop- 
wi.se during the course of the reaction. 

in homogeneous phase 
as the substrates are 

Table 1. For all three substrat 
arried out under dioxygen 1 

both with Co(acac), (entries 1, 8, 15) an 
CoWIEMA), (entries 4, 12, 18) to the corre- 
sponding sulfones. In all cases t 
achieved were quantita?ive and 
towards sulfone en 93%. ‘When the 
reactions were ca nder air it was 

sible to find the time when the conversion o 
substrate into sulfoxide was as hig 

> gave 70% conversion and 1 
sulfoxide after 4 h with Co(acac), under air 
(entry 2), whereas when the reaction was pro- 
longed up to 15 h, the resulting conversion was 
lSG% arid the on:y Ifur compourmd detectable 
in the reaction me m was dimethylsulfone 
(entry IT). Analogou sults were achieved us- 
ing Co(AAEMA), as the catalyst (entries 5, 6). 

ate (2) was more reluctant to react and it 
ossible, even under oxygen, to separate 

the two oxidation stagc:s ulfide + sulfoxide 
and sulfoxide -+ sulfonc:. e reaction of sub- 

te (2) with Co(AAEMA), under oxygen 
to give 91% conversion and 94% yie 

sulfoxide (entry 11) and further 1.5 h to effect 
the quantitative trans_formation into sulfoce (en- 
try IZ.).. Entries 7, 8 show comparable results 
obtained with Cobacac),. e oxidation of 
carried out under air gave results reporte 
entries 9, 10, 13, 14. It is apparen! that the 
reaction rate is significantly lower compared to 
the case of dioxygen as the oxidant. Substrate 
(3) was found to be very active and gave almost 
complete conversion into sulfone both with 
Co(acac), and Co(AAE A& under 0, in 2 h 
(entries 15, 18). 

The results discussed up to here point up, IWO 

aspects: it is ssible to oxidize sulfur com- 
pounds using kaiyama’s procedure with the 
commercially availa Co(acac), and the reac- 
tion still works en the polymerizab~e 
Co(AAEMA), complex is used. Therefore there 
are the foundations for effecting the sulfoxida- 
tion under heterogeneous 
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the presence of orted CdAAE 
summarized in Ta 2. It is apparent that the 
heterogeneous catalyst is active, selective and 
reusable. Three cycles of oxidation of (3) under 

ed out with the same resin and in 
titative conversion of the substrate 

into sulfone was achieved after 1 h (entries 1, 2, 

3). 
The results obtained with (3) under air &owed 

the same selectivity ex 
Co(H) complexes e.g. high conversion in sulfox- 
ide at reiativeiy short times, and complete trans- 

ation into sulfones at sufficiently long times 
in the first cycle (entries 5, 6) and in t 

recycles (entries 7, 8). 
Reactions of substrates (1) and ( 

slower and it was possible to find the time 
when, also under O,, the oxidation of the sul- 
fides gave high yields of sulfoxides (entries 9, 
17, for the first cycles; entries 11, 19 for the 
recycles). The reactions of (1) and (2) under air 
(entries 13, 14, 21, 22 for the first cycles, 15, 
l&23,24 for the recycles) gave, in accord with 
expectation, first high yields of sulfoxides and 
then almost complete transformation into sul- 
fones. 

Eventually, we have made use of the most 
re%evant findings stemmed from this study to 
oxidize substrates such as di-t-butylsulfide, 
dibenzylsulfide and p-tolylmethylsulfide to sul- 
fones, both in homogeneous phase, with 
Co(acac), and PHI heterogeneous phase, with the 

Table 2 
Aerobic oxidation of sulfides (I .20 mm00 by supported CdAAEMA), (0.020 mmol of cobalt) in the presence of i-valeraldehyde in 

I,Zdichloroethane (2.0 ml) at room temperature and atmospheric pressure 

Rnby Substrate mmol Oxidant Time Conv. Yield (%) 

aldehyde 
(h) (%) Sulfoxide Sulfone 

1 a Ph-S-Ph 5.4 n “L ! 133 2 98 

2 2.b Ph-S-Ph 5.4 02 I 100 5 9.5 
3 ‘Lb 

ic Ph-S-RI Ph-S-Ph 5.4 7.2 air 02 3 I 100 100 70 7 93 3u 

6 Cd Ph-S-Ph 7.2 air 8 100 6 94 

7 b.c Ph-S-Ph 7.2 air 2 67 94 6 

8 Cd Ph-S-Ph 7.2 air I5 IOU II 89 
9 Cl-i,--S-CT-i 1 3.6 O? 4 72 100 - 

IO d CH,-S-CH, 3.6 5 100 100 
II b 

0, 

CH,-S-CH, 3.6 02 5 75 95 5 

I2 d CH,-S-CH, 3.6 02 6 95 100 
I3 CH,-S-CH, 3.6 air 8 80 100 - 

14 d CH,-S-CH, 3.6 air 20 100 - 100 
I5 b CH ,-S-CH 3 3.6 air 22 85 100 - 

I6 d CH,-S-CH s 3.6 air 46 100 - loo 

17 Bu-S-Bu 3.6 0, IO 100 92 8 

I8 d Bu-S-Bu 3.6 20 100 100 

19 b 
02 

Bu-S-Bu 3.6 02 28 90 81 I9 
20 d Bu-S-Bu 3.6 02 40 100 - loi, 
21 Bu-S-Bu 3.6 air 21 93 89 II 
22 d Bu-S-Bu 3.6 air 37 100 8 
23 b 

92 
Bu-S-Bu 3.6 air 33 75 80 

24 d 
20 

Bu-S-Bu 3.6 air 42 100 m7- 100 

’ The aldehyde was added as follows: 0.9 mmoi were present at the b--i ,,.cning of the reaction and 4.5 mmol dissolved in 2.0 ml of 

1,2-dichloroethane were added dropwise in the course of the reaction at a rate of 2.5 mmol/h. 

b Recycle of the previous run. 

’ The aldehyde was added as follows: 0.9 mmol were present at the beginning of the reaction and 6.3 mmol dissolved in 2.0 ml of 

1,2dichloroethane were added dropwise in the course of the reaction at a rate of I .O mmd/h. 

d Same reaction mixture of previous entry. 
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Table 3 

Aerobic oxidation of sulhdes (1.20 mrnol) by CdlI) complexes (0.020 mmol of Cdacac), or supported metal) in the presence of 

i-valeraldehyde (3.6 mmo!) in 1 ,Zdichloroethane (2.0 ml) at room temperature and atmospheric pressure cf dioxygen 

Entry Substrat: Catalyst Time Conv. Yield in 

th) (%) sulfone (%) 

I t-Bu-S-t-Bu CdacacF, 3 100 100 

2 t-Bu-S-+Bu CdWpolymer 3 100 100 

3 PhCH,-S-CH,Ph Cdacac), 3 IOO 100 

4 PhCH,-S--CH,Ph Cdl%polymer 8 100 100 

5 p-Tol-S-CH, Cdacac), 2 100 94 

6 p-Tol-S- CH 3 CdWpolymer 2 100 100 

Co(H) supported resin. In all cases (see Ta 
after suitable times (2-g h) excellent yields 
v.,ere obtained . 

3.1. Materials and apparatus 

Chromatographic analyses were carried out 
on a V&an Vista 6003 instrument by using a 
capillary 30 m Carbowax 20 column or on a 
Hewlett Packard 5890 chro 
25 m SlWl capillary colum 
were acquired on a HP 5890 c 
m SE30 column) coupled with a mass fjelective 
detector HP 597QI3, 70 eV. 

The oxidized products were identified by 
comparison of their MS spectra and retention 
times in GC analysis with those of authentic 
samples. 

Conversions were calculated by GLC analy- 
ses as moles of oxidized products. per mole of 
starting sulfur compound by using the internal 
standard method. 

Co(acac), was purchased by Aldrich and used 
as received; Co(AAEMA1, 1141 was prepared 
by reacting in absolute ethanol Cobalt(II) nitrate 
and NaAAEMA; the supported CotII) complex 
[13] contained 2.98% cobalt and was prepared 
by stirring in N,N-d rmamide under 

N,.fll-dimethyl- 
N, N ‘-rnetbylen- 

AA) in molar ratio 1435: 1 q 

3.1. I. Catdytic runs: homogeneous phase 
A Sch?enk tube was charged with the sulfur 

substrate, ( 1.2 mmol), tbe Co(U) catalyst 
(Co(AAEM4), or Co(acac),, 0.020 mmoll, the 
sacrificial atdehyde (added, for substrate (31, as 
described in the legend of Table 1) and ! ,2-di- 
chloroetbane (2 ml) and stirred at room temper- 
attire till completion of thh~1 reaction, as moni- 
tored by GLC. 

3.2. Catalytic runs: heterogeneous phase 

A Schlenk tube was charged with the sulfur 
substrate (1.2 mmol), the Co(U) suppon?ed cata- 
lyst (0.020 mmol of cobalt), the sacrificial alde- 
byde (added, for substrate (3), as desc 
the legend of Table 21, 1,2-dichloroe 
ml) and stirred at room temperat..rre till comple- 
tion of the reaction, as monitored by GLC. After 
reaction, the supported catalyst was recovered 
by addition of petroleum ether to the suspension 
and subsequent filtration. 
was washed with acetone and diethyl ether, 
dried under vacuum and opportunely recycled. 
Analyses carried out on the resins recovered 
after the reactions showed that negligible loss of 
metal occurred during the procedure. 
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