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Abstract

The oxidation of sulfides by oxoffein the presence of catalytic amount of various manganese porphyrins in supercritical
CO; (scCQ) has been studied. The reactions have been carried out in an anhydrous two phase-system (sc@d Oxone
solid catalyst/scCg). In the experimental conditions employed {@) 20 MPa), only the new synthesised 5,10,15,20-tetrakis
(heptafluoropropyl)porphyrinate manganese(lll) chloride showed a slight solubility in;s¢€@e absence of manganese
porphyrin and/or of an aromatic nitrogen base a slow stoichiometric sulfide oxidation leading mainly to sulfoxide is observed
in spite of the extremely low solubility of oxoffein scCQ. Conversely, in the presence ofdr-butylpyridine and catalytic
amount of manganese porphyrins (0.6% with respect to sulfide) enhanced reaction rates are observed. Furthermore, the
selectivity of sulfide oxidation reverses and sulfone is formed in larger or comparable amount than sulfoxide even when an
excess of sulfide over oxidant is employed. The results collected suggest that the local concentration of the intermediate
sulfoxide around the catalyst is higher than that of the bulk supercritical phase thus determining unusual high reaction rates
for sulfone formation. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction purification of products from the reaction mixture,
simply by controlling the density of the supercritical
Supercritical CQ (scCQ) represents, among su- phase, allows in principle to recover the capital and op-
percritical fluids (scFs), an attractive reaction medium erating costs related to high pressures operating plants.
particularly for industrial processes because of some Supercritical carbon dioxide has been shown to be a
properties, which make it an environmentally and eco- clean and effective reaction medium for many catalytic
nomically profitable solvent [1,2]. In fact, CQs in- processes including free radical [3] and cationic poly-
expensive, non-flammable, non-toxic and chemically merizations [4], hydrogenations [5-8], hydroformyla-
inert under many conditions. One-pot isolation and tions [9] and some enzymatic processes [10-12].
At least in principle, scC@ is ideally suited as
"+ Corresponding author. Tek:39-49-8275289; a_rea_ction_ medium for oxidation reactions and ap-
fax: +39-49-8275239. plications in both homogeneous and heterogeneous
E-mail address:scampestrini@chor.unipd.it (S. Campestrini). catalytic processes. As a matter of fact, £ ®eing
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fully oxidised, is stable under any oxidative condi- variety of oxidants. In general, although the benefits
tions. Moreover, employing gaseous oxygen as pri- of the supercritical medium in terms of rates and
mary oxidant, one may take advantage of the great conversion are far from impressive, in many cases
dispersibility of @ in scCQ and of the much larger the effects on the selectivity of the reaction are quite
concentrations that may be achieved in the super- relevant. Recently, Rayner and co-workers [22] re-
critical phase than in conventional liquid solvents. ported the result of a study that is worth mentioning
Despite the potential advantages offered by sgCO here being related to the rather impressive effects on
only a limited number of catalysed oxidations have selectivity and also to the present study. They found
been reported in this medium. that the process of sulfoxidation of cysteine deriva-
Studies of homogeneous epoxidation of alkenes tives usingtert-butylhydroperoxide in the presence
by hydroperoxides in scCOcatalysed by Mo(CQ) of Amberlite ion exchange resin in scG@ads to a
has been recently published [13-15]. In these oxi- dramatic, pressure dependent increase in diasterose-
dation processes no particular benefit was obtained lectivity (up to 95%) when compared to the outcome
by performing the reactions in scGOnstead than  of the same reaction in conventional solvents where
in an organic solvent other than that related to en- no diasteroselectivity is observed.
vironmental considerations. On the other hand, one On the whole, it appears the regio- and stereo-
should take into account that at this early stage of selectivity effects in scFs are the main effects expected
the research in the field of scFs, most of the cata- in oxidation processes on moving from liquid solvent
lysts tested have been simply transferred from the to supercritical media. However, the studies so far re-
processes usually carried out in organic solvent ported being scattered into a variety of systems and
without any adaptation to the specificity of a su- conditions do not allow any rationale as for the ori-
percritical phase. Specifically designed catalysts for gin of the observed effects and for the relevant pa-
homogeneous oxidation in scGGare now attract- rameters at play and do not allow any prediction for
ing much interest. For example, the reactivity of a particular chemical transformation. Moreover, there
oxygen andtert-butylhydroperoxide in the presence are apparent serious restrictions concerning the use of
of 5,10,15,20-tetrakis(pentafluorophengbactabro- scCQ as solvent for oxidation processes, as well as
moporphyrinate iron(lll) chloride, Fe(BTFPP)CI, in other reactions, which are related to the scarce solu-
the oxidation of alkenes has been recently reported by bility of hydrophilic substances and salts and hence
Tumas [16]. The presence of halogenated substituentsdo not stimulate the study of a number and types of
on both phenyl rings ang-positions of porphyrin  transformations under supercritical conditions in the
ring increases the solubility of the catalyst in sgCO search of rate and conversion benefits. Phase transfer
allowing a homogeneous catalytic oxidation. In this catalysis [23] and reverse micro-emulsions in sgCO
case, the activity of the oxidative system in s¢O® [24,25] have been indicated as possible solutions to
lower than in conventional organic solvents but the overcome these limitations and try to obtain homoge-

selectivity of epoxidation is higher. neous reaction media. However, the possibility of us-
Besides total destructive oxidation of organics, ing h_eterogeneous systems is still largely unexplored.
widely studied in scHO, partial oxidation of organic This paper reports the result of a study addressed

compounds, such as the introduction of an oxygenatedto the possibility of carrying out a catalytic oxidation
functional group into hydrocarbons, can be achieved in @ heterogeneous system formed by a supercritical
in scFs by heterogeneous catalysis and partial oxida- Phase (scCg) containing the substrate and a solid
tion in scFs has been checked in order to synthesisePhase containing the catalyst (manganese porphyrins
chemicals [17]. adsorbed on silica gel) and the oxidant (commercial
A scrutiny of studies concerning the oxidation oxoné®: 2KHSGOs*KHSO4*K2SOy). The oxidation

processes in scFs as published by McHugh [18], of thioethers was chosen as probe reaction in order to
Gaffney and Sofranko [19], Fan [20], Jiang [21] and evaluate the effect of the nature of organic substrates
their co-workers reveals that interesting results were on the chemioselectivity of the process. The results
obtained for the different systems investigated, both obtained, in particular the unusual low selectivity for
in the presence or absence of catalysts and using asulfoxide with respect to sulfone formation, suggests
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a local higher concentration of the intermediate sul- reaction vessel and an ICU 600 Carlo Erba Instruments
foxide surrounding the catalyst than that in the bulk for the temperature control of the oven and restrictor.

conditions.

2. Experimental section
2.1. Materials

5,10,15,20-Tetrakis(mesityl)porphyrin ~ (TMBH
and 5,10,15,20-tetrakis(octyl)porphyrin  (TOPH
were synthesised following a slightly modified
Lindsay Smith method [26,27]. 5,10,15,20-Tetrakis
(mesityl)B-octabromoporphyrin  (BTMPH,) was
obtained byN-bromosuccinimmide (NBS) bromina-
tion of the pyrrole B-positions of TMPH
[28].5,10,15,20-Tetrakis(heptafluoropropyl)porphyrin
(THEFPPH) was obtained through the proce-
dure reported by DiMagno and Therien [29].
5,10,15,20-Tetrakis(pentafluorophenyl) porphyrin
(TFPPH) was purchased from Aldrich. The metalla-
tion of free base ligand porphyrins with Mn(I1)(OAc)

was performed by conventional methods [30,31].

Metallation of 5,10,15,20-tetrakis(heptafluoropropyl)
porphyrin  (THEFPPH) with Mn(Il)(OAc), fol-
lowed by treatment with HCI lead to the new syn-
thesised Mn(THEFPP)CI, UV-VIS (CHg}lt 350
(¢ = 18789 M 1cm1), 410 ¢ = 19283 M L1ecm™1),
448 ¢ = 21147Mtem™Y). Oxond®, tricapryl-
methylammonium chloride (Aliquat 336)-decane
(GLC internal standard), tert-butylpyridine,p-tolyl-
methylsulfide, diphenylsulfide, were all commercially
available, high purity products (Aldrich) used as
received.

2.2. Instruments

SFC 300 is a 150 ml capacity pulse free syringe pump
developed for pressures ranging up to 50 MPa and
flow rates from 1 to 700Ql/min. The pump cylinder

is thermostated at’ by an external liquid circulation
thermostat (Haake GH refrigerator controlled by a
Haake D8 head) thus permitting the syringe to be eas-
ily refilled with liquid carbon dioxide. The products
concentration in sulfides oxidation were determined
by GLC analysis with the internal standard method on
the basis of previously calculated response factors. The
analyses were performed on a 30m SE-30 capillary
column (0.25mm i.d.). The GC was a HP 6890 series
equipped with a Shimadzu C-R4 A data processor.
The identification of the reaction products was per-
formed by comparison of the GLC data with those of
authentic samples and/or by GC-MS analysis carried
out with a Hewlett-Packard 5890 gas chromatograph,
connected with a Hewlett-Packard 5970 mass selec-
tive detector, using a 15m SE-30 capillary column,
0.25mm i.d.

2.3. Preparation of manganese porphyrin complexes
supported on silica gel

A 500mg sample of silica gel (70-230 mesh
ASTM, 0.063-0.2mm) was added to a solution of
26 mg of Mn(THEFPP)CI in 20ml of methanol.
After 24h of gentle magnetic stirring, the solvent
was eliminated by evaporation and the solid residue
was dried under vacuum. Aliquots of 53 mg of this
supported catalyst, each containing 2.6 mg of man-
ganese porphyrin (2.4 mmol), were used in catalytic
oxidations.

2.4. Oxidation procedure in conventional organic

The apparatus employed for catalytic oxidations solvents

in scCQ is a modified SFC 3000 series Carlo Erba
Instruments originally designed for capillary super-
critical fluid chromatography. Capillary column and

Catalytic oxidations of p-tolyl-methylsulfide in
hexane and methanol were initiated by suspending un-

splitting valve were replaced by a 316 stainless steel der magnetic stirring 0.100 g of Oxo@e(o.sz mmol
10ml high pressure vessel (10,000 psig) connected of KHSOs) in 10ml of a solution (methanol or

to a restrictor (1/16in. o.d., 0.005in. i.d.) through a
six-way HPLC valve (Rheodyne 7125) for reaction

hexane) containing the sulfide (0.74 mmol), the
4-tert-butylpyridine acting as axial ligand of the cata-

samples withdrawing. The apparatus consists of a SFClyst (0.17 mmol),n-decane as GLC internal standard
300 Carlo Erba Instruments pump, a chromatographic (0.24 mmol), and Mn(TFPP)CI (2imol) in a jack-
SFC 3000 Carlo Erba Instruments oven containing the eted reactor thermostated at°@) At various time
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intervals, the stirring was suspended and LD6f the in the supercritical phase under the experimen-
supernatant solution were withdrawn, quenched with tal conditions adopted. GLC analysis of a stan-
an equivalent volume of a 1.0 M solution of PPh dard mixture of n-decane, p-tolyl-methylsulfide,

DCE and analysed by GLC. The concentration of the p-tolyl-methylsulfoxide, p-tolyl-methylsulfone and
oxygenation products was measured on the basis of4-tert-butylpyridine gave essentially the same

previously determined response factors. peak-area ratios in methylene chloride and in sgCO
provided that a small amount of acetone was present
2.5. Oxidation procedure in scGO in the supercritical phase. The presence of 1% ace-

tone w/w in the scC@ensures the solubility even of
the most polar substrates, namely sulfoxide and the

scCQ were carried out in a 10ml cylindrical high nitrogen base, and a relatively rapid dissolution of all

pressure vessel, originally designed for extraction op- these species; comple_te dissolution in the supergrltlcal
erations. At the two bases of the vessel were placed Phase is normally achieved 1h after pressurisation.

two 5M pores frits. At the vessel bottom was placed Preliminary experiments were addressed to the oxi-
a Teflon dish containing a mixture of OxdReand dation of diphenylsulfide with potassium monopersul-

manganese porphyrin adsorbed on silica gel. A small fate (used as triple salt, ZKH%CKHSO"'*KZSO“) n
glass cylinder (about 0.8 ml volume) was loaded with the presence of 5,10,15,20-tetrak|s_(pentafluorophenyl)
the sulfide, the nitrogen base acting as axial ligand porphyrmate_manganese(lll) chioride (Mn(TFPP)CI)
of the catalyst (4ert-butyl pyridine), the internal GC (see Fig. 1), in scC@at 20 MPa and 43 o
standard r-decane) and, if the case, with a solvent The a”.‘°“”.‘ of catalyst employed (2.5mg, 0.8%
modifier (acetone) and/or a phase transfer catalystmOIar ratio with respect to the substrate) was pre-

(Aliguat 336). The glass cylinder was placed upright woy_sly adsorbed on 5.0 mg of silica ge! in order to
into the Teflon dish inside the vessel. In this way, facilitate reactor loading. The perfluorinated man-

I 0,
the mixture of oxidant and catalyst is separated from ganese porphyrin, Mn(_TFPP)CI, and 1./0 wiw acetone
the substrate. After sealing, the vessel was placed as solve_n.t (scC&) modifier were used in th.e. at_tempt
into the SFC oven and thermostated at@QOFinally to solub|I|ze.the catalyst. Hoyv_ever, partitioning of
pressurisation was achieved in about three minutesthe catalyst in S.CC@ was negllglble as r_evealed by
time interval by pumping liquid carbon dioxide to colourless reaction samples withdrawn in the course

the desired final pressure (20.0 MPa). After pressuri- of ex_pgnments. Therefore, this OX'd'S'.”g system .has
sation, the content of the glass cylinder diffuses into a definite heterogeneous character, being both oxidant

the supercritical phase and enters in contact with the Iaensi C?rley;t(ic\j/gttil\]/ 2lly rlcr)]sglsl;blv?/alg ?gﬁaNtzvzgzﬁ; in
solid oxidant and catalyst. Stirring was not possible ' P '

with this reaction vessel. Control experiments showed oppqrtune Condltlons,_ and the reac_tlon course was
) ) d monitored by measuring the sulfoxide and sulfone
that a complete dissolution of sulfide anedecane

. . A . concentrations by GLC analysis of reaction sam-
into scCQ occurs during a 40-60min time inter- les withdrawn through a six-way HPLC valve and
val. At appropriate time intervals, reaction samples P 9 y

were withdrawn through the stainless steel restrictor tra$§§g T geg]r)ge?heecg:;ﬁldsei.s data indicating that a
maintained at 90C, by means of a six-way valve and P . ysIs ting :

. . heterogeneous catalytic oxidative process is operating
trapped in methylene chloride. The samples were then under the appropriate conditions emploved
analysed by GLC. The concentration of the oxygena- bpprop ployed.

tion products was measured on the basis of previously noﬁ-ocr:trgll t? ():(pgggt?grt] (Ireuan dii) I?:I%?t?]etr:]altsjfc?:(?(;\g
determined response factors. y 9 pheny

and diphenylsulfone occurs between monopersulfate
and diphenylsulfide; after 24 h, a 5% conversion of
3. Results and discussion the substrate is observed with a sulfoxide:sulfone
ratio of 4. This ratio is expected on the basis of the

First, we checked that the components used relative nucleophilicity of the starting sulfide and the
(see infra) in the oxidative system were soluble sulfoxide produced in the course of the reaction. In

Catalytic oxidations of p-tolyl-methylsulfide in
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Mn(TFPP)Cl:X=H; R= ‘QF Mn(THEFPP)CI:X=H; R=n-C;3F;

Mn(TOP)Cl:X=H; R=n-CgH;

Me H Me H
Mn(TMP)CI:X=H; R= Qme Mn(BrgTMP)Cl:X=Br; R= —QMe
Me H Me H

Fig. 1. Manganese porphyrines utilised in this study.

fact, the oxygen transfer from peracids or hydrogen served in previous experiments. This outcome may be
peroxide to organic substrates has been shown [32]explained by assuming that the manganese porphyrin
to proceed through a simple, bimolecular mechanism decomposes the monopersulfate and hence inhibits
in which the peroxidic species is the electrophilic the uncatalysed sulfide oxidation. On the other hand,
partner and the organic substrate the nucleophilic when 4tert-butylpyridine is present together with the
partner of the process. Addition of a lypophilic salt, manganese porphyrin (run 4) a completely different
tricaprylmethyl ammonium chloride (Aliquat 336), as picture is observed. In fact, in the presence of the
a phase transfer promoter, in 17% molar ratio with nitrogen base, which presumably acts as axial ligand
respect to the monopersulfate (run 2) increases theof the catalyst, a much faster production of sulfoxide
sulfide conversion to 14% after 24 h with a products and sulfone is observed. Furthermore, the selectivity
ratio of 3.7 still favouring the sulfoxide. The effect of of oxidative process changes and sulfone is formed
addition of Aliquat 336 suggests that phase transfer in twice the amount of sulfoxide. The sulfide conver-
takes place. Under the phase transfer conditions, ad-sion after 24 h is 31% in run 4 and is limited by the
dition of Mn(TFPP)CI adsorbed on silica gel in 0.8% concomitant parasite oxidation of the axial ligand.
molar ratio with respect to the sulfide (run 3) leads to In fact, nitrogen bases are oxidizable substrates and
a rather unexpected drop to 1.3% sulfide conversion consume part of the monopersulfate thus reducing
while a products ratio of 3.3 still fits the range ob- the efficiency of the process leading to sulfoxide and

Table 1
Oxidation of diphenylsulfide (0.3 mmol) by Oxo@e(O.GS mmol active oxygen) in scGat 20 MPa and 4(C, in the presence of 1.0%
w/w acetone

Run  Catalyst (mok 10°)  Phase transfer (mol 10°)  Axial ligand (molx 10°) PhSO yield (%)  PhSO, yield® (%)

1 — — — 4 1
2 - Aliquat 336 (0.11) - 11 3
3 Mn(TFPP)CI (2.4) Aliquat 336 (0.11) - 1 0.3
4 Mn(TEPP)CI (2.4) Aliquat 336 (0.11) tert-butylpyridine (0.17) 9 22

aAs determined after 24 h relative to the starting diphenylsulfide.
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Fig. 2. Dependence of products concentration (sulfoxidrilfone) vs. time in the experiments (runs 1-4) of Table 1.

sulfone formation. Therefore, the efficiency of the considerable conversion of sulfide (82%), thus, con-
overall oxidative process may be improved by tun- firming that the oxidative process proceeds faster with
ing basicity and concentration of the base acting as a more nucleophilic substrate (run 5). Nevertheless,
catalyst’s axial ligand. under the experimental conditions of run 5, the only
The effect of the addition of phase transfer agent, oxidation product is the sulfone and this indicates that
manganese porphyrin and axial ligand on sulfide con- sulfoxide oxidation is being favoured by some mecha-
version is shown in Fig. 2.
The fast catalytic sulfide oxidation (run 4) which
takes place only when both catalyst and nitrogen Table 2
base are present may be taken as an indication thatOXidation of p-tolyl-methylsulfide (0.37mmol) by Oxoffe

Atert-butyl idi dinat to manadan nd (0.65mmol active oxygen), in the presence oft 2 10~ 8mol
-lert-butylpyriding co-ordinates 1o manganese a of manganese porphyrin, 0.17 mmol of tek-butylpyridine,

makes the metal centre prone to oxidation by the ¢.11mmol of Aliquat 336, in scC@at 20 MPa and 40 contain-
monopersulfate. The consequence of such interac-ing 1.0% w/w acetone

tion is the formation of an oxo-manganese porphyrin o - Catalyst p-TolSOMe o-TolSO,Me
intermediate which, in a subsequent step, oxidises yield® (%) yield® (%)
sulfide to sulfoxide and then to sulfone. The crucial

5 Mn(TFPP)CI 0 82

point is that while the oxo-manganese derivative is ¢ Mn(TFPP)CI P 11
known to act as an electrophilic oxidant [33,34], the 7 Mn(TFPP)CI 14 27
chemioselectivity indicates that the oxidative pro- 8 Mn(TFPP)CI 14 24
cess app_qrently favours the sulquide which is less 1?) Mn(TMP)CI 10; 22
nucleophilic than its precursor sulfide. 11 Mn(TOP)CI 1f 29
In order to minimise the competitive axial ligand 12 Mn(BsTMP)CI 15 35
oxidation and enhance the yields of sulfoxide and sul- 13 Mn(THEFPP)CI 12 29
fone, we studied the oxidation of a more nucleophilic 14 Mn(THEFPP)CI 18! 30

substrate than diphenylsulfide. Table 2 shows the re-  aas determined after 24h relatve to the starting
sults of the oxidation ofp-tolyl-methylsulfide with p-tolyl-methylsulfide.
oxoné® in the presence of various manganese por- :OXO”‘@ (0.32mmol active oxygen).
L In the absence of phase transfer.
phyrms Ir_] SC_CQ at 20 MPa and 470: dIn the absence of phase transfer and acetone.
The oxidation op-tolyl-methylsulfide under the ex- ©In the absence of phase transfer and axial ligand.

perimental conditions of run 4 in Table 1 affords a f At 30 MPa.
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nistic aspects of the overall catalytic process. Employ- Mn(THEFPP)CI trapped in methylene chloride show
ing equimolar amounts of monopersulfate and sulfide a distinct green colour and their UV-VIS spectra
(run 6), the conversion drops to 18% and sulfoxide is confirmed the presence of the catalyst in solution.
formed together with sulfone although in a 1:2 ratio. The results obtained in the presence of such perfluo-
Run 7 indicates that the presence of a phase transferroalkylporphyrin are in line with those obtained with
agent is not an essential requisite for the occurrence ofthe insoluble catalysts, in particular the chemiose-
the oxidative process. In fact, even in the absence of lectivity with a sulfone:sulfoxide ratio of 2 (run 13).
Aliquat 336, the sulfide conversion (41%) is still much These results were also confirmed at 30 MPa (run 14)
higher than that observed in the blank experiment in where the catalyst solubility is expected to increase.
the absence of the nitrogen base (run 9, 2% conver- A first significant indication, which stems out from
sion). Even the presence of acetone as sc@@difier the results here reported, is that an efficient cat-
appears ineffective for the occurrence of the oxidative alytic process in scC®can be achieved even if the
process (run 8). In its absence however, dissolution solubility of both, catalyst and primary oxidant, is
of the starting reagents into the supercritical phase is remarkably low. As said above, many efforts in im-
slower and less effective so thatolyl-methylsulfide plementing catalytic processes in scL&re devoted
is not completely solubilised. to the synthesis of soluble catalysts or to the develop-
The effect of the nature of manganese por- ment of techniques, which allow to realise physically
phyrin has been also examined (runs 7, 10-14). homogeneous systems. In fact, it was perceived that
5,10,15,20-Tetrakis(mesityl)porphyrinate  manganese to ensure the success of a chemical reaction in scCO
(11 chloride, Mn(TMP)CI, (run 10) in spite of thereagents must be presentin appreciable concentra-
the twelve methyl groups present on the phenyls tions in the same phase. On the other hand, many pri-
turned out to be insoluble in scGOunder the mary oxidants commonly used in catalytic processes
experimental conditions adopted and gave essen-carried out in conventional solvents exhibit negligi-
tially the same results of Mn(TFPP)CI. The use of ble solubilities in scC@ owing their ionic or polar
5,10,15,20-tetrakis(mesityf-octabromoporphyrinate  character (KHS@, NaOCI, NalQ, H»O, etc.) and,
manganese(lll) chloride, Mn(BFMP)CI (run 12) therefore, were deemed valueless for use in scCO
in spite of its low, if any, solubility in scCQ The results here reported show that catalytic oxida-
leads to a remarkable improvement in sulfoxide and tion in scCQ may be achieved even if the solubility
sulfone yields. The high yield obtained with this of the catalyst is below 1@® M [16] and that of the
catalyst is probably related to a more pronounced primary oxidant still lower. We are keen that the for-
electrophilic character of the oxo-manganese inter- mation of the oxo-manganese derivative takes place
mediate due to the electron-withdrawing effect of because of the exceptionally high reactivity of the cat-
the bromine substituents. In general, among metal alyst activated by 4ert-butylpyridine co-ordination
complexes with hydrocarbon ligands, those bearing and, hence, the formation of the oxo-manganese
aliphatic substituents are more soluble in seCO derivatives occurs even if the oxidant concentration
than those with aromatic ligands [35]. Therefore, in scCQ is low. More to the point, such low oxi-
the activity as catalyst of a potentially soluble dant concentration in the supercritical phase is likely
5,10,15,20-tetrakis(octyl)porphyrinate manganese(lll) to preserve the manganese complex from reactions
chloride, Mn(TOP)CI, has been tested (run 11). occurring at the porphyrin ring which cause catalyst
However, even in this case the solubility is negligi- damages and deactivation. The overall oxidative pro-
ble whereas both activity and selectivity in sulfide cess here studied includes several consecutive steps
oxidation are comparable to those observed in the the main one being: (i) the transport of the oxidant
presence of Mn(TFPP)CI. Among the various man- into the supercritical fluid; (ii) the heterogeneous re-
ganese porphyrins tested, only the new synthesisedaction between the oxidant in the supercritical phase
5,10,15,20-tetrakis(heptafluoropropyl)porphyrinate and the catalyst in the solid one; (iii) the heteroge-
manganese(lll) chloride, Mn(THEFPP)CI, featured neous reaction between the oxo-manganese derivative
a detectable, although slight, solubility in sce&0n in the solid phase and the organic substrate in the
fact, reaction samples of the reaction mixture with supercritical one. In conventional organic solvents,
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PR : Table 3
transport through the liquid is relatively slow and Oxidation of ptolyl-methylsulfide (0.74mmol) by Oxof®

may limit the formation of the oxo-manganese deriva- , 35 mmol active oxygen), in the presence of 2 10-6 mol of
tive. Conversely, the mass transport through sgCO mn(TEPP)CI, 0.17 mmol of 4ert-butylpyridine, in various sol-
is always very fast and the equilibrium concentration vents at 46C

of oxidant, although low, is smoothly reached and Rryn Solvent p-TolSOMe p-TolSO,Me
maintained. Therefore, in scGCthe formation of the yield? (%) yield? (%)
oxo-manganese derivative could be the rate-limiting 15 scC@P 26.3 23.0
step. 16 scCQ 16.0 18.3
A second relevant indication concerns the peculiar 17 Methanol 53.2 16.6
18 Hexane 14.3 29.4

selectivity observed in sulfide oxidation. In fact, the
oxidation of both sulfides tested leads to sulfone and aAs determined after 24 h relative to the starting monopersul-
sulfoxide in a 1-3:1 ratio even when sulfide con- fatet;
version reaches moderate values. This outcome does " e Presence of 1% acetone wiw.
not appear to fit the reactivity of the oxo-manganese
species, which normally behaves as an electrophilic modifier (run 15), shown in Fig. 3, does not exhibit
oxidant thus favouring the oxidation of the more the typical trend of two consecutive reactions.
nucleophilic substrate, namely, the sulfide, thus, lead- In fact, if the sulfone is formed by oxidation of
ing preferentially to sulfoxide formation. In order to  sulfoxide initially produced through a reaction oc-
gain insight on this issue, a series of catalytic ox- curring at a rate comparable to that of sulfoxide
idations have been carried out using an excess of formation, a bell shaped curve for the intermediate
sulfide relative to the oxidant. Furthermore, the ef- sulfoxide formation and a sigmoidal one for sul-
fect of the reaction medium on the selectivity was fone formation should be observed. The steady in-
investigated by carrying out the catalytic processes crease of sulfone concentration, shown in Fig. 3, is
in scCQ and in two conventional liquid solvents observed from the beginning of the reaction while
of remarkably different polarity, namely, hexane the sulfoxide formation shows an induction period.
and methanol. The pertinent results are reported in A kinetic profile of this kind could be observed
Table 3. if the specific rate constants of the two consecu-
The kinetic profile of the reaction carried out in tive processes are quite different, i.e. if the oxi-
scCQ in the presence of 1% acetone w/w as solvent dation of sulfide to sulfoxide is much slower than the
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Fig. 3. Dependence of sulfoxide and sulfone concentrations vs. time in the oxidagstolgf-methylsulfide in scC@ at 40°C and 20 MPa
(run 15 of Table 3).
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Fig. 4. Dependence of sulfoxide and sulfone concentrations vs. time in the oxidatmtolgf-methylsulfide in methanol at 4C (run 17

of Table 3).

oxidation of sulfoxide to sulfone. However, this has

been ruled out on the basis of direct experiments. In
fact, we verified that the oxidation of sulfoxide to sul-

fone occurs at a rate comparable to that of the ox-
idation of sulfide. The presence of the modifier in

scCQ has little effect on the reaction products dis-

tribution. In fact, in the absence of acetone (run 16)
only a slight excess of the sulfone over the sulfoxide is
observed.

Conversely, the reaction picture in a conventional
polar liquid solvent (methanol) shows an opposite
trend with respect to that observed in scC@s
shown in Fig. 4. In fact, in this case a steady for-
mation of sulfoxide is observed whereas sulfone
production shows a small but detectable induction
period.

Moreover, the final products distribution reflects
the well-established reactivity of the oxo-manganese
species and sulfoxide is formed in a more than
three-fold larger amount than sulfone (run 17). In-
terestingly, the chemioselectivity observed in liquid
n-hexane, a solvent exhibiting @ polarity param-
eter according to Dimroth and Reicharfi;(= 31)
similar to that of scCQ (E;y = 28-30 depending
on pressure) [36], favours sulfone formation even
more than scC® (run 18). All the above observa-
tions can be interpreted by assuming that the sulfox-
ide formed in the first step of the oxidative process

remains co-ordinated to the positively charged cat-
alyst by virtue of its marked dipole moment. Thus,
sulfoxide clustering around the catalyst induces a
preferential over-oxidation to sulfone which oc-
curs faster than the oxidation of sulfide in liquid
n-hexane in spite of the electrophilic character of
the oxo-manganese derivative. On the other hand,
in methanol, a solvent of remarkable polarit§(=
55.5), the sulfoxide-catalyst clustering is much less
relevant due to strong solute-solvent interactions.
Therefore, in methanol, the sulfoxide concentration
in the proximity of the catalyst is likely to be similar
to that in the bulk phase and the chemioselectivity is
determined only by the relative rate constants for sul-
fide and sulfoxide oxidation, which favours sulfoxide
production.

Thus, a possible rationale for the difference in
chemioselectivity observed in the two media of similar
polarity, namely, scC®and liquid hexane takes into
account the different clustering effects experienced in
the two phases. In fact, clustering of sulfoxide inter-
mediate on the catalyst surface could be depressed in
supercritical conditions due to the severe constraints
imposed on the sulphoxide by the surrounding>,CO
molecules. In other words, solute—solute clustering
would be favoured in scCOwhereas solute—catalyst
clustering would be predominating in a liquid apolar
solvent.
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4. Conclusion

The results reported this paper show the importance
of solute—solute and catalyst—solute clustering in de-

termining the chemioselectivity of an oxidative pro-
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[14] U. Kreher, S. Schebesta, D. Walther, Z. Anorg. Allg. Chem.
624 (1998) 602.
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