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Dialkyl, aryl-alkyl, benzylic, and benzothiophenic sulfides are selectively oxidized to sulfoxides or sulf-
ones, with stoichiometric amounts of H,O, (aq) or TBHP, in the presence of complexes Cp'Mo(CO)szCl,
CpMo0,(Cl and the mesoporous material MCM-41-2 as catalysts. The use of the thianthrene 5-oxide
(SSO) probe shows that CpMo(CO)3Cl/H,0, or TBHP are electrophilic oxidants (Xso < 15). The same con-
clusion is drawn from competition experiments with a mixture of p-ClICgH4SCH3 and CgHsSOCH3.

© 2008 Elsevier Ltd. All rights reserved.

Sulfoxides and sulfones play important roles in synthetic organ-
ic chemistry and are important bioactive compounds.! Further-
more, sulfoxidation catalysis has assumed special relevance
in the deep desulfurization of fuels, due to environmental
constraints.?

Although there are many reported methods for the oxidation of
sulfides to sulfoxides,>* metal-mediated oxidizing systems for the
preparation of sulfones are unusual in literature.> Only a few re-
ports are available for the selective synthesis of sulfoxides and sulf-
ones with the same reagent system, under adjusted reaction
conditions.®

Although complexes MoO,X,L, are important catalysts for oxy-
gen atom transfer reactions,” organometallic oxo complexes have
not been so extensively used. Nevertheless, several Cp’MoO,X
(X = halide, alkyl) species or more practically their Cp’'Mo(C0O)sX
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precursors (Scheme 1) were found to efficiently catalyze olefin
epoxidation, with tert-butyl hydroperoxide (TBHP), but not with
H,0,.8

These results prompted us to verify the possibility of achieve-
ment of a new procedure for the oxidation of sulfides. Herein, we
describe the use of complexes [(1°-CsRs5)Mo(CO);Cl] (R=H (1),
CHs (2))®P°? and [(n°-CsHs)Mo0,Cl] (3)®>°" and the mesoporous
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material MCM-41-2 (4)'° as catalysts for the efficient and selective
oxidation of sulfides either to sulfoxides or sulfones (Scheme 2).

Recently, Poli has revealed the remarkable stability of
Cp’Mo(VI) oxo species in aqueous media (through analytical inves-
tigations).!! To the best of our knowledge, our study represents the
first example wherein Cp'Mo0O,(l is found to be catalytically effi-
cient with H,0, (aq) as oxidant.

Aryl-alkyl (namely with the electron-withdrawing nitro group),
diaryl, and benzothiophenic sulfides were easily oxidized to the

Table 1

corresponding sulfones (Table 1), near to room temperature, using
~2 equiv of H,0, aq (in NCMe) or TBHP. This is a clean, straightfor-
ward synthetic method, in which sulfones are readily precipitated
as the pure product, in high yields.!?

The oxidation of BTP is remarkably fast when TBHP is used as
oxidant with CH,Cl, as solvent (entries 12 and 15). The time
needed for completion of these reactions catalyzed by complexes
1 and 3 is comparable (15 min, at 35 °C). This suggests that the
in situ oxidative decarbonylation of complex 1 by TBHP (see

Selective oxidation of various functionalized substrates to sulfones using H,0, or TBHP and complexes 1-4*

Entry Substrate Catalyst Oxidant Time (h) Yield® (%) (Conv. %) Temperature (°C)
complex
EN
CHj .
1 1 TBHP 15 min (96)° rt
1 (100)
2 1 and 2 H,0, 0.5 99 (100) It
3 3 H,0, 2 (100) It
S\
CH3
4 1 TBHP 1 85 (100) rt
H,CO
S
\CH3
5 1 TBHP 6 87 rt
ON
S
\CH3
6 1 TBHP 4 76 35
OHC
7 2 H,0, 2 99 35
(0]
8 ! 1 TBHP 1 92 (100) 35
He” CH
I
S
9 ©/ ~F 2 H,0, 4 98 ~20°Ctort
S
10 Y C/ S X 1 H,0, 3 98 ~20°C to rt
3
S
11 O/ 2 H,0, 5 100 35
12 1and 2 TBHP 15 min 85 (100) 35
13 s TBHP; solv.: MeOH 3 (28) 35
8 78
14 2 H,0, 5 70 35
15 3 TBHP 15 min 97 (100) 35
16 4 TBHP 4 71 55
17 1 and 2 TBHP 1.5 80 55
S
18 1 H,0, 7 69 35
19 1 TBHP 5 100 rt
20 S 1 H,0,; solv: MeOH/CH,Cl, (4:1) 12 90 35

@ Reaction conditions: 3.5 mmol of sulfide; 2.0-2.5 equiv of oxidant; 2 mol % of catalyst; 8 ml of solvent: CH,Cl, for TBHP, NCMe for H,0,.
b Isolated yield. Spectra were compared with literature.®*!> Conversion (in brackets) was determined by GC on the reaction mixture (toluene as internal standard). Only

sulfone is formed.
¢ Formation of sulfoxide and sulfone.
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Scheme 1) is fast and probably gives rise to the same active metal
species as complex 3.%° The use of MeOH produces a dramatic
slowing effect on the reaction (entry 13), perhaps due to the coor-
dination of this solvent to the Mo(VI) center.!*

The benzothiophenic compounds DBTP and 4,6-DMDBTP (en-
tries 17-20) could be oxidized in good yields, under very mild con-
ditions. In literature, the oxidation of thiophene derivatives to their
sulfones is known to take place over a limited range of metal cata-
lysts and large excess of H,0, and higher reaction temperatures
are typically used.>!> The oxidation of DBTP at 55 °C, after 1.5 h,
in the presence of TBHP/complex 1 (entry 17) is remarkably
efficient.

Substrates containing sensitive functional groups such as alde-
hyde and alkene (entries 6, 7, 9, 10) were selectively oxidized at
the sulfur atom, without affecting the C-C double bond. It is impor-
tant to notice that Cp’Mo(CO)sCl has been used as an efficient ole-
fin epoxidation catalyst.®

The above-mentioned catalytic systems are all homogeneous in
nature. At the exploratory level, we have tested the heterogeneous
MCM-41-2 (4) in the oxidation of BTP by TBHP (entry 16). Com-
pared to the non-supported catalyst (entry 12), longer reaction
times at higher temperature were necessary for obtaining compa-

Table 2

Selective oxidation of sulfides to sulfoxides using H,O, or TBHP and complexes 1 and 2?

rable isolated yields, in line with previous findings in epoxidation
catalysis.'®

The chemoselective oxidation of sulfides to sulfoxides was also
investigated (Scheme 2) and the sulfoxides in Table 2 were isolated
using ~1 equiv of oxidant in the appropriate solvent (acetone/
MeOH 1:1 for H,0,; CH,Cl, for TBHP), from low to rt.'® In the case
of DBTP (entry 9) sulfone formation could not be avoided. There are
few reports on the oxidation of DBTP to its sulfoxide,® as the cor-
responding sulfone is generally obtained.?%¢

To gain some mechanistic insight on the sulfoxidation reactions,
kinetic experiments were performed where p-ClCgH4SCH3 and
CsHsSOCH3 (1:1) were in competition for the oxidant (Table
3).1718 A much higher oxidative reactivity of p-CIC¢H,SCH; was
observed, as expected.'®2° When H,0, is used as oxidant, the
protic solvent MeOH favors the chemoselective formation of
sulfoxide (entries 1 and 2), as in other catalytic systems'®21? and
this has certainly permitted the straightforward synthesis of
sulfoxides in Table 2.

We have also used the thianthrene 5-oxide (SSO) oxidation as a
mechanistic probe.2?? The results in Table 4 show that SSO was
predominantly oxidized at the sulfide and the Xso values unequiv-
ocally indicate an electrophilic character for complex 1/H,0, or

Entry Substrate Catalyst complex Oxidant Time (h) Yield® (%) (Conv. %)
S
1 \ ; 1 H,0, 2.5 92
2 /\/\S/\/\ 2 HzOz 2 86
s\CH
3 ® 1 TBHP 15 min, at —20 °C (37)
2.5 89 (96)
S,
CH,
4 1 H,0, 2 98
H,CO
S
\CH3
5 2 H,0, 3.5 75
O.N
S
SCH,
6 1 H,0, 5 96
Cl
7 @ 1 H,0, 55 92
S
S
i O/ \O 1 H,0, 7 95
S

@ Reaction conditions: 3.5 mmol of sulfide; 1.1 equiv of oxidant; 2 mol % of catalyst; solv.: CH,Cl, for TBHP, acetone/MeOH (1:1) for H,0,; —20 °C to rt.
b Isolated yield. Spectra were compared with literature.*“5'3 Conversion (in brackets) was determined by GC. Only sulfoxide is formed.
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Table 3
Competitive oxidation of p-CICgH4SCH3 and CgHsSOCH3 using H,0, or TBHP and complex 1¢
[e]
[¢]
(0] o]
S ! P4 lsl,
~ ~
CH ~
® CHs 0.7 eq. oxidant CHs CHs
+ _— +
0°C; Cat.
Cl cl
Entry Oxidant Solvent Time (h) Conv. of p-CICgH4SCH5 (%) Conv. of CgHsSOCH3P (%)
1 H,0, NCMe 0.5 30 9
2 H,0, Acetone/MeOH (1:1) 3h 33 —
5h 30 66 -
3 TBHP CH,Cl, 2h 69 =

@ Reaction conditions: 3.5 mmol of 4-CITIOAN and 3.5 mmol of TIOANSO; 0.7 equiv of oxidant; 2 mol % of catalyst; at 0 °C.
b Conversion determined by GC analysis on the crude reaction mixture (with mesitylene as internal standard).

Table 4
Oxidation of thianthrene 5-oxide (SSO) by H,0, or TBHP catalyzed by complex 1*

y 2 b o o]

! ! N

@ )|\\/\) electrophilic attack nucleophilic attack C[ :@
+ EEEEEEEE——
i 7 ) S
(o] e} Thianthrene 5-ox ide (SSO) Thianthrene 5,5-dioxide (SSOp)
cis-SOSO trans SOSO

Entry Oxidant (equiv) Solvent Time (h) Conv. (%) Mass balance® (%) Product distribution® (%) SSO,/trans-SOSO/cis-SOSO Xs0©
1 H,0, (2.0) CH,Cl,/NCMe (2:9) 4 22 97 12/64/24 0.12
2 H,0, (2.0) CH,Cl,/MeOH (1:4) 4 11 71 8/84/8 0.08
3 TBHP (1.0) CH,Cl, 1 86 100 15/78]7 0.15

@ Reaction conditions: 0.05 mmol of SSO; 1.0-2.0 equiv of oxidant; 2 mol % of catalyst; at rt.
b Determined by HPLC analysis of the crude reaction mixture. No over-oxidation product SOSO, was detected.

¢ XSO = sulfoxide oxidation/total oxidation; calculated according to Ref. 21.

TBHP,?! in accordance with the competition experiments with
C1C5H4SCH3 and CgH5SOCHs5.

The active species in this system is still unknown; a species con-
taining n?-coordinated peroxide?3, n!-tert-butylperoxo ligand,”>'4
or a non-cyclopentadieny! containing catalyst®’ can be suggested
on the basis of previous findings.

Regardless of the nature of the intermediate, nucleophilic attack
of sulfur then occurs on the electrophilic oxygen atom activated by
the Mo(VI) center.

In conclusion, the Cp'Mo(CO);Cl complexes promote the
chemoselective and efficient oxidation of sulfides either to sulfox-
ides or sulfones, with stoichiometric amounts of TBHP or the ‘envi-
ronmentally friendly’ H,O0, (aq), under mild reaction conditions.
This is the first time Cp'M00-Cl is found to be catalytically efficient
in oxidations with H,0, (aq) and further studies with this system
are being developed in our group.
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layers were dried over anhydrous MgSO,4 and concentrated in vacuum. Pure
sulfoxides were isolated upon flash chromatography on silica gel (AcOEt/
hexane). The purity was ascertained by 'H NMR, MS and EA.

. Competitive oxidation of p-CIC¢H4SCH3 and C¢HsSOCHS5: 0.7 equiv of H,0; (aq) or

TBHP was added to a solution containing equal amounts (3.5 mmol) of p-
CICsH4SCH3 and CgHsSOCH3, CpMo(CO)5Cl (2 mol %) and mesitylene (internal
standard), in the selected solvent (5ml), at 0°C. The conversion of the
substrates was determined by GC analysis.
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