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Catalytic enantioselective oxidation of sulfides and disulfides by
a chiral complex of bis-hydroxamic acid and molybdenum
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Abstract—A chiral bis-hydroxamic acid (BHA)-molybdenum complex was used for the catalytic asymmetric oxidation of sulfides
and disulfides utilizing one equivalent of alkyl peroxide with yields up to 83% and ee up to 86%. An extension of our methodology
combines the asymmetric oxidation with kinetic resolution providing excellent enantioselectivity (ee 92–99%).
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Metal catalyzed asymmetric oxidation of sulfides, a
powerful strategy for the rapid preparation of enantio-
pure sulfoxides, has garnered extensive attention from
the synthetic community. Of particular value are those
compounds which contain chiral sulfoxides, a structural
class widely utilized in both the pharmaceutical industry
and academia.1 Although a number of methods for
achieving high enantioselectivity during sulfide oxida-
tion have emerged in the recent years, most notably
the tri-coordinated vanadium catalyst system,2,11 man-
ganese,3 iron-catalyzed oxidation,4 and titanium-based
reagents;5 low enantioselectivity and restrictive struc-
tural requirements are still serious obstacles for this
transformation.1

Specifically, the most extensively studied titanium
reagents (1) often require an inert atmosphere and suffi-
cient quantity of molecular sieves; (2) need an exact
amount of water (or alcohol) to generate the active cat-
alyst, and (3) demand high catalyst loading for conver-
sion.1,5 As an alternative, an indirect multi-step route
to access these molecules has also been developed
employing nucleophillic substitution of a chiral sulfinyl
derivative with an organometallic reagent. This method,
however, is limited by the availability of the appropriate
intermediates.6
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To this end, direct asymmetric oxidation of pro-chiral
sulfides is the most convenient and straightforward
method. However, to date, the application of molybde-
num as a catalyst for the asymmetric oxidation of sulfide
remains under-explored.7 Herein, we report the first suc-
cessful catalytic asymmetric oxidation of sulfides and
disulfides utilizing a catalytic amount of a chiral molyb-
denum complex in the presence of an achiral oxidant
under mild conditions (Scheme 1, Eq. 1).
2. Results and discussion

Our continuous research in the area of asymmetric oxi-
dation revealed that the vanadium complex of the
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hydroxamic acid efficiently oxidizes allylic and homo-
allylic alcohols.8 More recently, we also reported a
vanadium-bis-hydroxamic acid catalyst system, which
induces excellent enantioselectivities during oxidation
of both cis-substituted and trans-substituted allylic
alcohols (Scheme 1, Eq. 2).9a The preparation of these
bis-hydroxamic acids has been described earlier.9b

To evaluate the general applicability of BHA as a ligand
for asymmetric synthesis, the oxidation of various sul-
fides was explored. Thus, methyl phenyl sulfide 3a was
treated with the vanadium-1 complex (and vanadium-
2a complex) at 0 �C for 17 h affording the desired sulfox-
ide 4a in a modest yield (17% and 20%, respectively)
with moderate enantioselectivity (ee 30% and 47%,
respectively). Despite the inefficiency of the oxidation,
we were encouraged by the selectivity and decided to
survey other metal complexes for the oxidation. Reason-
ing that a dioxo-molybdenum complex of the bis-
hydroxamic acid would be a stronger oxidizing agent,7a

we opted to study the oxidation of 3a under these new
conditions.10 As expected, the modified catalyst
produced methyl phenyl sulfide 4a in a significantly
improved yield (77%) after 17 h (Table 1, entry 1). Inter-
Table 1. Asymmetric oxidation of sulfides 3a

R1 S
R2

3

2, MoO2(aca

THP, CH2C

Entry Sulfide Ligand Tim

1
S

CH3 3a

2ae 17
2 2af 26
3 2a 20
4 2b 16

5
S

CH3 3b 2b 20

6
S

CH3 3c 2b 19

7
S

3d 2b 18

8
S

3e 2b 24

9

S
CH3

3f 2b 17

10
S

CH3 3g 2b 19

a All reactions were carried out in CH2Cl2 in the presence of 1.0 equiv of
indicated.

b Isolated yield after chromatographic purification.
c Ee values were determined by chiral HPLC.
d Configurations determined by comparison of specific rotation to literature.
e 1.0 equiv TBHP.
f 1.0 equiv CHP.
estingly, the molybdenum complex of 2a also provided
higher enantioselectivity (ee 54%). At this stage, an
array of ligands, reaction conditions and oxidants were
surveyed. We found that 2 mol % molybdenum catalyst
in the presence of trityl hydroperoxide (THP) is optimal
for the high enantioselectivity (entry 3). Cumene hydro-
peroxide (CHP) also provided good enantioselectivity
(entry 2) under similar reaction conditions. The highest
enantioselectivity was obtained when the bulkier BHA
2b was utilized. To determine the general scope of the
sulfide oxidation, a number of substrates with differing
substitution patterns were tested under the optimized
conditions; the results of which are summarized in Table
1. It is important to note that, isopropyl phenyl sulfide
3e, which usually provides relatively low enantioselectiv-
ity,1a,2d also provided good selectivity (entry 8) and the
(R)-configuration due to the steric hindrance of the
isopropyl group. The oxidation of dialkyl sulfides such
as cyclohexyl methyl sulfide, however, exhibited low
selectivity, ee 20%. Efforts are being focused to optimize
the catalyst system for dialkyl sulfides.

High enantioselectivity during sulfide oxidation is often
due to kinetic resolution of the newly formed sulfoxides
R1 S
R2

O
4

c)2

l2

e (h) Yieldb (%) ee (%),c configd

77 54 (S)
89 65 (S)
83 68 (S)
81 79 (S)

75 81 (S)

76 75 (S)

81 82 (S)

66 62 (R)

82 86 (S)

83 72 (S)

THP and 2 mol % of molybdenum catalyst at 0 �C, unless otherwise
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by generating a significant amount of sulfones.2–6,11

However, by employing the molybdenum-2b catalyst
in the presence of 1.0 equiv of THP, it did not produce
any sulfone. A key question was raised by this result
as to whether our catalyst was capable of performing
selective oxidation of one of the enantiomer of a racemic
mixture of sulfoxides. Thus, we decided to explore
oxidations of sulfoxides (Scheme 2). We found that the
oxidation of phenyl methyl sulfoxide 4a was slow, but
molybdenum-2b complex selectively oxidized one of
the enantiomers. We were pleased to find that the (R)-
isomer of 4a, which the minor isomer produced during
oxidation of 3a, was oxidized in a faster rate.
2b, MoO2(acac)2

THP, CH2Cl2
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In the next stage, the scope of the asymmetric oxidation
followed by kinetic resolution was examined. The results
of this study are listed in Table 2. Both oxidants CHP
and THP provided excellent selectivity during the pro-
cess (ee 92–99%). The key feature of our catalyst is that
after the initial oxidation of sulfides to sulfoxides the
extent of kinetic resolution can be controlled by choos-
ing the oxidant and also its amount. This absolute
control of the asymmetric oxidation and kinetic resolu-
tion makes our process more attractive than other
available methods.
Table 2. Asymmetric oxidation with kinetic resolutiona

Entry Sulfide Oxidant Sulfoxide:
Sulfone

Yieldb (%) ee (%),c

config

1 3a THPd 81:19 68 92 (S)
CHPe 49:51 43 96 (S)

2 3b THP 74:26 55 94 (S)
CHPe 46:54 37 95 (S)

3 3d THP 72:28 51 96 (S)
CHPf 32:68 31 97 (S)

4 3g THP 76:24 50 93 (S)
CHPe 50:50 47 99 (S)

a All reactions were carried out in CH2Cl2 in the presence of 1.5 equiv
of THP and 2 mol % of molybdenum-2b catalyst at �40 �C, 19 h then
0 �C, 24 h unless otherwise indicated.

b Isolated yield of sulfoxide after chromatographic purification.
c Ee values were determined by chiral HPLC.
d�40 �C, 44 h then 0 �C, 47 h.
e 1.55 equiv CHP.
f 1.75 equiv CHP.
Finally, to study whether the substrate scope could be
extended beyond sulfides; 2-tert-butyldisulfanyl-2-methyl-
propane, 6, was subjected to the same reaction condi-
tions (Scheme 3).12 Gratifyingly, simple aqueous work
up followed by chromatographic separation provided a
high yield of 7 with excellent selectivity (ee 90%). It is
important to note here that pre-distillation of the disul-
fide is not necessary to achieve high enantioselectivity.12
3. Conclusion

In conclusion, this work represents the first successful
application of the molybdenum catalyzed asymmetric
oxidation of sulfides and disulfides. These mild oxidizing
conditions provides moderate to good enantioselectivity
for the isolated sulfoxides. A kinetic resolution was
further developed to enrich the enantioselectivity
of sulfoxides.
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