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ABSTRACT

The first genuinely promisingporphyrin-inspiredmanganese-catalyzedasymmetric sulfoxidationmethodusinghydrogenperoxide hasbeensuccessfully
developed, allowing for rapidly oxidizing (0.5�1.0 h) a wide variety of sulfides in high yields with excellent enantioselectivities (up to >99% ee).

Optically pure sulfoxides are extremely useful versatile
building blocks and chiral auxiliaries in organic synthesis.1

Theyhave also been extensively applied in constitutingmany
bioactive compounds, including several marketed pharma-
ceuticals such as modafinil, sulindac, and esomeprazole.2

During the past few decades, intense effort has been devoted
to the development of various synthetic methods toward
enantioenriched sulfoxides.3 Among the available ap-
proaches developed, it is widely appreciated that the asym-
metric sulfoxidation is the most powerful and reliable route.
Since the initial breakthroughachieved in asymmetric sulfide

oxidation using modified Sharpless epoxidation catalysts by
Kagan in 1984,4 other catalytic systems based on titanium,5

vanadium,6 iron,7 aluminum,8 and copper9 have also been
developed; ahigh level enantioselectivity for certain classes of
sulfides such as simple aryl alkyl sulfides has been achieved.
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However, asymmetric oxidation of the challenging sulfides,
e.g., those with sterically hindered, long or branched alkyl
substituents, has been slow to develop, despite the broad
pharmaceutical and synthetic utility of these types of enan-
tiopure sulfoxides. In addition, each system has obvious
limitations that include relatively harsh reaction conditions,
long reaction times, or expensive catalysts.Consequently, the
discovery of a highly efficient and practical catalytic method
that enables enantioselective oxidationof sulfides remains an
attractive goal (Scheme 1).

Manganese catalysts have been widely and successfully
applied in asymmetric epoxidation.10 However, Mn-cata-
lyzed asymmetric sulfoxidation has largely been neglected.
The research groups of Jacobsen,11 Katsuki,12 Fontecave,13

Golchoubian,14 andHalterman15 have all used aMn-based
system for asymmetrically oxidizing sulfides, but with lim-
ited success. Recently, we reported easily prepared and
structurally diverse porphyrin-inspired chiral ligands for
asymmetric epoxidation in our laboratory, and we demon-
strated that the new N-containing ligands exhibit excellent
tolerance for oxidation reactions and efficiently induce high
enantioselectivity.10d With this background in mind, it was
envisioned that we could develop a highly enantioselective
asymmetric sulfoxidation catalyst system exploring the
manganese in combination with the porphyin-inspired
ligands (Scheme 2). Herein, we report the first genuinely
promising porphyrin-inspired Mn-catalyzed asymmetric
sulfoxidation method using hydrogen peroxide, allowing
for rapidly (0.5�1.0 h) oxidizing awide variety of sulfides in
highyieldswith excellent enantioselectivities (up to>99%ee).

Thus the antiulcer drug esomeprazole was obtained on
gram scale through the newly developed asymmetric sul-
foxidation reaction. Notably, besides the direct asym-
metric sulfoxidation, the oxidative kinetic resolution of
omeprazole provides an alternative approach for the
synthesis of esomeprazole, which further underscores the
practical utility of our methodology.

First, we examined the asymmetric oxidation of thioa-
nisole with 1.0 equiv of 36% hydrogen peroxide in the
presenceofMn(OTf)2 and various ligands in acetonitrile at
35 �Cand found that the structure of the ligands influenced
their catalytic and chiral inducing abilities. The reaction
with ligand L2 was the best choice regarding yield and
enantioselectivity (Table 1, entries 1�5).When1.5 equiv of
hydrogen peroxide was used, the yield increased to 90%
(Table 1, entry 6). Preliminary results indicated that the

Scheme 1. Challenges in Asymmetric Sulfoxidation

Scheme 2. Strategy for the Development of Asymmetric
Sulfoxidation Method

Table 1. Screening of Reaction Conditions

entry solvent ligand

H2O2

(equiv)

AcOH

(equiv)

yield

(%)a
ee

(%)b

1c CH3CN L1 1 5 45 56

2c CH3CN L2 1 5 79 60

3c CH3CN L3 1 5 76 58

4c CH3CN L4 1 5 66 40

5c CH3CN L5 1 5 76 56

6c CH3CN L2 1.5 5 90 52

7 CH3CN L2 1.5 5 92 66

8 MeOH L2 1.5 5 97 66

9 CH2Cl2 L2 1.5 5 96 74

10 CH2Cl2 L2 1.5 4 76 68

11 CH2Cl2 L2 1.5 6 86 79

12 THF L2 1.5 5 <5 �
13 CCl4 L2 1.5 5 <5 �
14 toluene L2 1.5 5 10 0

15 cyclohexane L2 1.5 5 12 0

16 dioxane L2 1.5 5 <5 �
17 n-hexane L2 1.5 5 <5 �
18 CH2Cl2 L2 2 5 82 97

a Isolated yield. bDetermined by chiral HPLC analysis. cRun at 35 �C.
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reaction temperature had a significant effect on the
enantioselectivity. The ee values could be promoted when
the temperature was decreased to 0 �C (Table 1, entry 7).
Among the solvents examined, dichloromethane gave the
desired sulfoxide in the highest yieldwith excellent enantio-
selectivity (96% yield, 74% ee; Table 1, entries 8, 9 and
12�17). After testing the loading of acetic acid, the best
results were achieved upon addition of acetic acid (5.0
equiv) with respect to the substrate (Table 1, entries 9�11)
Gratifyingly, the ee values improved significantly with a
slight decrease in the yield by the use of 2.0 equiv of
hydrogen peroxide (82% yield, 97% ee; Table 1, entry 18).

This result might be attributed to the oxidative kinetic
resolution process. Benzoic acid and heptanoic acid were
also found tobe a suitable additive for this reaction, although
a slightly lower yield was observed (see the Supporting
Information (SI)).
Having identified the optimized conditions, the scope of

the asymmetric sulfoxidation was investigated. As shown
in Table 2, a variety of aryl methyl sulfides could be
efficiently converted into the corresponding sulfoxides
within a short time in high yields with excellent enantio-
selectivities (entries 1�12). The high yield and excellent
enantioselectivitywerepreserved irrespectiveof the electronic

Table 2. Substrate Scope of Asymmetric Sulfoxidation

a Isolated yield. bDetermined by chiral HPLC analysis. cAssigned by HPLC elution order with know literature data (see SI for details).
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nature and position of the substituent on the aromatic ring.
It is noteworthy that sulfides with branched or longer alkyl
groups instead of methyl could also be oxidized in good
yields with generally excellent enantioselectivities (entries
24, 25 and 13�17). Good yields and excellent enantioselec-
tivities could be achieved even for the methoxyethyl sulfide
2r and hydroxyethyl sulfides 2s (entries 18 and 19). Gratify-
ingly, the enantioselectivity obtained with sterically hindered
aryl benzyl sulfides was unprecedented and remarkable
(>99% ee, entries 20�23). In addition, a good yield and
moderate enantioselectivity were also obtained for an aryl
alkyl sulfide (entry 26).
Esomeprazole is a proton pump inhibitor for the treat-

ment of gastresophageal reflux disease. It should be noted
that titanium mediated sulfoxidation has been developed
to prepare esomeprazole.16 To further evaluate the prac-
tical utility of our methodology, we focused our attention
on the gram scale synthesis of esomeprazole. Treatment of
3awhich is the key intermediate for the formal synthesis of
the esomeprazole under the optimized conditions furn-
ished the esomeprazole (S)-enantiomer in 82% yield with
up to 90% ee (Scheme 3).
As already noted, there existed a kinetic resolution

process in the current system. In view of this aspect, we

performed an experiment under the optimized conditions
using racemic methyl phenyl sulfoxide and found that the
oxidation of the (R)-enantiomer was obviously preferential
to the (S)-enantiomer with a relative ratio of 7.7. To broad-
en the application of our methodology in oxidative kinetic
resolution, we synthesized the esomeprazole by the kinetic
resolution of omeprazole. The reaction was carried out
under the optimized conditions and furnished the desired
product in 39% yield with up to 89% ee (Scheme 4).
Although the precise reaction mechanism is not entirely

clear, we proposed a possible catalytic cycle based on our
work and the pertinent literature (Scheme 5).17 The
(L)Mn(II) is initially converted to the intermediate 4. Then
the active species Mn(V)-oxo complex 5 is formed by the
heterolysis of the O�O bond of the intermediate 4. The
active species 5 oxidizes sulfides to corresponding sulfox-
ides along with the formation of intermediate 4.
In summary, we have successfully achieved a highly

enantioselective asymmetric sulfoxidation by a low load-
ing of a readily available porphyrin-inspired manganese
complex and hydrogen peroxide within a short time
(0.5�1.0 h), thus allowing for general sulfoxidation of a
wide range of substrates in good yields with remarkable
enantioselectivities (up to >99% ee). The elucidation of
the precise reaction mechanism and extension of the
system to other reactions are proceeding in our laboratory.
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Scheme 3. Gram-Scale Synthesis of Esomeprazole

Scheme 4. Oxidative Kinetic Resolution of Racemic Methyl
Phenyl Sulfoxide and Omeprazole

Scheme 5. Proposed Catalytic Cycle
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