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Enantioselective aerobic oxidation of sulfides into optically active sulfoxides was achieved by using pival-
aldehyde in the presence of a catalytic amount of optically active 8-oxo aldiminatomanganese(Ill) complexes.
An acylperoxomanganese complex, formed from the original manganese complex, molecular oxygen, and pival-
aldehyde, was supposed to be a key intermediate in the present oxidation. The crystal structure of chloro-
{N,N'-bis[3-0x0-2-(2,4,6-trimethylbenzoyl)butylidene]-(15,25)-1,2-diphenylethylenediaminato }manganese(II)
was determined by X-ray diffraction methods, which suggested that the bulkiness of the substituents in -oxo
aldimine ligand had played an important role in controlling the approach of sulfides to the manganese complex.
Kinetic resolution took place during the subsequent oxidation process of sulfoxide into the corresponding sul-
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fone, and the optical purity of the remaining sulfoxide increased.

As optically active sulfoxide is one of the most reli-
able building blocks to construct new chiral centers in
organic compounds,” much effort has been made to de-
velop efficient methods for the preparation of optically
active sulfoxides.? Andersen’s method® of diastereo-
selective recrystalization, for example, is a typical pro-
cedure to prepare optically active tolyl sulfoxide and
has been widely applied to organic synthesis.¥ In or-
der to obtain various kinds of optically active sulf-
oxides, direct enantioselective oxidations of the corre-
sponding sulfides attracted much attention in the last
decade as titanium/diethyl tartrate/water/hydroper-
oxide system® or stoichiometric amount of chiral N-
sulfonyloxaziridine® afforded optically active sulfoxides
in good-to-excellent enantioselection. Optically active
porphyrinatoiron(IIT) complexes” or (salen)manganese-
(W) complexes® were reported to be effective catalysts
for enantioselective oxidation of sulfides with terminal
oxidant such as iodosylbenzene or hydrogen peroxide,
etc.?) However, few examples are known as yet to utilize
molecular oxygen as an oxidant in asymmetric oxidation
of sulfides.'®

Recently, it was reported that $-oxo aldiminatoman-
ganese(Ill) complexes were successfully employed as ef-
fective catalysts in aerobic enantioselective epoxidation
of unfunctionalized olefins in coexistence of aldehyde.?)
These complexes were prepared from the corresponding
[(-diketone, and their steric and electronic characters
could be controlled by designing the (-oxo aldimine

ligand which contributed to improve optical yields of
epoxides. The above aerobic enantioselective reaction
was applied to oxidation of sulfides into optically ac-
tive sulfoxides.'® In this report, we would like to dis-
close detailed results of the aerobic enantioselective ox-
idation of sulfides catalyzed by optically active (-oxo
aldiminatomanganese(Ill) complexes (Scheme 1).

Results and Discussion

Effect of Aldehydes on Aerobic and Enantiose-
lective Oxidation of Aryl Methyl Sulfide. Since
an aldehyde is an essential reagent in the present aerobic
oxidation, various aldehydes were screened in the enan-
tioselective oxidation of sulfide catalyzed by manganese-
(1) complex A (Fig. 1) by taking 2-bromophenyl meth-
yl sulfide (1a) as a model compound. When pivalalde-
hyde was used together with molecular oxygen, asym-
metric oxidation of sulfide 1a proceeded to afford the
corresponding optically active sulfoxide 2a in 73% yield
whose optical yield was determined by HPLC analy-
sis to be 52% ee (Entry 1 in Table 1). In cases of
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Fig. 1. Optically active 3-oxo aldiminatomanganese-
(IIT) complexes.

Table 1. Effect of Aldehydes on Optical Yield of Sulfoxide

S. . P
@: CHg 2™ Mn(TII) complex A S\CHs
Br Aldehyde, 1 atm O,, RT @
1a Br 2a
Entry®  Aldehyde Yield/% Optical yield/%ee™

1 %CHO 73 52

>—CHO 39 46
3 _~_-CHO 38 42

4 Lo = 44
cHO
> O

a) Reaction conditions; sulfide 1a 0.25 mmol, aldehyde
0.75 mmol, Mn(Ill) complex A 0.03 mmol in toluene 2
ml, RT, 1 atm O3. b) Determined by HPLC analysis
(Daicel Chiralcel OB).
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using isobutyraldehyde, butyraldehyde and isovaleral-
dehyde, both chemical and optical yields of the sulf-
oxide were lower than 39% and 46% ee, respectively
(Entries 2, 3, and 4). It is noted that the above yields
were improved by using an aldehyde with a bulky al-
kyl group such as ¢-butyl group. Benzaldehyde was
not effective in the present oxidation (Entry 5). This
tendency was also observed in the aerobic enantioselec-
tive epoxidation of unfunctionalized olefins catalyzed
by [(-oxo aldiminatomanganese(Ill) complexes!'® and
(salen)manganese(Ill) complexes.’® The observed cor-
relation between structure of aldehyde and enantiose-
lection indicates that the aldehyde participated in the
improvement of optical yields. Therefore, the key inter-
mediate in the oxidation of sulfide would be an acylper-
oxomanganese complex'® (Fig. 2) which was similar
to that proposed in the aerobic and enantioselective
epoxidation.'®

Absolute Configuration of Sulfoxide. In the
present oxidation catalyzed by optically active (3-oxo
aldiminatomanganese(IIll) complex, (5)-sulfoxides were

ban
R =N N= R 0, RCHO /
\ Mn y - O\ ’,O
o} o (I:I'o o} MR ——mr

Fig. 2. Formation of acylperoxomanganese complex.

Enantioselective Aerobic Sulfide-ozidation

afforded from sulfides corresponding to (S,S)-complex
catalyst. The enantiofacial selection was explained as
follows: Sulfur atom, conjugated with aryl group, was
attacked from the top face by the above-mentioned in-
termediate as depicted in Fig. 3. In cases of enantiose-
lective epoxidation of olefins, (1R,2S5)-epoxides were ob-
tained by using the same (5,5)-complex catalyst. The
enantioselection in the epoxidation indicated that the
oxidant approached from the top face to the olefin con-
jugated with aryl group (Fig. 3). These observations
concerning the enantiofacial selection suggested that
the oxidation would proceed via the identical reactive
intermediates, acylperoxomanganese complexes, in the
oxidations of both sulfide and olefin.*®

Influence of Substituent in #-Oxo Aldimine
Ligand on Optical Yield of Sulfoxide. Opti-
cally active ($-oxo aldiminatomanganese(Ill) complexes
were prepared by the method reported in our previ-
ous paper,"'® and the effect of the substituents (R
in Table 2) in the [-oxo aldimine ligand on opti-
cal yield of sulfoxide 2a was examined. When (-oxo
aldiminatomanganese(Ill) complex A (R=methyl) was
employed as the catalyst, sulfide 1a was converted into
the corresponding sulfoxide in 52% ee (Entry 1). When
manganese(Ill) complex catalysts with bulkier sub-
stituents such as ethoxy, cyclopentyloxy, and isobornyl-
oxy were used, the optical yields of the sulfoxide in-
creased to 60% ee over (Entries 2, 3, and 4). In case
of using complex B (R=mesityl) as the catalyst, opti-
cally active sulfoxide 2a was afforded in 66% ee (Entry
5). Similar results were obtained in the aerobic epoxida-
tion of 1,2-dihydronaphthalene (4): The manganese(Il)
complex B containing mesityl group was an effective
catalyst for the enantioselective olefin-epoxidation.*c)

Crystal Structure of Optically Active §-Oxo
Aldiminatomanganese(IIT) Complex. The crystal
structure of manganese(IlI) complex B containing bulky
substituents (mesityl groups) was determined by X-ray
diffraction methods, and a view of the molecule is shown
in Fig. 4. The complex has a nearly square planar ge-
ometry with two oxygen atoms and two nitrogen atoms
coordinating to manganese(II) ion. Similar to the case
of chloro-{N,N'-bis[2- (cyclopentyloxycarbonyl)-3-oxo-
butylidene]-1,2-diphenylethylenediaminato}manganese-
(I) (D),'*» it was shown there that the bulky sub-
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Fig. 3. Enantiofacial selection in oxidation catalyzed
by (S5,5)-8-oxo aldiminatomanganese(Ill) complex.
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Table 2. Asymmetric Oxidation of Sulfide 1a and Olefin 4 Catalyzed by Various
Optically Active 3-Oxo Aldiminatomanganese(Ill) Complexes

Sulfide® Olefin®
PhHPh S\CH
N 3
Entry R \_N'Mn'N_/ R Br . 1la 4
Y o (l;,'o o Optical yield/%ee®) Optical yield/%ee?
R (Yield/%ee®))

1 Me- A 52 (73) 45
2 EtO- C 60 (95) 36
3 O-o- D 60 (88) 37
4 & o E 62 (94) 52
5 —Q— B 66 (91) 60

a) Reaction conditions; methyl 2-bromophenyl sulfide (1a) 0.25 mmol, Mn(II) com-

plex 0.03 mmol, pivalaldehyde 0.75 mmol, toluene 2.0 ml, RT, 1 atm O,.

b) Reaction

conditions; 1,2-dihydronaphthalene (4) 0.8 mmol, Mn(I) complex 0.104 mmol, pival-
aldehyde 2.8 mmol, benzene 2.0 ml, RT, 1 atm O2. See Ref. 10c.
HPLC analysis (Chiralcel OB).
e) Isolated yield.

Fig. 4. Crystal structure of chloro- {N,N'- bis-
[3- ox0- 2- (2, 4, 6- trimethylbenzoyl)butylidene]- (15,
25)- 1, 2- diphenylethylenediaminato }manganese(III)
(B) (ORTEP View); selected bond lengths (A) and
bond angles (°) are as follows: Mn—Cl, 2.603(6);
Mn-0(1), 1.897(11); Mn—0(2), 1.904(11); Mn—N-
(1), 1.980(12); Mn-N(2), 1.963(13); Cl-Mn—O(1),
97.6(4); C1-Mn—0(2), 90.2(4); Cl-Mn-N(1), 90.7(5);
Cl-Mn-N(2), 85.0(5); O(1)~Mn-N(2), 172.8(6);
O(2)-Mn—N(1), 174.5(6); O(1)-Mn—-0(2), 94.6(5);
O(1)-Mn—-N(1), 90.7(5); O(2)-Mn-N(2), 92.0(6);
N(1)-Mn-N(2), 82.6(6).

stituents on (-oxo aldimine ligand (mesityl groups in
complex B) was oriented in the neighborhood of phen-
yl group in chiral diphenylethylenediamine and they
occupied large space symmetrically around the central
metal. It was confirmed by the molecular view that the
distance between bulky substituent in ligand and reac-
tion site, manganese atom, would be shortened by one
bond length compared to that of ester type catalyst D.
Consequently, the reaction site around manganese(III)

¢) Determined by

d) Determined by GC analysis (Chiraldex B-DA).

ion was sterically hindered and a possible direction of
approach to the catalyst of sulfide and/or olefin would
be appropriately controlled by groups of mesityl in 3-
oxo aldimine and phenyl in chiral diamine to achieve

Table 3. Examples of Aerobic Asymmetric Oxidation
of Sulfides

Sulfide

Entry® Yield/% Optical yield/%ee

1® CH, 55 24°)

S.
2») /@ CH: 58 449
1c
S.
3b) @ CHs 66 519
' 1d
S.
4> CHy 57 519
1e
SscH
5b) /©/ 3 55(30)) 61°)
Br 1t
SseH
6 /@ S 44(10)° 69°)
O,N 19

S.

7 @ ChHs 939 70
gr 1a
S.

8 @: ChHs 729 72¢)
ct 1h

a) Reaction conditions; sulfide 0.125 mmol, pivalalde-
hyde 0.375 mmol, Mn(Ill) complex B 0.0225 mmol in
m-xylene 5 ml, RT, 1 atm Oz. b) Another portion of
pivalaldehyde (0.375 mmol) was added during reaction.
¢) Sulfone was also obtained. Yields are in parentheses.
d) Sulfone was not detected. e) Determined by HPLC
analysis (Chiralcel OB). f) Determined by HPLC anal-
ysis (Chiralcel OD).
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Table 4. Kinetic Resolution of Sulfoxides

o, .0

N\a?

< 0
.
/@’S‘Cchaa Mn(1II) complex B /@/S\CH:; + /©/S‘CH3
1 atm O
OoN —>—CHO 2 o.N ON
z 19 RT 2 29 2 3g

Entrv® Amount of aldehyde Yield of Optical yield Yield of
Y /molar amounts 2g/% of 2g/%ee® 3g/%
19 3.0 44 69 10
29 2.04(2.0x3) 16 79 84

a) Reaction conditions; sulfide 1g 0.125 mmol, Mn(Ill) complex B 0.0225 mmol in m-

xylene 5 ml, RT, 1 atm Oa.

aldehyde (0.375 mmol) was added at the start of the reaction.

b) Determined by HPLC analysis (Chiralcel OB).

c) Pival-
d) Pivalaldehyde (0.25

mmol) was added at the start of the reaction and three additional portions of 0.25 mmol

each were added during the reaction.

good-to-high enantioselection in the aerobic oxidation.
Aerobic Enantioselective Oxidation of Various
Sulfides. The present aerobic asymmetric oxidation
of various sulfides showed that aromatic hydrocarbon
solvents such as benzene, toluene and o-, m- or p-xylene
were suitable on the enantiomeric excess, and that m-
xylene was the most effective. While the optical yields
of the sulfoxides derived from methyl 4-methylphenyl
sulfide (1c) and methyl phenyl sulfide (1d) were lower
than 51% ee (Entries 2 and 3 in Table 3), the ones de-
rived from 4-bromophenyl methyl sulfide (1f) and meth-
vl 4-nitrophenyl sulfide (1g) gave 61% ee and 69% ee,
respectively (Entries 5 and 6). Concerning the effect of
substituents attached to aromatic ring of sulfides, the
electron-withdrawing groups improved the optical yield.
It was observed that the enantiofacial selection for o-
halo-substituted aryl sulfides was more preferable than
for p-halo-substituted ones (Entries 7 and 8 vs. 5).
Kinetic Resolution of Sulfoxide. The formation
of the corresponding sulfones was detected in the above-
mentioned oxidation of 4-bromophenyl methyl sulfide
(1f) and methyl 4-nitrophenyl sulfide (1g) (Entries 5

100
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Fig. 5. Kinetic resolution of methyl 4-nitrophenyl sulf-
oxide.

and 6 in Table 3) while sulfones were not obtained from
2-bromophenyl methyl sulfide (1a) and 2-chlorophen-
yl methyl sulfide (1h) (Entries 7 and 8). In cases of
using o-halo-substituted aryl sulfides, it was supposed
that the sulfur atom of the obtained sulfoxide would be
coordinated by the halogen atom'® substituted in o-
position of the aromatic ring, causing steric hindrance
around the sulfur atom. Therefore, approach of the
oxidant, acylperoxomanganese complex, to the sulfur
atom of the sulfoxide would be prevented and further -
oxidation into the sulfone would be interrupted.

Kinetic resolution was observed in the oxidation of
sulfoxide 2 into the corresponding sulfone 3.1” When
three molar amounts of pivalaldehyde against sulfide
were employed in the enantioselective oxidation, methyl
4-nitrophenyl sulfide (1g) was converted into the corre-
sponding sulfoxide 2g in 44% yield with 69% ee along
with sulfone 3g (10% yield) (Entry 1 in Table 4). In the
case of adding two molar amounts of aldehyde each in
four portions during the reaction (eight molar amounts
of aldehyde was totally used, see Entry 2), chemical
yield of sulfoxide 2g decreased to 16% and the cor-
responding sulfone 3g was obtained in 84% yield. It
should be noted that the optical purity of sulfoxide 2g
was 79% ee in the latter case. This fact indicated that
sulfide 1g was enantioselectively oxidized into the cor-
responding sulfoxide 2g in the first step and the minor
enantiomer among the formed sulfoxide 2g was further
oxidized into sulfone 3g preferably in the second step
resulting in the increase of the optical purity of remain-
ing sulfoxide 2g.

When optically active sulfoxide 2g with 61% ee, ob-
tained by enantioselective oxidation of sulfide 1g, was
treated under the present reaction conditions, the in-
crease of optical purity was observed according to the
consumption of sulfoxide (Fig. 5). The optical yield
of the sulfoxide, isolated at 88% conversion, was aug-
mented up to 95% ee. Therefore, the relative rate of
the oxidations of two enantiomers was estimated to be
ca. 2, by the reported equation.'®)
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Experimental

General:  Melting points were measured on a Mettler
FP62 apparatus or a Seiko Denshi Kogyo Ltd. DSC-100 ap-
paratus and uncorrected.

(a) Spectrometers: IR spectra were obtained by using a
JASCO Model IR-700 infrared spectrometer on KBr pellets
or liquid film on KBr. 'HNMR spectra were recorded with
a JEOL Model FX-270 spectrometer using CDCl3 as solvent
and with tetramethylsilane as internal standard.

(b) Chromatography: Column chromatography was con-
ducted under silica gel (Daiso gel IR-60). HPLC analyses
were performed on a Shimadzu LC-6A chromatograph using
Chiralcel OB or Chiralcel OD column (Daicel Ltd., Co) and
the peak areas were calculated on a Shimadzu chromatopack
CR-4A.

(c) Optical Rotations: Optical rotations were measured
with a JASCO DIP-360 digital polarimeter.

Sulfides: Sulfides 1a, 1f, and 1g were purchased from
Aldrich Chemical Company, Inc., and 1c and 1d from Tokyo
Kasei Kogyo Co., Ltd., respectively. Sulfide 1b,'® 1,29
and 1h'®) were prepared from the corresponding thiols by
the literature methods, respectively.

Preparation of Optically Active 3-Oxo Aldimina-
tomanganese(Ill) Complexes: Catalysts A—E were
prepared by the reported method* from the corresponding
B-ketocarbonyl compounds and optically active 1,2-diphen-
yl-1,2-ethylenediamine.

General Procedure for Aerobic and Enantioselec-
tive Oxidation of Sulfide into Sulfoxide (2a, Entry 7
in Table 3). To a mixture of (5,5)-6-oxo aldiminatoMn-
() complex B (16.4 mg, 0.0225 mmol) in m-xylene (4.0
ml) was added a solution of 2-bromophenyl methyl sulfide
(25.4 mg, 0.125 mmol) and pivalaldehyde (32.3 mg, 0.375
mmol) in m-xylene (1.0 ml). After stirred for 8 h at room

temperature under an oxygen atmosphere, another portion -

of pivalaldehyde (32.3 mg, 0.375 mmol) in m-xylene (1.0
ml) was then added and the solution was stirred for another
12 h. The evaporation of solvent and purification by silica-
gel column chromatography (hexane/ethyl acetate, 2/1) af-
forded the corresponding sulfoxide in 93% yield (25.5 mg).
The enantiomeric excess was determined to be 70% ee by
HPLC analysis (Daicel Chiralcel OB).

IHNMR and IR Spectra of the Sulfoxide
(Table 3).

2-Bromophenyl Methyl Sulfoxide (2a): IHNMR
(CDCls) §=2.81 (3H, s), 7.33—7.41 (1H, m), 7.55—7.62
(2H, m), 7.93—7.97 (1H, m). IR (neat) 3058, 2996, 1092,
1058, 758, 516 cm ™. [a] —144.9° (¢ 0.18, acetone, 58%ee).
Optical yield was determined by HPLC analysis (Chiralcel
OB).

Methyl 2-Pyridyl Sulfoxide (2b): HNMR (CDCls)
6=2.86 (3H, s), 7.36—7.41 (1H, m), 7.92—8.06 (2H, m), 8.62
(1H, d, J=3.96 Hz). IR (neat) 3048, 1086, 1037, 774, 507
cm™t. [o]F —11.4° (¢ 0.23, acetone, 24%ee). Optical yield
was determined by HPLC analysis (Chiralcel OB).

Methyl 4-Methylphenyl Sulfoxide (2¢c): 'HNMR
(CDCls) 6=2.42 (3H, s), 2.70 (3H, s), 7.33 (2H, d, J=8.24
Hz), 7.54 (2H, d, J=8.24 Hz). IR (neat) 3044, 2996, 1087,
1044, 809 cm™*. [a]¥ —49.0° (c 0.34, acetone, 35%ee).
Optical yield was determined by HPLC analysis (Chiralcel
OD).
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Methyl Phenyl Sulfoxide (2d): 'HNMR (CDCl;)
6=2.73 (3H, s), 7.50—7.56 (3H, m), 7.64—7.67 (2H, m). IR
(neat) 3054, 2996, 1089, 1047, 750, 693 cm ™. [a]} —38.9°
(¢ 0.39, acetone, 30%ee). Optical yield was determined by
HPLC analysis (Chiralcel OD).

Methyl 2-Naphthyl Sulfoxide (2e): 'HNMR
(CDCl3) §=2.80 (3H, s), 7.56—7.62 (3H, m), 7.89—8.00
(3H, m), 8.22 (1H, s). IR (KBr) 3054, 2988, 1068, 1043, 822
cm™l []® -25.9° (¢ 0.39, acetone, 32%ee). Optical yield
was determined by HPLC analysis (Chiralcel OB).

4-Bromophenyl Methyl Sulfoxide (2f): Mp 85.2—
85.6 °C; 'THNMR. (CDCl3) 6§=2.72 (3H, s), 7.52 (2H, d,
J=8.57 Hz), 7.67 (2H, d, J=8.57 Hz). IR (KBr) 2990, 2910,
1083, 1041, 815, 512 cm™*: [a]}} —47.6° (c 0.24, acetone,
48%ee). Optical yield was determined by HPLC analysis
(Chiralcel OB).

Methyl 4-Nitrophenyl Sulfoxide (2g): Mp 150.4—
152.6 °C; 'THNMR (CDCls) §=2.80 (3H, s), 7.85 (2H, d,
J=8.57 Hz), 8.40 (2H, d, /=8.91 Hz). IR (KBr) 3100, 3018,
1519, 1344, 1086, 1048, 851 cm™'. [a]} —55.1° (¢ 0.37,
acetone, 55%ee). Optical yield was determined by HPLC
analysis (Chiralcel OB).

2-Chlorophenyl Methyl Sulfoxide (2h); 'HNMR
(CDCl3) 6=2.83 (3H, s), 7.38—7.48 (2H, m), 7.51—7.67 (1H,
m), 7.97 (1H, dd, J1=1.65 Hz, Jo=7.91 Hz). IR (neat) 3062,
2998, 1100, 1067, 761, 730 cm™*. [a]E —189.0° (¢ 0.20,
acetone, 69%ee). Optical yield was determined by HPLC
analysis (Chiralcel OB).

We would like to thank Dr. Akira Uchida of Faculty
of Science, Toho University for the measurement of X-
ray analysis.
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