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INTRODUCTION

In recent years considerable attention has been
focused on chemical transformations of terpene com�
pounds, which is due to their accessibility and chemi�
cal activity.1 The use of these compounds in organic
synthesis, especially in catalytic asymmetric synthesis
of nitrogen�containing ligands, has attracted particu�
lar interest [1]. Chiral, nonracemic imines and their
derivatives have been used for the synthesis of hetero�
cyclic compounds and secondary amines; for protect�
ing the aldehyde group, e.g., in the cyclization of ter�
penes; and in analytical chemistry. They find applica�
tion as azomethine dyes for staining acetate and
synthetic fibers and in color photography for reducing
the light sensitivity of photographic emulsion [2].

Symmetric 1,2�diimines are used to separate race�
mates [3, 4] and determine the enantiomeric purity of
chiral compounds by NMR spectroscopy [4, 5]. The

accessibility, a plausible optical purity, and the pres�
ence of both enantiomers make it possible to synthe�
size promising chiral ligands on their basis. These
compounds can serve as the basis of catalytic systems
that can be used for solving the problems of asymmet�
ric oxidation, in particular sulfoxidation. Although
there are many 1,2�diimines, the design of novel enan�
tiomerically pure ligands is constantly in progress.

Thus, on the basis on the enantiomerically pure
2�hydroxypinane�3�on [6], the ligands (1S,2S,5S)�3�
[{2�[(2�hydroxybenzylidene)amino]ethyl}imino]�2,6,6�
trimethylbicyclo[3.1.1.]heptane�2�ol (I) and the sym�
metric diimine 3�({2�[(2�hydroxy�2,6,6�trimethylbi�
cyclo[3.1.1.]hept�3�ilidene) amino]ethyl}imino)�
2,6,6�trimethylbicyclo[3.1.1.]heptane�2�ol (II) have
been synthesized for the first time according to the fol�
lowing scheme:
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Of the great variety of ligands synthesized for the
first time in our institute, asymmetric diimine (I) and
symmetric diimine (II) were chosen for the asymmet�
ric oxidation of phenylphenacyl sulfide. The efficiency of
complexes with terpene ligands in the asymmetric sulfoxi�
dation of phenylphenacyl sulfide was compared using the
complexes with salen compounds. These are the commer�
cial compounds (S)�(�)�2�(3,5�di�tert�butylsaliciliden�

amine)�3,3�dimethyl�1�butanol (III), (S,S)�(+)�N,N'�
bis(3,5�bi�tert�butylsalicilidene)�1,2�cyclohexanediamine
(IV), and 2�{(E)�[((1S,2R)�2�{[(E)�(2�hydroxyphenyl)�
methylidene]amino}cyclo�hexyl)imino]methyl}phenol
(V), which was obtained by the method described [7].
Ligands (I) and (II) have not been used previously in reac�
tions of this type.

Optically pure and enantiomerically enriched sul�
foxides with the chiral sulfur atom are convenient
mediators in asymmetric synthesis, which make it
possible to perform various chemical transformations
[8, 9]. Interest in chiral sulfoxides is also promoted
owing to the isolation of native compounds containing
the asymmetric sulfoxide group [10, 11] and the dis�
covery of biologically active sulfoxides of a particular
configuration [12, 13]. Comparatively recently opti�
cally active sulfoxides with outstanding antiulcerous
activity have been patented: the derivatives of 2�mer�
captobenzimidazole and 2�mercapto�4,5�diphenyl�
imisazole [14]. A number of chiral sulfoxides have
found application as liquid ferroelectric crystals [15].

In the present work, we applied symmetric and
asymmetric diimines containing a chiral terpene frag�

ment in the asymmetric oxidation of phenylphenacyl
sulfide and compared the catalytic activity of systems
based on terpene diimines and salen ligands.

All known compounds were identified by compar�
ing their physicochemical constants (melting temper�
ature) and spectral data (mass spectrometry, 1H� and
13C NMR spectroscopy) with the literature data.

RESULTS AND DISCUSSION

Phenylphenacyl sulfide 1 was oxidized by hydrogen
peroxide (H2O2), CHP, and chlorine dioxide (ClO2) in
the presence of catalytic systems based on vana�
dium(IV) and titanium(IV) according to the scheme:

In the literature there is no information about the
use of chlorine dioxide in asymmetric oxidation,
although it is one of the accessible oxidizers manufac�

tured on an industrial scale. We have previously shown
that the use of ClO2 in organic synthesis is convenient
and promising [18]. Chlorine dioxide is used in indus�
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try as an oxidizer in the treatment of drinking water
and as a paper bleach in paper and pulp plants [19].
There are a few communications concerned with the
oxidation by chlorine dioxide of amines [20–22], phe�
nols [23, 24], olefins [25, 26], and carbonyl com�
pounds [21]. In addition, we have shown that ClO2

chemoselectively oxidizes sulfides to sulfoxides [18,
27, 28].

In the literature there is a description of the forma�
tion of a VO/ligand complex (V) according to the fol�
lowing scheme [17]:

We proposed that the complexing of vanadium with
ligands (I)–(IV) proceeds in a similar way. By the oxi�
dation of phenylphenacyl sulfide 1, we obtained phe�
nylphenacyl sulfoxide 2 whose structure is consistent
with the data reported by the authors of the paper. The
course of the reaction was controlled by HPLC. The
enantiomeric excess was determined by HPLC at the
chiral phase (Table 1).

The greatest enantiomeric excess of the product on
the oxidation by an aqueous chlorine dioxide solution
was obtained using the complexes of VO(acac)2 with
terpene ligand (I) (Table 1). The use of complexes
based on salen ligands gave unsatisfactory results. Pre�
sumably, this is related to the destruction of complexes
by water and their low resistance to this oxidizer.
Under these conditions, the complex of VO with the
asymmetric diimine (I) appears to be more stable. This
is confirmed by experiments with an anhydrous
medium. If the reaction is carried out in chloroform,
the catalyzer based on ligand (I) gives the same value
of enantiomeric excess as in the aqueous medium
(Table 1).

The application of hydrogen peroxide (an oxidizer
most frequently used for oxidation in the presence of
vanadium�based complexes) and terpene ligand (II)
was inefficient; the reaction product was formed with
a moderate yield and had a low optical purity. The use
of the asymmetric diimine (I) as a ligand also gave
poor results. Catalytic systems with salen ligands gave
better results; the enantiomeric excess of the reaction
product was maximum with the use of compound (III)
and was somewhat higher compared with the pub�
lished data (Table 1).

Phenylphenacyl sulfide was oxidized in the pres�
ence of binuclear bridge complexes of titanium (IV)
and ligands (I)–(V) [29]. The greatest enantiomeric
excess of the product with the use of complexes with
terpene ligands was obtained on the oxidation of the
substrate by chlorine dioxide. The use of the system
chlorine dioxide–complex with asymmetric diimine
(I) was particularly effective; the enantiomeric excess
of the product was 47%.

The use of CHP as an oxidizer and the asymmetric
terpene ligand was not very effective; the reaction
product was formed with a moderate yield and had a
low optical purity. The use of the symmetric diimine as
a ligand with the same oxidizer also gave poor results
(Table 2). The maximum enantiomeric excess of sul�
foxide was obtained using the catalytic system with
ligand (V).

The oxidation by systems chlorine dioxide–com�
plexes with salen�type ligands leads to a decrease in
the enantiomeric excess of sulfoxide as compared with
the use of CHP in these systems with the same ratio of
reagents. The decrease in the enantiomeric excess
results from the destruction of the complex in the pres�
ence of chlorine dioxide. During the reaction, along
with asymmetric oxidation, predominant oxidation
with the formation of racemic ketosulfoxide takes
place. The opposite result is obtained if chlorine diox�
ide is used with complexes with terpene ligands; the
enantiomeric excess is greater than upon oxidation
by CHP.

CONCLUSIONS

It is evident from the results obtained that com�
pounds (III) and (V) are the most promising candi�
dates as ligands for asymmetric sulfoxidation. Asym�
metric oxidation can be carried out using chlorine
dioxide in the presence of the complex VO(acac)2 with
the terpene asymmetric ligand (I).

Thus, we have shown here for the first time that
catalytic systems based on terpene ligands can be used
in the asymmetric oxidation of phenylphenacyl sul�
fide. The enantioselective oxidation of this ketosulfide
by chlorine dioxide has been performed for the first
time.

EXPERIMENTAL

IR spectra were recorded on a Schimadzu IR
Prestige21 IR�Fourier spectrometer. Samples were
examined using KBr pellets or in CCl4. 

1H NMR
(400.13 MHz) and 13C NMR (100.62 MHz) spectra
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were recorded on a Bruker AM spectrometer. Signals
of chloroform (δH 7.24 ppm, δC 77.00 ppm) were used
as an internal standard. The melting temperatures
were determined on a Gallenkamp device (Sanyo).
Specific rotation was measured on a P3002 RS auto�
matic digital polarimeter; the specific
rotation is expressed in (degree × ml) × (g × dm)–1,
and the concentration of the solution is expressed in
g × (100 ml)–1. The elemental analysis was carried out
using an EA 1110 CHNS�O automatic analyzer.

The purity of starting substances was controlled by
GLC on a Chrom�5 chromatograph equipped with a
flame ionization detector, on a 2500 × 0.25 mm col�

umn; the stationary phase was Carbowax on a Chrom�
aton�N�AW�DMCS carrier; the carrier gas was
helium. The enantiomeric composition of sulfoxide
was determined by HPLC on a Surveyor LC device on
a column with the chiral phase Chiralcel OB�H, λ =
254 nm, 0.5 ml/min (eluent hexane : iPrOH 50 : 50).

TLC was carried out on Sorbfil plates using a sys�
tem of solvents C7H16–Et2O 1 : 2. For the detection of
substances, plates were treated with a KMnO4 solu�
tion. Column chromatography was carried out on sil�
ica gel (70–230 μ; Alfa Aesar) using a system of sol�
vents C7H16–Et2O 5 : 1 1 : 2.

Table 1. Asymmetric oxidation by complexes based on vanadium(IV)

Experiment Catalyzer  Oxidizer Yield (%)** Enantiomeric purity (%)*** [α]D

a
VO(acac)2/I

1 : 1.5
H2O2 67 3 +0.6

b
VO(acac)2/I

1 : 1.5
ClO2

(CHCl3)
78

32
+6.0

c
VO(acac)2/I

1 : 1.5
ClO2

(H2O)
69

32
+6.1

d
VO(acac)2/II

1 : 1.5
H2O2 65

8
–1.4

e
VO(acac)2/II

1 : 1.5
ClO2

(CHCl3)
76

9
–1.6

f
VO(acac)2/II

1 : 1.5
ClO2

(H2O)
69

15
–2.8

g
VO(acac)2/III

1 : 1.5
H2O2

67
(65)[17]

75.6 
(57)[17] –16.0

h
VO(acac)2/III

1 : 1.5
ClO2

(CHCl3)
82

8
–1.4

i
VO(acac)2/III

1 : 1.5
ClO2

(H2O)
76

9
–1.6

j
VO(acac)2/IV

1 : 1.5
H2O2 73

59
+12.0

k
VO(acac)2/IV

1 : 1.5
ClO2

(CHCl3)
84

27
+5.3

l
VO(acac)2/IV

1 : 1.5
ClO2

(H2O)
78

20
+3.9

m
VO(acac)2/V

1 : 1.5
H2O2 77

48
–10.0

n
VO(acac)2/V

1 : 1.5
ClO2

(CHCl3)
87

11
–2.2

o
VO(acac)2/V

1 : 1.5
ClO2

(H2O)
80

1.5
–0.3

Notes: * All experiments were carried out at 0°C with VO(acac)2 in CHCl3, the duration of the experiment was 16 h, the substrate–oxidizer–
catalyzer ratio was 1 : 1 : 0.02.

** The yield of sulfoxide after column chromatography on SiO2 is given.
*** The enantiomeric purity of sulfoxide was determined by HPLC on the chiral phase (see the Experimental section).
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The starting phenylphenacyl sulfide 1 was obtained
by the reaction of thiophenol and 2�bromo�1�phe�
nylethanone as described [16]. The yield of the prod�
uct was 98%; mp 51–52°C.

The Asymmetric Oxidation of Phenylphenacyl Sulfide 1 
in the Presence of a VO/Ligand Complex was Carried 

out by the Method Described in [17]

(a) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
33% H2O2 (120 μl, 1.0 mmol) in the presence of
VO(acac)2 (1 mg, 4.0 μmol) and ligand (I) (1.9 mg,
5.7 μmol) to yield 0.72 g (67%) of compound (2).
[α]D +0.6 (c 1.0, EtOH); the enantiomeric excess was
3.0%.

(b) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
ClO2 (11 ml, 0.5 mmol) in chloroform (0.20 mol/l) in
the presence of VO(acac)2 (1 mg, 4.0 μmol) and ligand
(I) (1.9 mg, 5.7 μmol) to yield 0.83 g (78%) of com�
pound (2). [α]D +6.0 (c 1.0, EtOH); the enantiomeric
excess was 32.0%.

(c) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
15 ml (0.5 mmol) of an aqueous solution of ClO2
(0.148 mol/l) in the presence of VO(acac)2 (1 mg,
4.0 μmol) and ligand (I) (1.9 mg, 5.7 μmol) to yield

0.74 g (69%) of compound (2). [α]D +6.1 (c 1.0,
EtOH); the enantiomeric excess was 32.0%.

(d) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
33% H2O2 (120 μl, 1.0 mmol) in the presence of
VO(acac)2 (1 mg, 4.0 μmol) and ligand (II) (2.2 mg,
6.5 μmol) to yield 0.70 g (65%) of compound (2).
[α]D –1.4 (c 1.0, EtOH); the enantiomeric excess was
8.0%.

(e) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
ClO2 (4.2 ml, 0.5 mmol) in chloroform (0.52 mol/l) in
the presence of VO(acac)2 (1 mg, 4.0 μmol) and ligand
(II) (2.2 mg, 6.5 μmol) to yield 0.82 g (76%) of com�
pound (2). [α]D –1.6 (c 1.0, EtOH); the enantiomeric
excess was 9.0%.

(f) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
17 ml (0.5 mmol) of an aqueous solution of ClO2
(0.13 mol/l) in the presence of VO(acac)2 (1 mg,
4.0 μmol) and ligand (II) (2.2 mg, 6.5 μmol) to yield
0.74 g (69%) of compound (2). [α]D –2.8 (c 1.0,
EtOH); the enantiomeric excess was 15.0%.

(g) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
33% H2O2 (120 μl, 1.0 mmol) in the presence of
VO(acac)2 (1 mg, 4.0 μmol) and ligand (III) (2 mg,
6.0 μmol) to yield 0.72 g (67%) of compound (2).

Table 2. Asymmetric oxidation by complexes based on titanium(IV)

Experiment Catalyzer  Oxidizer Yield (%)** Enantiomeric purity (%)*** [α]D

a
Ti(OPri)4/H2O/I

1 : 10 : 2 
CHP 69 10 +2.1

b Ti(OPri)4/H2O/I
1 : 10 : 2 

ClO2

(Toluene)
80 47 –9.7

c Ti(OPri)4/H2O/II
1 : 10 : 2 

CHP 69 1 –0.2

d Ti(OPri)4/H2O/II
1 : 10 : 2 

ClO2

(Toluene)
76 6 +1.2

e Ti(OPri)4/H2O/III
1 : 10 : 2 

CHP 76 59 –12.1

f Ti(OPri)4/H2O/III
1 : 10 : 2 

ClO2

(Toluene)
79 8 +1.4

g Ti(OPri)4/H2O/IV
1 : 10 : 2 

CHP 80 42 –8.7

h Ti(OPri)4/H2O/IV
1 : 10 : 2 

ClO2

(Toluene)
83 28 +5.6

i Ti(OPri)4/H2O/V
1 : 10 : 2 

CHP 78 84 +17.5

j Ti(OPri)4/H2O/V
1 : 10 : 2 

ClO2

(Toluene)
84 27 –5.3

Notes: * All experiments were carried out at 0°C with Ti(OPri)4 in CH2Cl2, the duration of the experiment was 16 h, and the substrate–
oxidizer–catalyzer ratio was 1 : 1 : 0.65.

** The yield of sulfoxide after column chromatography on SiO2 is given.
*** The enantiomeric purity of sulfoxide was determined by HPLC on the chiral phase OB�H (see the Experimental section).
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[α]D –16.0 (c 1.0, EtOH); the enantiomeric excess
was 75.6%.

(h) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
ClO2 (4.2 ml, 0.5 mmol) in chloroform (0.52 mol/l) in
the presence of VO(acac)2 (1 mg, 4.0 μmol) and ligand
(III) (2 mg, 6.0 μmol) to yield 0.88 g (82%) of com�
pound (2). [α]D –1.4 (c 1.0, EtOH); the enantiomeric
excess was 8.0%.

(i) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
22 ml (0.5 mmol) of an aqueous solution of ClO2
(0.10 mol/l) in the presence of VO(acac)2 (1 mg,
4.0 μmol) and ligand (III) (2 mg, 6.0 μmol) to yield
0.82 g (76%) of compound (2). [α]D –1.6 (c 1.0,
EtOH); the enantiomeric excess was 9.0%.

(j) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
33% H2O2 (120 μl, 1.0 mmol) in the presence of
VO(acac)2 (1 mg, 4.0 μmol) and ligand (IV) (3.1 mg,
9.4 μmol) to yield 0.78 g (73%) of compound (2).
[α]D +12.0 (c 1.0, EtOH); the enantiomeric excess
was 59.1%.

(k) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
ClO2 (4.2 ml, 0.5 mmol) in chloroform (0.52 mol/l) in
the presence of VO(acac)2 (1 mg, 4.0 μmol) and ligand
(IV) (3.1 mg, 9.4 μmol) to yield 0.90 g (84%) of com�
pound (2). [α]D +12.0 (c 1.0, EtOH); the enantio�
meric excess was 27.0%.

(l) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
22 ml (0.5 mmol) of an aqueous solution of ClO2
(0.10 mol/l) in the presence of VO(acac)2 (1 mg,
4.0 μmol) and ligand (IV) (3.1 mg, 9.4 μmol) to yield
0.84 g (78%) of compound (2). [α]D +3.9 (c 1.0,
EtOH); the enantiomeric excess was 20.0%.

(m) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
33% H2O2 (120 μl, 1.0 mmol) in the presence of
VO(acac)2 (1 mg, 4.0 μmol) and ligand (V) (1.9 mg,
5.8 μmol) to yield 0.82 g (77%) of sulfoxide (2). [α]D
⎯10.0 (c 1.0, EtOH); the enantiomeric excess was
48.0%.

(n) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
ClO2 (17.7 ml, 0.5 mmol) in chloroform (0.124 mol/l)
in the presence of VO(acac)2 (1 mg, 4 μmol) and
ligand (V) (1.9 mg, 5.8 μmol) to yield 0.93 g (87%) of
compound (2). [α]D –2.2 (c, 1.0, EtOH); the enanti�
omeric excess was 11.0%.

(o) Sulfide (1) (228 mg, 1.0 mmol) was oxidized by
20 ml (0.5 mmol) of an aqueous solution of ClO2
(0.108 mol/l) in the presence of VO(acac)2 (1 mg,
4.0 μmol) and ligand (V) (1.9 mg, 5.8 μmol) to yield
0.86 g (80%) of compound (2). [α]D –0.3 (c, 1.0,
EtOH); the enantiomeric excess was 1.5%.

The Asymmetric Oxidation of Phenylphenacyl Sulfide 1 
in the Presence of a Ti/Ligand Complex 

(a) A mixture of titanium isopropylate (0.031 g,
0.11 mmol) and ligand (I) (0.070 g, 0.22 mmol) in
dichloromethane (10 ml) was stirred for 1 h at room
temperature after which distilled water (1.9 ml,

1.1 mmol) was added. The temperature was lowered to
0°C, and sulfide (1) (0.5 g, 2.2 mmol) was added;
5 min later, CHP (0.86 ml, 2.2 mmol) in toluene
(2.55 mol/l) was added dropwise. The final mixture
was stirred for 16 h at 0°C. The reaction mixture was
poured into a solution of ferrous sulfate heptahydrate
(3 g, 10.8 mmol) and citric acid (1 g, 4.8 mmol) in
30 ml of water, 15 ml of 1,4�dioxane, and 25 ml diethyl
ether and stirred for 15 min. The organic layer was sep�
arated. The aqueous layer was extracted three times
with dichloromethane. The combined organic layer
was washed with a saturated aqueous NaCl solution
(25 ml), dried over MgSO4, filtered, and evaporated at
low pressure. After separation by column chromatog�
raphy, 0.74 g (69%) of compound (2) was obtained.
[α]D +2.1 (c 1.0, EtOH); the enantiomeric excess was
10%.

(b) Sulfide (1) (0.5 g, 2.2. mmol) was oxidized by
ClO2 (9.1 ml, 1.1 mmol) in toluene (0.12 mol/l) in the
presence of Ti(OPri)4 (0.031 g, 0.11 mmol), ligand (I)
(0.070 g, 0.22 mmol), and H2O (1.9 ml, 1.1 mmol) to
yield 0.86 g (80%) of compound (2). [α]D –9.7 (c 1.0,
EtOH); the enantiomeric excess was 47%.

(c) Sulfide (1) (0.5 g, 2.2. mmol) was oxidized by
CHP (0.86 ml, 2.2 mmol) in toluene (2.55 mol/l) in
the presence of Ti(OPri)4 (0.031 g, 0.11 mmol), ligand
(II) (0.073 g, 0.22 mmol), and H2O (1.9 ml, 1.1 mmol)
to yield 0.74 g (69%) of compound (2). [α]D –0.2
(c 1.0, EtOH); the enantiomeric excess was 1%.

(d) Sulfide (1) (0.5 g, 2.2. mmol) was oxidized by
ClO2 (9.1 ml, 1.1 mmol) in toluene (0.12 mol/l) in the
presence of Ti(OPri)4 (0.031 g, 0.11 mmol), ligand (II)
(0.073 g, 0.22 mmol), and H2O (1.9 ml, 1.1 mmol) to
yield 0.82 g (76%) of compound (2). [α]D +1.2 (c 1.0,
EtOH); the enantiomeric excess was 6%.

(e) Sulfide (1) (0.5 g, 2.2. mmol) was oxidized by
CHP (0.86 ml, 2.2 mmol) in toluene (2.55 mol/l) in
the presence of Ti(OPri)4 (0.031 g, 0.11 mmol), ligand
(III) (0.073 g, 0.22 mmol), and H2O (1.9 ml,
1.1 mmol) to yield 0.82 g (76%) of compound (2).
[α]D –12.1 (c 1.0, EtOH); the enantiomeric excess
was 59%.

(f) Sulfide (1) (0.5 g, 2.2. mmol) was oxidized by
ClO2 (9.1 ml, 1.1 mmol) in toluene (0.12 mol/l) in the
presence of Ti(OPri)4 (0.031 g, 0.11 mmol), ligand
(III) (0.073 g, 0.22 mmol), and H2O (1.9 ml,
1.1 mmol) to yield 0.85 g (79%) of compound (2).
[α]D +1.4 (c 1.0, EtOH); the enantiomeric excess
was 8%.

(g) Sulfide (1) (0.5 g, 2.2. mmol) was oxidized by
CHP (0.86 ml, 2.2 mmol) in toluene (2.55 mol/l) in
the presence of Ti(OPri)4 (0.031 g, 0.11 mmol), ligand
(IV) (0.120 g, 0.22 mmol), and H2O (1.9 ml,
1.1 mmol) to yield 0.87 g (80%) of compound (2).
[α]D –8.7 (c 1.0, EtOH); the enantiomeric excess was
42%.

(h) Sulfide (1) (0.5 g, 2.2. mmol) was oxidized by
ClO2 (9.1 ml, 1.1 mmol) in toluene (0.12 mol/l) in the
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presence of Ti(OPri)4 (0.031 g, 0.11 mmol), ligand
(IV) (0.120 g, 0.22 mmol), and H2O (1.9 ml,
1.1 mmol) to yield 0.90 g (83%) of compound (2).
[α]D +5.6 (c 1.0, EtOH); the enantiomeric excess was
28%.

(i) Sulfide (1) (0.5 g, 2.2. mmol) was oxidized by
CHP (0.86 ml, 2.2 mmol) in toluene (2.55 mol/l) in
the presence of Ti(OPri)4 (0.031 g, 0.11 mmol), ligand
(V) (0.071 g, 0.22 mmol), and H2O (1.9 ml, 1.1 mmol)
to yield 0.84 g (78%) of compound (2). [α]D +17.5
(c 1.0, EtOH); the enantiomeric excess was 84%.

(j) Sulfide (1) (0.5 g, 2.2. mmol) was oxidized by
ClO2 (9.1 ml, 1.1 mmol) in toluene (0.12 mol/l) in the
presence of Ti(OPri)4 (0.031 g, 0.11 mmol), ligand (V)
(0.071 g, 0.22 mmol), and H2O (1.9 ml, 1.1 mmol) to
yield 0.90 g (84%) of compound (2). [α]D –5.3 (c 1.0,
EtOH); the enantiomeric excess was 27%.
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