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Abstract: The asymmetric vanadium-catalyzed oxi-
dation of 1,3-dithianes from aldehydes and ketones
by b-amino alcohol-derived Schiff base ligands with
two stereogenic centers was investigated. Using
aqueous hydrogen peroxide as the oxidant and the
Schiff base 3b as a chiral ligand, a variety of 1,3-di-
thianes derived from aldehydes were easily convert-
ed into the corresponding mono-sulfoxides in good
yields (81–88%) with excellent enantioselectivities
(up to 99% ee). Additionally, 99% ee was obtained
for the enantioselective vanadium-catalyzed oxida-
tion of the 1,3-dithianes derived from ketones. We
found a slight kinetic resolution when using a
higher ratio of hydrogen peroxide during the oxida-
tion of the aldehyde-derived 1,3-dithianes but not
in the ketone-derived 1,3-dithianes.
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Over the past two decades, the enantioselective oxida-
tion of sulfides to sulfoxides has been of great interest
because sulfoxides are useful synthetic intermediates
for the asymmetric synthesis of various chemically
and biologically significant molecules[1] and chiral
auxiliaries.[1f,2] Among the methods used for the prep-
aration of optically active sulfoxides, the titanium,[3]

aluminum,[4] manganese[5] and vanadium[6] complex-
catalyzed asymmetric oxidation of sulfides has been
widely studied. Vanadium-catalyzed asymmetric oxi-
dation of sulfides is one of the most attractive routes
because of its high enantioselectivity, low catalyst
loading, the use of inexpensive aqueous hydrogen per-
oxide as the oxidant and mild reaction conditions.
Bolm first reported the famous vanadium catalyst

system prepared in situ from VO ACHTUNGTRENNUNG(acac)2 and substitut-
ed with the salicylidene derivative (S)-tert-leucinol in
1995, which effectively catalyzed the oxidation of sul-
fides to sulfoxides using hydrogen peroxide as the oxi-
dant with good enantioselectivity (up to 80% ee).[7]

Since then many optimizations have been carried out
on the basis of this protocol including: (i) the use of
other amino alcohols for the preparation of Schiff
bases as chiral ligands,[8] (ii) (S)-tert-leucinol-based
Schiff bases modified with various aromatic alde-
hydes,[6,8a,9] (iii) the manner of H2O2 addition and the
use of additives,[10] (iv) the method of oxidation/kinet-
ic resolution.[11]

By comparison with the well studied simple sul-
fides, the catalytic asymmetric oxidation of dithioace-
tals and dithioketals has had limited success. Bolm[12]

used a vanadium catalyst system for the enantioselec-
tive oxidation of dithioacetals and dithioketals with
30% aqueous H2O2 and obtained the corresponding
mono-sulfoxides with enantioselectivities of up to
85% ee. In addition, Di Furia et al. reported the effi-
cient asymmetric oxidation of cyclic dithioacetals and
dithioketals with TiACHTUNGTRENNUNG(OCHMe2)4.

[13] Corich and co-
workers introduced the use of [Ti ACHTUNGTRENNUNG(i-PrO)4/DET/t-
BuOOH] for the oxidation of thioethers[14] and Page
used the modified Sharpless procedure for the enan-
tioselective sulfoxidation of a wide range of Z-substi-
tuted-1,3-dithianes.[15] Aggarwal et al. used the
Modena asymmetric oxidation of 2-benzyloxymethyl-
1,3-dithiolane to obtain a trans bis-sulfoxide.[16]

Roland reported a preparative scale enantioselective
oxidation of prochiral dithioacetals and dithioketals
to their corresponding sulfoxides using whole-cell cul-
tures of microorganisms.[17] Katsuki[18] reported the
asymmetric oxidation of 2-substituted 1,3-dithianes
using Ti ACHTUNGTRENNUNG(salen) as the catalyst by UHP with high
enantioselectivity to afford the corresponding mono-
sulfoxides.
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The dithioacetal mono-oxides have reversed polari-
ty to carbonyl compounds and serve as stereocontrol
elements in a variety of reactions to improve the reac-
tivity of carbonyl groups such as in intramolecular
enolate alkylation,[19a] amination,[19b] nucleophilic ad-
dition,[19c] reduction,[19d] conjugate addition,[19e] cyclo-
addition,[19f] and the Mannich reaction.[19g] Therefore,
from both fundamental and practical standpoints, it is
still desirable to develop a highly effective catalyst
system for the preparation of these useful compounds.

In our study, to investigate the structural influence
of the b-amino alcohol moiety on Schiff bases and es-
pecially those with two stereogenic centers, we used a
series of Schiff base ligands derived from phenylala-
nine to screen the vanadium-catalyzed oxidation of
sulfides and found that some had excellent activity
and enantioselectivity.[20] In this paper, we report on
the results of the catalytic asymmetric oxidation of
1,3-dithianes derived from aldehydes and ketones
using aqueous hydrogen peroxide as the oxidant and
upon catalysis by a system that consists of VO ACHTUNGTRENNUNG(acac)2

and b-amino alcohol-derived Schiff bases with two
stereogenic centers.

Among the series of Schiff base ligands that we
used for the vanadium-catalyzed oxidation of methyl
phenyl sulfide, ligand 1a (Scheme 1) afforded the best
results.[20] However, upon screening the vanadium-cat-
alyzed oxidation of the 1,3-dithiane derived from ben-
zaldehyde in CH2Cl2 with H2O2 as the oxidant at
25 8C, we found that this ligand only gave 52% ee
(Table 1, entry 1). On the other hand, ligands 1b and
1c, which possess tert-butyl groups on the aldehyde
moieities, gave good results (Table 1, entries 2 and 3:
ligand 1b, 80% ee ; ligand 1c, 85% ee). The other li-
gands that were derived from phenylalanine such as
1d to 1f also gave moderate to good enantioselectivi-
ties (Table 1, entries 4–6). To investigate the effect of
the stereochemistry of the Schiff base ligands on the
enantioselectivity of the product and develop a more
effective catalyst system for the oxidation of the dif-
ferent substituted 1,3-dithianes, we prepared the

Schiff base ligands 2 and 3 (Scheme 1) that were de-
rived from (S)-tert-leucine and (S)-valine according to
the procedure in the literature[7] and that which we re-
ported previously.[20]

A preliminary study into the enantioselective vana-
dium-catalyzed oxidation of 1,3-dithiane was under-
taken with these Schiff bases as chiral ligands and
with 1.1 equivalents of 30% H2O2 as the oxidant. Li-
gands 2a and 2b, which Bolm[7] and Anson[6a] first in-
troduced independently in the asymmetric oxidation
of sulfides to sulfoxides, gave 85% and 38% ee, re-
spectively. This indicates that the tert-butyl groups in
the salicylidene moiety of the ligand give better re-
sults than the iodo group. Ligand 3a, which was de-
rived from valine and has a similar structure to ligand
2a gave 81% ee under the same reaction conditions.
On the other hand, ligand 3b, which possesses two
stereogenic centers at the b-amino alcohol moiety
gave 96% ee (Table 1, entry 11). However, ligands 3c,

Scheme 1. Chiral Schiff base ligands for screening the vana-
dium-catalyzed oxidation of sulfides.

Table 1. Influence of chiral ligands on the enantioselectivity
of the asymmetric oxidation of the 1,3-dithiane derived
from benzaldehyde.[a]

Entry Ligand Solvent Yield [%][b] ee [%][c]

1 1a CH2Cl2 81 (77)[b] 52 (R,R)[d]

2 1b CH2Cl2 95 (90) 80 (R,R)
3 1c CH2Cl2 94 (88) 85 (R,R)
4 1d CH2Cl2 93 (90) 85 (R,R)
5 1e CH2Cl2 91 (86) 64 (R,R)
6 1f CH2Cl2 94 (90) 55 (R,R)
7 2a CH2Cl2 93 (87) 85 (R,R) (85%)[e]

8 2b CH2Cl2 78 (71) 38 (R,R)
9 2c CH2Cl2 87 (82) 69 (R,R)
10 3a CH2Cl2 98 (94) 81 (R,R)
11 3b CH2Cl2 97 (94) 96 (R,R)
12 3c CH2Cl2 97 (93) 93 (R,R)
13 3d CH2Cl2 94 (89) 81 (R,R)
14 3e CH2Cl2 90 (85) 78 (R,R)
15 3f CH2Cl2 91 (88) 77 (R,R)
16 3b CHCl3 88 (82) 81 (R,R)

[a] All reactions were carried out with 1.1 equiv of 30%
H2O2 and a catalyst (1 mol%) for 16 h at 25 8C.

[b] The conversion was determined by 1H NMR spectroscop-
ic analysis. The value in parenthesis is the isolated yield
after purification on a silica column.

[c] Determined by HPLC analysis with a Chiralcel OD-H
column. The optical rotation was obtained in acetone.
Details are given in the Supporting Information.

[d] The absolutely configuration was determined from the
HPLC retention times reported in the literature.[23]

[e] The value in parenthesis is the catalysis result of ligand
2a as reported previously.[12]

1708 asc.wiley-vch.de � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2011, 353, 1707 – 1712

COMMUNICATIONS Yinuo Wu et al.

http://asc.wiley-vch.de


3d, 3e and 3f where the R1 groups range from ethyl
to n-pentyl gave ee values from 93% to 77% (Table 1,
entries 12–15). These results imply that a suitable
steric effect is an important factor in obtaining high
enantioselectivity. We also performed the reaction
using chloroform as the solvent, however, the ee was
much lower than that using dichloromethane (Table 1,
entry 15). Additionally, only trans isomers were ob-
tained in all cases as evident from a comparison of
the 13C NMR shifts of with C-6 signal with those pre-
viously reported.[21]

The asymmetric oxidation of simple sulfides is
sometimes accompanied by kinetic resolution. A pro-
cess has been developed for the preparation of enan-
tiomerically pure sulfoxides by several groups in
recent years.[11] For vanadium-catalyzed sulfide oxida-
tion, Jackson et al. successfully developed a tandem
procedure using oxidation/kinetic resolution for the
synthesis of chiral sulfoxides in chloroform.[11b] Zeng
et al. combined enantioselective sulfoxidation with
concomitant kinetic resolution to produce chiral sulf-
oxides with vanadium-Schiff base complexes derived
from (S)-phenylalaninol or (S)-leucinol as the cata-
lyst. Moderate yields (40.6%) and up to 99% ee were
obtained using H2O2 (2.0 equiv.) as the oxidant.[11c] In
our previous study, we used Schiff base ligands de-
rived from amino alcohols with two stereogenic cen-
ters for the vanadium-catalyzed oxidation of sul-
fides,[20] and we found that kinetic resolution was
present following a highly efficient asymmetric oxida-
tion in chloroform when excess oxidant was used. To
investigate the kinetic resolution process in enantiose-
lective oxidation, a racemic sulfoxide derived from
1,3-dithiane was used with different equivalents of
H2O2 as the oxidant in CH2Cl2 at room temperature.
The results (Table 2) show that the selectivity factor
S, a measure of the effectiveness of the kinetic resolu-
tion process, remains about 5 under these conditions
(the selectivity factor S varied from 7 to 30 for the ki-
netic resolution of alkyl aryl sulfoxides[22]).

We then adjusted the ratio of hydrogen peroxide/
sulfide in the oxidation/kinetic resolution procedure
to obtain sulfoxides with high ee and yield. Good
enantioselectivity and chemical yield (91% yield with
97.2% ee) were obtained when the ratio was adjusted
to 1.20 and 88% yield was obtained with excellent
enantioselectivity (up to 99% ee) with 1.3 equivalents
of H2O2 as the oxidant. These results indicate that the
kinetic resolution of the sulfoxides is indeed favorable
for high ee values. Chloroform was also evaluated as a
solvent for the oxidation/kinetic resolution process
and the results (Table 3, entries 4–7) indicate that it is
not such an efficient solvent as CH2Cl2 for the asym-
metric oxidation/kinetic resolution of 1,3-dithiane.

The results of the enantioselective oxidation of a
series of 1,3-dithianes that were derived from alde-
hydes catalyzed by the VO ACHTUNGTRENNUNG(acac)2/ligand 3b under the

optimal reaction conditions are listed in Table 4. All
19 substrates gave high yields and excellent enantiose-
lectives in most cases. All the 1,3-dithianes that were
derived from 2-, 3-, and 4-methyl-substituted benzal-
dehyde gave 99% ee (Table 4, entries 3–5). However,
2-(4’-methoxyphenyl)-1,3-dithiane gave only 87% ee
in contrast to the 99% ee for its two other isomers; 2-

Table 2. Kinetic resolution of the racemic sulfoxides.[a]

Entry H2O2 [equiv.] Conversion [%][b] ee [%][c] S[d]

1 0.2 20.7 16.8 5.42
2 0.3 30.9 27.1 5.28
3 0.4 38.8 37.1 5.44
4 0.5 46.8 47.9 5.35

[a] All reactions were carried out with 1.1 equiv. of 30%
H2O2 and a catalyst (1 mol%) for 16 h at 25 8C.

[b] The conversion was determined by 1H NMR spectroscop-
ic analysis .

[c] Determined by HPLC analysis with a Chiralcel OD-H
column.

[d] S= kre(fast/slow) = lnACHTUNGTRENNUNG[(1�C)ACHTUNGTRENNUNG(1�ee)]/ln ACHTUNGTRENNUNG[(1�C) ACHTUNGTRENNUNG(l+ee)].

Table 3. The oxidation/kinetic resolution of 1,3-dithianes de-
rived from aldehydes.[a]

Entry Solvent T [oC] H2O2 [equiv.] Yield [%][b] ee [%][c]

1 CH2Cl2 r.t. 1.1 97 (94) 96.4[d]

2 CH2Cl2 r.t. 1.2 91 (88) 97.2
3 CH2Cl2 r.t. 1.3 88 (83) >99.9
4 CHCl3 0 1.1 88 (84) 81
5 CHCl3 0 1.2 86 (81) 87
6 CHCl3 0 1.3 83 (80) 92
7 CHCl3 0 1.4 79 (75) 96

[a] All reactions were carried out with 30% H2O2 and a cat-
alyst (1 mol%) for 16 h at 25 8C.

[b] The conversion was determined by 1H NMR spectroscop-
ic analysis .The value in parenthesis is the isolated yield
after purification on a silica column.

[c] Determined by HPLC analysis with a Chiralcel OD-H
column.

[d] The optical rotation was obtained in acetone. Details are
given in the Supporting Information.
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(2’-methoxyphenyl)- and 2-(3’-methoxyphenyl)-1,3-di-
thiane (Table 4, entries 6 and 7). Steric hindrance by
the substituted groups also affects the enantioselectiv-
ity. 2-(2’-Methoxyphenyl)-1,3-dithiane gave 99% ee
and by comparison 2-(2’,5’-dimethoxyphenyl)-1,3-di-
thiane gave 88% ee under the same conditions. Other
substrates containing electron-withdrawing groups
such as halogens and the nitro group were also exam-
ined. Apart from 2-(2’-nitrophenyl)- and 2-(4’-nitro-
phenyl)-1,3-dithiane (Table 4, entries 16 and 18, 85%
ee), all these substrates gave very good results. We
also investigated the 1,3-dithiane derived from cyclo-
hexanal using 3b as the chiral ligand. Unlike the aro-
matic aldehydes, which provided very good results, cy-
clohexanal gave a poor ee under the same reaction
conditions (Table 4, entry 19, 89% yield with 35% ee).

Using 2-methyl-2-phenyl-1,3-dithiane as a substrate
the Schiff base ligands 1, 2 and 3 were also screened
for the vanadium-catalyzed enantioselective oxidation
of 1,3-dithianes that were derived from ketones and
the results are listed in Table 5. It was evident that 3b

was still the best chiral ligand for the reaction in
CH2Cl2 with H2O2 as the oxidant, which gave a mod-
erate diastereoselectivity and enantioselectivity
(Table 5, entry 8, 74:26 for cis :trans and 73% ee for
the cis isomers). Much lower ees were obtained for
the trans sulfoxides. This behavior may be related to a
stabilization of the aromatic interactions between the
substrate and the active peroxo complex. The trans
sulfoxides expose the methyl group to the activated
peroxo vanadium complex.[24] Additionally, the cis iso-
mers are the main products, which is different to
other catalyst systems.[18]

Unlike the asymmetric oxidation of the 1,3-di-
thianes derived from aldehydes, kinetic resolution
may coexist under a higher ratio of hydrogen perox-
ide and this phenomenon was not found during the
vanadium-catalyzed enantioselective oxidation of the
1,3-dithianes derived from acetophenone. This was
also confirmed by a kinetic resolution experiment
using a racemic sulfoxide derived from 2-methyl-2-
phenyl-1,3-dithiane.

The enantioselectivity of the vanadium/3b complex
was also examined with a variety of 1,3-dithianes de-
rived from ketones under the optimized conditions,
and the results are summarized in Table 6. Most of
the substituted groups on the phenyl group of the aro-
matic ketones of 1,3-dithiane resulted in higher enan-
tioselectivities. For example, all halogen (including
chlorine, bromine and fluorine) substituted 1,3-di-
thianes gave higher enantioselectivities than the un-
substituted substrate [Table 6, entry 1, 2-(2’-chloro-
phenyl)-2-methyl-1,3-dithiane, 94% ee ; entry 2, 2-(3’-
chlorophenyl)-2-methyl-1,3-dithiane, 97% ee ; entry 3,
2-(3’-chlorophenyl)-2-methyl-1,3-dithiane, 75% ee ;
bromine substituted substrates gave similar results].
Similar to the oxidation of 1,3-dithianes derived from
aldehydes, electron-donating groups lead to higher ees
[Table 6, entries 7–9, 99%, 99% and 97% ee for 2-, 3-,
and 4-methyl-substituted substrates; entry 10, 85% ee
for 2-(3-methoxyphenyl)-2-methyl-1,3-dithiane]
except for 4-methoxy-substituted dithioketal, which
only gave 27% ee. On the other hand, 1,3-dithianes
containing electron-withdrawing groups such as fluo-
rine and nitro groups also give good to excellent re-
sults [Table 6, entry 12, 98% ee for 2-(4’-nitrophenyl)-
2-methyl-1,3-dithiane; entry 13, 78% ee for 2-(4’-fluo-
rophenyl)-2-methyl-1,3-dithiane]. However, the di-
thioketals derived from other ketones such as 1-
(naphthalen-1-yl)ethanone did not give very good re-
sults (Table 6, entries 14–16).

In summary, we have developed a highly efficient
catalyst system for the enantioselective vanadium-cat-
alyzed oxidation of 1, 3-dithianes derived from alde-
hydes and ketones. All the substrates were easily con-
verted into the corresponding sulfoxides in high
chemical yields and with moderate to excellent enan-
tioselectivities when using 30% aqueous hydrogen

Table 4. Asymmetric oxidation of various 1,3-dithiane de-
rived from aldehydes with VOACHTUNGTRENNUNG(acac)2/3b.[a]

Entry R Yield [%][b] ee [%][c,d]

1 1-naphthyl 88 96
2 2-naphthyl 84 99
3 2-Me-C6H4 86 99
4 3-Me-C6H4 86 99
5 4-Me-C6H4 83 99 (S,S)[d]

6 2-MeO-C6H4 80 99
7 3-MeO-C6H4 81 99
8 4-MeO-C6H4 81 87 (S,S)[d]

9 2,5-di-MeO-C6H3 84 88
10 2-Cl-C6H4 87 99
11 4-Cl-C6H4 82 98 (S,S)[d]

12 2-Br-C6H4 83 94
13 4-Br-C6H4 86 99
14 2-F-C6H4 86 96
15 4-F-C6H4 81 99
16 2-NO2-C6H4 85 85
17 3-NO2-C6H4 88 99
18 4-NO2-C6H4 83 85
19 cyclohexane 89 35

[a] All reactions were carried out with 1.3 equiv. of 30%
H2O2 and a catalyst (1 mol%) for 16 h at 25 8C.

[b] Isolated yield after purification on a silica column.
[c] Determined by HPLC analysis with a Chiralcel OD-H

column. The optical rotation was obtained in acetone.
Details are given in the Supporting Information.

[d] The absolutely configuration was determined from the
HPLC retention times reported in the literature.[23]
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peroxide as the oxidant and a chiral vanadium-Schiff
base complex as the catalyst. The easy preparation of
the ligands from natural valine and their excellent

performance make them good candidates for practical
applications. Further studies on the scope of this reac-
tion are underway.

Table 5. Influence of chiral ligands on the enantioselectivity of asymmetric oxidation of 1,3-dithiane derived from acetophe-
none.[a]

Entry Ligand Conversion [%][b] dr (cis:trans)[b] ee[d] (yield[e] [%])
cis trans

1 1a 100 65:35 52 (60) 9 (33)
2 1b 100 81:19 12 (78) 1 (16)
3 1c 100 68:32 61 (61) 9 (29)
4 2a 100 60:40 68 (55) 12 (37)
5 2b 82 43:39 39 (38) 8 (36)
6 2c 100 58:42 61 (50) 10 (40)
7 3a 100 70:30 68 (65) 15 (28)
8 3b 100 74:26 73 (70) 27 (23)

[a] All reactions were carried out with 1.1 equiv. 30% H2O2 and catalyst (1 mol%) for 16 h at 25 8C.
[b] Determined by 1H NMR spectroscopic analysis.
[c] Determined by HPLC analysis with a chiralcel OD-H column.
[d] The ee value for each isomer.
[e] The isolated yield after purification on a silica column.

Table 6. Asymmetric oxidation of various 1,3-dithianes derived from ketones with VOACHTUNGTRENNUNG(acac)2/3b.[a]

Entry R dr (cis:trans)[b] cis trans
Yield [%][c] ee [%][d] Yield [%][c] ee [%][d]

1 2-Cl-C6H4 72:28 65 94[d] 25 27[e]

2 3-Cl-C6H4 83:17 78 97 10 –
3 4-Cl-C6H4 82:18 75 75 10 –
4 2-Br-C6H4 78:22 71 92 18 23
5 3-Br-C6H4 70:30 64 99 27 31
6 4-Br-C6H4 66:34 63 74 31 27
7 2-Me-C6H4 76:24 73 99 20 7
8 3-Me-C6H4 75:25 71 99 21 21
9 4-Me-C6H4 75:25 72 97 19 5
10 3-MeO-C6H4 60:40 57 85 37 –
11 4-MeO-C6H4 62:38 59 27 33 32
12 4-NO2-C6H4 70:30 66 98 19 –
13 4-F-C6H4 68:32 61 78 27 29
14 1-naphthyl 51:49 47 65 43 18
15 1-indanone 100:0 93 50 – –
16 2-phenylethyl 73:27 70 60 22 61

[a] All reactions were carried out with 1.1 equiv. 30% H2O2 and catalyst (1 mol%) for 16 h at 25 8C.
[b] Determined by 1H NMR spectroscopic analysis and the conversion is 100%.
[c] Isolated yield after purification on the silica column.
[d] Determined by HPLC analysis with a chiralcel OD-H column.
[e] The optical rotation was tested in acetone, Details are reported in the Supporting Information.
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Experimental Section

General Procedure for the Asymmetric Oxidation of
1,3-Dithianes Derived from Aldehydes and Ketones

To a solution of VO ACHTUNGTRENNUNG(acac)2 (0.01 mmol) in CH2Cl2 (2 mL), a
chiral ligand (0.015 mmol) was added at room temperature.
The mixture was stirred for 10 min and then the sulfide sub-
strate (1 mmol) was added. After the solution was stirred
for another 2 min and cooled to 0 8C, 30% H2O2 (1.1 equiv.)
was slowly added. The mixture was stirred smoothly
(200 rpm) at 25 8C for 16 h. After the reaction was complete
(monitored by TLC), the organic layer was separated,
washed with brine and dried over Na2SO4. The solvent was
removed under reduced pressure to afford the crude prod-
uct which was purified by flash column chromatography on
silica gel to give the desired product.

Acknowledgements

We thank the Natural Science Foundation of China (20972198)
and the Ministry of Science and Technology of China (No.
2009ZX09501-017) for financial support of this study.

References

[1] a) H. Pellissier, Tetrahedron 2006, 62, 5559 – 5601; b) I.
Fern�ndez, N. Khiar, Chem. Rev. 2003, 103, 3651 – 3705;
c) S. A. Blum, R. G. Bergman, J. A. Ellman, J. Org.
Chem. 2003, 68, 150 – 155; d) S. Renfrey, J. Feather-
stone, Nat. Rev. Drug. Discov. 2002, 1, 175 – 176; e) P.
Renaud, M. Gerster, Angew. Chem. 1998, 110, 2704 –
2722; Angew. Chem. Int. Ed. 1998, 37, 2562 – 2579;
f) M. C. CarreÇo, Chem. Rev. 1995, 95, 1717 – 1760.

[2] a) A. J. Walker, Tetrahedron: Asymmetry 1992, 3, 961 –
998; b) A. V. Mashkina, Sulfur Rep. 1991, 10, 279 – 288.

[3] a) S. Superchi, C. Rosini, Tetrahedron: Asymmetry
1997, 8, 349 – 352; b) M. I. Donnoli, S. Superchi, C.
Rosini, J. Org. Chem. 1998, 63, 9392 – 9395; c) L. J. P.
Martyn, S. Pandiaraju, A. K. Yudin, J. Organomet.
Chem. 2000, 603, 98 – 104; d) X. Wang, X. Wang, H.
Guo, Z. Wang, K. Ding, Chem. Eur. J. 2005, 11, 4078 –
4088.

[4] a) T. Katsuki, Coord. Chem. Rev. 1995, 140, 189 – 214;
b) M. Cavazzini, G. Pozzi, S. Quici, I. Shepperson, J.
Mol. Catal. A: Chem. 2003, 204, 433 – 441.

[5] a) J. T. Groves, P. Viski, J. Org. Chem. 1990, 55, 3628 –
3634; b) Y. Naruta, F. Tani, K. Maruyama, J. Chem.
Soc. Chem. Commun. 1990, 19, 1378 – 1380; c) J.
Legros, C. Bolm, Angew. Chem. 2004, 116, 4321 – 4324;
Angew. Chem. Int. Ed. 2004, 43, 4225 – 4228; d) J.
Legros, C. Bolm, Angew. Chem. 2003, 115, 5645 – 5647;
Angew. Chem. Int. Ed. 2003, 42, 5487 – 5489.

[6] a) B. Pelotier, M. S. Anson, I. B. Campbell, S. J. F. Mac-
Donald, G. Priem, R. F. W. Jackson, Synlett 2002, 7,
1055 – 1060; b) Y. C. Jeong, S. Choi, Y. D. Hwang, K. H.
Ahn, Tetrahedron Lett. 2004, 45, 9249 – 9252; c) A. H.
Vetter, A. Berkessel, Tetrahedron Lett. 1998, 39, 1741 –
1744.

[7] C. Bolm, F. Bienewald, Angew. Chem. 1995, 107, 2883 –
2885; Angew. Chem. Int. Ed. Engl. 1995, 34, 2640 –
2642.

[8] a) J. Skarzewski, E. Ostrycharz, R. Siedlecka Tetrahe-
dron: Asymmetry 1999, 10, 3457 – 3461; b) C. Ohta, H.
Shimizu, A. Kondo, T. Katsuki Synlett 2002, 1, 161 –
163; c) K. P. Bryliakov, N. N. Karpyshev, S. A. Fomin-
sky, A. G. Tolstikov, E. P. Talsi, J. Mol. Catal. A: Chem.
2001, 171, 73 – 80.

[9] J. Skarzewski, E. Ostrycharz, R. Siedlecka, M. Zielin-
ska-Blajet, B. Pisarski, J. Chem. Res. 2001, 263 – 264.

[10] N. N. Karpyshev, O. D. Yakovleva, E. P. Talsi, K. P. Bry-
liakov, O. V. Tolstikova, J. Mol. Catal. A: Chem. 2000,
157, 91 – 95.

[11] a) X. Jia, X. Li, L. Xu, Y. Li, Q. Shi, T. Au-Yeung,
C. W. Yip, X. Yao, A. B. C. Chan, Adv. Synth. Catal.
2004, 346, 723 – 726; b) C. Drago, L. Caggiano, R. F. W.
Jackson, Angew. Chem. 2005, 117, 7387 – 7389; Angew.
Chem. Int. Ed. 2005, 44, 7221 – 7223; c) Q. Zeng, H.
Wang, T. Wang, Y. Cai, W. Weng, Y. Zhao, Adv. Synth.
Catal. 2005, 347, 1933 – 1936.

[12] C. Bolm, F. Bienewald, Synlett 1998, 1327 – 1328.
[13] F. Di Furia, G. Licini, G. Modena, Gazz. Chim. It,

1990, 120, 165 – 170.
[14] M. Corich, F. Di Furia, G. Licini, G. Modena, Tetrahe-

dron Lett, 1992, 33, 3043 – 3044.
[15] P. C. B. Page, R. D. Wilkes, E. S. Namwindwa, M. J

Witty, Tetrahedron 1996, 52, 2125 – 2154.
[16] V. Aggarwal, Z. Gultekin, R. S. Grainger, H. Adams,

P. L. Spargo, J. Chem. Soc. Perkin Trans. 1 1998, 2771 –
2782.

[17] V. Alphand, N. Gaggero, S. Colonna, P. Pasta, R. Fur-
stoss, Tetrahedron 1997, 53, 9695 – 9706.

[18] T. Tanaka, B. Saito, T. Katsuki, Tetrahedron Lett. 2002,
43, 3259 – 3262.

[19] a) P. C. B. Page, A. M. Z. Slawin, D. Westwood, D. Wil-
liams, J. Chem. Soc. Perkin Trans. 1 1989, 185 – 187;
b) P. C. B. Page, S. M. Allin, E. W. Collington, R A. E.
Carr, Tetrahedron Lett, 1994, 35, 2427 – 2430; c) P. C. B.
Page, D. Westwood, A. M. Z. Slawin, D. J. Williams, J.
Chem. Soc. Perkin Trans. 1 1989, 1158 – 1160; P. C. B.
Page, J. C. Prodger, D. Westwood, Tetrahedron 1993,
49, 10355 – 10368; d) P. C. B. Page, J. C. Prodger, Synlett
1990, 460 – 462; e) P. C. B. Page, J. C. Prodger, M. B.
Hursthouse, M. Mazid, J. Chem. Soc. Perkin Trans. 1
1990, 167 – 169; f) P. C. B. Page, J. C. Prodger, Synlett
1991, 2, 84 – 86; g) P. C. B. Page, S. M. Allin, E. W. Col-
lington, R A. E. Carr, J. Org. Chem. 1993, 58, 6902 –
6904.

[20] Y. Wu, J. Liu, X. Li, A. S. C. Chan, Eur. J. Org. Chem.
2009, 16, 2607 – 2610.

[21] a) F. A. Carey, O. D. J. Dailey, W. C. Hutton, J. Org.
Chem. 1978, 43, 96 – 101; b) O. Samuel, B. Ronan, H. B.
Kagan, J. Organomet. Chem. 1989, 370, 43 – 50.

[22] a) J. Sun, C. Zhu, Z. Dai, M. Yang, Y. Pan, H. Hu, J.
Org. Chem. 2004, 69, 8500–8503; b) I. Mohammadpoor-
Baltork, M. Hill, L. Caggiano, R. F. W. Jackson, Synlett
2006, 3540 – 3544.

[23] A. Lattanzi, S. Piccirillo, A. Scettri, Eur. J. Org. Chem.
2006, 13, 713 – 718.

[24] G. Santoni, M. Mba, M. Bonchio, W. A. Nugent, C.
Zonta, G. Licini, Chem. Eur. J. 2010, 16, 645 – 654.

1712 asc.wiley-vch.de � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2011, 353, 1707 – 1712

COMMUNICATIONS Yinuo Wu et al.

http://asc.wiley-vch.de

