HETEROCYCLES, Vol. 76, No. 1, 2008 191

HETEROCYCLES, Vol. 76, No. 1, 2008, pp. 191 - 196. © The Japan Institute of Heterocyclic Chemistry
Received, 13th March, 2008, Accepted, 15th April, 2008, Published online, 21st April, 2008. COM-08-S(N)37

ASYMMETRIC OXIDATION OF CYCLIC SULFIDES CATALYZED BY
AN ALUMINUM(SALALEN) COMPLEX AS THE CATALYST?

Kazuhiro Matsumoto, Tetsufumi Yamaguchi, and Tsutomu Katsuki*

Department of Chemistry, Faculty of Science, Graduate School, Kyushu
University, Hakozaki, Higashi-ku, Fukuoka 812-8581, Japan

* Dedication to Professor Ryoji Noyori on the occasion of his 70th birthday

Abstract — We report a catalytic asymmetric oxidation of cyclic sulfides that uses
a combination of aluminum(salalen) complex 1 as the catalyst and aqueous
hydrogen peroxide as the oxidant. Oxidations of six-membered cyclic sulfides,
thiochroman-4-ones, furnish the corresponding sulfoxides in high yield with high
enantioselectivity. Five-membered 2,3-dihydrobenzo[b]thiophene and
seven-membered dibenzo[b,e]thiepin-11(6H)-one are also good substrates for the

aluminum-catalyzed system.

Optically active sulfoxides are of great importance as chiral ligands and auxiliaries in organic synthesis.
Recently Kobayashi and co-workers disclosed its excellent catalysis as a neutral
coordinate-organocatalyst for the asymmetric allylation of hydrazones with allylsilanes.'” Moreover,
chiral sulfoxides are found in many important bioactive compounds such as omeprazole and its analogs,
which are gastric proton-pump inhibitors for dyspepsia, peptic ulcer disease, etc. Enantioselective
oxidation of prochiral sulfides is the most direct and effective approach to optically active sulfoxides.
Thus, the development of highly efficient synthetic methods has attracted much attention from the
synthetic community.”"' While many improvements have been achieved for asymmetric sulfur oxidation

12,1
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and optically active chiral sulfoxides have a potential for pharmaceuticals and chiral ligands,
still only a few catalytic systems for enantioselective oxidation of cyclic sulfides with a wide substrate
scope.'* Enzymatic methods are also available, but the substrates are inherently limited.">'® Moreover, we
were intrigued with the asymmetric induction in the oxidation of cyclic sulfides. Two lone pairs on sulfur

atom of cyclic sulfides are intrinsically different, because of a ring-conformational isomerism. Due to the
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problem, cyclic sulfides are a difficult class of substrates for asymmetric oxidation chemistry.

Recently, we reported an aluminum-based catalyst, Al(salalen) complex 1, that uses aqueous hydrogen
peroxide as the stoichiometric oxidant to oxidize various sulfides into the corresponding sulfoxides.'”"
Reactions of acyclic alkyl aryl sulfides, acyclic dialkyl sulfides and cyclic thioacetals proceeded smoothly
to afford the corresponding mono-oxides with high to excellent enantioselectivity. Herein, we report the
highly enantioselective oxidation of cyclic sulfides using the Al(salalen) complex 1 as the catalyst

(Scheme 1).
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Scheme 1. Al(salalen)-catalyzed asymmetric oxidation of cyclic sulfides.

We examined the asymmetric oxidation of several cyclic sulfides in methanol as the solvent with 2 mol%
of catalyst in the presence of phosphate buffer at 25 °C (Figure 2).**?’ In the oxidation of
thiochroman-4-one, the corresponding sulfoxide was obtained in 64% with 97% ee (entry 1). While the
highest ee value of 99% was achieved with the reaction of 6-methylthiochroman-4-one, the substitution
of the methyl group by the chloro group led to diminished enantioselectivity (entries 2 and 3). The
reaction of 4-benzyl-2H-benzo[b][1,4]thiazin-3(4H)-one was slow and the mono-oxide was yielded in
only 18% (entry 4). Although it was suspected that the produced sulfoxide might inhibit the reaction by
coordination to the aluminum ion, the reaction of 6-methylthiochroman-4-one proceeded smoothly, even
in the presence of 20 mol% of the racemic sulfoxide. High enantioselectivity was also achieved in the
oxidation of a seven-membered substrate, dibenzo[b,e]thiepin-11(6H)-one (entry 5). The oxidation of the
five-membered 2,3-dihydrobenzo[b]thiophene furnished the mono-oxide with 99% ee (entry 6).
Especially, it is noteworthy that the present oxidation system can efficiently differentiate two a- and
o’-methylene carbons. A cyclic dialkyl sulfide, 2-isothiochroman-4-one, was also a good substrate for
this oxidation system to give the sulfoxide with 90% ee (entry 7). In these oxidations, over-oxidation of

sulfoxides was observed, and the corresponding sulfones were yielded in 5-20%.
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Table 1. Asymmetric oxidation of cyclic sulfides catalyzed by Al(salalen) complex 1.

Entry Substrate Product Yield/%" Ee/%"

N
5 Vo
Bn
-0
S 5+
5 O O O O 6 81 95
© @)
S L
6 ©/\) @8) 7 83 99
S S+O_
7 @Q 8 77 90
0 o)

“Isolated yield. ” Determined by chiral HPLC analysis.

In summary, we found that Al(salalen) complex 1 was an efficient catalyst for asymmetric oxidation of
cyclic sulfides. High to excellent enantioselectivity was obtained in the oxidation of various cyclic

sulfides ranging from five- to seven-membered ones.

ACKNOWLEDGEMENTS

We are grateful to Banyu Pharmaceuticals Co., Ltd., Nissan Chemical Industries, Ltd., a Grant-in-Aid for
Scientific Research (Specially Promoted Research 18002011) and the Global COE Program, "Science for
Future Molecular Systems" from the Ministry of Education, Culture, Sports, Science and Technology,

Japan for generous financial support.



194 HETEROCYCLES, Vol. 76, No. 1, 2008
REFERENCES AND NOTES
1. M. C. Carrefno, Chem. Rev., 1995, 95, 1717; 1. Fernandez and N. Khiar, Chem. Rev., 2003, 103,

v 2o

11.

12.

13.

14.

3651.

S. Kobayashi, C. Ogawa, H. Konishi, and M. Sugiura, J. Am. Chem. Soc., 2003, 125, 6610; S.
Kobayashi, M. Sugiura, and C. Ogawa, Adv. Synth. Catal., 2004, 346, 1023.

C. Bolm, K. Muiiiz, and J. P. Hildebrand, Comprehensive Asymmetric Catalysis, Vol. II; ed. by E. N.
Jacobsen, A. Pfaltz, and H. Yamamoto; Springer-Verlag: Berlin, 1999, pp. 697-710; H. Kagan,
Catalytic Asymmetric Synthesis, 2nd Ed.; ed. by 1. Ojima; Wiley-VCH: New York, 2000, pp.
327-356; J.-E. Backvall, Modern Oxidation; ed. by J.-E. Bickvall; Wiley-VCH: Weinheim, 2004, pp.
193-222.

P. Pitchen, E. Dufiach, M. N. Deshmukh, and H. B. Kagan, J. Am. Chem. Soc., 1984, 106, 8188; F.
Di Furia, G. Modena, and R. Seraglia, Synthesis, 1984, 325; B. Saito and T. Katsuki, Tetrahedron
Lert., 2001, 42, 3873; B. Saito and T. Katsuki, Tetrahedron Lett., 2001, 42, 8333.

C. Bolm and F. Bienewald, Angew. Chem., Int. Ed. Engl., 1995, 34, 2640; A. H. Vetter and A.
Berkessel, Tetrahedron Lett., 1998, 39, 1741; C. Ohta, H. Shimizu, A. Kondo, and T. Katsuki,
Synlett, 2002, 161; S. A. Blum, R. G. Bergman, and J. A. Ellman, J. Org. Chem., 2003, 68, 150; J.
Sun, C. Zhu, Z. Dai, M. Yang, Y. Pan, and H. Hu, J. Org. Chem., 2004, 69, 8500; C. Drago, L.
Caggiano, and R. F. W. Jackson, Angew. Chem. Int. Ed., 2005, 44, 7221.

T. Miyazaki and T. Katsuki, Synlett, 2003, 1046.

A. Basak, A. U. Barlan, and H. Yamamoto, Tetrahedron: Asymmetry, 2006, 17, 508.

V. V. Thakur and A. Sudalai, Tetrahedron: Asymmetry, 2003, 14, 407.

M. Palucki, P. Hanson, and E. N. Jacobsen, Tetrahedron Lett., 1992, 33, 7111; K. Noda, N. Hosoya,
R. Irie, Y. Yamashita, and T. Katsuki, Tetrahedron, 1994, 50, 9609.

J. Legros and C. Bolm, Angew. Chem. Int. Ed., 2003, 42, 5487; J. Legros and C. Bolm, Angew.
Chem. Int. Ed., 2004, 43, 4225; H. Egami and T. Katsuki, J. Am. Chem. Soc., 2007, 129, 8§940.

H. Tohma, S. Takizawa, H. Watanabe, Y. Fukuoka, T. Maegawa, and Y. Kita, J. Org. Chem., 1999,
64, 3519.

T. J. Brown, R. F. Chapman, D. C. Cook, T. W. Hart, I. M. McLay, R. Jordan, J. S. Mason, M. N.
Palfreyman, R. J. A. Walsh, M. T. Withnall, J.-C. Aloup, I. Cavero, D. Farge, C. James, and S.
Mondot, J. Med. Chem., 1992, 35, 3613.

D. Madec, F. Mingoia, C. Macovei, G. Maitro, G. Giambastiani, and G. Poli, Eur. J. Org. Chem.,
2005, 552.

R. L. Halterman, S.-T. Jan, H. L. Nimmons, D. J. Standlee, and, M. A. Khan, Tetrahedron, 1997, 53,
11257; F. J. Devlin, P. J. Stephens, P. Scafato, S. Superchi, and C. Rosini, J. Phys. Chem. A, 2002,



15.
16.

17.
18.
19.
20.

21.

22.

23.

24.

HETEROCYCLES, Vol. 76, No. 1, 2008 195

106, 10510.

V. M. Dembitsky, Tetrahedron, 2003, 59, 4701.

S. G. Allenmark and M. A. Andersson, Tetrahedron: Asymmetry, 1996, 7, 1089; A. Willetts and S.
Allenmark, J. Org. Chem., 1997, 62, 8455; S. G. Allenmark and M. A. Andersson, Chirality, 1998,
10, 246; S. Ozaki, H.-J. Yang, T. Matsui, Y. Goto, and Y. Watanabe, Tetrahedron: Asymmetry, 1999,
10, 183.

T. Yamaguchi, K. Matsumoto, B. Saito, and T. Katsuki, Angew. Chem. Int. Ed., 2007, 46, 4729.

K. Matsumoto, T. Yamaguchi, J. Fujisaki, B. Saito, and T. Katsuki, Chem. Asian. J., 2008, 3, 351.

K. Matsumoto, T. Yamaguchi, and T. Katsuki, Chem. Comm., 2008, 1704.

General experimental procedure for aluminum-catalyzed asymmetric oxidation of cyclic sulfides:
sulfide (0.20 mmol) was dissolved in a methanolic solution of Al(salalen) complex (2 mol%, 1.0
mL), and then pH 7.4 phosphate buffer (20 uL, 66.6 mmolL") was added to the solution. After the
addition of 30% hydrogen peroxide (1.1 equiv.), the resultant mixture was stirred at 25 °C for 24 h.
The reaction was quenched with aqueous Na,S,0; and extracted with EtOAc. The organic phase was
dried over Na,SO, and concentrated under reduced pressure. The residue was purified by silica gel
chromatography (hexane/EtOAc=1:1—0:1) to give the desired sulfoxide. The enantiomeric excess
was determined by chiral HPLC.

For (S)-(+)-thiochlomanon-4-one oxide (2): colorless solid; 64%, 97% ee (CHIRALPAK IC,
hexane/iPrOH 50:50, 0.80 mL/min, 25 °C); [a],>* +138.9 (¢ 0.7, acetone) [lit.,”® [a], +96.8 (c 1,
acetone), 66% ee, (S)-isomer].; IR (KBr): 1682 (C=0), 1038 (S—0) cm'; '"H NMR (CDCL,): 6 =
8.19-8.17 (d, J=7.6 Hz, 1H), 7.91-7.89 (d, J=7.7 Hz, 1H), 7.80-7.77 (m, 1H), 7.70-7.66 (m, 1H),
3.55-3.46 (m, 3H), 2.97-2.86 ppm (m, 1H); "C NMR (CDCl,): § = 191.7, 145.4, 134.4, 132.0, 129.0,
128.8, 128.3, 46.8, 30.5 ppm.

For (+)-6-methylthiochlomanon-4-one S-oxide (3): colorless solid; 86%, 99% ee (CHIRALPAK IC,
hexane/iPrOH 50:50, 0.80 mL/min, 25 °C); [a]y” +142.9 (c 0.8, acetone); IR (KBr): 1684 (C=0),
1028 (S—0) cm™; '"H NMR (CDCl,): 6 = 7.98 (s, 1H), 7.77-7.75 (d, J=7.8 Hz, 1H), 7.58-7.56 (d,
J=7.8 Hz, 1H), 3.57-3.44 (m, 3H), 2.92-2.85 (m, 1H), 2.47 ppm (s, 3H); "C NMR (CDCl,): 6 =
192.1, 142.9, 142.0, 135.0, 129.1, 128.8, 128.7, 46.5, 30.1, 21.5 ppm.

For (+)-6-chlorothiochlomanon-4-one S-oxide (4): colorless solid; 82%, 87% ee (CHIRALPAK
AD-H, hexane/iPrOH 90:10, 1.0 mL/min, 40 °C); [a]y” +119.7 (¢ 1.1, acetone); IR (KBr): 1692
(C=0), 1043 (S—O0) cm'; 'H NMR (CDCl,): 6 = 8.12-8.12 (d, J=1.8 Hz, 1H), 7.85-7.83 (d, J=8.3
Hz, 1H), 7.75-7.73 (dd, J=1.8, 8.3 Hz, 1H), 3.54-3.46 (m, 3H), 2.97-2.87 ppm (m, 1H); "C NMR
(CDCly): 6=190.6, 143.6, 138.7, 134.3, 130.3, 130.0, 128.7, 46.7, 30.3 ppm.

For (+)-4-benzyl-2H-benzo[b][1,4]thiazin-3(4H)-one S-oxide (5): 18%, 62% ee (CHIRALPAK IC,
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hexane/iPrOH 50:50, 0.80 mL/min, 30 °C); [a]y” +145.9 (c 0.8, acetone); IR (KBr): 1668 (C=0),
1024 (S—0) cm™; '"H NMR (CDCL,): 6§ = 7.74-7.72 (dd, J=1.0, 7.6 Hz, 1H), 7.47-7.42 (m, 1H),
7.35-7.14 (m, 7TH), 5.48-5.44 (d, J=16.6 Hz, 1H), 5.22-5.18 (d, J=16.6 Hz, 1H), 4.33-4.29 (d, J=14.8
Hz, 1H), 3.87-3.84 ppm (d, J=14.8 Hz, 1H); "C NMR (CDCL,): § = 160.9, 138.3, 135.5, 133.7,
129.7,128.8, 127.3, 127.2, 126.3, 124.0, 118.3, 52.7, 48.0 ppm.

For (+)-dibenzo[b,e]thiepin-11(6H)-one S-oxide (6): colorless solid; 81%, 95% ee (CHIRALCEL
OD-H, hexane/iPrOH 90:10, 1.0 mL/min, 25 °C); [a]y>* +219.0 (¢ 1.0, acetone); IR (KBr): 1638
(C=0), 1034 (S—0) cm™; 'H NMR (CDCl,): 6 = 8.21-8.16 (m, 2H), 8.04-8.02 (dd, J=1.0, 7.8 Hz,
1H), 7.80-7.76 (m, 1H), 7.65-7.60 (m, 2H), 7.53-7.49 (m, 1H), 7.41-7.39 (d, J=7.6 Hz, 1H),
4.88-4.84 (d, J=13.9 Hz, 1H), 4.31-4.28 ppm (d, J=13.9 Hz, 1H); "C NMR (CDCl,): 6 = 189.9,
146.6, 137.7, 133.9, 133.7, 133.1, 132.3, 131.7, 131.1, 130.5, 128.8, 127.7, 124.0, 61.0 ppm.

For (5)-(+)-2,3-dihydrobenzo[b]thiophene S-oxide (7): colorless solid; 83%, 99% ee (CHIRALPAK
AD-H, hexane/iPrOH 90:10, 1.0 mL/min, 40 °C); [a],>* +301.9 (¢ 1.3, acetone) [lit.,"” [a], -310 (c
1.5, acetone), 98% ee, (R)-isomer]; IR (KBr): 1022 (S—0O) cm™; '"H NMR (CDCl,): 6 = 7.85-7.83 (d,
J=7.8 Hz, 1H), 7.53-7.41 (m, 3H), 3.92-3.82 (m, 1H), 3.40-3.22 ppm (m, 3H); °C NMR (CDCl,): §
= 1445, 143.0, 132.1, 128.1, 126.6, 125.9, 52.7, 31.5 ppm.

For (+)-isothiochroman-4-one S-oxide (8): colorless solid; 77%, 90% ee (CHIRALPAK AS-H,
hexane/iPrOH 50:50, 0.80 mL/min, 35 °C); [a]y” +304.8 (c 0.4, acetone); IR (KBr): 1682 (C=0),
1024 (S—0) cm™; '"H NMR (CDCl,): 6 = 8.15-8.13 (dd, J=1.0, 7.8 Hz, 1H), 7.68-7.64 (ddd, J=1.1,
7.6, 7.6 Hz, 1H), 7.52-7.49 (dd, J=7.6, 7.8 Hz, 1H), 7.38-7.36 (d, J=7.6 Hz, 1H), 4.37-4.33 (d,
J=15.1 Hz, 1H), 4.32-4.28 (d, J=15.1 Hz, 1H), 4.05-4.01 (dd, J=1.0, 15.6 Hz, 1H), 3.99-3.95 ppm
(dd, J=1.0, 15.6 Hz, 1H); "C NMR (CDCL,): é = 187.6, 135.2, 131.5, 131.2, 131.0, 129.1, 128.2,
59.1, 52.6 ppm.
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