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ONE-POT REDUCTION OF SULFOXIDES WITH NaBH,,
CoCl,-6H,0 CATALYST, AND MOIST ALUMINA

Shigetaka Yakabe,! Masao Hirano,? and Takashi Morimoto®

' Nihon University, Narashino, Japan
2Tokyo University of Agriculture and Technology, Koganei, Japan

GRAPHICAL ABSTRACT

NaBH,
R'—S—R2 CoCl,6H,0 (cat.) R'—s_R?
(”) moist Alumina
Hexane

Abstract Sulfoxides are reduced by a combination of sodium borohydride, a catalytic
amount of cobalt(II) chloride hexahydrate, and chromatographic neutral alumina pre-
loaded with a small amount of water (moist alumina) in hexane to produce the correspond-
ing sulfides in good to excellent yields under mild conditions. An interesting structural
influence of sulfoxides on their reactivity is observed.

Keywords Cobalt(I) chloride hexahydrate; moist alumina; reduction; sodium
borohydride; sulfoxide

INTRODUCTION

Reducing agents generated from sodium borohydride and transition metal
halides (e.g., NiCl,-6H,0, CoCl,-6H,0, PdCl,) have successfully been used for
the reduction of various functional groups including olefinic double bonds,
carboxylic acids, nitro compounds, sulfoxides, and so on.l2!

We have recently examined the reduction of aldehydes and ketones with
sodium borohydride in hexane in the presence of moist alumina (NaBH4/moist alu-
mina system),”®! upon which a synthetically very interesting reaction performance
was observed; namely, the reducing system requires only stoichiometric to slightly
excess amount of NaBH, for completion of the reaction and is amenable to a wide
range of substrates having other reducible functional groups.** The yields of the
alcohols are excellent, and, in addition, the recovered alumina can be reused for sev-
eral runs with no loss of its activity. Recently, this reaction system was used to
develop a new one-pot reduction, which has been applied to the synthesis of chiral
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alcohols, B-azidoalcohols, allylic alcohols, 1,2-diols, and chiral lactones.™ Encour-
aged by this success, our continued interest in NaBH, chemistry in aprotic solvents
led us to extend the solid—solution biphasic system to sulfoxide-to-sulfide reduction,
since there has been no general method achievable with this transformation in good
yields under mild conditions with the use of common laboratory reagents."’

A preliminary experiment carried out using methyl phenyl sulfoxide (1a) as the
test substrate with the NaBH,4/moist alumina system, however, failed to give methyl
phenyl sulfide (2a), and starting 1a was recovered quantitatively (Fig. 1). Conse-
quently, we then looked for an efficient metal catalyst.'! Of metal salts examined
(NiCl, - 6H,O, CoCl,-6H,0, PdCl,, and CrCl,), CoCl,-6H,O was found to be
the catalyst of choice for the present purpose. In addition, another comparative
study using various solid-support materials (aluminas, silica gels, clays, zeolites)
revealed that neutral alumina was superior to the others in terms of the conversion
of 1a as well as the yield of 2a. These results are presented in Table 1.

A typical procedure is as follows: deionized water (0.19 g) was added to com-
mercial chromatographic neutral alumina (ICN Biomedical, Alumina N, Super I;
0.81 g) in portions, followed by a vigorous shaking of the mixture for a few minutes
upon every addition of deionized water until a free-flowing powder was obtained and
afforded a moist alumina (H,O content, 19 wt%). Sulfoxides were prepared accord-
ing to our own method.”) Compound 1a (0.140g, 1mmol), hexane (10mL),
CoCl,-6H,O (Kokusan Chemical; 0.024g, 0.1 mmol), freshly prepared moist
alumina (1g), and NaBH,; (Wako; 0.038 g, 1 mmol) were placed into a 30-mL
round-bottom flask, and the resultant heterogeneous mixture was magnetically
stirred at 30°C. After 3 h, the reaction mixture was transferred onto a sintered glass
filter funnel, and the filter cake was washed thoroughly with portions of dry ether
(total ca. 60mL). The sulfide 2a was isolated and identified spectroscopically ['H
NMR, infrared (IR), gas chromatography-mass spectrometry (GC-MS)] via com-
parisons with commercial authentic samples.

The reduction of typical alkyl aryl, diaryl, and dialkyl sulfoxides was carried
out with the NaBH,;/CoCl,-6H,0 catalyst/moist alumina system in hexane, and
the results are presented in Table 2. In the case of alkyl phenyl sulfoxide series
(entries 1-5), the reactivity of the substrates decreased with an increase in the carbon
chain length or the bulk of the alkyl groups. The same tendency was observed in the
reduction of dialkyl sulfoxides (entries 8 and 9). So far as we are aware, such steric
effect of alkyl groups on the reactivity of sulfoxides has not yet been reported. Cer-
tain NaBHy-based reductions proceed without suffering from such remarkable struc-
tural influence of sulfoxides as observed herein; see, for example, Ref. 5(d) and 5(g).
In fact, we have observed in our own experiments that certain sulfoxides show essen-
tially the same reactivity upon the homogeneous NaBH, reduction in ethanol, giving
the sulfides in almost equal yields. On the other hand, the difference in reactivities of
unsubstituted (entry 1) and substituted thioanisoles (entries 10-12) is less apparent

R1—§—R2 NaBH,/Metal salt/moist Support R'—s—R?

o) Hexane

Figure 1. Sulfoxide reduction scheme in this reaction system.



Downloaded by [Florida Atlantic University] at 03:07 22 July 2013

SULFOXIDE REDUCTION 2253

Table 1. Effect of metal salts and supports on the reduction of methyl phenyl sulfoxide®

GC yield (%)

NaBH,4
No. Metal salt Support (mmol) la 2a
1 — N-Alumina 1.0 >99 0
2 CoCl, - 6H,0 N-Alumina 1.0 2 95
3 NiCl, - 6H,O N-Alumina 1.0 82 19
4 PdCl, N-Alumina 1.0 85 11
5 CrCl, N-Alumina 1.0 95 0
6 CoCl, - 6H,0 — 0.5 91 6
7 CoCl, - 6H,0 N-Alumina 0.5 43 66
8 CoCl, - 6H,0 Silica gel 0.5 92 16
9 CoCl, - 6H,O Aluminum silicate 0.5 65 36
10 CoCl,-6H,O Bentonite 0.5 52 53
11 CoCl, - 6H,O Montmorillonite K10 0.5 60 43
12 CoCl, - 6H,O Hydrotalcite 0.5 72 35
13 CoCl, - 6H,0 Zeolite F9 0.5 81 19

“At 30°C, for 3h; 1 mmol of methyl phenyl sulfoxide, 1g of moist support (H,O content, 19 wt%),
0.1 mmol of metal salt, and 10 ml of hexane were used.

than that ascribed to the steric influence. The present reduction is assumed to occur
on the alumina surface, since its absence resulted in a negligible conversion of 1a.
Therefore, moist alumina not only generates an active reducing species from NaBH,4
and CoCl, - 6H,O but provides reaction sites unfavorable for bulky substrates, thus
exerting a unique influence on the present system.

Scanning electron microscopy (SEM) images of the commercial alumina and
the metal-supported aluminas are shown in Fig. 2. SEM images of (b) and (c)
show some small grains on alumina particles compared with the SEM image of
(a); therefore, Co compounds during this reaction are present in a homogeneous
dispersion on alumina particles.

Table 2. Reduction of various sulfoxides”

Sulfoxide Isolated yield (%)
NaBH, CoCl, ALOyY® Temp. — —
No. R! R? (mmol) (mmol) (2) °C) 1 2
1 Ph Me(la) 1.0 0.1 1.0 30 2 95
2 Ph Et 2.5 0.2 2.5 30 0 90
3 Ph Bu 4.0 0.4 4.0 60 34 51
4 Ph s-Bu 4.0 0.4 4.0 60 68 27
5 Ph CgHi3 4.0 0.4 4.0 60 52 39
6 Ph Ph 4.0 0.4 4.0 60 51 48
7 PhCH, PhCH, 2.0 0.2 2.0 60 86 12
8 Me CgHy, 2.0 0.2 2.0 30 0 >99
9 C¢Hy3 CgHi3 3.0 0.3 3.0 60 72 18
10 4-CH;3CgHy Me 1.0 0.1 1.0 30 0 79
11 4-CIC¢H,4 Me 1.0 0.1 1.0 30 5 90
12 4-EtOCOC¢H,4 Me 1.0 0.1 1.0 30 24 53

“For 3 h; sulfoxide 1 mmol and hexane 10 ml were used.
*Moist alumina (H,O content, 19 wt? 0).
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(b)

Figure 2. SEM images of (a) the commercial alumina and the metal-supported aluminas (b) before the
reduction (residue of reaction according to typical procedure without sulfoxide and NaBHy, for 10 min
stirring) and (c) after the reduction.

The color of insoluble materials in this reaction turned from pale pink to gray a
short time later. This color change presumes that CoO and/or Co3;04 were produced
on alumina. Co compounds on alumina could not be identified but might become
clear in further analysis by x-ray diffraction,””) Fourier transform infrared (FT-IR)
spectroscopy,™ and so on.

In summary, a new, experimentally simple reduction of numbers of sulfoxides
can be achieved using easily available, inexpensive, and safe reagents (NaBH,,
CoCl, - 6H,0, and chromatographic alumina), giving the corresponding sulfides
moderate to excellent yields under mild and neutral conditions. A further application
of the present heterogeneous system in a variety of organic transformations is now
under way in our laboratory.

ACKNOWLEDGMENTS

The authors thank Dr. Akira Yoshida (Tokyo City University, Instrumental
Analysis Center) for his help in carrying out the SEM experiment. The authors also
thank Tae Tokuhata for helpful discussions.

REFERENCES

1. (a) Penne, J. S. Reductions by the Alumino- and Borohydrides in Organic Synthesis, 2nd ed.;
Wiley-VCH: New York, 1997; (b) Hudlicky, M. Reductions in Organic Synthesis; American
Chemical Society: Washington, DC, 1996.

2. Burke, S. D.; Danheiser, R. L. (Eds.). Handbook of Reagents for Organic Synthesis: Oxidiz-
ing and Reducing Agents; John Wiley & Sons: Chichester, UK, 1999; p. 394.

3. Yakabe, S.; Hirano, M.; Morimoto, T. (a) Alumina-assisted reduction of carbonyl com-
pounds with sodium borohydride in hexane. Can. J. Chem. 1998, 76, 1916; (b) Simple
reduction of various ketones with sodium tetrahydroborate and alumina in hexane.
J. Chem. Res., Synop. 1998, 322.

4. (a) Kamal, A.; Shaik, A. A.; Sandbhor, M.; Malik, S. Synthesis of enantiopure -azidoalco-
hols from their ketoazides by reduction with NaBH, in the presence of alumina and in situ
lipase resolution. Tetrahedron: Asymmetry 2004, 15, 935; (b) Kamal, A.; Sandbhor, M.;
Ahmad, K.; Adil, S. F.; Shaik, A. A. Chemoenzymatic synthesis of enantiomerically pure
terminal 1,2-diols. Tetrahedron: Asymmetry 2003, 14, 3861; (c) Kamal, A.; Sandbhor, M.;



Downloaded by [Florida Atlantic University] at 03:07 22 July 2013

SULFOXIDE REDUCTION 2255

Shaik, A. A.; Sravanthi, V. One-pot synthesis and resolution of chiral allylic alcohols.
Tetrahedron: Asymmetry 2003, 14, 2839; (d) Kamal, A.; Sandbhor, M.; Shaik, A. A.
Application of a one-pot lipase resolution strategy for the synthesis of chiral y- and
d-lactones. Tetrahedron: Asymmetry 2003, 14, 1575; (e) Kamal, A.; Sandbhor, M.; Ramana,
K. V. One-pot lipase-catalyzed synthesis of enantiopure secondary alcohols from carbonyl
compounds: A new protocol for lipase-mediated resolution. Tetrahedron: Asymmetry 2002,
13, 815; (f) Kamal, A.; Sandbhor, M. Efficient chemoenzymatic synthesis of (S)- and (R)-5-
(1-aminoethyl)-2-(cyclohexylmethoxy) benzamide: Key intermediate for Src-SH2 inhibitor.
Bioorg. Med. Chem. Lett. 2002, 12, 1735.

. (a) Chaser, D. W. Quantitative reduction of sulfoxides. J. Org. Chem. 1971, 36, 613; (b)

Chung, S.-K.; Han, G., A convenient deoxygenation of sulfoxides with Co(II) and NaBHy,.
Synth. Commun. 1982, 12 (11), 903; (c) Drabowicz, J.; Mikolajczyk, M. A mild and efficient
reduction of sulphoxides by means of lithium alanate and titanium(IV) chloride. Synthesis
1976, 527; A rapid and mild reduction of sulphoxides with titanium(II) chloride. Synthesis
1978, 138; (d) Lin, R.; Zhang, Y. A mild, efficient reduction of sulfoxides with ferric
chloride/sodium borohydride. Synth. Commun. 1987, 17 (12), 1403; (e) Olah, G. A.; Gupta,
B. G. B.; Narang, S. C. Synthetic methods and reactions, 42: Deoxygenation of sulfoxides
with alkylhalosilane reagents. Synthesis 1977, 583; Synthetic methods and reactions, 45:
Deoxygenation of sulfoxides with triphenylphosphine/iodine/sodium iodide reagent. Syn-
thesis 1978, 137; (f) Olah, G. A.; Malhotra, R.; Narang, S. C. Synthetic methods and reac-
tions, part 56: Deoxygenation of sulfoxides with sodium iodide/oxalyl chloride and related
acid halides. Synthesis 1979, 58; (g) Kano, S.; Tanaka, Y.; Sugino, E.; Hibino, S. Reduction
of some functional groups with titanium(I'V) chloride/sodium borohydride. Synthesis 1980,
695; (h) Yoo, B. W.; Choi, K. H.; Lee, S. J.; Yoon, C. M.; Kim, S. H.; Kim, J. H. Mild
and efficient reduction of sulfoxides to sulfides with bis-(cyclopentadienyl)titanium(IV)
dichloride-indium system. Synth. Commun. 2002, 32 (1), 63; (i) Karimi, B.; Zarayee, D.
Rapid, efficient, and chemoselective deoxygenation of sulfoxides to thioethers using
NaBH,/1,. Synthesis 2003, 335; (j) Bahrami, K.; Khodaei, M. M.; Karimi, A. Mild and
efficient deoxygenation of sulfoxides to sulfides with triflic anhydride/potassium iodide
reagent system. Synthesis 2008, 2543; (k) Fernandes, A. C.; Romaoa, C. C. A novel method
for the reduction of sulfoxides and pyridine N-oxides with the system silane/MoO,Cl,.
Tetrahedron 2006, 62 (41), 9650; (1) Park, E. S.; Lee, S. H.; Lee, J. H.; Rhee, H. J.; Yoon,
C. M. Deoxygenation of sulfoxide and aza-aromatic N-oxide using a protocol of indium
and acyl chloride. Synthesis 2005, 3499; (m) Arterburn, J. B.; Perry, M. C. Rhenium-
catalyzed sulfoxide reduction. Tetrahedron Lett. 1996, 37 (44) 7941.

. Hirano, M.; Yakabe, S.; Clark, J. H.; Morimoto, T. Synthesis of sulfoxides by the oxi-

dation of sulfides with sodium chlorite catalysed by manganese(Ill) acetylacetonate in
acetone in the presence of alumina. J. Chem. Soc., Perkin Trans. 1 1996, 2693.

. (a) Borg, 9.; Eri, S.; Blekkan, E. B.; Storsater, S.; Wigum, H.; Rytter, E.; Holmen, A.

Fischer-Tropsch synthesis over y-alumina-supported cobalt catalysts: Effect of support
variables. J. Catal. 2007, 248, 89; (b) Zavyalova, U.; Scholz, P.; Ondruschka, B. Influence
of cobalt precursor and fuels on the performance of combustion synthesized Co304/7-
Al,O3 catalysts for total oxidation of methane. Appl Catal. A: Gen. 2007, 323, 226; (c)
Jongsomyjit, B.; Goodwin Jr., J. G.; Co-support compound formation in Co/Al,O; cata-
lysts: effect of reduction gas containing CO. Catal. Today 2002, 77, 191.

. Alvarez, P. M.; Beltran, F. J.; Pocostales, J. P.; Masa, F. J. Preparation and structural

characterization of Co/Al,Oj; catalysts for the ozonation of pyruvic acid. Appl. Catal. B:
Environ. 2007, 72, 322.



