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An efficient solid-state oxidation of organic molecules is described using a stable, inexpensive, and easily handled reagent, the urea—hydrogen
peroxide adduct. The generality of the reaction has been demonstrated in oxidation of several molecules, namely hydroxylated aldehydes and
ketones (to hydroxylated phenols), sulfides (to sulfoxides and sulfones), nitriles (to amides), and nitrogen heterocycles (to N-oxides).

The oxidation reaction in organic chemistry is a ubiquitous aromatics to bulk industrial chemicals in processes that
transformation, and numerous oxidizing agents are availableinvolve the use of heterogeneous (metal oxides, in the gas
to effect this conversiofi.® In fine chemical manufacture, phase) and homogeneous (metal salts, in the liquid phase)
environmental constraints are promoting the introduction of catalysts. In the majority of the cases, the use of these toxic
catalytic protocols which are replacing the use of stoichio- or hazardous reagents entails cumbersome and demanding
metric amounts of inorganic oxidants, such as persulfate, isolation and purification procedures. Consequently, safer and
bromate, and particularly metal oxidants such as chromic simple protocols are required. The hydrogen peroxigdea

acid and permanganateAs an example, metal-catalyzed complex, normally called ureshydrogen peroxide (UHP),
oxidation with oxygen is employed for the conversion of is commercially available, can be easily prepared, and has
petroleum hydrocarbons such as alkanes, alkenes, andeen used in a variety of oxidative transformations in
anhydrous organic solvents in the presence of carboxylic
(1) (a) Larock, R. CComprehengie Organic TransformationVCH: anhydride$.So far, all these reactions with UHP have been

New York, 1989; p 604. (b) Sheldon, R. A.; Kochi, J. Metal-Catalyzed . . . .
Oxidations of Organic Compoundécademic Press: New York, 1981. conducted in organic solvents, mCIUdmg heterogeneous

(c) Procter, G. InComprehensie Organic SynthesisLey, S. V., Ed.; reactions using TF3-zeolites® In developing an environ-
Pergamon: Oxford, U.K., 1991; p 7. (d) Griffith, W. P.; Joliffe, J. M. In
Dioxygen Actiation and Homogeneous Catalytic Oxidatid@imandi, L. (4) Sheldon, R. ATop. Curr. Chem1993 164, 22.
L., Ed.; Elsevier: Amsterdam, 1991. (5) (a) Balicki, R.; Kaczmarek, Lisssiliaingiig 1993 23, 3149. (b)

(2) Aldrichim. Acta1988 21, 52. Astudillo, L.; Galindo, A.; Gonzalez, A. G.; Mansilla, iigiasaadaiad 993

(3) Brougham, P.; Cooper, M. S.; Cummerson, D. A.; Heaney, H.; 36, 1075. (c) Cooper, M. S.; Heaney, H.; Newbold, A. J.; Sanderson, W.
Thompson, N Syilesi<1987 1015. R. Chem. Lett1990 533 and references therein.
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mentally friendly synthetic method, the elimination of the
solvent components is especially important, as they are often
used in large quantiti€sHerein, we report an efficient un-
precedented solid-state oxidation of organic molecules using
urea—hydrogen peroxide adduct. A wide variety of molecules
is easily oxidized, such as hydroxylated carbonyls (to
hydroxylated phenols), sulfides (to sulfoxides and sulfones),
nitriles (to amides), and nitrogen heterocyclesNtoxides).

In organic synthesis, phenols and their derivatives are

important substrates and are used extensively. The conversion

of hydroxylated benzaldehydes to hydroxylated phenols has
been achieved using alkaline hydrogen peroXid#hough
other oxidants such as peroxybenzoic &aahd peroxyacetic
acic®® have often been used. In comparison to existing
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been used for the conversion of carbonitriles to amides.
Comparatively better results have been obtained using

reagents, solid-state oxidation of hydroxylated benzaldehydes reagents such as titanium tetrachloride in acetic cid,

with urea—hydrogen peroxide adduct appears to be a superior
alternative in terms of shorter reaction time, cleaner product
formation, and ease of manipulation (Table 1).

Table 1. Solid-State Oxidation of Aldehydes, Ketones, and
Nitriles Using UHP

: . Reaction conditions
Entry Starting Material Product Temp. ('C) Time Yield®
"HO OH
! @ 55 1.5h 85
OH OH
CHO OH
2 @D @ 85 20 min 80
H OH
CHO OH
3 /@ 55 3h 83
HO cho HO OH
4 /@ /@l 85 75 min 82
HO HO
COCH, OH
OH OH
COCH; H
6 /@ 85 1h 80
HO' CHO HO H
7 /@ 85 25 min 83
O,N OH O:N H
HO OH
8 Q} /@ 85 45min 80
MeO MeO
CHO COOH
9 @ @ 85 20min 95
CH,CN CH,CONH,
10 @l ©/ 85 1h 80
CN CONH,
1 @ @ 85 1.5h 85

aThe yield refers to isolated product.

The hydrolysis of nitriles is often the method of choice
for the preparation of carboxylic acid amides (Scheme 1).
Traditional methods for the hydration of nitriles usually
involve the use of strong mineral acitfsalthough some
metald! and their oxides-1> and complexéd:® have also
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potassium fluoride on alumirf@potassium hydroxide itert-
butyl alcoholt® sodium percarbonate in aqueous methahol,
and some hydroxylamine derivativEsThe hydrolysis under
basic conditions is restrictively used in view of the hydrolysis
of the ensuing amides to carboxylic acid under these
conditions. The base-catalyzed hydrolysis of nitriles, origi-
nally reported by Radziszewski, works well for aromatic
nitriles, but the reaction affords only dismal yields in the
case of aliphatic nitrile®

In the intervening period, several modifications have been
advanced wherein hydrogen peroxide is used in dimethyl
sulfoxide® or under phase transfer conditiocsMany of
these methods suffer from disadvantages of poor selectivity,
longer reaction time, and the use of hazardous reagents.

In our quest for an eco-friendly hydrolysis of nitriles to
amide, we now report a facile method using UHP under
solvent-free conditions (entries 10 and 11, Table 1).

Selective oxidation of sulfides to sulfoxides or sulfones
has been a challenging task for synthetic organic chemists.
Among the prominent oxidants used for this conversion are
hydrogen peroxidé chromic acic?® nitric acid?* manganese
dioxide?® ozone?® peracid’® selenium dioxid&? sodium
periodate’® hypervalent iodine reageritssodium perborat,
and dinitrogen tetroxid& Most of these processes suffer

(6) Reddy, T. I.; Varma, R.

(7) Metzger, J. O

(8) Hassall, C. HOrg. React.1957, 9, 73.

(9) () Ogata, Y.; Sawaki 1969 34, 3985. (b) Boeseken,

J.; Cohen, W. D.; Kip, C 4936 55, 815.

(10) (a) Steiger, R. EOrg. Synth 1955 3, 66. (b) Jones, J. H.
Comprehensie Organic ChemistryPergamon Press: Oxford, U.K., 1979;
Vol. 2, p 964.

(11) Zilberman, E. NUsp. Khim 1984 53, 1523;Chem. Abstr1984
101, 210082h.

(12) Liu, K. T.; Shih, M. H.; Huang, H. W.; Hu, Gaeaailasi<l 988
715.

(13) Diamond, S. E.; Grant, B.; Tom, G. M.; Taube, Saalassan
Lett 1974 4025.

(14) Mukaiyama, T.; Kamio, K.; Kobayashi, S.; Takei, (Saatminiit
1973 357.

(15) Rao, C. G jumtimiiaeaeay'1982 12, 177.

(16) Hall, J. H.; Gisler, M goiaifiaimgin 1976 41, 3769.

(17) Kabalka, G. W.; Deshpande, S. M.; Wadgaonkar, P. P.; Chatla, N.

r99Q 20, 1445.

(18) Miyazawa, T.; Endo, T.; Okawarna, \Gyaihgsisl 984 1034.

(19) Radziszewski, B 4534 17, 1289.

(20) (a) Sawaki, Y.; Ogata, 1981, 54, 793. (b)
Katritzky, A. R.; Pilarski, B.; Urogdi, L Syathesisl 989 949.

(21) Cacchi, S.; Misiti, D Quathesi<1980 243.

997 471.
91998 37, 2975.
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from drawbacks such as extended period of time, use of carboxylic acid angb-anisaldehyde givgs-methoxyphenol,
corrosive acids, hazardous peracids, and toxic metallic whereas aliphatic aldehydes lead to the formation of complex
compounds. Consequently, there is a need for mild and products. In the case of nitriles, the reaction rate is faster
selective methods for the efficient conversion of sulfide to for aliphatic nitrile, benzylnitrile, as compared to benzonitrile.
sulfoxides or sulfones. The use of urdaydrogen peroxide  The selective oxidation of sulfides to sulfoxides or sulfones
adduct under solvent-free conditions appears to be a viablecan be achieved by varying the reaction time (Table 2). Alkyl
and safer protocol. Our results for the general oxidation of sulfides get oxidized faster than the aromatic sulfide.
sulfides to sulfoxides (entries 1, 3, 5, and 7) and sulfones Interestingly, no reaction occurs at room temperature for the
(entries 2, 4, 6, and 8) and nitrogen heterocycles to their aforementioned examplés3*

correspondindN-oxides (entries 9 and 18)are summarized In conclusion, this solvent-free oxidative protocol using
in Table 2. an inexpensive, safe, and easily handled reagent,—urea
hydrogen peroxide adduct, is a simple and efficient protocol
that is applicable to a variety of organic molecules. The

Table 2. Solid State Oxidation of Sulfides and Nitrogen operational simplicity, rapid reaction rates, and formation
Heterocycles Using UHP of pure products in high yields at a very moderate temper-
Reaction conditions ature make this method superior to existing protocols.

Entry Starting Material Product . . iald @ . .
Temp (C) Time ~ Yield Acknowledgment. We are grateful for financial support

to the Texas Research Institute for Environmental Studies
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85 1h 87
()/S (22) (a) Gazdar, M.; Smiles, Sainiatitammic1908 93, 1833. (b) Peak,
D. A.; Watkins, T. |. josimiiSiiamic1 950 445.
3 [CHy(CH,);1,S [CH4(CH,),],80 85 10min  85[(13] (23) (a) Edwards, D.; Stenlake, J. Reiaitam 1954 3272. (b) Knoll,
R. 1926 113 40.
4 [CH;(CH, ;LS [CH,(CH,);1,S0, 85 45min 90 (24) (a) Marcker, CJustus Liebigs AnnChem 1865 136, 75. (b)
Bordwell, F. G.; Boutan, P. jiiiiammid 957, 79, 717.
5 DS S=10 85 7min  87[09] (25) (a) Horner, L.; Schaefer, H.; Ludwig, Viiaaaamig’ 1958 91, 75.
(b) Barnard, D gt C1957, 4547.
e} (26) Overberger, C. G.; Cummins, R. il d 953 75,
6 DS Ds\( 85 1h 88 4250.
o (27) Mel'nikov, N. N. Usp. Khim 1936 5, 443.
CH,),S H,),S0 (28) Hiskey, R. G.; Harpold, M. Agaisifiasiaiagin 1967, 32, 3191.
7 ©/ 85 30min  87[11] (29) Barton, D. H. R.; Godfrey, G. R. A.; Morzycki, J. W.; Motherwell,
W. B.; Stobie, A.jisinnsiasuingtt1982 23, 957.
CH,),S H,),S0, (30) McKillop, A.; Tarbin, J. A.jississsasesiagtt1983 24, 1505.
3 85 2h 90 (31) Whitaker, R. W.; Sisler, H. Himiniisiaiagin 1960 25, 1038.
(32) (a) Muzart, JSyailhesid 995 1325. (b) Ohta, A.; Ohta, Vaxathasis
-z ~ 1985 216. (c) Klein, B.; Berkowitz, Jjinsiniismmiiod 959 81, 5160.
9 @ @ 85 45 min 87 (33) General Procedure for UHP Oxidation Reactions.The starting
N N material (2 mmol) was added to the finely powdered utilegdrogen
I+

peroxide adduct (376 mg, 4 mmol) in a glass test tube, and the reaction
o mixture was placed in an oil bath at 86 for the specified time (Tables 1
N and 2). After completion of the reaction, monitored by TLC (8:2 v/v, hexane:
d < ) EtOAc), the reaction mixture was extracted into ethyl acetate and the
10:( I I:]: 85  45Smin gy5b combined extracts were washed with water and dried over anhydrous sodium
N K sulfate. The solvent was removed under reduced pressure to afford the crude
é_ product, which was purified by chromatography to deliver pure product, as
aThe yield refers to isolated product, and the results in brackets refer to corzgzr;_?gpikéglt hPersgeeé:ltjrg ?c?ralc))li:fjétion of Sulfides: Preparation of
sulfone. The percentage yield was obtained from GC-MS; results in  Methyl Phenyl Sulfoxide and Sulfone.In a typical experiment, methyl
parentheses refer to dioxide. pheny! sulfide (248 mg, 2 mmol) was added to the finely powdered-urea
hydrogen peroxide adduct (376 mg, 4 mmol) in a glass test tube, and the
reaction mixture was placed in an oil bath at®for 15 min for complete
. . . . conversion of sulfide to sulfoxide with a trace amount (10%) of sulfone.
Our summarized results for the solid-state oxidation of a For complete conversion of sulfide to sulfone, the reaction time was

variety of organic substrates in Tables 1 and 2 demonstrate€xtendedad 1 h (see Table 2). After completion of the reaction, monitored
by TLC (8:2 v/v, hexane:EtOAc), the reaction mixture was extracted into

the versatility of the UHP reagent under solvent-free condi- ethyl acetate and the combined extracts were washed with water and dried
tions. In general, the reaction rate for hydroxyla’[ed benzal- over anhydrous sodium sulfate. The solvent was removed under reduced

p pressure to afford the crude product, which was purified by chromatography
dehydes is faster when compared to that for hydroxylated on a silica gel column; fractions obtained with pure hexane as eluent afforded

acetophenones. Benzaldehyde upon oxidation affords onlypure product (80% of sulfoxide), as confirmed by the spectral analysis.
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