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Abstract: An efficient method for the oxidation of alcohols is presented. The use of
catalytic amounts of sodium chloride in combination with oxone allows the conversion
primary aliphatic alcohols to symmetric esters. Secondary alcohols can be easily
oxidized to ketones, and benzylic alcohols are converted to the corresponding
aldehydes. The method is cost effective and enviromentally benign.
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Oxidation of primary and secondary alcohols to aldehydes or carboxylic acids
and ketones, respectively, is a fundamental process in organic chemistry, and
several reagents have been developed for this purpose.'"! However, many of
the oxidants were subsequently abolished for environmental reasons.
Instead, enzymatic'” and particularly metal-free™® oxidations are now of
great interest, and a variety of valuable methods have been developed. To
the last category belong, for example, oxidations mediated by hypervalent
iodine reagents such as IBX"’! or TEMPO!'!' in combination with
NaClO,[6] Brz,m Iz,[g] or Clz.[9] TEMPO has been also used in combination
with oxone and n-BuyNBr as a phase-transfer catalyst.!'”!
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A shortcoming of the TEMPO-mediated oxidations is the fact that one
equivalent sodium chloride is generated per molecule of alcohol oxidized.
Other shortcomings are the use of sodium bromide as a cocatalyst and chlori-
nated solvents. Finally, although TEMPO is used catalytically, it is expensive,
and efficient recycling is an important issue. Several approaches have been
developed'¥ to circumvent these problems.

Because of their importance, several methods for the conversion of
primary alcohols to symmetric esters have been developed.!''! Symmetric
esters are of considerable interest as ingredients for cosmetic, dermatological,
and pharmaceutical preparations. A search in SciFinder revealed more than
300 patents for this class of compounds. They are furthermore utilized for
the production of denture adhesives and stable aqueous surfactant compo-
sitions, in transdermal drug-delivery systems, as lubricants, and as mold-
release agents for polyurethanes. Esters of branched-chain carboxylic acids
with branched-chain alcohols have been described as antibacterial, antimyco-
tic, and antiparasitic substances and are used in skin preparations.''?

Herein, we present a catalytic method for the oxidation of alcohols with
NaCl/oxone. Using this system, primary aliphatic alcohols are converted to
symmetric esters, and secondary alcohols can be easily oxidized to ketones.
Furthermore, benzylic alcohols are converted to the corresponding aldehydes.

We found that the combination of oxone (lequiv.) and n-BuyNBr
(0.1equiv.) in a biphasic system (EtOAc/H,O) effectively converts
I-octanol (1equiv.) to the corresponding symmetric ester. Importantly,
employing the same method and KBr (0.1equiv.) instead of n-Buy,NBr
afforded also octyl octanoate in comparable yield. The later experiment was
a clear indication that 1) tetra-n-butylammonium oxone!'®’ was not the
actual oxidant and 2) the use of a phase-transfer catalyst was not necessary.

In fact, the use of n-Buy,NHSO, and oxone or oxone alone did not induce
conversion of 1-octanol to octyl octanoate (or to octanal or octanoic acid) even
after prolonged reaction time.

Encouraged by these results, we next investigated the oxone/NaCl
(0.05-0.1equiv.) system and were pleased to realize that it was more
effective in terms of yield and reaction time than the combination of oxone
with KBr or with n-BuyNBr. With this reagent combination, a variety of
aliphatic alcohols could be converted to the corresponding symmetric esters
fast and at room temperature. In several cases formation of the corresponding
carboxylic acid was also observed (see Table 1 and Scheme 1). The use of KI
does not lead to any oxidation products.

In contrast to primary aliphatic alcohols, benzylic alcohols were oxidized
to the corresponding aldehydes (Scheme 2) in moderate yields. In these cases
we observed that the use of 0.5—1 equiv. of NaCl significantly increased the
yield.

Finally, secondary alcohols were oxidized to the corresponding ketones
(Scheme 3) in high yields.

However, our method is not compatible with double and triple bonds.



Table 1. Catalytic oxidation of primary and secondary alcohols with NaCl/oxone
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Table 1. Continued
Reaction Ratio Total yield
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“E: ester, A: acid.
bYield of isolated product.
“The yield was determined by GC/MS.
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Scheme 1. Oxidation of primary aliphatic alcohols.

Oxone has been applied in the past for several oxidations. For example, at
elevated temperature and in combination with concentrated sulfuric acid or
with acetic acid/ethanol, it has been used for the conversion of alkenes to
diols, phenols to quinones, pyridine to pyridin-1-oxide, sulfides to sulfoxides,
and ketones to esters or to lactones.!'" Recently, oxone has also been utilized
for the oxidation of aromatic and aliphatic aldehydes to the corresponding car-
boxylic acids or esters.'"! Furthermore, oxone is the reagent of choice for the
synthesis of dimethyldioxirane!'® and IBX 1

It is known that treatment of NaCl or NaBr with oxone generates chlorine
and bromine respectively.''” This system has been used for chlorinations and
brominations of «,3-unsaturated carbonyl compounds or for the conversion of
oximes to gem-chloro-nitro derivatives.!'® The combination of NaBr/oxone
was also reported to oxidize benzylic alcohols to aldehydes, secondary
alcohols to ketones, and butanol to the symmetric ester. An important short-
coming of this method is the bromination of the aromatic system and the
need for an excess of NaBr.!'”!

The oxidation of primary alcohols to symmetric esters is described in
Scheme 4: First, the aldehyde is formed, which is then attacked by the
parent alcohol to form the corresponding hemiacetal. Oxidation of the latter
affords the symmetric ester. The isolation of aromatic aldehydes (see
Table 1, entries 8—10) supports this suggestion. They do not form
symmetric esters probably because their carbonyl group is not sufficiently
electrophilic’®” to allow a nucleophilic attack by a second molecule of the
aromatic alcohol present in the reaction mixture. Attempts to convert
primary alcohols to tert. butylesters by performing the oxidations in the
presence of tert. butanol have been unsuccessful.

In conclusion we presented a new, efficient, and fast method for the con-
version of primary aliphatic alcohols to symmetric esters as well for the
oxidation of secondary alcohols to ketones. Our method is cost-effective
and enviromentally benign. In fact, only catalytic amounts of sodium
chloride are used, whereas oxone is inexpensive, stable, easy to transport,
and nontoxic. The resulting inorganic by-products are also nonpolluting.

CH NacCl (cat.)

O
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Scheme 2. Oxidation of benzylic alcohols.



Oxone/Sodium Chloride 1153

OH NaCl (cat.) 0
)\ Oxone
R” TR, R” R,

Scheme 3. Oxidation of secondary alcohols.

EXPERIMENTAL

Reagents and solvents were commercially available and were used without
further purification. "H and '>C NMR spectra were recorded on a Varian
Gemini 200 (200MHz for '"H NMR; 50 MHz for '*C NMR) and Varian
Gemini 2000 (200MHz for '"H NMR; 50MHz for 'C NMR). Chemical
shifts were reported in the scale relative to the solvent used as an internal
reference. HR MS was obtained on a Bruker Daltonics APEX II (for ESI).
The reaction progress was monitored with a Varian Saturn 2200 GC/MS.
Flash column chromatography was performed on Merck silica gel 60
(0.040-0.063 mm).

Typical Experimental Procedure

Oxone (1 mmol), NaCl (0.1 mmol), and finally H,O (0.5 ml) were added to a
solution of the alcohol (1 mmol) in EtOAc (2 ml). The reaction mixture was
stirred at room temperature for 1-7h depending on the alcohol (see
Table 1). After completion of the reaction, the mixture was diluted with
H,O (5ml) and EtOAc (3ml), and the layers were separated. The aqueous
layer was extracted with EtOAc (3 x 5ml), and the combined organic
layers were dried over Na,SO4. The solvent was removed under reduced
pressure to give the desired product. Analytical pure products were obtained
by column chromatography.

6-Chlorohexyl 6-chlorohexanoate (3): oil; '"H NMR (CDCl;, 200 MHz):
8= 1.41-1.82 (m, 14H), 2.28-2.37 (m, 2H), 3.54 (t, 4H, J = 6.6 Hz), 4.07
(t, J = 6.6 Hz, 2H); '3C NMR (CDCls, 50 MHz): & = 24.4, 25.4, 26.5, 26.6,
28.6, 32.4, 32.6, 34.2, 44.8, 449, 64.4, 173.7;, HR ESI-MS: calcd. for
(M + Na)*: 291.08891; found: 291.08935.

2-Ethylbutyl 2-ethylbutanoate (4): oil; 'H NMR (CDCl;, 200 MHz):
60=0.89 (t, 12H, J = 7.4Hz), 1.29-1.66 (m, 9H), 2.13-2.28 (m, 1H), 4.01
(d, 2H, J = 5.5 Hz); analytical data were consistent with those reported in
the literature.*!

OH 0 OH 0
S — )J\H T R)\O/\R - R)J\O/\R

R R

Scheme 4. Oxidation of primary alcohols to symmetric esters by NaCl/oxone.
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2-Ethylhexyl 2-ethylhexanoate (5): oil; 'H NMR (CDCl;, 200 MHz):
6=0.85-0.93 (m, 12H), 1.19—-1.66 (m, 17H), 2.19-2.32 (m, 1H), 4.07
(d, 2H, J = 5.6 Hz); analytical data were consistent with those reported in
the literature.!' ')

Compound (6): oil; 'H NMR (CDCls, 200 MHz): & = 0.88—1.00 (m, 18H),
1.11-1.72 (m, 17H), 2.08-2.41 (m, 3H), 4.11-4.16 (m, 2H); analytical
data were consistent with those reported in the literature.'?*!

Cyclohexylmethyl cyclohexylcarboxylate (7): oil; 'H NMR (CDCl,,
200MHz): 6 =0.98-1.93 (m, 21H), 2.21-2.40 (m, 1H), 3.87 (d, 2H,
J = 6.4Hz); analytical data were consistent with those reported in the
literature.!>!

Compounds 1, 2, 3, 8, 9, 10, 11, 12, 13, 14, and 15 are commercially
available.

ACKNOWLEDGMENTS

A. Schulze is grateful for grants from the Graduiertenkolleg Mechanistische
und Anwendungsaspekte nicht-konventioneller — Oxidationsreaktionen.
G. Pagona is grateful for a grant from European Union under the auspices
of the Socrates Exchange Program.

REFERENCES

1. (a) Sheldon, R. A.; Koshi, J. K. Metal-Catalyzed Oxidations of Organic Compounds;
Academic Press: New York, 1984; (b) Hudlicky, M. Oxidations in Organic
Chemistry; ACS Monograph: Washington, 1990; p. 186; (c) Armstrong, A.
Synthetic methods. Part 2, oxidation and reduction methods, annual reports on the
progress of chemistry, section B. Org. Chem. 2003, 99, 21-48; (d) Sheldon, R. A.;
Arends, I. W. C. E.; ten Brink, G. J.; Dijksman, A. Green, catalytic oxidation of
alcohols. Acc. Chem. Res. 2002, 35, 774-781; (e) de Nooy, A. E. J;
Besemer, A. C.; Bekkum, H. V. On the use of stable organic nitroxyl radicals for
the oxidation of primary and secondary alcohols. Synthesis 1996, 1153—1174.

2. Kroutil, W.; Mang, H.; Edegger, K.; Faber, K. Biocatalytic oxidation of primary
and secondary alcohols. Adv. Synth. Catal. 2004, 346, 125-142.

3. Adam, W.; Saha-Moller, C. R.; Ganeshpure, P. A. Synthetic applications of
nonmetal catalysts for homogenous oxidations. Chem. Rev. 2001, 101,
3499-3548.

4. (a) Frigerio, M.; Santagostino, M.; Sputore, S. A user-friendly entry to
2-iodoxybenzoic acid (IBX). J. Org. Chem. 1999, 064, 4537-4538;
(b) Frigerio, M.; Santagostino, M.; Sputore, S.; Palmisano, G. Oxidation of
alcohols with o-iodoxybenzoic acid in DMSO: A new insight into an old hyperva-
lent iodine reagent. J. Org. Chem. 1995, 60, 7272-7276.

5. (a) Tohma, H.; Kita, Y. Hypervalent iodine reagents for the oxidation of alcohols
and their application to complex molecule synthesis. Adv. Synth. Catal. 2004, 346,



Oxone/Sodium Chloride 1155

11.

12.

13.

14.

15.

16.

111-124; (b) Zhdankin, V. V.; Stang, P. J. Recent developments in the chemistry
of polyvalent iodine compounds. Chem. Rev. 2002, 102, 2523-2584;
(c) Varvoglis, A. Hypervalent lodine in Organic Synthesis; Academic Press: San
Diego, 1997.

. (a) Zhao, M.; Li, J.; Mano, E.; Song, Z.; Tschaen, D. M.; Grabowski, E. J. J.;

Reider, P. J. Oxidation of primary alcohols to carboxylic acids with sodium
chlorite catalyzed by TEMPO and bleach. J. Org. Chem. 1999, 64, 2564-2566;
(b) Anelli, P. L.; Biffi, C.; Montanari, F.; Quici, S. Fast and selective oxidation
of primary alcohols to aldehydes or to carboxylic acids and of secondary
alcohols to ketones mediated by oxoammonium salts under two-phase conditions.
J. Org. Chem. 1987, 52, 2559-2562.

. Liu, R.; Liang, X.; Dong, C.; Hu, X. Transition-metal-free: A highly efficient

catalytic aerobic alcohol oxidation process. J. Am. Chem. Soc. 2004, 126,
4112-4113.

. Miller, R. A.; Hoerner, R. S. Iodine as a chemoselective reoxidant of TEMPO:

Application to the oxidation of alcohols to aldehydes and ketones. Org. Lett.
2003, 5, 285-287.

. Bjorsvik, H. R.; Liguori, L.; Constantino, F.; Minisci, F. A new modified

“Montanari oxidation process” by means of chlorine dissolved in the reaction
solvent as oxidant and TEMPO as catalyst: Oxidation of 3-S-quinuclidinol to
3-quinuclidinone. Org. Process Res. Dev. 2002, 6, 197-200.

. Bolm, C.; Magnus, A. S.; Hildebrand, J. P. Catalytic synthesis of aldehydes and

ketones under mild conditions using TEMPO/oxone. Org. Lert. 2000, 2,
1173-1175.

(a) Amati, A.; Dosualdo, G.; Zhao, L.; Bravo, A.; Fontana, F.; Minisci, F.;
Bjorsvic, H. R. Catalytic processes of oxidation by hydrogen peroxide in the
presence of Br, or HBr. Mechanism and synthetic applications. Org. Process
Res. Dev. 1998, 2, 261-269; (b) Jenzer, G.; Schneider, M. S.; Wandeler, R.;
Mallat, T.; Baiker, A. Palladium-catalyzed oxidation of octyl alcohols in “super-
critical” carbon dioxide. J. Catal. 2001, 199, 141-148; (c¢) Simpura, I;
Nevainen, V. Symmetric esters by Tischtschenko reaction of aldehydes
catalyzed by bi- and tridentate catalysts derived from catechol or gallol, trimethy-
laluminum and isopropanol. Tetrahedron 2001, 57, 9867-9872; (d) Sonnet, P. E.;
Moore, G. G. Esterifications of 1- and rac-2-octanols with selected acids and acid
derivatives using lipases. Lipids 1988, 23, 955-960; (e) Tamaru, Y.; Yamada, Y.;
Inoue, K.; Yamamoto, Y.; Yoshida, Z. Oxidation of primary and secondary
alcohols by the catalysis of palladium. J. Org. Chem. 1983, 48, 1286—1292.
Schreiber, J.; Juestel, C.; Wolf, F. Ger. Offen. (1999), DE 19742275; CAN
130:242372.

Trost, B. M.; Braslau, R. Tetra-n-butylammonium oxone. Oxidations under
anhydrous conditions. J. Org. Chem. 1988, 53, 532-537.

Kennedy, R. J.; Stock, A. M. The oxidation of organic substances by potassium
peroxymonosulfate. J. Org. Chem. 1960, 25, 1901-1906.

(a) Travis, B.; Sivakumar, M.; Hollist, G. O.; Borhan, B. Facile oxidation of
aldehydes to acids and esters with oxone. Org. Lett. 2003, 5, 1031-1034;
(b) Webb, K. S.; Ruszkay, S. J. Oxidation of aldehydes with oxone in aqueous
acetone. Tetrahedron 1998, 54, 401-410.

Murray, R. W.; Jeyaraman, R. Dioxiranes: Synthesis and reactions of methyldiox-
iranes. J. Org. Chem. 1985, 50, 2847-2853.



1156 A. Schulze, G. Pagona, and A. Giannis

17.

18.

19.

20.

21.

22.

23.

Dieter, R. K.; Nice, L. E.; Velu, S. E. Oxidation of «,B-enones and alkenes with
oxone and sodium halides: A convenient laboratory preparation of chlorine and
bromine. Tetrahedron Lett. 1996, 37, 2377-2380.

Ceccherelli, P.; Curini, M.; Epifano, F.; Marcotullio, M. C.; Rosati, O. One-step
conversion of oximes to gem-chloro-nitro derivatives. Tetrahedron Lett. 1998,
39, 4385-4386.

Koo, B.-S.; Lee, C. K.; Lee, K.-J. Oxidation of benzyl alcohols with oxone and
sodium bromide. Synth. Commun. 2002, 32, 2115-2123.

Mazitschek, R.; Miilbaier, M.; Giannis, A. IBX-vermittelte oxidation von priméren
alkoholen und aldehyden zu carbonsduren. Angew. Chem. 2002, 114, 4216-4218;
IBX-mediated oxidation of primary alcohols and aldehydes to form carboxylic
acids. Angew. Chem., Int. Ed. 2002, 41, 4059-4061.

Kajigaeshi, S.; Kawamukai, H.; Fujisaki, S. Oxidation using quaternary
ammonium polyhalides. III. An effective oxidation of alcohols and ethers by the
use of benzyltrimethylammonium tribromide. Bull. Chem. Soci. Jpn. 1989, 62,
2585-2588.

Trost, B. M.; Masuyama, Y. Molybdenum catalyzed reactions. Selectivity in oxi-
dations with hydrogen peroxide and ammonium molybdate. Isr. J. Chem. 1984, 24,
134-143.

Ooi, T.; Miura, T.; Itagaki, Y.; Ichikawa, H.; Maruoka, K. Catalytic Meerwein—
Ponndorf—Verley (MPV) and Oppenauer (OPP) reactions: Remarkable accelera-
tion of the hydride transfer by powerful bidentate aluminium alkoxides.
Synthesis 2002, 2, 279-291.



