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Bromine-Catalyzed Aerobic Oxidation of Alcohols
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The oxidation of alcohols to the corresponding carbonyl
compounds is one of the most fundamental and important
transformations in synthetic organic chemistry.!!! Molecular
oxygen is the most ideal oxidant because it is both atom-
economically and environmentally benign. To date, numer-
ous transition-metal-catalyzed aerobic oxidations of alcohols
have been developed."? Recently, the TEMPO (a nitroxy
radical)-catalyzed aerobic oxidation of alcohols has also
been reported.’! However, there is a strong need for cheap-
er, more efficient, more chemoselective, and greener meth-
ods for such transformations, particularly in the pharmaceut-
ical industry.!

Over the past two decades, hypervalent iodine compounds
have been the focus of considerable attention, owing to
their mild and chemoselective oxidizing properties and their
environmentally benign character in contrast to toxic-metal
reagents.”) Very recently, we reported a highly-efficient and
chemoselective oxidation of various alcohols to carbonyl
compounds, such as aldehydes, carboxylic acids, and ketones
with powdered Oxone (2KHSO;-KHSO,K,SO,) in the pres-
ence of catalytic amounts of 2-iodoxybenzenesulfonic acid
(IBS), which is generated in situ from 2-iodobenzenesulfonic
acid (Scheme 1).1

On the other hand, Liu and co-workers reported a hyper-
valent iodine-catalyzed oxidation of alcohols using molecu-
lar oxygen as a terminal oxidant."! Accordingly, the aerobic
oxidation of a broad range of primary and secondary alco-
hols to aldehydes and ketones, respectively, in water was ef-
fectively catalyzed by iodoxybenzene (PhIO,, 1 mol%) in
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Scheme 1. IBS-catalyzed selective oxidation of alcohols.

the presence of catalytic amounts of Br, and NaNO,
(Scheme 2). The catalytic mechanism they proposed for this
reaction involves three redox cycles (Scheme 3). PhIO, is
the active oxidant that oxidizes the alcohol to the corre-
sponding carbonyl compound, and is reduced to dihydroxy-
iodobenzene (PhI(OH),). PhI(OH), is reoxidized to PhIO,
with Br,, which is reduced to HBr. The oxidation of NO
with O, produces NO,, which re-oxidizes HBr to Br,. In ad-
dition, HNO; produced by dissolving NO, in water can also
oxidize HBr to Br,.

OH 0]
J\ PhIO, (1 mol%), Br, (2 mol%) JJ\
R' "R? NaNO, (1 mol%) R'" "R?

F{‘/\OH Air, H,0, 55 °C, 1-7 h JCJ)\

1
R;. R, = aliphatic, aromatic R H

Scheme 2. PhIO,-catalyzed aerobic oxidation of alcohols.”!
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Scheme 3. Mechanism proposed by Liu and co-workers for the PhIO,-
catalyzed aerobic oxidation of alcohols.”!

We were interested in Liu’s oxidation system.”! Unfortu-
nately, however, the oxidation of benzyl alcohol (1a) gave
only a trace amount of benzaldehyde (2a) under both Liu’s
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conditions and more severe conditions (higher temperature
(55-100°C) and a reaction time up to 24 h) [Eq. (1)]. How-
ever, when a large amount of bromine (50 mol %) was used,
brominated compounds were produced together with small
amounts of carbonyl compounds [Eq. (2)]. Thus, we con-
cluded that Liu’s oxidation could not be reproduced.!®!

PhIO, (1 mol%)
Br, (2 mol%), NaNO, (1 mol%)

PhCH,OH (1a PhCHO (2a 1
O (1a) Air or O, (balloon) (traceg) ) t
H,0, 55-100 °C, 24 h
Ph1O, (10 mol%)
Br, (50 mol%), NaNO, (10 mol%)
2a + byproducts 2)
O, (balloon), H;0, 55 °C, 10h  (ca. 30%)

Barton and co-workers reported the PhIO,-mediated oxi-
dation of benzylic alcohols to the corresponding aldehydes
in organic solvents, and the reaction rate is accelerated in
protic solvent such as acetic acid.”) We confirmed that the
PhIO,-promoted oxidation of 1a did not take place in water
under neutral (PhIO, was not dissolved) or acidic (PhIO,
was completely dissolved) conditions [Eq. (3)]. In contrast,
if 1 equiv of HBr was added to the suspension of 1a and
PhIO, in water, a brown homogeneous solution was ob-
tained immediately, and 2a was obtained in 76 % yield with
a small amount of benzoic acid (3a) [Eq. (4)]. Additionally,
we performed the oxidation of 1a with bromine (2 mol %)
and NaNO, (1 mol %) in acetonitrile instead of water, and
2a was obtained in 10% yield in the absence of PhIO,
[Eq. (5)]. These results suggest that the actual oxidant for
the oxidation of alcohol should be bromine rather than
PhIO,, and PhIO, might oxidize Br~ to Br,."

HCI (0 or 1 equiv)

1a+ PhlO, (1 equiv) no reaction (3)
H,0, 50-70 °C, 24 h
. HBr (1 equiv)
1a+PhlO; (1 —_— 2 PhCO,H (3 4
HPNIO(1edi) 5530, 100 (o “)

Br, (2 mol%), NaNO, (1 mol%) 2
a
CH,CN, O, (balloon), 70 °C, 24 h (10%)

In fact, numerous bromine-catalyzed aerobic oxidations
of alcohols in the presence of acid additives and/or light
sources have been reported to date.""" Minisci and co-
workers developed a bromine-catalyzed selective aerobic
oxidation of primary benzyl alcohols to the corresponding
aldehydes in aqueous 1,2-dichloroethane.'! However, large
amounts of bromine (5-40 mol %) and HNOj; (32-65 mol %)
were required.[m] In contrast, Ito and co-workers reported
aerobic oxidation of primary and secondary alcohols to the
corresponding carboxylic acids and ketones, respectively, in
the presence of a catalytic amount (7-20 mol%) of a bro-
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mine source (such as Br,, LiBr, HBr, and so forth) under
UV or visible irradiation.'! However, it is difficult to selec-
tively oxidize primary alcohols to the corresponding alde-
hydes under these conditions.""! The same group also report-
ed the aerobic oxidation of primary benzylic alcohols to the
corresponding benzaldehyde in the presence of a catalytic
amount (10 mol %) of molecular iodine under visible irradi-
ation.''¥ However, it is difficult to oxidize aliphatic alcohols
under these conditions.!''¢!

To find a more efficient aerobic oxidation of alcohols, ini-
tially, we optimized the reaction conditions in the presence
of catalytic amounts of a bromine source (Table 1). A mix-
ture of 1a (5 mmol), Br, (2 mol %), and NaNO, (1 mol %)
in acetonitrile (5 mL) was heated at 70°C even in the pres-
ence of 1 mol% of p-toluenesulfonic acid (TsOH) to give
2a and 3a in 83% and 5% yield, respectively (entry 2). In
sharp contrast, 2a was obtained in only 10% yield in the ab-
sence of TsOH under the same conditions (entry 1). A small
amount of water was added as a co-solvent to dissolve in-
soluble TsONa, which is generated in acetonitrile
(entry 3).) Oxidation did not occur in the absence of bro-
mine or NaNO, and in the presence of iodine in place of
bromine (entries 4-6). Thus, bromine and NaNO, were es-
sential for the present aerobic oxidation. Next, we screened
acid catalysts. Strong acids, such as TFA, Tf,NH, HCI, and
H,SO,, showed catalytic activities similar to those of TsOH
(entries 7-10). On the other hand, a relatively weak acid

Table 1. Optimization of aerobic oxidation reaction conditions.”!
acid/Br,/NaNO,

2a + 3a
solvent, O, (balloon), 70 °C, 24 h *

Entry  Acid Acid/Br,/NaNO, Solvent 2a (3a) Conv.

[mol %] [%]®™
1 None -12/11 CH,CN 10 (0)
2 TsOH 121 CH,CN 83 (5)
3 TsOH 121 CH,CN/H,0 85 (5)
4 TsOH 1/2/- CH,;CN/H,0l! <5(<1)
5 TsOH 1/-11 CH,;CN/H,0!! <1(<1)
6 TsOH 17211 CH,;CN/H,0l! <1(<1)
7 CF,SOH  2/111 CH,CN/H,0U 77 (2)
8 Tf,NH 1/2/1 CH,CN/H,0! 91 (8)
9 Hal 1/2/1 CH,CN/H,0! 79 (4)
10 H,SO, 121 CH,CN/H,0U 80 (4)
11 C.FsCO,H 211 CH,;CN/H,0l! 6(<1)
12 HBrl 5/-11 CH,CN/H,0! 86 (14)
13 HBrl 4/-1 CH,CN/H,0! 78 (4)
14 HBrl 3/-11 CH,;CN/H,0l! 34 (<1)
15 HBr'! 5/-11 CH;CN 94 (3)
16 HBr'¢! 5/-11 THF 39 (1)
17 HBrl 5/-11 EtOAc 4(0)
18 HBrl! 5/-11 CICH,CH,CI 12 (0)
19 HBrl! 5/-11 Benzene 39 (4)
20 HBrl 10/—/2M! CH,CN 82 (6)

[a] Unless otherwise noted, 1a (5 mmol), acid, NaNO, and Br, were
placed in a Schlenk apparatus equipped with a condenser, and the mix-
ture was magnetically stirred at 70°C under balloon pressure of oxygen.
[b] 'H NMR analysis. [c] TsONa was precipitated. [d] CH;CN/H,O (40:1
v/v). [e] I, was used instead of Br,. [f] An aqueous 2N HCI solution (pre-
pared freshly from 12N HCI) was used. [g] An aqueous 48 % HBr solu-
tion was used. [h] An aqueous 69 % HNO; solution was used instead of
NaNO,.
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such as pentafluorobenzoic acid was inefficient (entry 11).
Furthermore, we found that an aqueous 48 % HBr solution
was effective as both an acid and a “Br” source. The aerobic
oxidation was rapid in the presence of HBr (5 mol %) and
NaNO, (1 mol %), however, a large amount of 3a was also
produced in an acetonitrile-water solvent system (entry 12).
In addition, the oxidation rate was strongly dependent on
the catalytic amounts of HBr and NaNO, (entries 12-15).
Oxidation was very slow in the presence of 3 mol% of HBr
and 1 mol% of NaNO,, and gave 2a in only 34% yield
(entry 14). The selectivity of 2a was increased under nearly
nonaqueous conditions," and 2a and 3a were obtained in
94% and 3% yields, respectively (entry 15). Acetonitrile
was superior to other solvents such as tetrahydrofuran, ethyl
acetate, dichloroethane, and benzene (entries 15-19). Nota-
bly, HNO; could be also used instead of NaNO, (entry 20).

To explore the generality of the present aerobic oxidation
of alcohols, various primary benzylic alcohols 1 were exam-
ined as substrates under optimized conditions [HBr (5 or
10 mol %), NaNO, (1 or 2 mol%) in acetonitrile at 70 or
80°C under balloon pressure of pure O,] (Table 2). Most of
benzyl alcohols with the electron-donating or electron-with-

Table 2. Aerobic oxidation of primary benzylic alcohols 1 to aldehydes
2 [al

ArCH,OH (1 HBINaNO ArCHO (2
RO () —Gh.eN, 0, (palloon) ~ A0 @
Entry Product 2  HBr/NaNO, Temp. Time Yield
[mol %] [°C] (h] [%]"
CHO
1 ©/ 2a 51 70 24 90
CHO
2 Q b 51 & 2 8
Me’
CHO
3 @[ 2¢ 1012 80 20 82
Me
CHO
4 /©/ 2d 1012 80 46 80
tBu
CHO
5 ©/ 2e 51 80 2 87
Cl

o
@]
I
o
w

2f 51 80 85
Cl
CHO
7 @[ 2¢g 102 80 48 72
Cl
CHO
8 /©/ 2h 1012 80 16 87
Br
CHO
9 j©/ 2 102 8 6 9
F
CHO
10 2j 102 80 48 77
CHO
11 O/ 2k 102 80 72 58lcl
O,N

[a] Unless otherwise noted, 1 (5 mmol), NaNO, and aqueous 48 % HBr
solution were placed a Schlenk apparatus equipped with a condenser,
and the mixture was magnetically stirred at 70 or 80°C under balloon
pressure of oxygen. [b] Yield of isolated product of 2. [c] 4-Nitrobenzoic
acid 3j was obtained in 19% yield ("H NMR).
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drawing groups were selectively oxidized to the correspond-
ing aldehydes 2 (entries 1-10). However, the oxidation of 4-
nitrobenzyl alcohol 1k was very slow and the product selec-
tivity was low under these conditions (entry 11). Unfortu-
nately, the aerobic oxidations of aliphatic primary alcohols
were not successful under these conditions.

Next, the oxidation of secondary alcohols was examined
(Table 3). The oxidation of 1-phenylethanol 4a in acetoni-
trile" gave acetophenone 5a in 38 % yield with byproducts
including a-bromoacetophenone (entry 1). Br, was con-
sumed for the a-bromination of enolizable ketones that are
initially formed under these conditions with the inhibition of
catalysis."*"! Fortunately, we found that the use of a small
amount of water was effective for the selective oxidation of
4a to 5a in high yield (entry 2). The oxidation of benzyl al-
cohol 4 was faster in the presence of two-fold amounts of
catalysts (10 mol % HBr and 2 mol % NaNO,) and gave 5 in
high yields (entries 3-5). Furthermore, the oxidation of sec-
ondary aliphatic alcohols 4 gave the corresponding ketones
5 in high yields under these conditions (entries 6-9).

Finally, we found that air could also be used as an oxygen
source instead of pure O, under our conditions (Table 4).
Notably, the addition of a catalytic amount of HNOj signifi-
cantly accelerated the reaction rate (entry 2 versus entry 1).
Thus, air oxidation of 1la in the presence of HBr
(10 mol % )/NaNO, (2 mol % )/HNO; (2 mol%) gave 2a in
90 % vyield (entry 2). The use of twice amounts of NaNO, or
HNO; was not effective (entries 3 and 4). Additionally, 2a
was obtained in 46% yield in the presence of HCIl as an
acid additive instead of HNO;. These results suggest that
the addition of both NaNO, and HNO; was essential for the
air oxidation of alcohols under these conditions, however
the additional role of HNO; was not clear. Noteworthy, air
oxidation of 4g gave ketone 5g in 99% yield under these
modified conditions (entry 4).

Our proposed mechanism for the present aerobic oxida-
tion is similar to that of Liu (Scheme 3),! although Br, is
the active oxidant that oxidizes the alcohol to the corre-
sponding carbonyl compounds (Cycle I, Scheme 4). The re-
action of NaNO, or HNO; with HBr initially gives NOBr or

H,0 OH
1120, NO Br, e
D
(o]
NO, ~N 2HBr " kRZ

H,O HNO,

Scheme 4. Proposed mechanism for the bromine-catalyzed aerobic oxida-
tion of alcohols.

NO,Br which decomposes into NO or NO, and Br,
[Egs. (6)—(9)].">') NO, is generated also by the oxidation of
NO with O,, and oxidizes HBr to Br, [Egs. (10) and (11),
Cycle ][ Tn addition, HNOj; can be also produced by dis-
solving NO, in water [Eq. (12)].[*¢
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NaNO, + 2HBr —= NOBr + NaBr + H,0 (6)
2NOBr === 2NO + Br, (")
HNO, + HBr — NO,Br + H,0 ®)
2NO,Br === 2NO, + Br, 9)
2NO + 0, —= 2NO, (10)
NO, + 2HBr — NO + Br, + H,0 (11)
3NO, + H,0 — 2HNO, + NO (12)

Table 3. Acrobic oxidation of secondary alcohols 4 to ketones 5.1
HBr/NaNO,
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In conclusion, we found that a simple and environmental-
ly benign catalytic system consisting of HB1r/NaNO, was
very effective for the aerobic oxidation of alcohols. Primary
benzylic alcohols could be selectively oxidized to the corre-
sponding aldehydes under balloon pressure of O, in acetoni-
trile. Secondary alcohols were oxidized to the corresponding
ketones in the presence of a small amount of water. Further-
more, the aerobic oxidation of alcohols could also be ach-
ieved under balloon pressure of air instead of pure O, with
this HBr/NaNO,/HNOj catalytic system.

Experimental Section

Representative procedure for the aero-
bic oxidation of benzyl alcohols: To a

R'R'CHOH (4) solvent, O, (balloon) R'RCO (5) Schlenk apparatus equipped with a
condenser and Teflon-coated stirrer
Entry  Product 5 HBr/NaNO, [mol%] Solvent Temp. [°C] Time [h]  Yield [%]" chip were added successively NaNO,
1 o] 5a 102 CH,CN 80 44 3gldl (3.5 mg, 0.05 mmol), acetonitrile
2 @)K 5a 5/1 CH,CN/H,O'! 80 28 85l (5.0mL), and 1a (520 uL, 5.0 mmol).
3 5a 10/2 CH,CN/H,O'! 80 3 76 The flask was charged with oxygen,
o and commercial aqueous 48 % HBr so-
lution (28 pL, 0.25 mmol) was added
4 /@J\ 5b 1012 CH;CN/H,0 80 4 2 rapidly. The resulting mixture was
Me heated to 70°C and stirred for 24 h
o under balloon pressure of oxygen. The
5 /©)‘\ 5¢ 102 CH,CN/H,O! 80 24 74 resulting mixture was cooled to room
ol temperature and poured into saturated
0 NaHSO; solution, and the organic
6 Ph/\)k 54 1020 CH,CN/H,O'! 80 24 7210 layer was washed with saturated
o NaHCO; solution. The aqueous layer
7 /\(\,))K Se 102 CH,CN/H,O'! 80 24 75 was extracted with diethyl ether and
4 the combined organic layers were
8 Ayo s 102 CH,CN 80 48 05le] dried over anhydrous MgSO, and
) evaporated under vacuo. The residue
was chromatographed on SiO, to give

9 sgl 1071 CH,CN 30 » 95 2a (478 mg, 4.5 mmol) in 90 % yield.

O

[a] See footnote for Table 2. [b] Yield of isolated product of 5. [c] CH;CN/H,O (40:1 v/v). [d] 2-Bromoaceto-
phenone and unidentified products were obtained. [e] 'H NMR analysis. [f] An aqueous 69 % HNO; solution

(2mol %) was used as additive. 5d was obtained in 66% yield (‘"H NMR analysis) in the absence of HNO;.

[g] Product via exo-norborneol 4 f. [h] Product via borneol 4g.
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Table 4. Bromine-catalyzed air-oxidation of alcohols 1a and 4.
HBr/NaNO,/HNO,
12 0r4 S ENHL0 (401 viv), air (balloon), 80 G 22 °5

Entry Product HBr/NaNO, HNO; Time Yield
[mol %] [mol %™ [h] [%]

1 2a 10/2 0 24 471

2 2a 1072 2 24 86

3 2a 10/4 0 24 49l

4 2a 10/0 4 24 51

5 2a 10/2 2lel 24 464

5 Sa 20/4 4 24 86

6 S5g 1072 2 48 99

[a] See footnote for Table 2. Air was used instead of pure O,. [b] An [2]

aqueous 69% HNO; solution was used. [c] Yield of isolated product of
carbonyl compound. [d] "H NMR analysis. [e] An aqueous 2N HCI solu-
tion (2mol%, prepared freshly from 12~ HCI) was used instead of
HNO:;.

Chem. Asian J. 2010, 5, 456 —460

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] For books, see: a) G. Tojo, M. Fernandez, Oxidation of Alcohols to
Aldehydes and Ketones, Springer, Berlin, 2006; b) G. Tojo, M. Fer-
nandez, Oxidation of Primary Alcohols to Carboxylic Acids, Spring-
er, Berlin, 2006; c)J. E. Backwall, Modern Oxidation Methods,
Wiley-VCH, Weinheim, 2004; d) S. V. Ley, A. Madin in Comprehen-
sive Organic Synthesis, Vol. 7, 3rd ed. (Ed.: S. V. Ley), Pergamon
Press, Oxford, 1999, chap. 2, pp. 251-327.

For selected examples, see: a) I. E. Marko, P. R. Giles, M. Tsukaza-
ki, S. M. Brown, C.J. Urch, Science 1996, 274, 2044; b) G.-J. ten
Brink, I. W. C. E. Arends, R. A. Sheldon, Science 2000, 287, 1636;
¢) D. 1. Enache, J. K. Edwards, P. Landoin, B. Solsona-Espriu, A. F.
Carley, A. A. Herzing, M. Watanabe, C. J. Kiely, D. W. Knight, G. J.

459

www.chemasianj.org


http://dx.doi.org/10.1126/science.274.5295.2044
http://dx.doi.org/10.1126/science.287.5458.1636

COMMUNICATION

3

[l

(4]

5

[

[6

—

(7]
(8]

)

460

Hutchings, Science 2006, 311, 362; For a recent review, see: d)J.
Piera, J.-E. Backvall, Angew. Chem. 2008, 120, 3558; Angew. Chem.
Int. Ed. 2008, 47, 3506.

For selected examples, see: a) R. Liu, X. Liang, C. Dong, X. Hu, J.
Am. Chem. Soc. 2004, 126, 4112; b) R. Liu, C. Dong, X. Liang, X.
Wang, X. Hu, J. Org. Chem. 2005, 70, 729; c) B. Karimi, A. Biglari,
J.H. Clark, V. Budarin, Angew. Chem. 2007, 119, 7348; Angew.
Chem. Int. Ed. 2007, 46, 7210; d) X. Wang, R. Liu, Y. Jin, X. Liang,
Chem. Eur. J. 2008, 14, 2679; ¢) X. He, Z. Shen, W. Mo, N. Sun, B.
Hu, X. Hu, Adv. Synth. Catal. 2009, 351, 89; For reviews, see:
f) R. A. Sheldon, I. W. C. E. Arends, Adv. Synth. Catal. 2004, 346,
1051; g) W. Adam, C. R. Saha-Moller, P. A. Ganeshpure, Chem. Rev.
2001, 701, 3499.

a) S. Caron, R. W. Dugger, S. G. Ruggeri, J. A. Ragan, D. H.B.
Ripin, Chem. Rev. 2006, 106, 2943; b) R. W. Dugger, J. A. Ragan,
D. H. B. Ripin, Org. Process Res. Dev. 2005, 9, 253.

For selected recent books and reviews on hypervalent iodine
chemistry, see: a) T. Wirth, Hypervalent lodine Chemistry in Top.
Curr. Chem. 224, Springer, Berlin, 2003; b) M. Ochiai, Chem. Rec.
2007, 7, 12; ¢) V. V. Zhdankin, P.J. Stang, Chem. Rev. 2008, 108,
5299; d) M. Uyanik, K. Ishihara, Chem. Commun. 2009, 2086; ¢) T.
Dohi, Y. Kita, Chem. Commun. 2009, 2073.

a) M. Uyanik, M. Akakura, K. Ishihara, J. Am. Chem. Soc. 2009,
131, 251; b) M. Uyanik, R. Fukatsu, K. Ishihara, Org. Lett. 2009, 11,
3470.

R. Mu, Z. Liu, Z. Yang, Z. Liu, L. Wu, Z.-L. Liu, Adv. Synth. Catal.
2005, 347, 1333.

Discussions regarding these experimental results with Prof. Z.-L.
Liu has resulted in the agreement that there may be errors in their
paper, Ref [7].

D. H. R. Barton, C.R. A. Godfrey, J. W. Morzycki, W. B. Mother-
well, A. Stobie, Tetrahedron Lett. 1982, 23, 957.

(10]

(1]

(12]

(13]

(14]

(1]

(16]

K. Ishihara et al.

F. Minisci, O. Porta, F. Recupero, C. Punta, C. Gambarotti, M. Pieri-
ni, L. Galimberti, Synlett 2004, 2203.
a) A. Itoh, S. Hashimoto, K. Kuwabara, T. Kodama, Y. Masaki,
Green Chem. 2005, 7, 830; b)S. Hirashima, S. Yamamoto, Y.
Masaki, A. Itoh, Tetrahedron 2006, 62, 7887, c) K. Kuwabara, A. Ito,
Synthesis 2006, 1949; <lit d>A. Itoh, S. Hashimoto, Y. Masaki,
Synlett 2005, 2639; e) S. Hirashima, A. Ito, Green Chem. 2007, 9,
318; f) T. Sugai, A. Itoh, Tetrahedron Lett. 2007, 48, 9096; g) H. Na-
kayama, A. Itoh, Chem. Pharm. Bull. 2006, 54, 1620.
For selected examples of bromine-catalyzed oxidation of alcohols
with hydrogen peroxide instead of O,, see: a) A. Amati, G. Dosual-
do, L. Zhao, A. Bravo, F. Fontana, F. Minisci, H.-R. Bjgrsvi, Org.
Process Res. Dev. 1998, 2, 261; b) V. B. Sharma, S. L. Jain, B. Sain,
Synlett 2005, 173; c) B.F. Sels, D. E. De Vos, P. A. Jacobs, Angew.
Chem. 2005, 117, 314; Angew. Chem. Int. Ed. 2005, 44, 310; d) J. K.
Joseph, S. L. Jain, B. Sain, Eur. J. Org. Chem. 2006, 590; e) A. Podg-
orsek, S, Stavber, M. Zupan, J. Iskra, Green Chem. 2007, 9, 1212.
Although a large amount of water inhibited the oxidation reactions,
the addition of a small amount of water was helpful in making the
reaction mixture homogeneous, and gave more reproducible results
for TsOH-promoted oxidations.
A commercial aqueous 48% solution of HBr was used. Thus,
~15 pL of contaminating H,O was present in 5.0 mmol-scale oxida-
tions under nearly nonaqueous conditions.
a) A. Podgorsek, M. Eissen, J. Fleckenstein, S. Stavber, M. Zupana,
J. Iskra, Green Chem. 2009, 11, 120; b) A. Podgorsek, M. Zupan, J.
Iskra, Angew. Chem. 2009, 121, 8576; Angew. Chem. Int. Ed. 2009,
48, 8424, and references therein.
K. Jones in Comprehensive Inorganic Chemistry, Vol. 2 (Ed: A.F.
Trotman-Dickenson), Pergamon Press, Oxford, 1973, chap. 19,
pp. 147-388.
Received: November 1, 2009
Published online: February 1, 2010

www.chemasianj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Asian J. 2010, 5, 456 —460


http://dx.doi.org/10.1126/science.1120560
http://dx.doi.org/10.1002/ange.200700604
http://dx.doi.org/10.1002/anie.200700604
http://dx.doi.org/10.1002/anie.200700604
http://dx.doi.org/10.1021/ja031765k
http://dx.doi.org/10.1021/ja031765k
http://dx.doi.org/10.1021/jo048369k
http://dx.doi.org/10.1002/ange.200701918
http://dx.doi.org/10.1002/anie.200701918
http://dx.doi.org/10.1002/anie.200701918
http://dx.doi.org/10.1002/chem.200701818
http://dx.doi.org/10.1002/adsc.200800501
http://dx.doi.org/10.1002/adsc.200404110
http://dx.doi.org/10.1002/adsc.200404110
http://dx.doi.org/10.1021/cr000019k
http://dx.doi.org/10.1021/cr000019k
http://dx.doi.org/10.1021/cr040679f
http://dx.doi.org/10.1021/op050021j
http://dx.doi.org/10.1002/tcr.20104
http://dx.doi.org/10.1002/tcr.20104
http://dx.doi.org/10.1021/cr800332c
http://dx.doi.org/10.1021/cr800332c
http://dx.doi.org/10.1039/b823399c
http://dx.doi.org/10.1039/b821747e
http://dx.doi.org/10.1021/ja807110n
http://dx.doi.org/10.1021/ja807110n
http://dx.doi.org/10.1021/ol9013188
http://dx.doi.org/10.1021/ol9013188
http://dx.doi.org/10.1002/adsc.200505102
http://dx.doi.org/10.1002/adsc.200505102
http://dx.doi.org/10.1016/S0040-4039(00)86993-2
http://dx.doi.org/10.1055/s-2004-832808
http://dx.doi.org/10.1039/b511780a
http://dx.doi.org/10.1016/j.tet.2006.05.048
http://dx.doi.org/10.1055/s-2005-918914
http://dx.doi.org/10.1039/b613931k
http://dx.doi.org/10.1039/b613931k
http://dx.doi.org/10.1016/j.tetlet.2007.10.132
http://dx.doi.org/10.1248/cpb.54.1620
http://dx.doi.org/10.1021/op980028j
http://dx.doi.org/10.1021/op980028j
http://dx.doi.org/10.1002/ange.200461555
http://dx.doi.org/10.1002/ange.200461555
http://dx.doi.org/10.1002/anie.200461555
http://dx.doi.org/10.1002/ejoc.200500758

