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ABSTRACT

5 mol% Cu({CIO4),, 10 mol% DMAP
RCH,0OH > RCHO
5 mol% acetamido-TEMPO
[bmpy]PFg, 02, rt
R = aryls, vinyls, alkyls

A room-temperature aerobic oxidation of primary alcohols to aldehydes catalyzed by the three-component system acetamido-TEMPO/Cu-
(ClO4),/DMAP in the ionic liquid [bmpy]PF ¢ has been developed, and the catalysts can be recycled and reused for five runs without any
significant loss of catalytic activity.

With ever-increasing environmental concerns, much attention sis® Numerous oxidizing reagents (i.e., KMa®InO,, CrGs,

has been directed toward the reduction or replacement ofSeQ, Br,, etc.) in stoichiometric amount have been tradi-
volatile organic compounds (VOCs) from the reaction media tionally employed to accomplish this transformatiavith

in the Green Chemistry focus arkaand a variety of considerable drawbacks such as high cost and a large amount
environmentally benign media such as water, ionic liquids, of waste byproducts. From an economic and environmental
immobilized solvents, fluorous solvents, and supercritical perspective, catalytic aerobic alcohol oxidation represents a
fluids have been promoted as replacements to VO@sic promising protocol. The use of molecular oxygen as the
liquids, composed entirely of ions with a melting point below primary oxidant has several benefits, including low cost,
100 °C.;2 have been emerging as promising and attractive improved safety, abundance, and water as the sole byproduct.
alternatives due to their unique properties, including low Accordingly, many transition metals such as cobatipper®
volatility, high polarity, good thermal stability, capacity to
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molybdenum? nickel }* osmium?? palladium?? rutheniumt*

and vanadiuf® have been used as catalysts for alcohol
oxidation with molecular oxygen as the terminal oxidant.
As an alternative, the nitroxy radical TEMPO (2,2,6,6-

heterogeneous variants of TEMPZRecently, we reported
a commercially available acetamido-TEMPO that can be
recycled and reused in an ionic liquid, 1-butyl-3-methylimid-
azolium hexafluorophosphate ([bmim]§F for selective

tetramethyl-piperidyl-1-oxy) has emerged to be the catalyst oxidation of benzylic alcohols to aldehydes with hydrogen

of choice for the mild and selective alcohol oxidati§a?

peroxide as the terminal oxidaf¥In continuation of our

TEMPO-catalyzed aerobic alcohol oxidation in the absence interest in exploring green oxidation of alcohols in ionic

of transition metal has also been recently repotte@f the

liquids, we herein report a mild and effective procedure for

particular interest are the catalytic systems consisting of the selective aerobic oxidation of primary alcohols to

TEMPO and an inexpensive transition-metal compound.

aldehydes using a three-component catalytic system consist-

However, TEMPO is a rather expensive chemical agent, ing of acetamido-TEMPO, copper(ll) salt, and DMAP with

and efficient recycling of TEMPO is a very desirable goal.

an ionic liquid as the solvent (Scheme 1). Furthermore, we
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reused for five runs without any significant loss of catalytic
activity.

Scheme 1
acetamido-TEMPO/Cu(ll/DMAP

L
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Oy, ILs, 1t
R = aryls, vinyls, alkyls.

The initial study was carried out using 4-methoxybenzyl
alcohol as the substrate to optimize the reaction conditions,
and the results are summarized in Table 1. At first, three

Table 1. Optimization of the Reaction Conditions for
Oxidizing 4-Methoxybenzyl Alcohol to
4-Methoxybenzaldehyd@é

conversion  yield

entry  copper salt ionic liquid (%) (%)?
1 CuCl,y [bmim]PFg 52 43
2 CuCly [bmim]BFy 47 45
3 CuCly [mmim]OSOsMe 44 32
4 CuCly [bmpy]PFg 87 81
5 Cu(OAc), [bmpy]PFs 66 59
6 CuBr» [ompy]PFg 91 88
7 Cu(ClOy)z [bmpy]PFg 99 91
8¢ Cu(ClOy)2 [ompy]PFg 4 —
9f Cu(ClOy)2  [bmpy]PFs 0 -
10¢ - [bmpy]PFs 0 -

a2 mmol 4-methoxybenzyl alcohol, 5 mol% acetamido-TEMPO, 5 mol%
copper(ll) salt, 10 mol% DMAP, 1 atm £ 0.50 g ionic liquid, room
temperature for 5 P Selectivity is over 99% determined Bif NMR of
the crude product mixturé.Conversion by*H MNR of the crude product

(17) For transition-metal-assisted TEMPO-catalyzed aerobic alcohol mixture. Isolated yield by flash chromatograpHyNo DMAP was added.
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and one pyridinium-type ionic liquid, [ompy]RK1-butyl-
4-methylpyridinium hexafluorophosphate), were tested with
CuCl, as the catalyst precursor. The imidazolium-type ionic
liquids gave only mild conversions (Table 1, entries3),

and [bmpy]Pk proved to be optimal, providing an 87%
conversion and 81% isolated yield (Table 1, entry 4). Next,
various types of copper(ll) salts were tested as catalyst
precursors in [bompy]P4 All the copper salts gave good to
excellent conversions (Table 1, entries?), and Cu(CIQ);
was found to be the best catalyst precursor with 99%
conversion and 91% isolated yield (Table 1, entry 7).

Furthermore, all three components (copper salt, acetamido-

TEMPO, and DMAP) are crucial for this aerobic oxidation,
and the lack of any component leads to very low conversion
or no reaction (Table 1, entries-80). Most importanly, no
over-oxidized product (4-methoxybenzoic acid) was detected
by *H NMR analysis of the crude reaction mixtures in all
the cases.

Having optimized the reaction conditions, we examined
the recyclability of the three-component catalytic system
acetamido-TEMPO/Cu(CIp/DMAP for the aerobic oxida-
tion of 4-methoxybenzyl alcohol in [bmpy]RKTable 2).

Table 2. Recycling of the Catalytic System for the Oxidation
of 4-Methoxybenzyl Alcohol to Aldehydé

OMe
5 mol% Cu(ClO),, 10 mol% DMAP QMe
5 mol% acetamido-TEMPO
CHZ0H [bmpy]PFe, O, 1t CHO
run time (h) conversion (%)° yield (%)4
1 5 99 91
2 5 96 91
3 5 94 92
4 8 93 85
5 8 87 81

a2 mmol 4-methoxybenzyl alcohol, 5 mol% acetamido-TEMPO, 5 mol%
Cu(CIQy)2-6H,0, 10 mol% DMAP, 1 atm @ 0.50 g [bmpy]PE, room
temperature? Selectivity is over 99% determined B NMR of the crude
product mixture Conversion by*H NMR of the crude product mixture.
d1solated yield by flash chromatography.

Due to the good solubility of acetamido-TEMPO and DMAP
in the ionic liquid [ompy]PF, the reuse of the catalysts was
performed without any significant loss of catalytic activity
after full extraction of the product five times with 5 mL
n-pentane per extractidhlt is important to stress that this
system was shown to be readily recyclable for four additional
runs with only a slight drop in activity.

Table 3. Aerobic Oxidation of Alcohols in [ompy]PE
convn®/yield® (%)

entry alcohols time (h)  product

1 @—CHZOH 5 @—CHO 90/92
2 C§~CH20H 5 dCHo 98/90
3 CH,OH 5 CHO 100790
Cl Cl
4 MeO- )-CHOH 5 MeO~ )-CHO 99/91
5 Br _Q_CHZOH 5 Br—@—CHO 99/84
6 —Q—CHQOH 5 —Q‘CHO 98/92
7 ozN—O—CHon 5 OzN@-CHO 100/81
g MeO CH,OH 5  MeO CHO 96/89
MeO MeO

9 Ph"0H 5 pp - CHO 100/89
10 gy 5  CHO 100/77
R
12 B oH 249 ‘M%CHO 100/54
13 ©)*0H 24 @/L o -
14 O—OH 24 C>=O -

1 MeO~_)-CH;OH , MeO~_)-CHO 07175

5

Ph™~~"0H 12/-

a Alcohol (2 mmol), 5 mol% acetamido-TEMPO, 5 mol% Cu(@}$6H,0
and 10 mol% DMAP were stirred at room temperature under 1 atm oxygen
for the appropriate time’ Conversion by*H NMR. ¢ Isolated yieldd The
reaction was carried out at 4C.

3, entries 13 and 14). In addition, the conversion of benzylic
and allylic alcohols to aldehydes is faster and more efficient
with over 96% conversions in 5 h (Table 3, entries 1—10),
which are excellent results for a copper-catalyzed room-
temperature aerobic alcohol oxidation performed in an ionic
liquid. However, aliphatic primary alcohols were less reac-
tive, and longer reaction time and elevated temperature were
needed to reach good conversions (Table 3, entries 11 and

Subsequently, the three-component catalytic system was (22) Representative Experimental ProcedureA mixture of 4-meth-

then applied to various benzylic, allylic, and aliphatic
alcohols as summarized in Table?3It is clear that all

primary alcohols have been selectively oxidized to aldehydes.

Surprisingly, no oxidation was observed with secondary

alcohols such as 1-phenylethanol and cyclohexanol (Table

(21) It has to be noted that both acetamido-TEMPO and DMAP are
insoluble inn-pentane and that [obmpy]P# immiscible withn-pentane.

Org. Lett, Vol. 7, No. 17, 2005

oxybenzyl alcohol (276 mg, 2 mmol), 4-(dimethylamino)pyridine (DMAP,
24.4 mg, 0.2 mmol), and Cu(Ci-6H,0 (37. 1 mg, 0.1 mmol) was heated
at 40°C under magnetic stirring for 5 min, and [bmpyP@.50 g) was
added to the mixture. After 5 min of stirring, acetamido-TEMPO (21.3 mg,
0.1 mmol) was added, and the dark green color of the reaction mixture
turned into pale yellow. The reaction mixture was stirred at room
temperature under {1 atm) for 5 h and then extracted withpentane (5

x 5 mL). The combinedh-pentane phase was concentrated in vacuo. The
residue was subjected 4 NMR analysis and then purified by flash
chromatographyn(-pentane/diethyl ether 10:1) to afford 4-methoxyben-
zaldehyde (colorless oil, 247 mg, yield 91%).
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Scheme 2
RCH,OH / \ H
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RCHO

species, similar to the Cuige,2-bipyridine)-TEMPO system
reported by Sheldon and co-worké?#sIhe inactivity of the
secondary alcohol might be attributed to steric effects of the
complexlIl, which hinder TEMPO'’s coordination to form
the complexill. At this point, it has to be mentioned that
DMAP, in the catalytic system, might have dual roles: the
base to deprotonate the primary alcohol and the N-donor
ligand to copper(ll) salt. This could be partially confirmed
by very low conversions (less than 10%) of 4-methoxybenzyl
alcohol oxidation when DMAP is replaced by pyridine or
N,N-dimethylaniline under the identical conditions.

In conclusion, an efficient and selective aerobic oxidation
of primary alcohols to aldehydes using an acetamido-
TEMPO/Cu(CIQ),/DMAP system has been developed in the
ionic liquid [bmpy]PFk. Most importantly, the catalysts are
very easy to handle and can be recycled and reused for five
runs without any significant loss of catalytic activity. The
scope, mechanism, and synthetic applications of the oxidation
are currently under investigation.
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