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Many advantages of continuous flow reactors have been
previously discussed in the literature.[1] In particular, when the
size of the pipe diameter is reduced, specific effects arise as a
result of high specific interfacial surface area per unit volume.
Recently, microchannel reactors with widths and depths in the
micrometer dimension have also been applied in the field of
synthetic chemistry.[2] Such reactors offer reaction environ-
ments with large interfacial areas between different phases,
and thus efficiently promote liquid–liquid, gas–liquid, and
gas–liquid–solid reactions.[3] Furthermore, they allow precise
control of reaction variables, and ensure increased safety in
conducting chemical reactions. We have recently developed a
palladium-immobilized[4] microfluidic device to perform tri-
phase hydrogenation reactions and found that the substrates
were converted into the desired products quantitatively
within two minutes.[5] Moreover, we have also reported
hydrogenation reactions using supercritical carbon dioxide
as a solvent[6] and utilized capillary column reactors[7] to
increase productivity. We envisioned that the concept could
be extended to the aerobic oxidation of alcohols with an
appropriate immobilized metal catalyst.

The oxidation of alcohols to carbonyl compounds is
among the most fundamental and important transformations
in synthetic organic chemistry.[8] Typical oxidation methods,
however, rely on the use of stoichiometric amounts of
inorganic oxidants,[9] and thus lead to the generation of a
large amount of chemical wastes. Heterogeneous catalytic
systems that utilize molecular oxygen as an oxidant can
overcome such drawbacks;[10] however, the gas–liquid–solid
reactions involved often suffer from insufficient reactivity.
The development of a novel method for accelerating such
multiphase reactions is, therefore, a much sought-after goal.

Although several catalytic reactions using microchannel
reactors have been reported, only a few examples that utilize
metal-catalyzed aerobic oxidation of alcohols are known.[11]

Herein, we describe a novel gold-immobilized microchannel

reactor for the efficient catalytic oxidation of alcohols with
molecular oxygen. We selected a polysiloxane-coated capil-
lary column (50 cm length, 250 mm inner diameter), which
contained 50 % phenyl and 50% n-cyanopropyl functional-
ities on silicon atoms with a film thickness of 0.25 mm on the
walls of the microchannel (Figure 1).

The preparation method of a gold-immobilized capillary
column reactor is summarized in Scheme 1. At first the
cyanopropyl groups were reduced to the corresponding

primary amine group using lithium aluminum hydride
(LiAlH4; Scheme 1a). Microencapsulated gold (MC-Au)
(2), prepared from chlorotriphenylphosphine gold
(AuClPPh3) and copolymer in THF solution, was used as a
gold source for the immobilization (Scheme 1b).[12] A colloi-

Figure 1. Polysiloxane-coated capillary column.

Scheme 1. Immobilization of the gold catalyst. a) Reduction of the
cyano group to an amine. b) Preparation of microencapsulated gold.
c) Immobilization of the gold catalyst.
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dal solution of the MC-Au was then slowly pumped into the
modified capillary column to form 3 and, finally, the capillary
column was heated at 170 8C for 5 h. Cross-linking of the
copolymer occurs during heating and results in the desired
gold-immobilized capillary column.

The oxidation reaction system was assembled as shown in
Figure 2. The gold-immobilized capillary column was
attached to a T-shaped connector, which was connected to

another T-shaped connector by a teflon tube. A gas cylinder
containing oxygen was connected to the T-shaped connector
to which the capillary column was attached. The flow of
oxygen gas was controlled by a mass-flow controller, which
was made of stainless-steel tubing (SUS tube). Solutions of
the substrates in an organic solvent (1,2-dichloroethane) and
aqueous potassium carbonate (K2CO3) were introduced using
syringes under the control of two syringe pumps. The
solutions containing the substrate and aqueous K2CO3

merged at the T-shaped connector before meeting the
oxygen gas at the second T-shaped connector prior to their
flow through the gold-immobilized capillary column.

The multiphase oxidation reactions were first carried out
using 1-phenylethanol as substrate. After optimization of the
reaction conditions, complete conversion of 1-phenylethanol
was attained (Table 1). Changing the solvent from 1,2-

dichloroethane to THF or a,a,a-trifluorotoluene did not
improve the reactivity, and higher concentrations of substrate
resulted in lower conversions. Increasing the flow rate of the
aqueous K2CO3 solution or oxygen gas did not affect the
conversion, whereas decreasing the flow rate of the substrate
solution improved the conversion of 1-phenylethanol. It
should be noted that a pipe-flow three-phase system could
be created under these conditions,[5] and that the oxidation
was more efficient than previous methods using microchannel
reactors.[11]

The feasibility of the continuous flow capillary column
reactor was also confirmed using the standard conditions, as

shown in Table 1. It was found that 1-phenylethanol was
converted into the corresponding ketone in excellent con-
version without loss of activity: 99% conversion was retained
after 4 days and no leaching of gold was observed (Table 2).[13]

We also found that the system was stabilized after several
hours because slightly lower conversion of the substrate was
observed at the beginning of the reaction.

The scope of the aerobic oxidation of alcohols using the
gold-immobilized capillary column reactor was studied using
benzylic, aliphatic, allylic, and other alcohols (Table 3). In

most cases, the alcohols were successfully oxidized to the
corresponding ketones in excellent yields. The oxidation of
benzyl alcohol led to a low yield of the expected aldehyde,
although full conversion was observed (Table 3, entry 9).
However, when we used a Au/Pd-immobilized capillary
column reactor,[14,15] the desired aldehyde was obtained
selectively in high yield (Table 3, entry 10). It is noteworthy
that the capillary column reactor can accommodate the
bimetallic Au/Pd system.

In summary, we have developed a gold-immobilized
capillary column reactor for the oxidation of alcohols with
molecular oxygen. The oxidation of various alcohols pro-
ceeded easily to give the corresponding aldehydes and
ketones in good to excellent yields. No leaching of gold was

Figure 2. Experimental setup of the gold-catalyzed oxidation reactions.

Table 1: The standard conditions for multiphase oxidation reactions.

Inlet Conditions

substrate in solvent 0.1m in 1,2-dichloroethane, 0.1 mLh�1

K2CO3 (aq) 0.3m in water, 0.03 mLh�1

O2 (gas) 1.5 mLmin�1

Table 2: Evaluation of the catalytic activity.[a]

t [h] 0–12 12–24 24–48 48–72 72–84 84–96

Conv. [%][b] 96 98 99 99 99 99

[a] 1-Phenylethanol as substrate. [b] Determined by GC analysis.

Table 3: Oxidation of alcohols using the gold-immobilized capillary
column reactor.[a]

Entry Substrate T [8C] Conv. [%][b] Yield [%][b]

1 PhCH(OH)Me 60 >99 99
2 p-MeOC6H4CH(OH)Me 60 >99 99
3 p-FC6H4CH(OH)Me 60 >99 99
4 p-ClC6H4CH(OH)Me 70 >99 99
5 trans-PhCH=CHCH(OH)Me 70 >99 99
6 2-thienyl-CH(OH)Me 60 >99 99
7[c] Ph(CH2)2CH(OH)Me 65 >99 89
8 1-Indanol 60 >99 99
9 PhCH2OH 60 >99 53
10[d] PhCH2OH 50 >99 92
11[d] p-MeC6H4CH2OH 60 >99 95

[a] Unless otherwise stated, the reactions were carried out as follows:
substrates in dichloroethane (0.1m, 0.1 mLh�1), aqueous K2CO3 (0.3m,
0.03 mLh�1), and O2 (1.5 mLmin�1). [b] Determined by GC analysis.
[c] The reactions were carried out as follows: substrates (0.05m) and
aqueous K2CO3 (0.6m). [d] Au/Pd-immobilized capillary column reactor
was used instead of Au-immobilized capillary column reactor. 100%
water was used instead of aqueous K2CO3.
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observed, and the gold-immobilized capillary column could
be continuously used for at least fourdays without loss of
activity. To the best our knowledge, this is the first example of
a microreactor that allowed full conversion of alcohols by
aerobic oxidation of alcohols in microchannels. Further
investigations to apply this system to other transformations
are in progress.

Received: January 30, 2009
Published online: May 22, 2009

.Keywords: alcohols · flow cells · gold · oxidation · oxygen

[1] a) N. G. Anderson, Org. Process Res. Dev. 2001, 5, 613; b) G. Jas,
A. Kirschning, Chem. Eur. J. 2003, 9, 5708; c) A. Kirschning, W.
Solodenko, K. Mennecke, Chem. Eur. J. 2006, 12, 5972.

[2] a) W. Ehrfeld, V. Hessel, H. L�we, Microreactors, Wiley-VCH,
Weinheim, 2000 ; b) P. D. I. Fletcher, S. J. Haswell, E. Pombo-
Villar, B. H. Warrington, P. Watts, S. Y. F. Wong, X. Zhang,
Tetrahedron 2002, 58, 4735; c) K. J�hnisch, V. Hessel, H. L�we,
M. Baerns, Angew. Chem. 2004, 116, 410; Angew. Chem. Int. Ed.
2004, 43, 406; d) K. Geyer, J. D. C. Cod�e, P. H. Seeberger,
Chem. Eur. J. 2006, 12, 8434; e) P. Watts, C. Wiles, Org. Biomol.
Chem. 2007, 5, 727; f) B. Ahmed-Omer, J. C. Brandt, T. Wirth,
Org. Biomol. Chem. 2007, 5, 733; g) B. P. Mason, K. E. Price,
J. L. Steinbacher, A. R. Bogdan, D. T. McQuade, Chem. Rev.
2007, 107, 2300; h) T. Fukuyama, M. T. Rahman, M. Sato, I. Ryu,
Synlett 2008, 151; i) J. Yoshida, A. Nagaki, T. Yamada, Chem.
Eur. J. 2008, 14, 7450.

[3] J. Kobayashi, Y. Mori, S. Kobayashi, Chem. Asian J. 2006, 1, 22.
[4] a) R. Akiyama, S. Kobayashi, J. Am. Chem. Soc. 2003, 125, 3412;

b) K. Okamoto, R. Akiyama, H. Yoshida, T. Yoshida, S.
Kobayashi, J. Am. Chem. Soc. 2005, 127, 2125.

[5] J. Kobayashi, Y. Mori, K. Okamoto, R. Akiyama, M. Ueno, T.
Kitamori, S. Kobayashi, Science 2004, 304, 1305.

[6] J. Kobayashi, Y. Mori, S. Kobayashi, Chem. Commun. 2005,
2567.

[7] J. Kobayashi, Y. Mori, S. Kobayashi, Adv. Synth. Catal. 2005, 347,
1889.

[8] a) R. A. Sheldon, J. K. Kochi, Metal-Catalyzed Oxidations of
Organic Compounds, Academic Press, New York, 1981; b) M.

Hudlicky, Oxidations in Organic Chemistry, ACS Monograph
186, American Chemical Society, Washington, DC, 1990 ; c) S. V.
Ley, A. Madin in Comprehensive Organic Synthesis, Vol. 7 (Eds.:
B. M. Trost, I. Fleming, S. V. Ley), Pergamon, Oxford, 1991,
pp. 251 – 290.

[9] a) G. Cainelli, G. Cardillo in Chromium Oxidations in Organic
Chemistry, Springer, Berlin, 1984 ; b) W. R. Brasen, C. R.
Hauser, J. Org. Chem. 1953, 18, 806; c) E. Alder, H. D. Becker,
Acta Chem. Scand. 1961, 15, 849.

[10] a) T. Mallat, A. Baiker, Chem. Rev. 2004, 104, 3037; b) B.-Z.
Zhan, A. Thompson, Tetrahedron 2004, 60, 2917; c) T. Matsu-
moto, M. Ueno, N. Wang, S. Kobayashi, Chem. Asian J. 2008, 3,
239.

[11] The catalytic systems previously reported were only applied to
limited substrates due to gas-phase reactions under extremely
high temperature (400 8C)[11a] or insufficient reactivity with
deactivation of the catalyst:[11b] a) E. Cao, A. Gavriilidis, W. B.
Motherwell, Chem. Eng. Sci. 2004, 59, 4803; b) E. Cao, W. B.
Motherwell, A. Gavriilidis, Chem. Eng. Technol. 2006, 29, 1372.

[12] H. Miyamura, R. Matsubara, Y. Miyazaki, S. Kobayashi, Angew.
Chem. 2007, 119, 4229; Angew. Chem. Int. Ed. 2007, 46, 4151.

[13] The efficiency of this microflow system was confirmed by several
comparative experiments. For example, we confirmed that the
mean residence time of our system is 90 s. When we conducted
the oxidation of 1-phenylethanol using the same catalyst in a
batch system for 90 s, the yield was 1%. On the other hand, when
the same oxidation was conducted using Au/C in a batch system
for 90 s, only a trace amount of the product (< 0.1%) was
obtained. Furthermore, �micro� dimension in this system is
crucial. When a larger column (20 mm � 300 mm) was used,
about 60 % yield was obtained in 60 min (mean residence time)
in the aerobic oxidation of 1-phenylethanol. Although we do not
have data for 90 s (mean residence time), the yield decreased to
< 30% in 30 min (mean residence time) in the larger flow
system.

[14] We have recently reported that the aerobic oxidation of alcohols
proceeds efficiently in aqueous media under base-free condi-
tions using Au/Pt alloyed bimetallic cluster catalysts. H. Miya-
mura, R. Matsubara, S. Kobayahsi, Chem. Commun. 2008, 2031.

[15] The results shown here also demonstrate that the present reactor
can be prepared using other metal catalysts.

Zuschriften

4840 www.angewandte.de � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2009, 121, 4838 –4840

http://dx.doi.org/10.1021/op0100605
http://dx.doi.org/10.1002/chem.200305212
http://dx.doi.org/10.1002/chem.200600236
http://dx.doi.org/10.1016/S0040-4020(02)00432-5
http://dx.doi.org/10.1002/ange.200300577
http://dx.doi.org/10.1002/anie.200300577
http://dx.doi.org/10.1002/anie.200300577
http://dx.doi.org/10.1002/chem.200600596
http://dx.doi.org/10.1039/b617327f
http://dx.doi.org/10.1039/b617327f
http://dx.doi.org/10.1039/b615072a
http://dx.doi.org/10.1021/cr050944c
http://dx.doi.org/10.1021/cr050944c
http://dx.doi.org/10.1002/chem.200800582
http://dx.doi.org/10.1002/chem.200800582
http://dx.doi.org/10.1002/asia.200600058
http://dx.doi.org/10.1021/ja029146j
http://dx.doi.org/10.1021/ja047095f
http://dx.doi.org/10.1126/science.1096956
http://dx.doi.org/10.1039/b501169h
http://dx.doi.org/10.1039/b501169h
http://dx.doi.org/10.1002/adsc.200505265
http://dx.doi.org/10.1002/adsc.200505265
http://dx.doi.org/10.1021/jo50013a005
http://dx.doi.org/10.1021/cr0200116
http://dx.doi.org/10.1016/j.tet.2004.01.043
http://dx.doi.org/10.1002/asia.200700336
http://dx.doi.org/10.1002/asia.200700336
http://dx.doi.org/10.1016/j.ces.2004.08.020
http://dx.doi.org/10.1002/ceat.200600107
http://dx.doi.org/10.1002/ange.200700080
http://dx.doi.org/10.1002/ange.200700080
http://dx.doi.org/10.1002/anie.200700080
http://dx.doi.org/10.1039/b800657a
http://www.angewandte.de

