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Abstract: The hybrid consisting of gold nanoparti-
cles and poly(2-methoxyaniline-5-sulfonic acid),
which works as a redox mediator for transferring
protons and electrons, catalyzed the oxidation reac-
tion of various alcohols in water under molecular
oxygen.

Keywords: aerobic oxidation; gold; green chemis-
try; redox chemistry

Sustainable molecular transformation reactions are
found in biological systems. For example, catalytic ox-
idation reactions are allowed with the help of redox
mediators in vivo using molecular oxygen as a termi-
nal oxidant.!! On the other hand, oxidation of alco-
hols is one of the most important transformations in
organic chemistry and biochemistry. The discovery of
the catalytic properties of gold nanoparticles (NPs)
for aerobic alcohol oxidation!” has activated this re-
search field for a decade. Generally, metal NPs need
a stabilizer (polymers are often used) to prevent
metal NPs from aggregation in the catalytic reac-
tion.®”! We envisioned the idea to give the function of
redox actitivity to the stabilizer to mediate the redox
reaction, such as aerobic alcohol oxidation. For this
purpose, we chose polyanilines as a redox-active -
conjugated polymer. We have constructed artificial
multi-redox systems based on d,m-conjugation of poly-
anilines or polypyrroles with various transition metals
or metal nanoparticles (NPs), and developed some
catalytic oxidation reactions (Figure 1, a).! In the
present sudy, we decided to use the water-soluble
polyaniline, poly(2-methoxyaniline-5-sulfonic acid)
(PMAS)" from the ecological point of view. PMAS
has three representative oxidation states as follows,
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completely oxidized form PMAS (ox), half oxidized
form PMAS (half ox), and completely reduced form
PMAS (red), and usually exists in the state of PMAS
(half ox) (Figure 1, b). Au NPs were employed for the
catalytic aerobic alcohol oxidation. To the best of our
knowledge, there are no reports of such a catalyst
design for the alcohol oxidation reaction using a
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Figure 1. (a) Concept for the catalyst design based on the
redox-active conductive polymers with various transition
metals or metal NPs. (b) Three representative oxidation
states of PMAS: complete oxidized form PMAS (ox), half
oxidized form PMAS (half ox), and complete reduced form
PMAS (red).
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redox-active polymer as the catalyst support, in spite
of a variety of investigations on the metal NPs-cata-
lyzed alcohol oxidation reactions.” Herein, we report
on the reusable PMAS/Au NPs catalyst for the oxida-
tion reaction of alcohols under molecular oxygen in
water, where PMAS works as a redox mediator for
transferring protons and electrons.

PMAS/Au NPs were prepared according to the pro-
cess shown in Figure 2, a. PMAS was treated with
N,H,H,O, then NaAuCl, was added to the reaction
mixture to give PMAS (half ox)/Au NPs. The trans-
mission electron microscopy (TEM) image and the di-
ameter histogram of the PMAS/Au NPs are shown in
Figure 2, b. Each particle was dispersed and the aver-
age diameter was 7.9 nm. The thus-obtained aqueous
solution of the PMAS/Au NPs was used for the cata-
lytic reaction, and could be stored without the parti-
cles growing in size for at least 6 months (the TEM
image is shown in the Supporting Information, Fig-
ure S1).
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Figure 2. Preparation of PMAS/Au NPs. (b) TEM image
and diameter histogram of PMAS/Au NPs.

To examine the catalytic function of PMAS/Au NPs
prepared according to the process in Figure 2, a, the
oxidation of benzhydrol (1) was conducted in pH 9.0
aqueous buffer solution at 80°C, where no organic
solvent was used (Table 1). Under an oxygen atmos-
phere, 1 was quantitatively transformed into benzo-
phenone (2) in the presence of 5mol% PMAS/Au
NPs (based on Au atom) for 1h (entry 1). On the
other hand, PMAS showed no catalytic activity in the
absence of Au NPs (entry 2). Even under air, PMAS/
Au NPs transformed 1 into 2 quantitatively (entry 3).
In contrast, the reaction under an argon atmosphere
showed a sharply decreased yield of 2 of merely 3%
with PMAS/Au NPs (entry 4), suggesting that molecu-
lar oxygen is essential for the oxidation reaction.
Poly(N-vinyl-2-pyrrolidone) (PVP)/Au NPs were tried
as a representative catalyst in which the polymer does
not have redox-active function (average diameter:
7.7 nm, see Supporting Information, Figure S2). The
yield was lower than with PMAS/Au NPs whereas the
average particle size is similar, indicating that the re-
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Table 1. Oxidation of benzhydrol (1).
OH 0O

pH 9.0 buffer solution,

1 1h, 80 °C 2

5 mol% catalyst

Entry Catalyst Atmosphere Yield™

[%]

1 PMAS/Au NPs 0O, quant
2 PMAS! 0, 0
3 PMAS/Au NPs Air quant®
4 PMAS/Au NPs Ar 3
5 PMAS/Au NPs Ar quant

(400 mol% )
6 PVP/Au NPs!¥ 0, 47

[} Determined by '"H NMR.

b Amount of PMAS was calculated based on the aniline
monomer unit.

[l 6h.

[ Prepared by treatment with N,H,-H,O in the presence of
PVP and NaAu(Cl,.

action was enhanced by the presence of PMAS. The
redox-mediating effect by PMAS may be discussed to
account for the results (entry 6).

In order to investigate the redox behaviour of
PMAS in the oxidation reaction, the selected entries
of Table 1 were followed by using UV-vis-NIR spec-
troscopy. In the catalytic reaction under an argon at-
mosphere (Table 1, entry4), a significant spectral
change was observed after the reaction (Figure 3, a),
whereas the yield was poor. The characteristic polar-
on band (747 nm)!"! disappeared after the reaction, in
the meantime a sharp peak appeared at 402 nm,
which is assigned to the reduced form of PMASH
(Figure 3, a). The surface plasmon band of Au NPs
was observed after the reaction. These results suggest
the hydrogen transfer from 1 to PMAS. In other
words, the reoxidation of PMAS (red) is essential for
the catalytic cycle. In the stoichiometric reaction
under an argon atmosphere (Table 1, entry 5), PMAS
was reduced, while the alcohol 1 was quantitatively
oxidized to 2 via stoichiometric hydrogen transfer.”)
On the other hand, under an oxygen atmosphere, the
UV-vis-NIR spectra after the reaction did not show
any significant changes (Figure 3, b). The catalytic re-
action proceeded quantitatively under these condi-
tions (Table 1, entry 1), suggesting the involvement of
molecular oxygen in the reoxidation of PMAS (red).
With these results in hand, the proposed multi-cata-
lytic cycles were proposed as shown in Figure 4. The
latest mechanistic research of alcohol oxidation with
Au NPs has revealed that the catalyst restoration de-
pends on the abstraction process of hydride species
from Au—H by molecular oxygen.'” However, the
availability of molecular oxygen on the Au NPs sur-
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Figure 3. UV-vis-NIR spectra of (a) PMAS/Au NPs solid
line) and after the reaction of PMAS/Au NPs with 1 for 1 h
under Ar (dotted line), and (b) PMAS/Au NPs (solid line)
and after the reaction of PMAS/Au NPs with 1 for 1h
under O, (dotted line) (1.0x 10~*M based on the aniline mo-
nomer unit, pH 9.0 buffer solution, 25°C).
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Figure 4. Proposed multi-catalytic cycles for aerobic alcohol
oxidation with PMAS as a redox mediator in the presence
of Au NPs.

face is known to be low," which often reduces the
catalytic activity. Therefore, the redox-mediating
effect by PMAS is likely to accelerate the reaction.
The utility of the PMAS/Au NPs prepared accord-
ing to the process in Figure 2, a was examined for the
oxidation of a wide variety of alcohols as summarized
in Table 2. Secondary alcohols were oxidized to give
the corresponding ketones in high yields (entries 1-5).
In the case of a-cyclopropylbenzyl alcohol, the oxida-
tion of the hydroxy group occurred without cleavage
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of the cyclopropyl ring (entry 1). When the catalyst
was reused, there was no loss of the activity, at least
for four times reuse (Supporting Information,
Table S1). Furthermore, its oxidation could be carried
out under organic-solvent-free conditions in all pro-
cess with 81% isolated yield (Supporting Information,
Scheme S1). It is possible to synthesize dicarbonyl
compounds, which are important building blocks for
the synthesis of heterocyclic compounds, as exempli-
fied by the oxidation of benzoin (entry 2). In the oxi-
dation of an a,B-unsaturated alcohol, the C=C bond
remained intact (entry5). Several benzyl alcohols
were transformed into the corresponding aldehydes,
carboxylic acids, and esters with high conversion
yields (entries 6-8). 1-Adamantaneethanol as a pri-
mary alcohol was found to be oxidized to the corre-
sponding aldehyde in 70% yield in spite of the need
for a longer reaction time (entry 9). Furthermore, the
aerobic oxidation of a non-activated aliphatic primary
alcohol proceeded although 10 mol% PMAS/Au NPs
and 72 h reaction time were required (entries 10 and
11). 1,10-Decanedicarboxylic acid was obtained in
54% yield (entry 10). The oxidation of 1-decanol to
the corresponding carboxylic acid was perfomed in
the presence of 300mol% K,CO; (74% yield,
entry 11).

In conclusion, we have demonstrated that the
redox-active PMAS can work in a multi-catalytic pro-
cess as both a stabilizer of Au NPs and redox media-
tor for aerobic alcohol oxidation in water. This design
concept provides a new type of redox catalyst system
for transferring protons and electrons.

Experimental Section

Preparation of PMAS/Au NPs

Poly(2-methoxyaniline-5-sulfonic acid) (PMAS), which was
kindly provided by Mitsubishi Rayon Co., was deionized
through cation-exchange resins before use. Other reagents
were used as recieved. The water used in the present study
is of a MilliQ grade.

PMAS/Au NPs: An aqueous solution (1 mL) of PMAS
(0.06 mmol based on the aniline monomer unit, 12 mg) was
mixed with 3 mL of 0.5M B(OH);-NaOH buffer (pH 9.0)
solution. An aqueous solution (1mL) of N,H,H,O
(0.06 mmol, 3 uL.) was added to the PMAS solution, which
was stirred at room temperature under air for 24 h. Then, an
aqueous solution (1 mL) of NaAuCl,-H,O (0.06 mmol,
24 mg) was added to the stirring solution at 0°C. The mix-
ture was stirred at room temperature under air for 24 h. The
thus-obtained aqueous solution of PMAS/Au NPs was ana-
lyzed by UV-vis-NIR spectroscopy (Ay.x=537, 747 nm) (Hi-
tachi U-3500). The aqueous solution of PMAS/Au NPs was
dropped on copper TEM grids coated with a carbon mesh
(Nissin EM Co., Ltd. Tokyo) for TEM analysis (Hitachi H-
8100).
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Table 2. Oxidation of various alcohols.!!

Substrate

5 mol% PMAS/Au NPs

> Product
pH 9.0 buffer solution, 80 °C

Entry Substrate

Time [h] Product

Yield [%]"

w
(@] Z:O

quant (81)

2 O 3 O quant
(o] (0]
OH (o]
3 G0 : G0
OH (@]
4 ©/\ 8 ©)J\ quant
; Oyo ; Ore :
~N
o :
O
4
6 ©/\OH A ©)J\OH 3
O
SAQE )
~N
e]
IDh o
Me
O
OH OH 17
7 o ; jog
Me Me
0]
/@/\O)KQ\ 17
Me Me
~
@)
g 64
MeO
O
OH OH
o /@/\ A /@/M\ 23
MeO MeO
(o]
MeO OMe
OH .0
- - X :
OV\/\/\MO trace
101 HO/M\OH 72 D
HO\’(\/\/\/\)J\OH 54
(e}

2180 asc.wiley-vch.de © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Adpv. Synth. Catal. 2010, 352, 2177-2182


http://asc.wiley-vch.de

Redox-Active Catalyst Based on Poly(Anilinesulfonic Acid)-Supported Gold Nanoparticles

Advanced
Synthesis &
Catalysis

Table 2. (Continued)

Entry Substrate Time [h]

Product Yield [%]®

on 72

1104l

e} trace

OH

[l Reaction conditions: substrate (0.2 mmol), 5 mol% PMAS/Au NPs (Au: 0.01 mmol), 0.25M B(OH);-NaOH buffer solu-

tion pH 9.0 (1 mL), 80°C.
] Determined by 'H NMR.
[l Isolated yield through organic solvent-free conditions.

[ 10 mol% PMAS/Au NPs, 0.25M B(OH);-NaOH buffer solution pH 9.0 (2 mL).

' 300 mol% K,COs.

General Procedure for Catalytic Aerobic Oxidation

The general procedure for the catalytic aerobic oxidation of
alcohols in water is as follows: a 5-mL two-necked flask was
evacuated and backfilled with atmospheric oxygen. Then, al-
cohol (0.2 mmol) and 1 mL of PMAS/Au NPs solution (Au:
0.01 mmol, 5 mol%) were added at room temperature. The
mixture was stirred at 80°C under molecular oxygen. The
reaction mixture was extracted with ethyl acetate. The or-
ganic layer was evaporated and examined by '"H NMR anal-
ysis (Varian Mercury 300 MHz) with 1,1,2,2-tetrabromo-
ethane as an internal standard.

Supporting Information

Supporting experimental data are presented in the Support-
ing Information.

Acknowledgements

The authors thank Professor T. Sekino at Tohoku University
and Dr. S. Seino at Osaka University for TEM analysis. This
work was partially supported by a Grant-in-Aid for Scientific
Research on Priority Areas “Chemistry of Concerto Cataly-
sis” from the Ministry of Education, Culture, Sports, Science
and Technology, Japan. This work was also financially sup-
ported in part by Mitsubishi Rayon Co. D.S. expresses his
special thanks for The Global COE (center of excellence)
program “Global Education and Research Center for Bio-
Environmental Chemistry” of Osaka University.

References

[1] J. M. Berg, J. L. Tymoczko, L. Styer, Biochemistry, 5*
edn., W. H. Freeman, New York, 2002.

[2] L. Prati, M. Rossi, J. Catal. 1998, 176, 552—560.

[3] A. Roucoux, J. Schulz, H. Patin, Chem. Rev. 2002, 102,
3757-3778.

[4] a) T. Hirao, M. Higuchi, I. Ikeda, Y. Ohshiro, J. Chem.
Soc. Chem. Commun. 1993, 194-195; b) T. Hirao, M.
Higuchi, B. Hatano, 1. Ikeda, Tetrahedron Lett. 1995,
36, 5925-5928; ¢) M. Higuchi, S. Yamaguchi, T. Hirao,
Synlett 1996, 1213-1214; d) M. Higuchi, I. Ikeda, T.
Hirao, J. Org. Chem. 1997, 62, 1072-1078; ¢) T. Moriu-

Adpv. Synth. Catal. 2010, 352, 2177-2182

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

chi, M. Miyaishi, T. Hirao, Angew. Chem. 2001, 113,
3132-3135; Angew. Chem. Int. Ed. 2001, 40, 3042-
3045. f) For a review, see: T. Hirao, Coord. Chem. Rev.
2002, 226, 81-91. g) For a review, see: T. Hirao, Redox
Systems Under Nano-Space Control, Springer, Heidel-
berg, 2006; h) T. Amaya, D. Saio, T. Hirao, Tetrahedron
Lett. 2007, 48, 2729-2732; i) T. Amaya, Y. Nishina, D.
Saio, T. Hirao, Chem. Lett. 2008, 37, 68-69; j) T.
Amaya, D. Saio, T. Hirao, Macromol. Symp. 2008, 270,
88-94; k) D. Saio, T. Amaya, T. Hirao, J. Inorg. Orga-
nomet. Polym. 2009, 19, 79-84; 1) T. Amaya, S. Koga,
T. Hirao, Tetrahedron Lett. 2009, 50, 1032-1034.

S. Shimizu, T. Saitoh, M. Uzawa, M. Yuasa, K. Yano, T.
Maruyama, K. Watanabe, Synth. Met. 1997, 85, 1337
1338.

For a highlight paper, see: a) T. Ishida, M. Haruta,
Angew. Chem. 2007, 119, 7288-7290; Angew. Chem.
Int. Ed. 2007, 46, 7154-7156; for reviews, see: b) A.
Corma, H. Garcia, Chem. Soc. Rev. 2008, 37, 2096—
2126; c¢) T. Matsumoto, M. Ueno, N. Wang, S. Kobaya-
shi, Chem. Asian J. 2008, 3, 196-214. For examples of
alcohol oxidation catalyzed by NPs, see: d) Z.J. Liu, Z.
Xu, Z.Y. Yuan, D. Lu, W. Chen, W. Zhou, Catal. Lett.
2001, 72, 203-206; e) G. Kovtun, T. Kameneva, S.
Hladyi, M. Starchevsky, Y. Pazdersky, 1. Stolarov, M.
Vargaftik, 1. Moiseev, Adv. Synth. Catal. 2002, 344,
957-964; f) M. Comotti, C. D. Pina, R. Matarrese, M.
Rossi, Angew. Chem. 2004, 116, 5936-5939; Angew.
Chem. Int. Ed. 2004, 43, 5812-5815; g) K. Mori, T.
Hara, T. Mizugaki, K. Ebitani, K. Kaneda, J. Am.
Chem. Soc. 2004, 126, 10657-10666; h) Z. Hou, N.
Theyssen, A. Brinkmann, W. Leitner, Angew. Chem.
2005, 117, 1370-1373; Angew. Chem. Int. Ed. 2005, 44,
1346-1349; i) A. Abad, P. Conception, A. Corma, H.
Garcia, Angew. Chem. 2005, 117, 4134—-4137; Angew.
Chem. Int. Ed. 2005, 44, 4066-4069; j) H. Tsunoyama,
H. Sakurai, Y. Negishi, T. Tsukuda, J. Am. Chem. Soc.
2005, 127, 9374-9375; k) M. S. Kwon, N. Kim, C. M.
Park, J. S. Lee, K. Y. Kang, J. Park, Org. Lett. 2005, 7,
1077-1079; 1) D. I. Enache, J. K. Edwards, P. Landon,
B. Solsona-Espriu, A. F. Carley, A. A. Herzing, M. Wa-
tanabe, C.J. Kiely, D. W. Knight, G.J. Hutchings, Sci-
ence 2006, 371, 362-365; m) S. Kanaoka, N. Yagi, Y.
Fukuyama, S. Aoshima, H. Tsunoyama, T. Tsukuda, H.
Sakurai, J. Am. Chem. Soc. 2007, 129, 12060-12061;
n) Y.M. A. Yamada, T. Arakawa, H. Hoche, Y.

asc.wiley-vch.de 2181


http://asc.wiley-vch.de

COMMUNICATIONS

2182

Daisuke Saio et al.

Uozumi, Angew. Chem. 2007, 119, 718-720; Angew.
Chem. Int. Ed. 2007, 46, 704-706; o) H. Miyamura, R.
Matsubara, Y. Miyazaki, S. Kobayashi, Angew. Chem.
2007, 119, 4229-4232; Angew. Chem. Int. Ed. 2007, 46,
4151-4154; p) T. Wang, C. X. Xiao, L. Yan, L. Xu, I.
Luo, H. Shou, Y. Kou, H. Liu, Chem. Commun. 2007,
4375-4377; q) T. Mitsudome, Y. Mikami, H. Funai, T.
Mizugaki, K. Jitsukawa, K. Kaneda, Angew. Chem.
2008, 720, 144-147; Angew. Chem. Int. Ed. 2008, 47,
138-141; r) F. Z. Su, Y.M. Liu, L. C. Wang, Y. Cao,
H. Y. He, K. N. Fan, Angew. Chem. 2008, 120, 340-343;
Angew. Chem. Int. Ed. 2008, 47, 334-337; s) X. Wang,
H. Kawanami, N. M. Islam, M. Chattergree, T. Yokoya-
ma, Y. Ikushima, Chem. Commun. 2008, 4442-4444;
t) B. Karimi, F. K. Esfahani, Chem. Commun. 2008,
5555-5557; u) B.J. Han, Y. Liu, R. Guo, Adv. Funct.
Mater. 2009, 19, 1112-1117.

a) T. Yamamoto, A. Ushiro, I. Yamaguchi, S. Sasaki,
Macromolecules 2003, 36, 7075-7081; b) E. V. Strouni-

(8]

9]

na, R. Shepherd, L. A. P. Kane-Maguire, G. G. Wallace,
Synth. Met. 2003, 135-136, 289-290.

T. Borrmann, A. Dominis, A. J. McFarlane, J. H. John-
ston, M. J. Richardson, L. A.P. Kane-Maguire, G. G.
Wallace, J. Nanosci. Nanotechnol. 2007, 7, 4303-4310.
Here, the peroxide is not involved due to the absence
of molecular oxygen, although the peroxide is well-
known to play a role in aerobic oxidation as below, for
examples: a) M. Comotti, C.D. Pina, E. Falletta, M.
Rossi, Adv. Synth. Catal. 2006, 348, 313-316; b) M.
Okumura, M. Haruta, Y. Kitagawa, K. Yamaguchi,
Gold Bull. 2007, 1, 40-44; c) H. Tsunoyama, N. Ichiku-
ni, H. Sakurai, T. Tsukuda, J. Am. Chem. Soc. 2009,
131, 7086-7093.

[10] M. Conte, H. Miyamura, S. Kobayashi, V. Chechik, J.

Am. Chem. Soc. 2009, 131, 7189-7196.

[11] J. D. Stiehl, T. S. Kim, S. M. McClure, C. B. Mullins, J.

Am. Chem. Soc. 2004, 126, 1606—-1607.

asc.wiley-vch.de

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

Adpv. Synth. Catal. 2010, 352, 2177-2182


http://asc.wiley-vch.de

