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Gold nanoparticles supported on hydrotalcite acted as a highly
efficient catalyst for the cyclocarbonylation of 2-aminophenols to
2-benzoxazolinones without any additives. After the cyclocarbo-
nylation, the hydrotalcite-supported gold nanoparticles could be
reused without loss of catalytic efficiency.

In recent years, green and sustainable organic synthesis using
gold nanoparticle (Au NP) catalysts has attracted great inter-
est.' In this context, the catalysis of Au NPs in liquid-phase
organic transformations with CO remains quite rare,>
whereas Au NP-catalyzed gas-phase reactions with CO have
been widely studied.® The carbonylation of anilines to ureas
and carbamates catalyzed by Au NPs has previously been
demonstrated.” We also recently discovered that Au NPs sup-
ported on basic supports such as hydrotalcite [HT: MggAl,-
CO;5(OH);6] and Al,O; catalyzed the double-carbonylation of
amines to oxamides.®> In our continuing studies on the cata-
lysis of Au NPs in liquid-phase reactions, we herein found that
HT-supported Au NPs (Au/HT) could act as a highly efficient
heterogeneous catalyst for the cyclocarbonylation of 2-amino-
phenols to 2-benzoxazolinones.

Cyclocarbonylations of 2-aminophenols to 2-benzoxazoli-
nones are of significant importance because 2-benzoxazoli-
nones and their derivatives are valuable compounds for
extensive applications as intermediates for organic synthesis,
fine chemicals, and pesticides.” Catalytic carbonylations are
alternative green methods for traditionally stoichiometric
reactions using toxic phosgene or its derivatives with 2-amino-
phenols, producing large amounts of HCL® The cyclocarbony-
lations of 2-aminophenols have been carried out using Se
metals with Et;N° and homogeneous Pd complexes with
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additives such as iodides® and PPh;.'' These catalytic
systems, however, have suffered from several drawbacks, such
as the difficulty of separating the homogeneous metal species
from the product, as well as the reuse of the catalysts. Despite
heterogeneous catalysis having significant advantages in the
above issues, there has been only one example of a hetero-
geneous catalyst for the cyclocarbonylation of 2-aminophenol
using Pd/C with 1,.'%

The present Au/HT catalyst could efficiently promote the
cyclocarbonylation of 2-aminophenols under non-flammable
conditions. This catalyst system provided excellent yields of
the corresponding 2-benzoxazolinones without any additives
which have been necessary in previous cyclocarbonylations.” ™"
Moreover, the catalytic activity of Au NPs was found to be
remarkably high among metal NPs, and the Au/HT catalyst
could be reused without loss of its activity or selectivity.

The Au/HT catalyst was prepared according to the pro-
cedure in our previous work."” Briefly, HT was added to the
aqueous solution of HAuCl,. After the subsequent addition of
NH; solution, the resulting mixture was further stirred. Then,
the obtained slurry was filtered and washed with deionized
water to afford HT-supported Au™ species. Treatment of the
resulting solid with an aqueous solution of KBH, afforded the
Au/HT as a reddish purple powder with a mean diameter of
2.7 nm.

Initially, the catalytic activity of Au/HT was tested in the
cyclocarbonylation of 2-aminophenol (1) in 1,2-dimethoxy-
ethane under 50 atm of CO/O, (48/2) at 110 °C, i.e., the non-
flammable condition."® Au/HT showed high catalytic activity
in the cyclocarbonylation to afford 2-benzoxazolinone (2) in
99% yield without any formation of byproducts (Table 1,
entry 1). The cyclocarbonylation did not proceed in the
absence of O,, which demonstrated the necessity of O, in the
cyclocarbonylation (entry 2). When using Au/HT with different
Au NP sizes, the size of Au NPs on HT affected the catalytic
activity; the yield of 2 increased with decreasing mean particle
size (d) of Au NPs (entries 1 and 3-6)."* When Au/HT was
removed from the reaction mixture at 40% conversion of 1,
further stirring of the resulting filtrate under similar reaction
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Table 1 Cyclocarbonylation of 1 to 2 using various catalysts®

View Article Online

Table 2 Cyclocarbonylation of various 2-aminophenols with Au/HT*

H
NH, catalyst N
X - Clgo
OH  DME (5 mL), Pcoio, = 50 atm (48 : 2), 110 °C, 2 h O)
2

1

Entry Catalyst d (nm) Conv.” (%) Yield” (%)
1 Au/HT 2.7 99 99
2° Au/HT 2.7 <1 <1
3 Au/HT 5.8 95 95
4 Au/HT 7.9 88 86
5 Au/HT 12 81 81
6 Au/HT 20 59 56
7 Rh/HT 10 7
8 Pd/HT 12 6
9 Pt/HT 5 3
10 Ru/HT 3 0
11 Ag/HT 3 0
12 Cu/HT 4 0
13 Au/AlL,O; 3.6 97 97
14 Au/CeO, 3.8 92 92
15 Au/TiO, 3.7 87 82
16 Au/HAP 3.0 75 72
174 Au/HAP + Na,CO; 3.0 91 87
18 Au/SiO, 2.2 63 62

“Reaction conditions: catalyst (1.8 mol%), 1 (0.25 mmol).
b Determined l;y GC using an internal standard technique. “In the
absence of O,. “ 1.0 mmol of Na,CO; was added.

conditions did not afford 2 (see Fig. 3S in ESIT). From the ICP
analysis, no leaching was confirmed in the filtrate (detection
limit: <0.1 ppm). These results indicated that the cyclocarbony-
lation of 1 proceeded on the solid surface of Au/HT.

Next, a series of metal NPs was supported on HT and then
tested under similar reaction conditions (entries 7-12).*” In
contrast to the result using Au/HT, platinum group metals
such as Rh, Pd, Pt, and Ru NPs on HTs gave extremely low
yields of 2 (entries 7-10)"® and coinage metals of Ag and Cu
NPs did not have any catalytic activity (entries 11 and 12).
These results highlighted the fact that Au NPs have remarkably
high and unique catalytic activity for the cyclocarbonylation
among metal NPs. The effect of supports on the Au NP-cata-
lyzed cyclocarbonylation was further investigated using Au NPs
deposited on various inorganic supports such as SiO,, TiO,,
Al,O3, CeO, and hydroxyapatite (HAP). Basic supports such as
Al,O; and CeO, as well as HT were found to be effective
(entries 13 and 14). The use of non-basic supports of TiO,,
HAP and SiO, resulted in lower yields of 2 (entries 15, 16 and
18). Notably, addition of Na,CO; to the Au/HAP catalyst system
enhanced the yield of 2, confirming that bases have a positive
effect on the cyclocarbonylation (entry 16 vs. entry 17).

The cyclocarbonylation of 2-aminophenol derivatives using
Au/HT was investigated under the optimized reaction con-
ditions. 2-Aminophenols with electron donating and withdraw-
ing substituents were successfully transformed to the
corresponding 2-benzoxazolinones in high yields (Table 2,
entries 1 and 4-7). Au/HT also efficiently catalyzed 3-amino-2-
naphthol to the corresponding 2-oxazolinone (entry 8). Fur-
thermore, 1,2-phenylenediamine could be applied in the
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H

- NH2 AuHT N
X o Lo

X<P~OH  DME (5 mL), Pcoo, = 50 atm (48 : 2), 110 °C X o

Time Conv.” Yield”
Entry Substrate Product (h) (%) (%)
1 @NHZ N 2 99 99
2¢ oH =0 2 99 98
d (o]
3 2 99 98
4 3 99 99

NH, H
O i
OH =0
5 @NHZ
OH
6 Me0©iNH2
OH

7 @[NHZ n 4 99 96
F OH . e
8 NH2 N 6 99 95
OH o>=o

“Reaction conditions: Au/HT (0.10 g, Au: 1.8 mol%), substrate
(0.25 mmol). ? Determined by GC or HPLC using an internal standard
technique. °Reuse 1. ¢ Reuse 2.

H

N
=0

N

H

91% yield

@NHz AUHT (1.8 mol%)
NH,  DME (5 mL), Pcoo, = 50 atm (48 : 2),110°C, 3h-
0.25 mmol

Scheme 1 Cyclocarbonylation of 1,2-phenylenediamine with Au/HT.

ZT

Au/HT (0.045 mol%)

Chow - CI
OH  DME (10 mL), Pcoro, = 50 atm (48 : 2), 130 °C, 16 h
1

10 mmol

N
o
b
o

92% isolated yield

Scheme 2 10 mmol-scale cyclocarbonylation of 1 using Au/HT.

present carbonylation system, converting to the cyclic urea
2-benzimidazolinone in high yield (Scheme 1).

Au/HT also worked well under preliminary scale-up con-
ditions; a 10 mmol-scale cyclocarbonylation of 1 proceeded to
afford 2 with high efficiency (Scheme 2). In this reaction, the
turnover number reached up to 2000.'° In the present Au/HT
catalyst system, the obtained 2-benzoxazolinone products were
easily isolated from the reaction mixture and purified by
recrystallization due to the absence of additives. Moreover, the
used Au/HT could be easily recovered by simple filtration after
the reaction and reused without loss of its catalytic efficiency
(Table 2, entries 2 and 3).

Taking into consideration the positive effect of bases in the
cyclocarbonylation of 1 (vide supra), a plausible reaction mech-
anism is proposed in Scheme 3. Initially, CO adsorbs on the
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BS: Basic Site

H- 1/201), BS HT

/:

Scheme 3 Plausible reaction mechanism.

surface of Au NPs on HT. Then, nucleophilic attack of
the N atom of 1 toward CO on the Au NPs occurs, affording a
[Au-carbamoyl]” and H" through the activation of N-H of 1 by
a basic site of HT."” Subsequent p-elimination of the [Au-carba-
moyl]™ gives a [Au-H]| and an isocyanate intermediate,'® fol-
lowed by intramolecular attack of the hydroxyl group of 1,
yielding 2." The resulting [Au-H]~ and H' react with O, to
form water, regenerating the catalyst.

In conclusion, hydrotalcite-supported Au NPs showed high
catalytic activity for the cyclocarbonylation of 2-aminophenols
to 2-benzoxazolinones under non-flammable conditions. The
present Au NP-catalyzed system did not require any additives
such as PPh; and I, that have been necessary in previously
reported cyclocarbonylations. The significantly unique cata-
lysis of Au/HT with high activity was also disclosed. Moreover,
the solid Au/HT was easily recovered by simple filtration and
reusable with no decrease in catalytic activity. This study also
clearly showed that the cooperative contribution of small
Au NPs with basic supports was important to achieve highly
efficient cyclocarbonylation of 2-aminophenols.

This work was supported by a Grant-in-Aid for Young Scien-
tists (A) (23686116) from the Japan Society for the Promotion
of Science (JSPS). We thank Dr Uruga, Dr Tanida and Dr Nitta
(Spring-8) for XAFS measurements. One of the authors
A. N. thanks the JSPS Research Fellowships for Young Scien-
tists. The TEM experiments were carried out at a facility of the
Research Center for Ultrahigh Voltage Electron Microscopy,
Osaka University.

Notes and references

1 (@) M. Stratakis and H. Garcia, Chem. Rev., 2012, 112, 4469;
(b) Y. Zhang, X. Cui, F. Shi and Y. Deng, Chem. Rev., 2012,
112, 2467; (c¢) T. Tsukuda, H. Tsunoyama and H. Sakurai,
Chem.-Asian J., 2011, 6, 736.

2 F. Shi and Y. Deng, J. Catal., 2002, 211, 548.

3 T. Mitsudome, A. Noujima, T. Mizugaki, K. Jitsukawa and
K. Kaneda, Chem. Commun., 2012, 48, 11733.

610 | Green Chem., 2013, 15, 608-611

View Article Online

4 For the Au NP-CO/H,O catalyst system for chemoselective
reductions, see: (@) A. Noujima, T. Mitsudome, T. Mizugaki,
K. Jitsukawa and K. Kaneda, Chem. Commun., 2012, 48,
6723; (b) T. Mitsudome, A. Noujima, Y. Mikami,
T. Mizugaki, K. Jitsukawa and K. Kaneda, Chem.-Eur. J.,
2010, 16, 11818; (¢) L. He, F. J. Yu, X. B. Lou, Y. Cao,
H. Y. He and K. N. Fan, Chem. Commun., 2010, 46, 1553;
(d) L. He, L.-C. Wang, H. Sun, J. Ni, Y. Cao, H.-Y. He and
K.-N. Fan, Angew. Chem., Int. Ed., 2009, 48, 9538; (e) L. Liu,
B. Qiao, Z. Chen, J. Zhang and Y. Deng, Chem. Commun.,
2009, 653.

5 For cobalt carbonyl species-catalyzed carbonylations
assisted by Au NPs, see: (a) A. Hamasaki, A. Muto,
S. Haraguchi, X. Liu, T. Sakakibara, T. Yokoyama and
M. Tokunaga, Tetrahedron Lett., 2011, 52, 6869; (b) X. Liu,
B. Hu, K. Fujimoto, M. Haruta and M. Tokunaga, Appl
Catal., B, 2009, 92, 411; (¢) A. Hamasaki, X. Liu and
M. Tokunaga, Chem. Lett., 2008, 37, 1292.

6 (@) G. Bond, Gold Bull., 2009, 42, 337; (b) M. Haruta, Gold
Bull., 2004, 37, 27; (c) A. Ueda and M. Haruta, Gold Bull.,
1999, 32, 1, and references therein.

7 (@) L. Quaranta, O. Corminboeuf and P. Renaud, Org. Lett.,
2002, 4, 39; (b) Y. Fu, T. Baba and Y. Ono, J. Catal., 2001,
197, 91; (¢) R. Ahmad, R. Kookana, A. Alston and
J. Skjemstad, Environ. Sci. Technol., 2001, 35, 878;
(d) H. Ucar, K. Vanderpoorten, S. Cacciaguerra,
S. Spampinato, J. P. Stables, P. Depovere, M. Isa,
B. Masereel, J. Delarge and J. H. Poupaert, J. Med. Chem.,
1998, 41, 1138; (¢) Y. Igarashi, K. Takagi, T. Kajiura,
T. Furumai and T. OKki, J. Antibiot., 1998, 51, 915.

8 (a) M. S. Singh, P. Singh and S. Singh, Indian J. Chem.,
2007, 46B, 1666; (b) T. Patonay, L. Hegedus, F. Mogyorodi
and L. Zolnai, Synth. Commun., 1994, 24, 2507; (c) J. Sam
and J. L. Valentine, J. Pharm. Sci., 1969, 58, 1043;
(d) P. K. Hietara and O. Wahlroos, Acta Chem. Scand., 1956,
10, 1196.

9 (@) T. Yoshida, N. Kambe, S. Murai and N. Sonoda, Bull
Chem. Soc. Jpn., 1987, 60, 1793; (b) N. Sonoda,
G. Yamamoto, K. Nakatsuka, K. Kondo and S. Murai, Tetra-
hedron Lett., 1975, 16, 19609.

10 (a) X. Peng, F. Li, X. Hu, C. Xia and C. A. Sandoval,
Chin. J. Catal., 2008, 29, 638; (b) F. Li and C. Xia,
Tetrahedron Lett., 2007, 48, 4845; (¢) F. Li and C. Xia,
J. Catal., 2004, 227, 542; (d) B. Gabriele, R. Mancuso,
G. Salerno and M. Costa, J. Org. Chem., 2003, 68,
601.

11 T. Troisi, C. Granito, S. Perrone and F. Rosato, Tetrahedron
Lett., 2011, 52, 4330.

12 T. Mitsudome, A. Noujima, T. Mizugaki, K. Jitsukawa and
K. Kaneda, Green Chem., 2009, 11, 793.

13 (@) B. Lewis and G. von Elbe, in Combustion, Flames and
Explosions of Gases, Academic Press, New York, 2nd edn,
1961, p. 694; (b) C. M. Bartish and G. M. Drissel,
Carbon monoxide, in Kirk-Othmer Encyclopedia of Chemi-
cal Technology, Wiley, New York, 3rd edn, 1984, vol. 4,
p. 774.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c2gc36851j

Published on 21 December 2012. Downloaded by Washington State University Libraries on 22/10/2014 07:17:30.

14

15

16

17

For the preparation of Au/HTs with different size Au NPs,
see: A. Noujima, T. Mitsudome, T. Mizugaki, K. Jitsukawa
and K. Kaneda, Angew. Chem., Int. Ed., 2011, 50, 2986.

The poor catalytic activities of platinum group metals for
the cyclocarbonylation may be due to the strong coordi-
nation of CO to these metal nanoparticles.

TON is calculated based on the total amount of Au
atoms.

The activation of the N-H group of amines by a basic site
of HT was observed by FT-IR in our previous work. See
ref. 3.

This journal is © The Royal Society of Chemistry 2013

18

19

View Article Online

For the generation of the isocyanate intermediate during
the carbonylation, see: (a) F. Ragaini, Dalton Trans., 2009,
6251; (b) B. Zhu and R. ]J. Angelici, J. Am. Chem. Soc., 2006,
128, 14460; (c) K. Hiwatari, Y. Kayaki, K. Okita, T. Ukali,
I. Shimizu and A. Yamamoto, Bull. Chem. Soc. Jpn., 2004,
77, 2237.

The intramolecular nucleophilic attack of a phenoxy
oxygen to the isocyanate intermediate was proposed. See:
(a) X. Wang, G. King, Y. Xue and S. Lu, Eur. J. Org. Chem.,
2005, 1675; (b) M. Jiang, B. X. Li, F. Xie, F. Delaney and
X. Xiao, J. Med. Chem., 2012, 55, 4020.

Green Chem., 2013, 15, 608-611 | 611


http://dx.doi.org/10.1039/c2gc36851j

