Published on 08 October 2012. Downloaded by University of Queensland on 15/10/2014 20:23:58.

View Article Online / Journal Homepage / Table of Contentsfor thisissue

K

Showcasing research from Green Sustainable As featured in:
Chemistry Laboratory, Research Center for Solar
Energy Chemistry, Department of Materials Chemcomm
Engineering Science, Graduate School of Engineering _
Science, Osaka University, Japan %
i

Highly efficient double-carbonylation of amines to oxamides
using gold nanoparticle catalysts

Supported gold nanoparticles catalyzed the double-carbonylation
of various amines to the corresponding oxamides with high
efficiency under mild reaction conditions. The cooperation between R
gold nanoparticles and basic sites of supports plays a key role in the See Kiyotomi Kaneda et al.,
carbonylation. Chem. Commun., 2012, 48, 11733.

A& )

RSCPublishing www.rsc.org/chemcomm

Registered Charity Number 207890



http://dx.doi.org/10.1039/c2cc36636c
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC048096

Published on 08 October 2012. Downloaded by University of Queensland on 15/10/2014 20:23:58.

Chemcomm Dynamic Artic\lléeﬁiﬁrlgglﬂme

Cite this: Chem. Commun.,2012,48,11733-11735

www.rsc.org/chemcomm

COMMUNICATION

Highly efficient double-carbonylation of amines to oxamides using gold

nanoparticle catalystsT

Takato Mitsudome,” Akifumi Noujima,” Tomoo Mizugaki,” Koichiro Jitsukawa” and

Kiyotomi Kaneda**”

Received 12th September 2012, Accepted 8th October 2012
DOI: 10.1039/c2cc36636¢

Hydrotalcite-supported gold nanoparticles (Au/HT) catalyzed the
highly efficient double-carbonylation of amines to oxamides under
mild reaction conditions. Various amines were selectively converted
to the corresponding oxamides. The cooperation between gold
nanoparticles and basic sites of HT plays a key role in the reaction.

Carbonylations of nitrogen-containing compounds have attracted
much attention in both academic and industrial chemistry.' In
this content, mono-carbonylations of amines to the corresponding
N,N'-disubstituted urea derivatives with carbon monoxide
have been achieved using various metal complex catalysts.> On
the other hand, catalytic double-carbonylations of amines are
considerably rare despite their straightforward approach to the
synthesis of oxamides which are important precursors to carboxylic
acids and amides as well as key components of anticancer
drugs and HIV inhibitors.® To date, there are a few homo-
geneous catalysts involving Pd or Ni complexes for the double-
carbonylation.* These catalytic systems, however, suffer from
the requirement of a high pressure of CO (> 50 atm), inorganic
halide promoters such as KI and Cul as well as stoichiometric
amounts of hazardous oxidants such as 1,4-dichloro-2-butene
and FeCl;(OPPhs),. Tedious workup procedures for the separation
of the catalysts from the reaction mixtures and the reuse of the
catalysts are also significant drawbacks. Therefore, the develop-
ment of alternative and highly efficient catalytic systems for the
double-carbonylation of amines remains a challenging objective.
Herein, we present a new catalytic system using supported
gold nanoparticles (Au NPs) for highly efficient double-
carbonylation of amines to oxamides. Small Au NPs on basic
supports such as hydrotalcite (HT) and Al,O3; showed high
catalytic activity and selectivity for the double-carbonylation
of various amines to oxamides without any additives under a
lowered pressure of CO (5 atm) with air (1 atm). The present
supported Au catalysts were reusable without any loss of
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activity or selectivity. This is the first example of the use of
Au NP catalysts for the double-carbonylation of amines.
Morpholine (1) was added to acetonitrile solvent in the
presence of inorganic materials-supported Au NPs with similar
particle sizes of Au NPs and then the mixture was heated
for 24 h at 110 °C under CO/O, (5/1 atm) (Table 1, entries 1,
7-9 and 11).> When using Au NPs supported on basic materials
such as HT and Al,Os, 1 was converted efficiently to afford
the corresponding oxamide 1,1’-oxalyldimorpholine (2) (entries
1 and 7). Notably, HT-supported Au NPs (Au/HT) showed
high catalytic activity, providing 94% yield of 2 with 99%
selectivity. On the other hand, non-basic supports such as TiO,,
hydroxyapatite (HAP) and SiO, were not effective (entries 8§,
9 and 11). The addition of Na,COj as a base in the ineffective

Table 1 Double-carbonylation of 1 to the corresponding oxamide (2)”

H
o) o)
2 [N] Catalyst (\Nﬂ\rrN(\; +HO
O~ CHiCN,CO (5atm), 0, (1atm) o_J O 2
1 110°C, 24 h 2
Entry Catalyst d (nm) Yield” (%) Sel.” (%)
1 Au/HT 2.7 94 99
2° Au/HT 2.7 93 99
39 Au/HT 2.7 1 99
4e¢ Au/HT 3.0 91 99
5/ Au/HT 3.0 91 99
68 Au/HT 3.0 91 99
7 Au/ALO; 3.6 75 99
8 Au/TiO, 3.7 25 99
9 Au/HAP 3.0 2 99
10" Au/HAP 3.0 55 99
11 Au/SiO, 22 2 99
12 Au/HT 5.8 76 99
13 Au/HT 7.9 66 99
14 Au/HT 12 51 99
15 Au/HT 20 38 99
16 Rh/HT 6 99
17 Pt/HT 0 —
18 Pd/HT 0 —
19 Ru/HT 0 —
20 Ag/HT 0 —
21 PdCl, <1 —
22 Pd(OAc), <1 —

“ Reaction conditions: catalyst (M: 0.9 mol%), CH;CN (5 mL), 1
(0.5 mmol). ® Determined by GC using an internal standard techni-
que. ¢ Using 1 atm of air in place of pure O,. ¢ In the absence of O,.
¢ Reuse 1.7 Reuse 2. ¢ Reuse 3. ” 1.5 mmol of Na,CO; was added.
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HAP-supported Au NP catalyst system significantly enhanced
the yield of 2, confirming the necessity of bases for promoting
the reaction (entries 9 vs. 10). The double-carbonylation of
1 successfully proceeded even when using 1 atm of air in place
of pure O, (entry 2).® O, was found to be essential; when O, was
absent, Au/HT produced only a trace amount of 2 (entry 3).
The size effect of Au NPs was also investigated using Au/HTs
with different particle sizes (entries 1 and 12-15).” The yields of
2 increased with decreasing particle sizes, indicating that small
Au NPs were more effective for the high catalytic activity. The
highest yield of 2 was obtained by the use of Au/HT with a
mean diameter of 2.7 nm (entry 1). Next, various metal NPs on
HT were synthesized and tested in the reaction under similar
conditions. Only Rh/HT gave a low yield of 2 (Entry 16), while
other metal NPs such as Pt, Pd, Ru and Ag did not show
any catalytic activities (entries 17-20).% It has been reported
that homogeneous catalytic systems such as PdCL* and
Pd(0OAc),/K,CO5/KI* promoted the double-carbonylation of
amines. However, the use of PdCl, and Pd(OAc), in place of
Au/HT in our reaction system resulted in the formation of only
trace amounts of 2 (entries 21 and 22). These results clearly
reveal that Au NPs have unique and significantly superior
catalytic activity compared to those of other metal NPs, and
that the combination of Au NPs and bases in the presence of O,
is vital for the efficient double-carbonylation. In a separate
experiment, we carried out CO oxidation under the conditions
similar to those given in entry 2 in the absence of 1. Only 0.2%
yield of CO, based on initial amounts of CO was obtained.’
This result shows both CO and O, are high-selectively used for
the oxidative double-carbonylation, which is consistent with the
high efficiency of our Au/HT catalyst system.

At 40% conversion of 1, Au/HT was removed by filtration
and further treatment of the resulting filtrate under similar
reaction conditions did not afford any products. The absence
of Au ions in the filtrate was also confirmed by inductively
coupled plasma analysis (the detection limit is below 0.1 ppm).!°
These phenomena demonstrate that the double-carbonylation
takes place on the Au/HT solid surface. Kinetic studies also
support heterogeneous catalysis in the double-carbonylation
(vide infra). Furthermore, after the reaction, Au/HT was easily
recoverable by filtration from the reaction mixture and reusable
without any loss of efficiency (Table 1, entries 4-6). TEM analysis
of the used Au/HT catalyst revealed that the size of the Au NPs
did not significantly differ from those of the fresh Au/HT (Fig. S2,
ESI¥), supporting the above excellent reusability of Au/HT.

Under the optimized conditions using Au/HT, the substrate
scope of amines was investigated (Table 2). Aliphatic and alicyclic
secondary amines were converted to the corresponding oxamides
in high yields with excellent selectivities (entries 1-11). Diverse
functional groups on the amines such as ether, acetal, amine and
allyl groups were compatible under the present reaction conditions.
Primary aliphatic and benzylic amines were not suitable
for the double-carbonylation; the corresponding imines were
mainly formed (entries 12 and 13). Interestingly, when
2-methyl- and 4-ethyl-piperidines were used as a mixture of
substrates, 4-ethyl piperidine reacted exclusively to afford the
corresponding double-carbonyl compound in an excellent
yield while 2-methyl piperidine remained intact. The above
phenomenon is in sharp contrast with the result obtained using

Table 2 Double-carbonylation of various amines to oxamides”

AUHT (0.9 mol%)

o

NR

2 RoNH 2 +H,0
2% "CH,CN, CO (5 atm), air (1 atm), 110 °C RZN)\P; z

Entry Substrate Product  Time (h) Yield® (%) Sel.” (%)
1 Me,NH (Me,NCO), 12 73 99
2 Et,NH (ENCO), 12 87 99
H N
3 N~ B g, 12 92 99
H <\O/\,Nﬁ
4 N~ o, 12 87 99
. N0
H o NS\
5¢ N Ao <0 gi 24 80 99
H o~
6 Ny N, 4 87 99
|
H [~ N
7¢ Nea o, 24 86 99

d NH R

10 - (g\l 24 93 99

2
. o)

e NN ey 24 85 99

2
AN nBu nBu
12 NHe NoAN~~ 12 43 81

13 ©/\NH2 @”N’\© 12 49 99

“ Reaction conditions: Au/HT (0.1 g), amine (0.5 mmol), CH;CN
(5 mL). * Determined by GC using an internal standard technique.
¢ Amine (0.2 mmol).

previously reported homogeneous catalyst Pd(OAc), where a

mixture of symmetric and asymmetric double-carbonylation

products was formed (Scheme 1). These differences can be

explained by the specific property of the solid catalysis; the

steric hindrance by the substituent on the ortho position of

piperidine prevents the coordination of the N atom to Au/HT.
H H

CH4CN, Pgoyair = 6 atm (5: 1)
110°C, 24 h

0.5 mmol 0.5 mmol

Catalyst Yield / Sel. (%)
AuHT 86/>99 0/0 0/0
Pd(OAC)-K,CO5-KI 36738 32/33 28/29

Yield (%) = (mols of oxamide / one-half mols of the starting amine) x 100
Sel. (%) = (mols of oxamide / total mols of oxamides) x 100

Scheme 1 Competitive reaction of 2-methyl- and 4-ethyl-piperidine.

H o o
N AU/HT (0.044 g)
2() > A~ R0
o CHaCN (20 mL), Peor =20atm (3:1) o _J 0
1 150 °C, 100 h 2
10 mmol 90% isolated yield
(0.87 g) (1.09)

Scheme 2 10 mmol-scale double-carbonylation of 1 using Au/HT.
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Scheme 3 Plausible reaction mechanism.

Au/HT was also applicable to scale-up conditions
(Scheme 2). Lowering the catalyst loading to 0.02 mol% gave
a turnover frequency (TOF) of 45 h™! and a turnover number
(TON) of 4500 upon prolonged heating at elevated tempe-
ratures, which demonstrated the high activity and stability of
Au/HT. These values for TOF and TON of Au/HT are much
greater than those of previously reported catalytic systems
such as PdCL,(PPhs),/1,4-dichloro-2-butene:* TOF = 11 h™!,
TON = 192; Pd(OAc),/K>CO5/KI:* TOF = 5h™!, TON = 15;
PdCL:* TOF = 0.3 h™!, TON = 7; PACL(MeCN),/Cul/O5:*
TOF = 0.44h~!, TON = 8.8; NiBro(NH,Bu),/FeCl;(OPPhs),:*
TOF = 2h ', TON = 12.

To obtain insight into the Au/HT-catalyzed double-carbony-
lation, the dependency of reaction rates in the double-carbony-
lation of 1 was investigated.'' The initial rates (R,) were linearly
proportional to the amount of Au/HT and independent of the
O, pressure. The R, increased with increasing CO pressure and
concentration of 1, and approached an asymptotic plateau at
high pressures and high concentrations, respectively, suggesting
that the reaction proceeds through the Langmuir—Hinshelwood
mechanism. A small kinetic isotope effect (ky/kp = 1.2) was
observed in the double-carbonylation of 1-(p)-morpholine.
Fourier transform infrared (FT-IR) studies of Au/HT were
also carried out. When Au/HT was treated with 1-(H)- and
1-(p)-morpholine vapor at 353 K, new bands appeared at 3234
and 2512 cm ™!, corresponding to the O—H and O-D stretching
bands of Mg—O(H-morpholine)-Al and Mg-O(p-morpholine)-Al,
respectively, on the surface of HT. This reveals the activation of
morpholine by the strong adsorption on basic sites of HT.!!

Based on the above results, a plausible reaction mechanism is
proposed as shown in Scheme 3. First, CO is adsorbed on Au
NPs on HT (I). Next, a H atom on the N-H group of an amine
(R,NH) is withdrawn by a basic site of HT to promote the
nucleophilic attack of the R,N®~ to the CO adsorbed on Au
NPs (II),'? affording the formation of H* and [Au-CONR,]~
species (IIT). Subsequent coupling of [Au-CONR,|™ species
occurs to produce an oxamide [(CONR,),] accompanied by
negatively charged Au NPs and H" (IV). The resulting hydrogen
species are treated by O, to afford H»O, thereby completing the
catalytic cycle (V). The results obtained from our kinetic experi-
ments also support the above mechanism.'?

In conclusion, we discovered a highly efficient double-carbony-
lation of amines to the corresponding oxamides using Au NPs
without any additives under mild reaction conditions. Au/HT
showed outstanding catalytic activity compared to those of other
metal NPs and previously reported catalyst systems. Furthermore,
the solid Au/HT catalyst was recoverable and reusable without
any loss of its activity or selectivity. The experimental results
combined with kinetic and spectroscopic studies also establish that
Au NPs and basic supports promote the double-carbonylation in
a concerted fashion.

Supports of this work were provided by JSPS KAKENHI
(23686116 and 10J01438). We thank Dr Uruga and Dr Nitta
(SPring-8) for XAFS measurements. The TEM experiments
were carried out at a facility of the Research Center for
Ultrahigh Voltage Electron Microscopy, Osaka University.
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