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One-pot sequences of hydrogenation/hydroamination to form indoles from (2-nitroaryl)alkynes and hydrogenation/reductive amination to form
aniline derivatives from nitroarenes and aldehydes were catalyzed by Au nanoparticles supported on Fe,0;. Nitro group selective hydrogenations
and successive reactions were efficiently catalyzed under the conditions.

Nitroarenes are one of the most readily available starting
materials in organic synthesis because nitration of aromatic
rings by electrophilic substitution is a versatile method to
introduce nitro groups. One of the major pathways of the
transformation of nitroarenes is reduction including hydro-
genation into anilines,' and then further transformation is
carried out by alkylation, reductive alkylation, hydroamina-
tion, etc. to obtain their derivatives including heterocyclic
compounds. However, when the other unsaturated functional
group is located on the aromatic rings or on the substituent
with the nitro group, selective reduction of the nitro group
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by hydrogenation is somewhat difficult." Therefore stoichio-
metric reagents such as, SnCL**“¢ and electrochemically
generated N i,2% Fe,?d SnCl,/NaBH4, > Zn,>" PPhs, " etc. were
used for selective reduction of the nitro group. The reduction
of (2-nitroaryl)alkynes to (2-aminoaryl)alkynes with sto-
ichiometric reducing agents followed by cyclization to form
indoles,>™*" which is an important class of biologically
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active compounds, is one of the major routes to access them.
Obviously, the requirement of stoichiometric reducing agent
and tedious manipulation for the product isolation and
purification is a major drawback of two-step syntheses.
Lately, the first one-pot synthesis of indoles through this route
was reported by the use of In—HI as reagent.”’ However,
the reaction requires 4 equiv of expensive indium and the
substrates are limited to 1-aryl(2-nitroaryl)alkynes giving
only moderate yield (up to 64%).

Recently, we have been interested in unique catalytic
activities and selectivities of Au nanoparticle catalysts® and
involved in their application to organic synthesis. We have
developed Au/Co;O,-catalyzed hydroformylation**® and
amidocarbonylation*® (Wakamatsu reaction), where Au acts
as a cocatalyst to generate Co® active species.

In the present work, we have investigated the Au-catalyzed
chemoselective hydrogenation of nitro groups® and have
applied this reaction to one-pot synthesis of indoles and
aniline derivatives® by successive hydroamination, dehydra-
tion, and reductive amination.

The result of a one-pot synthesis of indoles from (2-
nitroaryl)alkynes catalyzed by Au/Fe,O; under hydrogenation
conditions is shown in Table 1. As a model substrate, 1-nitro-
2-(2-phenylethynyl)benzene (1a) was selected for this study.
Hydrogenation of 1a with 2.3 mol % of Au/TiO, (Au atom
per substrate) was carried out at 120 °C under 1.2 MPa H, and
afforded 2-phenylindole (2a) in 63% yield (Table 1, entry 1).
Uncyclized aniline (3a) and overreduced aniline (4a) were
obtained in yields of 5.7% and 2.8%, respectively. When Au/
Fe,05 was used as catalyst, a slightly better yield (69%) of 2a
was observed (entry 2). Au nanoparticles on another support
such as Au/Co;04 gave lower yields (<10%), thus Au/Fe,O;
was used as the optimized catalyst for this study. The reaction
with higher temperature gave lower yield of 2a (51% at 160
°C, entry 3), but higher H, pressure (2.0 MPa) brought a better
result (67%, entry 4). Further higher pressure did not improve
the yield of 2a. The reaction with various temperatures was
carried out between 40 and 160 °C (entries 4—11), and it was
found that the most favorable temperature was 110 °C giving
the highest yield (77%) of 2a under a one-pot, one-step
condition (entry 7). In this series of reactions, a combined yield
of 2a and 3a reached maximum around 60—80 °C (83—84%,
entries 9 and 10), because this condition minimized the amount
of other byproduct such as hydroxylamine derivatives. There-
fore, if uncyclized 3a can be converted into 2a without
overreduction, the yield of 2a will be improved. Thus, a second
cyclization step was carried out separately under lower H,
pressure and higher temperature as a one-pot, two-step synthesis.
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Table 1. One-Pot, One-Step Synthesis of Indole 2a by
Supported Au Catalysts under Hydrogenation Condition

_ Ph _ Ph
catalyst mpm ©\/+ ©\/:Ph
NO, N NH, NH,
1a 2a 3a 4a
yield (%)
t convn  2a 3a 4a

entry cat. (°C) P (MPa) (%) (%)Y (%)  (%)?

1 AuTiO, 120 1.2 100 625 577 28
20 Au/Fe,0; 120 1.2 100 69.0 0 6.5
3> Au/Fe,0; 160 1.2 974 506 O 3.8
4% Au/Fe,0; 160 2.0 100 66.5 0 16.2
0
0

5°  Au/Fe,03 140 2.0 100 72.7 13.9
6° Au/Fe,03 120 2.0 100 73.0 12.7
7% Auw/Fe,0; 110 2.0 100 77.3 0 14.2
8%  AwFe,03 100 2.0 100 75.9 2.6¢ 13.4
9°  Auw/Fe,0; 80 2.0 100 59.8 244 3.1
102 Au/Fe,O; 60 2.0 100 32.2 50.7 1.0
11>  Au/Fe,04 40 2.0 38 2.6 304 1.0
“1a (0.5 mmol), toluene (2.0 mL), 1 h, Au/TiO, (1.2 atom % Au/(Au

+ Ti), 2.3 mol % Au/la). ® Au/Fe,05 (5.0 atom % Au/(Au + Fe), 2.3 mol
% Au/la). < Isolated yield.  GC yield.

An optimized condition of this method is depicted in
Scheme 1. The first step was performed at 60 °C, 2.0 MPa
H, for 1 h, then H, was released to atmospheric pressure
(0.1 MPa), then the system was closed and heated at 120 °C
for 1 h. The isolated yield of 2a reached 87%. Change in
the reaction time (1—2 h) of the first and second step and
catalyst loadings (1.2 to 4.6 atom % Au for substrate) did
not bring a significant effect on yield of 2a (>80%).

Scheme 1. One-Pot, Two-Step Synthesis of 2a by Supported Au
Catalysts under Hydrogenation Condition
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The applicability of this one-pot indole synthesis was
explored to several substrates (Table 2). Method A represents
a one-pot, one-step condition (2.0 MPa H,, 120 °C, 1 h),
and method B represents a one-pot, two-step condition as
shown in Scheme 1. In general, method B gave slightly better
yields. When an electron-deficient 4-CF;C¢H, group was
used as R! substituent (le), alkyne hydrogenation was
enhanced (33%), which brought about a decreased yield of
2e¢ (43%, entry 10). The substrate with the aliphatic R! group
also gave the indoles in good yield (entries 11—14,17, and
18). A sterically hindered fert-butyl group (1g) gave 81%
yield but the trimethylsilyl group (1h) considerably decreased

5163



the rate of the cyclization step. Thus 3h was formed as a
major product (84%). A substituent on the meta-position of
the aromatic ring did not affect the yield (entries 19 and 20).

Table 2. Synthesis of Indoles by Supported Au Catalysts under
Hydrogenation Condition”

R
/@\/ Au/?ezzoa mR1
R2 NO, toluene R? H
1 2
yield of
entry  substrate R! R2  method® 2 (%)
1 la Ph H A 73
2 la Ph H B 87
3 1b 4-MeCgH,4 H A 67
4 1b 4-MeCgH,4 H B 87
5 1c 4-FCsH, H A 66
6 1c 4-FCGH4 H B 86
7 1d 4-MeOCgH, H A 75
8 1d 4-MeOCgH, H B 81
9 le 4-CF35CeHy H A 20
10 le 4-CF3CeHy H B 43
11 1f cyclohexenyl H A 77
12 1f cyclohexenyl H B 94
13 1g tert-butyl H A 66
14¢ 1g tert-butyl H B 81
15 1h SiMes H A 0
16 1h SiMes H B 0
17 1i n-CgHis H A 56
18 1i n-CsH13 H B 75
19 1j Ph Me A 45
20 1j Ph Me B 81

“1 (0.5 mmol), toluene (2.0 mL), Au/Fe,O; (5.0 atom % Au/(Au +
Fe), 2.3 mol % Au/1). ® Method A: one-pot, one-step condition (2.0 MPa
H,, 120 °C, 1 h). Method B: one-pot, two-step condition (2.0 MPa H,, 60
°C, 1 h, then 0.1 MPa H,, 120 °C, 1 h). © H, pressure of the first step was
1.0 MPa.

A 5.0 mmol (1.1 g) scale reaction was carried out with
substrate 1a. The reaction was somewhat affected by the
stirring efficiency, therefore longer reaction time (2 h) was
required for the first hydrogenation step and 81% isolated
yield (0.79 g) was achieved.

Chemoselectivity of the hydrogenation of the catalytic
system was examined with a para-substituted substrate (5)
and found that the selectivity of 6 is moderate (65%). This
result indicates Au-catalyzed cyclization by hydroamination’
is faster or comparable when ortho-substituted substrates
were used under the condition.

Ph Ph
AN Hy (20 MPa) Xy
Au/Fe,03 +
toluene Ph
NO, 60°C, 1h NH, NH,
65% 35%
5 6

Transmission electron microscopic (TEM) images of the
Au/Fe,0; catalysts showed gold particles of average 2—3
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Figure 1. TEM image of Au/Fe,0s.

nm mean deiameter (Figure 1). The sizes of the gold particles
were slightly increased after the catalytic reaction (Figure
2). Actually, the recycled catalysts showed somewhat lower
activities and afforded 2a in 30—46% yields. The slight
change of the catalyst state including the gold particle size
might decrease the performance.

Figure 2. TEM image of Au/Fe,O; after the reaction.

An atomic absorption spectrometry measurement of Au
was performed for a supernatant of a reaction mixture of
the reaction and found no detectable Au (Figure S-1 in the
Supporting Information).

For the hydrogenation of the nitro group, a similar
mechanism is expected to the Au/TiO,-catalyzed one.>® On
the other hand for hydroamination, the origin of soft Lewis
acidity to promote the reaction is a subject of discussion’
and future works should address this issue.

(7) (a) Zhang, J.; Yang, C.-G.; He, C. J. Am. Chem. Soc. 2006, 128,
1798-1799. (b) Corma, A.; Concepsién, P.; Dominguez, 1.; Fornés, V.;
Sabater, M. J. J. Catal. 2007, 251, 39-47. (c) Miyazaki, Y.; Kobayashi, S.
J. Comb. Chem. 2008, 10, 355-357. (d) Kitahara, H.; Kamiya, I.; Sakurai,
H. Chem. Lett. 2009, 38, 908-909.
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Next, intermolecular reductive amination of aldehydes with
nitroarenes was examined with Au/Fe,0; catalysts. Although
the reductive alkylation of amines with aldehydes is a
common process, few reports have been made on reductive
alkylation from nitrocompounds. To the best of our knowl-
edge, only one paper describes the reaction under hydrogena-
tion condition with Pd/C,® but the reported substrate scope
is limited in small aliphatic aldehydes. Very recently, Corma
reported imine formation from aldehydes and nitroarenes
with Au/TiO, catalysts.® Table 3 shows our result. The
chemoselective hydrogenation of the nitro groups of 7a
followed by imine (10a) formation with 8a and further
hydrogenation gave amine 9a. When the reaction was carried
out with 1 mol % of Au/Fe,05 at 120 °C for 6 h, 10a was
the major product (62%) and 9a was formed only in 10%
(Table 3. entry 1). A longer reaction time (24 h) slightly
improved the yield of 9a (34%, entry 2). Higher catalyst
loadings are also effective for improvement of the yield,
sufficiently high selectivity of 9a:10a was obtained with 3
mol % of catalyst (entries 3 and 4). When the ratio of 7a:8a
was changed from 1:1 to 1.5:1 or 1:1.5, a slight excess of
the aldehyde 8a gave a favorable result giving 80% yield of
9a (entries 5 and 6). Thus we have concluded that entry 6 is
the optimized condition. The reactions with the conditions
for a longer (15 h) and shorter (1 h) time did not improve
the yield (entries 7 and 8).

Table 3. One-Pot Reductive Amination of Benzaldehyde with
Nitrobenzene with Au Catalysts

H, (2.0 MP
©/ NO, ?AEl/Fezosa) ©/ ~-Ph Ny Ph
+ Ph-CHO ——— +
toluene
120 °C
7a 8a 9a 10a
yield (%)°
cat.
entry® 7a:8a (mol %) time (h) 9a 10a
1 1:1 1.0 6 10 62
2 1:1 1.0 24 34 33
3 1:1 2.0 6 41 30
4 1:1 3.0 6 59 4
5 1.5:1 3.0 6 42 2
6 1:1.5 3.0 6 80 2
7 1:1.5 3.0 15 78 0
8 1:1.5 3.0 1 28 62

“7 (1.0—1.5 mmol), 8 (1.0—1.5 mmol), toluene (2.0 mL), Au/Fe,O3
(5.0 atom % Au/(Au + Fe), 1—3 mol % Au/l1). * GC yield.

The reductive amination was carried out with several
different nitroarenes and aldehydes (Table 4). Aliphatic
aldehydes gave slightly lower yields: cyclohexanecarbalde-
hyde and isopentyl aldehyde gave amines 9b and 9¢ in 77%
and 58% yields, respectively (entries 2 and 3). Electron-
donating substituents on nitroarenes afforded the product

(8) (a) Sydnes, M. O.; Isobe, M. Tetrahedron Lett. 2008, 49, 1199—
1202.
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Scheme 2. One-Pot Formation of Indole from
2-(2-Nitrophenyl)acetaldehyde with Au Catalysts

H, (2.0 MPa)
—_—
toluene
NO, 120°C, 6 h N
1 12 71% yield

amines in very high yield (entries 4 and 5), while electron-
withdrawing substituents slightly decrease the yield (entry
6).

Table 4. One-Pot Reductive Amination of Aldehydes with
Nitroarenes with Au Catalysts

e L
/©/ + RecHo toluene /©/
R’ 120°C,6h R
7 8 9
entry® R! R? product yield (%)°

1 H Ph 9a 86
2 H cyclohexyl 9b 77
3¢ H isobutyl 9¢c 58
4 Me Ph 9d 96
5 MeO Ph 9e 95
64 F Ph 9f 71

“7 (1.0 mmol), 8 (1.5 mmol), toluene (2.0 mL), 6 h, Au/Fe,O; (5.0
atom % Au/(Au + Fe), 3 mol % Au/1). ? Isolated yield. ¢ 7¢ (1.0 mmol),
8c (2.0 mmol). ¢ Reaction time 24 h.

When an intramolecular version of the reductive amination
was performed with 11, indole 12 was formed in 71% yield
(Scheme 2). Further reduction into 2,3-dihydroindole was
not observed under the condition due to the stability of the
indole ring.’

In conclusion, we have developed one-pot sequences of
hydrogenation/hydroamination to form indoles and hydro-
genation/reductive amination to form aniline derivatives
using a Au/Fe,O; catalyst.
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