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f secondary amines over Ag/Al2O3

catalyst by one-pot reductive amination of
aldehydes with nitroarenes†

Ekaterina A. Artiukha,a Alexey L. Nuzhdin, *a Galina A. Bukhtiyarovaa

and Valerii I. Bukhtiyarov ab

An alumina-supported silver catalyst was investigated in the one-pot reductive amination of aldehydes with

nitroarenes in a continuous flow reactor using molecular hydrogen as a reducing agent. A series of

secondary amines containing alkyl, OH, OCH3, Cl, Br and C]C groups was synthesized in good to

excellent yields. The yield of the secondary amine depends on the rate of formation of an intermediate

imine. It was shown that the accumulation of carbonaceous deposits on the catalyst is the main reason of

catalyst deactivation. The spent catalyst can be easily regenerated and reused without losing catalytic activity.
Introduction

Secondary amines are extensively used for production of phar-
maceuticals, agrochemicals and ne chemicals.1 Therefore,
developing new highly efficient and environmentally friendly
methods for the synthesis of these compounds has received
increasing attention lately.2 One-pot reductive amination of
aldehydes with nitroarenes over heterogeneous catalysts using
molecular hydrogen or another “green” reducing agent is an
atom-economical and environmentally attractive method for
synthesis of secondary aromatic amines.3–6 The process begins
with the reduction of the nitroarene to a primary aromatic
amine. Further reversible condensation of the primary amine
with aldehyde forms the corresponding imine, which is nally
reduced to the target secondary amine. In general, the reaction
is realized in the presence of noble metal-based catalysts (Pd,3

Pt,3k,4a Ir4b and Au5). Recently, reductive amination of aldehydes
with nitroaromatic compounds has been examined over Fe- and
Co-based catalysts comprised of metal particles embedded in
mesoporous nitrogen-doped carbon.6a–f

Alumina-supported silver catalysts are attractive for reduc-
tive amination of aldehydes with nitroarenes due to their
activity and high chemoselectivity in hydrogenation of
substituted nitroarenes to corresponding anilines.7a,b In addi-
tion, a series of secondary amines has been synthesized from
nitroaromatics and benzyl alcohols over the Ag/Al2O3 catalyst
under H2.7c However, to achieve high yields of desired products
this reaction requires the use of KF as a co-catalyst and should
Novosibirsk, 630090, Russia. E-mail:
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61
be carried out for a long time over catalyst with high silver
loading.

The reductive amination of aldehydes with nitroarenes is
routinely performed in batch reactors.3,4,6 Meanwhile, in recent
years the continuous-ow synthesis has emerged as an attrac-
tive alternative to batch protocols. Potential benets of ow
chemistry include an enhanced safety prole, superior interfa-
cial mass and energy transfer properties, reduction of the side
product formation through a better control over process vari-
ables, and shortening of the development time from laboratory
to nal production levels.8 Herein, we describe the use of the
supported Ag/g-Al2O3 catalyst for the one-pot reductive amina-
tion of aliphatic and aromatic aldehydes with nitroarenes in
a continuous ow reactor.
Experimental
Chemicals

Silver nitrate (99.5%), nitrobenzene (99%), o-nitrotoluene
(99+%), m-nitrotoluene (99%), p-nitrotoluene (99%), p-nitro-
phenol (99%), p-chloronitrobenzene (99%), p-bromoni-
trobenzene (99%), n-heptanal (95%), 3-phenylpropionaldehyde
(95%), undecylenic aldehyde (97%), 3-methylcrotonaldehyde
(97%), benzaldehyde (98+%), p-anisaldehyde (99+%), p-chlor-
obenzaldehyde (98.5+%), 2-heptanone (98%), n-decane (99+%)
from Acros Organics, as well as p-ethylnitrobenzene (95%) from
Sigma-Aldrich, were used without additional purication.
Toluene of 99.5% purity from ECOS (Russia) was employed as
a solvent.
Catalyst preparation

The g-Al2O3 support was prepared by extrusion of a paste ob-
tained by mixing of aluminum oxide (Puralox TH 100/150,
This journal is © The Royal Society of Chemistry 2017
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Sasol), aluminum hydroxide (Disperal, Sasol) and aqueous
solution of nitric acid.5c An Ag/Al2O3 catalyst was prepared by
impregnating of g-Al2O3 (grain size of 250–500 mm) with an
aqueous solution of silver nitrate followed by drying at 70 �C
under vacuum and calcination in air at 500 �C for 3 h.7a
Catalyst characterization

The Ag content was measured by XRF using an ARL instrument.
Textural characteristics were determined from nitrogen
adsorption–desorption isotherms (77 K) obtained on a Micro-
meritics ASAP 2400 analyzer. Powder XRD patterns were recor-
ded on a Bruker D8 diffractometer using CuKa radiation and
a LynxEye position sensitive detector. X-ray photoelectron
spectra (XPS) were obtained on a SPECS (Germany) spectrom-
eter equipped with a PHOIBOS-150 hemispherical energy
analyzer and the X-ray source with double Al/Mg anode. TEM
studies were performed with a JEM-2010 electron microscope
(JEOL, Japan). TG-DSC-MS measurement was conducted using
an apparatus consisting of a STA 449 F1 Jupiter thermal
analyzer and a QMS 403D Aëolos quadrupole mass spectrom-
eter (NETZSCH, Germany) as described earlier.5c
Fig. 1 TEM data of the as-prepared Ag/Al2O3 catalyst.

Fig. 2 Powder XRD patterns of the Ag/Al2O3 catalyst and g-Al2O3

support.
Reductive amination of aldehydes with nitroarenes

The catalytic properties were investigated under continuous-
ow conditions in H-Cube Pro™ setup (Thalesnano, Hungary)
equipped with packed-bed reactors CatCart® 30 (length of 30
mm, inner diameter of 4 mm).5c Before each catalytic run, the
catalyst (0.215 g) was reduced by a mixture of hydrogen with
toluene at 110 �C and 3.0 MPa for 1 hour (ow rates of toluene
and H2: 0.5 and 60 mL min�1, respectively). The inlet was then
switched to the ask with the solution of nitroarene (0.025 M)
and aldehyde (0.0375 M) in toluene. This moment was chosen
as the starting point of the reaction. The catalytic tests were
carried out at 100–110 �C, 3.0 MPa of hydrogen pressure, liquid
and hydrogen feed rates of 0.5 and 60 mL min�1, respectively.
As a result of special tests, we found earlier that there is no
inuence of external or internal mass transfer limitations under
the conditions used.9 The performance of the catalyst was
evaluated by analysis of the samples taken 30–34 min aer the
beginning of the experiment. The reaction products were
analyzed by GC (Agilent 6890N instrument with a HP 5-MS
capillary column 60 m � 320 mm � 0.25 mm) using n-decane as
the internal standard. The product yields were calculated based
Table 1 Physico-chemical characteristics of the as-prepared, spent and

As-prepa

Content of Ag, wt% 4.7
Mean particle size, nm 5.2
BET surface area, m2 g�1 175b, 167
Total pore volume, cm3 g�1 0.63b, 0.6
Mean pore diameter, nm 15.0b, 14
Content of carbonaceous deposits, wt% —

a Aer 2.5 h on-stream at 100 �C, p(H2) ¼ 3.0 MPa, nitrobenzene (0.025 M

This journal is © The Royal Society of Chemistry 2017
on nitro compounds. The reaction products were identied by
GC-MS (Agilent 7000B Triple Quad System) and comparing the
GC retention times with the authentic compounds.5b,c
Results and discussion

The Ag/Al2O3 catalyst was prepared by incipient wetness
impregnation of the g-Al2O3 support with an aqueous solution
of silver nitrate.7a,10a The physico-chemical characteristics of the
regenerated Ag/Al2O3 catalyst

red Spenta Regenerated

4.7 4.6
5.1 5.3

140 147
1 0.53 0.55
.7 14.9 14.9

4.2 z0

), n-heptanal (0.0375 M). b g-Al2O3 support.
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Table 2 Reductive amination of aldehydes with nitroarenes over Ag/Al2O3 catalyst
a

Entry 1 2 T, �C
Conversion
of 1

Conversion
of 2

Yieldb, %

3 4 5 Others

1 100 >99 70 15 6 79 n.d.c

2d 100 >99 61 22 11 67 n.d.

3 100 >99 72 44 15 41 n.d.

4 100 >99 76 11 4 85 n.d.

5 100 >99 80 5 5 90 n.d.
6 110 >99 88 5 3 92 n.d.

7 100 >99 78 6 5 89 n.d.

8 100 >99 71 4 6 84 6e

9 100 89 56 13 6 70 n.d.
10 110 >99 65 15 6 79 n.d.

11 100 92 59 12 7 73 n.d.
12 110 >99 64 14 5 81 n.d.

13 110 >99 89 6 2 92 n.d.

14 110 >99 81 11 11 78 n.d.

15 110 >99 87 16 n.d. 82 2

16 110 >99 97 17 4 79 n.d.

17 100 >99 94 4 9 86 1

18 100 >99 95 3 n.d. 87 1 + 9e

45858 | RSC Adv., 2017, 7, 45856–45861 This journal is © The Royal Society of Chemistry 2017
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Table 2 (Contd. )

Entry 1 2 T, �C
Conversion
of 1

Conversion
of 2

Yieldb, %

3 4 5 Others

19 110 >99 69 13 6 81 n.d.

20 100 >99 74 6 9 85 n.d.

a 1 (0.025 M), 2 (0.0375 M), Ag/Al2O3 catalyst ¼ 215 mg, toluene, p(H2) ¼ 3.0 MPa, reaction time ¼ 30–34 min, liquid and hydrogen feed rates of 0.5
and 60 mL min�1, respectively. b The product yields were calculated based on nitro compounds by using GC. c n.d. ¼ not detected. d No pre-
reduction treatment was conducted. e Tertiary amine.
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catalyst are summarized in Table 1. Fig. 1 shows a TEM image of
the Ag/Al2O3 catalyst, the pattern is typical of the metallic Ag
nanoparticles supported on alumina.7a,10a,b The nanoparticles
distributed well on the support were mainly between 1 and
10 nm in size, with the mean particle size about 5 nm. Powder
XRD patterns of the pre-reduced Ag/Al2O3 catalyst and g-Al2O3

support are shown in Fig. 2. The XRD pattern of the Ag/Al2O3

catalyst contains peaks associated with g-Al2O3, while the most
intensive signal of metallic silver at 2q ¼ 38.07� is overlapped
with the signal of alumina and is not clearly observed because of
small sizes of silver nanoparticles. Nevertheless, the low-
intensive broad diffraction peak at 2q ¼ 77.46� is seen on the
diffraction curve that could be attributed to the (311) plane of
the metallic silver phase.

The Ag 3d XPS and Ag MVV Auger spectra of the as-prepared
and pre-reduced Ag/Al2O3 catalysts (ESI†) were measured to
identify the silver chemical state on the catalyst surfaces.
According to the XPS data, both Ag/Al2O3 catalysts contain silver
in the oxidized state. We suppose that the oxidation of silver
particles, even in the pre-reduced catalysts, occurs via contact
with atmospheric oxygen during the transfer of the sample from
catalytic reactor to the spectrometer. The ability of the sup-
ported silver nanoparticles to react with oxygen at ambient
conditions is conrmed by the observation that color of the
catalysts changes immediately upon its retrieval from the
reactor aer reduction or catalytic experiments. Therefore, the
Ag/Al2O3 catalyst should be pre-reduced directly before reaction.
Indeed, the preliminary experiments show the appreciable
increase in the yields of secondary amines over the Ag/Al2O3

catalyst aer pre-reduction (Table 2, entries 1 and 2).
The Ag/Al2O3 catalyst has been studied in the one-pot

reductive amination of aldehydes with nitroarenes in a contin-
uous ow reactor using toluene as a solvent (Table 2). Since
aldehyde could produce the corresponding alcohol in a side
This journal is © The Royal Society of Chemistry 2017
reaction5b,c the reaction was carried out at a 1.5-fold excess of
aldehyde. It was found that various secondary amines could be
obtained over the Ag/Al2O3 catalyst in yield up to 92% (Table 2).
The introduction of electron-donating substituents (CH3,
CH2CH3 and OH) in the para- and meta-positions of nitroben-
zene improved the yield of secondary amines (Table 2, entries 1
and 4–8). At the same time, in the case of nitroarenes with
electron-withdrawing substituents (Cl, Br) in the para-position
or methyl substituent in the ortho-position a reduction in the
yield of the target products was observed under the same
reaction conditions (Table 2, entries 3, 9 and 11). The observed
effect of substituents can be explained by their impact on the
nucleophilic properties of intermediate primary aromatic
amines. So, anilines with electron-donating substituents in the
meta- and para-positions have stronger nucleophilic properties
that lead to an increase in the imine formation rate through the
reaction with aldehyde.5c It should be noted that no conversion
of aldehydes or nitroarenes was observed over pure g-alumina
under the reaction conditions.

Aliphatic aldehydes (n-heptanal and 3-phenyl-
propionaldehyde) gave higher yields of secondary amine in
reaction with p-nitrotoluene than benzaldehyde derivatives
(Table 2, entries 6 and 13–16). It can be explained by faster
interaction between p-toluidine formed during the reaction and
aliphatic aldehydes due to stronger electrophilic properties of
the latter.5b The utilization of 2-heptanone instead of aldehydes
led to formation of secondary amines in negligible yield, which
is connected with much weaker electrophilic properties of
ketones. Thus, the yield of secondary amine is determined by
the rate of imine formation.

The Ag/Al2O3 catalyst was also investigated in the reductive
amination of unsaturated aliphatic aldehydes such as 3-meth-
ylcrotonaldehyde and undecylenic aldehyde with nitroarenes.
Interestingly, the hydrogenation of carbon–carbon double bond
RSC Adv., 2017, 7, 45856–45861 | 45859
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Table 3 Space time yield (STY) of the secondary amines for the Ag/Al2O3 and Au/Al2O3 catalysts
a

Entry Catalyst Product T, �C p, MPa
STY, g(product)
g(metal)�1 h�1 Reference

1 4.7% Ag/Al2O3 100 3 11.2 This work
2 2.5% Au/Al2O3 80 5 26.9 5b

3 4.7% Ag/Al2O3 110 3 14.0 This work
4 2.5% Au/Al2O3 80 5 30.4 5b

5 4.7% Ag/Al2O3 110 3 11.4 This work
6 2.5% Au/Al2O3 80 5 26.9 5b

7 4.7% Ag/Al2O3 110 3 13.8 This work
8 2.5% Au/Al2O3 80 5 26.2 5b

9 4.7% Ag/Al2O3 110 3 13.6 This work
10 2.5% Au/Al2O3 90 5 29.2 5b

11 4.7% Ag/Al2O3 110 3 14.7 This work
12 2.5% Au/Al2O3 90 5 31.2 5c

13 4.7% Ag/Al2O3 100 3 16.3 This work
14 2.5% Au/Al2O3 90 5 36.9 5c

a Nitroarene (0.025 M), aldehyde (0.0375 M), toluene, liquid and hydrogen feed rates of 0.5 and 60 mL min�1, respectively.

Fig. 3 The time dependence of secondary amine yield in the reaction
between nitrobenzene (0.025 M) and n-heptanal (0.0375 M) over the
as-prepared and regenerated Ag/Al2O3 catalysts at 100 �C and p(H2) ¼
3.0 MPa.
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is almost absent in the reactions of nitrobenzene and p-nitro-
toluene with unsaturated aliphatic aldehydes (Table 2, entries
17–20). In this case, the unsaturated secondary amines have
been obtained as the main products in yield of 81–87%. More-
over, it should be noted that Cl and Br groups have remained
unconverted during the reaction (Table 2, entries 9–12 and 16)
while the partial hydrogenation of OCH3 group has been
observed (Table 2, entry 15).

In our previous works the 2.5% Au/Al2O3 catalyst with the
mean gold particle diameter equal to 3.4 nm was proposed for
one-pot reductive amination of aldehydes with nitroarenes in
a ow reactor.5b,c The targeted secondary amines were obtained
in yield up to 99% at 80–100 �C and 5.0 MPa of hydrogen
pressure. To compare the catalytic performance of silver and
gold catalysts the space time yield (STY) were calculated for the
4.7% Ag/Al2O3 and 2.5% Au/Al2O3 catalysts. The STY is dened
as the mass of the secondary amine (g) produced during 1 h per
mass of metal (g) in the catalyst.11 As shown in Table 3, STY of
secondary amines for the Ag/Al2O3 catalyst was 1.9–2.4 times
lower than that for the Au/Al2O3 catalyst. However, gold is more
than 70 times more expensive than silver.12

The time-on-stream performance of the Ag/Al2O3 catalyst in
reductive amination of n-heptanal with nitrobenzene showed
a decrease in the secondary amine yield (Fig. 3). To assess the
impact of various factors on the catalyst deactivation the as-
prepared and spent Ag/Al2O3 catalysts were investigated using
XRF, low-temperature nitrogen adsorption, TEM and TG-DSC-
45860 | RSC Adv., 2017, 7, 45856–45861
MS analysis. It was found that Ag content, textural properties
and silver particle size did not change visibly aer reaction
(Table 1). Simultaneously, TG-DSC-MS analysis indicated that
the spent catalyst contained approximately 4.2 wt% of
hydrogen-enriched carbonaceous species (ESI†). Therefore, the
catalyst deactivation can be explained by the formation of
carbonaceous deposits on the catalyst surface.5b,c,13

The activity of the spent Ag/Al2O3 catalyst can be restored
completely aer the oxidative treatment in air at 330 �C for 20 h
This journal is © The Royal Society of Chemistry 2017
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(Fig. 3).5c This procedure leads to almost complete removal of
carbonaceous deposits accumulated on the catalyst without
deterioration of textural structure (Table 1) and aggregation of
the silver nanoparticles (ESI†).

Conclusion

The Ag/g-Al2O3 catalyst is efficient for one-pot reductive ami-
nation of aliphatic and aromatic aldehydes with nitroarenes
under continuous-ow conditions. Various secondary aromatic
amines containing alkyl, OH, OCH3, Cl, Br and C]C groups
were obtained in good to excellent yields using molecular
hydrogen as a reducing agent. The yield of secondary amine is
determined by the rate of imine formation. It was shown that
the accumulation of carbonaceous deposits on the catalyst is
the main reason of catalyst deactivation. The activity of the
spent catalyst can be restored completely aer the oxidative
treatment in air.
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