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One-pot reductive amination of aromatic and aliphatic aldehydes
with nitroarenes over an Au/Al,Oz catalyst in a continuous flow
reactor using molecular hydrogen as a reducing agent was
performed. Various secondary aromatic amines were obtained in
good to excellent yields.

Secondary amines are important intermediates in the
synthesis of agrochemicals, pharmaceuticals and other
chemical products." Primary amines are usually employed as
starting materials for the synthesis of secondary amines
through reactions with alkyl halides,"”** alcohols*> and
carbonyl compounds.® The growing interest in these products
induces continuous efforts to develop more efficient and
environmentally friendly methods for the synthesis of
secondary amines with high selectivity. Recently, one-pot
reductive amination of aldehydes directly with nitroarenes
has been described,”” where several steps are carried out
using the same reaction vessel and catalyst under hydrogena-
tion conditions. This process does not require preliminary
reduction of nitroarenes, avoiding intermediate separation
and purification steps, and minimizes waste production due
to the use of molecular hydrogen as a reducing agent. In gen-
eral, reductive amination of aldehydes with nitroarenes pro-
ceeds through three consecutive reactions: hydrogenation of
nitroarene into primary aromatic amine, condensation of
amine with aldehyde to imine and hydrogenation of imine to
corresponding secondary amine.**/>~”

Syntheses of secondary amines through
amination of carbonyl compounds with nitroarenes have

reductive
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been examined over Pd-Ag bimetallic nanoparticles,’® Pt
nanowires,”” MOF-supported Pt, Pd and Ir nanoparticles,’
gold catalysts® and Pd nanoparticles supported on different
materials, such as carbon,*> polymers,** gum,”# §i0,,*" and
Fe;0,.% Recently, reductive amination of aldehydes with
nitroarenes over carbon-supported iron and cobalt oxide cata-
lysts has been described, but the proceeding of the reactions
at high temperature and hydrogen pressure for 24 hours pro-
vided a secondary amine yield not higher than 80%.”

Different carbonyl compounds and nitrobenzene deriva-
tives containing alkyl, hydroxy, alkoxy, halogen, carbonyl and
carboxylate groups have been examined in the above men-
tioned examples’” but the selective synthesis of secondary
amines with the C=C group has received little attention.®”
Supported gold nanocatalysts could provide the one-pot syn-
thesis of more complicated secondary aromatic amines due
to their ability to hydrogenate selectively the nitro-groups
without hydrogenating the other functionalities.® Indeed, the
Au/TiO,, catalyst demonstrated high selectivity in the one-pot
synthesis of N-(3-vinylbenzyl)-aniline from nitrobenzene and
3-vinylbenzaldehyde.®”

One-pot reductive amination of aldehydes with nitro-
arenes has been investigated in batch reactors under hydro-
gen atmosphere (H, pressure of 1 bar)* or under higher
pressure.”” In most cases, the reaction should be carried out
for a long time or by using several stages with different con-
ditions to achieve a high yield of secondary amine.*”*>” The
analysis of the catalyst's behavior in continuous flow mode is
missing, in spite of the growing interest in the development
and application of the flow-based approach for organic syn-
thesis in academic and industrial areas. In general, continu-
ous flow processes are more efficient than standard batch
protocols and make organic synthesis safer and more envi-
ronmentally friendly.” However, only a few reports devoted to
the synthesis of secondary amines in flow mode have been
found.'® Benzylpiperazine derivatives have been prepared
directly from the corresponding benzaldehyde and piperazine
in continuous flow over Pd/C, Pt/C and Pd(OH),/C catalysts.'*
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Aliphatic and aromatic secondary amines have been synthe-
sized selectively by one-pot reductive amination of nitriles
with primary amines using a Pt/C catalyst in a continuous
flow multichannel microreactor.'®” The Au/TiO,-catalyzed
alkylation of amines with alcohols has been performed in
a flow reactor at 180-200 °C and a rather high pressure
(100 bar of hydrogen), but the reactor should be used in recy-
cle mode for several hours to achieve high conversion."*

In the present study, we report the one-pot reductive
amination of aldehydes with nitroarenes using hydrogen as
the reducing agent in a packed bed one-through flow reactor
over an Au/Al,O; catalyst. To the best of our knowledge, this
is the first realization of such a type of reaction in continuous
flow mode.

An Au/Al,O; catalyst containing 2.5 wt% Au with the mean
Au particle diameter equal to 3.4 nm (ESIf) has been used
for the reductive amination of aldehydes with nitroarenes in
a flow reactor.f The reaction has been examined using sev-
eral different nitroarenes and aldehydes in toluene and the
results of the experiments have been summarized in Table 1.
The reductive amination of aldehyde 2 with nitroarene 1
starts from the hydrogenation of nitroarene 1 to the corre-
sponding aniline 3, which reacts with aldehyde 2 to form
imine 4 and further hydrogenation of 4 gives secondary

View Article Online

Catalysis Science & Technology

R2 R2
NO NH Q L
2 2 o -CHO Y NH
_CHO H, 2 Hy
Z 9
-H0 -H,0
H
Ry 2¢ Ri R R
1 1
1 3
Ry _CH,0H 4 5
6

Scheme 1 Reductive amination of aldehydes with nitroarenes.

amine 5 (Scheme 1). Simultaneously, aldehydes 2 could pro-
duce the corresponding alcohols 6 in a side reaction. The cat-
alytic activity of the Au/Al,O; catalyst was initially evaluated
for the reaction of nitrobenzene and benzaldehyde using dif-
ferent ratios of the reactants and different solvents (Table 1,
entries 1-4). It should be noted that the full conversion of
nitrobenzene, as well as the other examined nitroarenes, was
observed in all the experiments. The formation of any previously
reported® by-products of nitrobenzene reduction to aniline
such as nitrosobenzene, benzylhydroxylamine, azoxybenzene,
azobenzene and hydrazobenzene was not detected. The prevail-
ing products of the nitrobenzene conversion were secondary
amine 5 and aniline 3, when the reaction was carried out

Table 1 One-pot reductive amination of aldehydes with nitroarenes over the Au/Al,Os3 catalyst (Scheme 1)

. b
Conversion Yield, %

Entry  Nitroarene, 1 Aldehyde, 2 Product, 5 2:1 T,°C of2,% 3 4 5
1 1 80 98 12 1 57
2 NO, CHO 1 90 99.6 39.9 0.3 59.8
3¢ NH 1 90 82 79 13 8
4 1.5 80 85 14 2 84
5 1 80 99 31.9 02 67.9
6 NO; CHO 1.5 80 65 6 3 91

NH
7 SN cHo 1.5 70 87 5 1 94
8 NO, NN L5 80 93 57 06 93.7 (94)
9 H 1.5 90 98 7.5 0.4 92.1
10 D g N 1.5 70 86 1.5 0.6 97.9

NO
11 2 NSNS 15 80 93 0.6 0.1 99.3 (>99)
12 H 1.5 90 97 0.7 nd? 993
13 1.5 90 99 26.5 0.1 73.4
NO, cl CHO cl

14 1.5 80 96 172 0.8 82
15 NO2 ¢ CHO cl 1.5 90 98 16.0 0.1 83.9

NH
16 1.5 80 99 225 0.5 77.0

NO, CHO
17 1.5 70 90 23 nd. 77
18 NO2  HsCO CHO OCH; 15 80 98 23 nd. 77
—< >—NH

“ Catalyst (Au/AlLO;) = 200 mg, concentration of 1 = 0.025 mol L™, hydrogen flow rate = 60 mL min ', pressure = 50 bar, solvent = toluene, flow
rate of liquid = 0.5 mL min ™. ? GC yield. The values in parentheses are the yields of the isolated products. ¢ Reaction in methanol. ¢ n.d. = not

detected.
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using equimolar ratio of nitrobenzene and benzaldehyde in
toluene (Table 1, entries 1 and 2). The utilization of methanol
instead of toluene led to a drastic decrease in N-benzylaniline
yield and an increase in aniline 3 and imine 4 formation
(Table 1, entry 3). Simultaneously, high conversion of benzal-
dehyde to benzyl alcohol was observed. This reaction is com-
petitive with the imine formation which results in the
decrease of secondary amine yield. The slight excess of
aldehyde 2 at the ratio of 1:2 equal to 1:1.5 resulted in the
increase of N-benzylaniline yield from 57 to 84%. A favorable
effect of the aldehyde excess on the secondary amine yield
was also confirmed by the enhancement of N-benzyl-4-methyl-
aniline yield from 68 to 91% after the decrease of 1:2 ratios
from 1:1 to 1:1.5 (Table 1, entries 5 and 6). Therefore, all of
the following experiments were performed using the ratios of
nitroarenes and aldehydes equal to 1:1.5. Under these opti-
mized reaction conditions, the scope of the reaction was
explored with structurally different aldehydes.

Comparison of the reactions of nitrobenzene and 4-nitro-
toluene with benzaldehyde (Table 1, entries 4 and 6) allowed
one to see that the yield of secondary aromatic amine was
higher when 4-nitrotoluene was used as the starting reagent.
The same feature was observed in the reaction of nitroben-
zene and 4-nitrotoluene with n-heptaldehyde (Table 1, entries
8 and 11) and 4-chlorobenzaldehyde (Table 1, entries 13 and
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15), pointing out the probable beneficial effect of the methyl
group on the reactivity of nitroarene. The yields of the target
amines decreased when substituted benzaldehydes were used
in the reaction with 4-nitrotoluene (Table 1, entries 6, 14, 16
and 18), probably due to the higher rate of their hydrogena-
tion to alcohols.

Aliphatic n-heptaldehyde gave higher yields of secondary
amine in reductive amination with nitrobenzene (Table 1,
entries 7-9) or 4-nitrotoluene (Table 1, entries 10-12) in com-
parison with the examples where benzaldehyde and its deriv-
atives were used (Table 1, entries 4, 6 and 13-18). So, the
reaction of n-heptaldehyde with nitrobenzene and 4-nitro-
toluene occurred with 94% and more than 99% yields of the
corresponding secondary amines (Table 1, entries 8 and 11).
Excellent yields of N-heptylanilines can be explained by the
fast reaction of n-heptaldehyde with anilines 3.* In these
cases, almost all aniline molecules 3 are converted to imines
4 which are further reduced to target secondary amines 5. It
was found that variation of the reaction temperature in the
range of 70-90 °C had little effect on the yield of secondary
amines (Table 1).

Due to the high chemoselectivity of the Au/Al,O; catalyst
in the hydrogenation of nitro aromatic compounds,®” we
managed to realize the synthesis of secondary aromatic
amine containing a C-C double bond by one-pot one-step

Table 2 One-pot reductive amination of n-heptaldehyde with 3-nitrostyrene over the Au/Al,O5 catalyst®

= CH,OH
1a CoHig”
H -H,0
2¢ HZT C5H13 CGH13
AN
NH, oon. o N NH
sH13 H
2a 2
—_—— —
/
= -H,0 P
3a 4a 5a
H, ¢ H, ¢ H, ¢
NH, CCHB Cch
_CHO ™SN NH
CgHi3 H,
—_—— —
7 - H20
8 9
. Yield, %
Conversion
Entry T, °C of 2a, % 3a 4a 5a 7 8 9
1 50 64 23.5 7.5 65 0.9 0.3 3
2 60 71 13 3 74 1.5 0.3 8.5
3 70 81 6.5 1.5 68 2 0.4 22
4 80 88 5 0.5 51.5 3.5 0.4 39

“ Concentrations of 1a and 2a: 0.025 mol L™" and 0.0375 mol L™, respectively, pressure = 50 bar.
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reductive amination of aldehyde with nitroarene. N-Heptyl-3-
vinylaniline 5a was synthesized in 74% yield by reductive
amination of n-heptaldehyde with 3-nitrostyrene under hydro-
genation conditions over the Au/Al,O; catalyst at 60 °C
(Table 2). In addition to 5a, 3-vinylaniline 3a, 3-ethylaniline 7,
imines 4a, 8 and N-heptyl-3-ethylaniline 9 were found in the
reaction mixtures at the reactor outlet. Decreasing the reaction
temperature led to a decrease in the formation of the C-C
double bond reduction products, but at the same time, sig-
nificant amounts of 3-vinylaniline 3a and imine 4a were
formed at lower temperatures. The temperature increase
promoted the reduction of the double bond and decreased
the yield of the targeted product. Thus, the Au/Al,O; catalyst
in our conditions gave a maximal yield of the targeted prod-
uct, N-heptyl-3-vinylaniline, at 60 °C. A similar reaction between
nitrobenzene and 3-vinylbenzaldehyde was realized previously
in one vessel but using two stage procedures: the hydrogenation
of the nitroaromatic compound was performed at 120 °C under
H, pressure until 95-98% conversion level, and then the reactor
was depressurized and left at the same temperature until com-
pletion of the cascade process.®”

The time-dependent investigation of the Au/Al,O; catalyst
in one-pot reductive amination of aldehydes with nitroarenes
showed slight decrease in secondary amine yields with time-
on-stream (Fig. 1 and ESI{). A reduction in the yields of
N-heptylaniline and N-benzylaniline at 80 °C from 95% to
90% and from 84% to 82% occurred after 135 minutes on-
stream in the reaction of nitrobenzene with n-heptaldehyde
and benzaldehyde, respectively (reaction conditions: 0.025
mol L™" nitrobenzene, 0.0375 mol L™ aldehyde, 50 bar H,). It
was shown that the activity of the spent Au/Al,O; catalyst can
be recovered after the treatment in methanol flow without
significant loss of secondary amine yields. After the reaction
of nitrobenzene and n-heptaldehyde at 135 min, the cartridge
CatCart®30 was washed with methanol flow (1 mL min™") for
30 min and introduced in the next reaction cycle.

After the first and second runs, a slight decay in the yield
of N-heptylaniline was observed (Fig. 1). Importantly, the
leaching of Au from the Au/Al,O; catalyst and the increase in

100

90 § ? % § §

ES
) 80
@ oFirst run
> )
OFirst recycle
70 A Second recycle
60

20 40 60 80 100 120 140
Time-on-stream, min

Fig. 1 Recycling experiments of the reductive amination of
n-heptaldehyde with nitrobenzene over the Au/Al,O3 catalyst at 80 °C.
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gold particle size were not detected after three cycles of the
reaction and regeneration, while the formation of some
amounts of carbon deposition was observed by differential
thermal analysis (ESIf). Thus, the decrease in secondary
amine yields with time-on-stream can be explained by the for-
mation and accumulation of carbon deposition on the sur-
face of the Au/Al,O; catalyst. The development of more effi-
cient regeneration procedures will be one of the aims of
further investigation.

Conclusions

In conclusion, various substituted secondary aromatic

amines were synthesized by Au/Al,O;-catalyzed one-pot reduc-
tive amination of aromatic and aliphatic aldehydes with
nitroarenes in a continuous flow reactor using molecular
hydrogen as a reducing agent in good to excellent yields.
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