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Ruthenium nanoparticles were assembled on carbon nanotubes and
the resulting nanohybrid was used in the hydrazine-mediated catalytic
hydrogenation of various nitroarenes, at room temperature. Depending
on the solvent, a selective transformation occurred, giving either access
to the corresponding aniline or hydroxylamine derivative.

Substituted anilines and N-aryl hydroxylamines are valuable
chemicals for the synthesis of pharmaceuticals, agrochemicals,
and materials, to cite a few. Anilines can be prepared by direct
reduction of nitroarenes under classical reduction conditions or by
hydrogenation® over heterogeneous transition metal catalysts. On
the other hand, N-aryl hydroxylamines can be obtained by selective
reduction of nitroarenes using zinc dust in aqueous NH,Cl.>
Other methods include, for example, borohydride reduction®
and catalytic hydrogenation.* The main challenge in catalytic
hydrogenations is to achieve not only high catalytic activity, but
also selectivity towards the nitro group,” especially in the presence of
other sensitive moieties.® In addition, hydrogenations of nitroarenes
are often run under drastic conditions, requiring high temperatures
and/or pressure of hydrogen gas.>” To avoid the manipulation of
hazardous H,, safer precursors can be used, such as hydrazine
monohydrate which stands as a cheap, safe to handle, and convenient
source of hydrogen that releases N, as the only side-product.'*™

In this communication, we report the synthesis and charac-
terization of a novel heterogeneous catalyst based on ruthenium
nanoparticles (RuNPs) supported on carbon nanotubes (CNTSs).
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The nanohybrid (RuCNT) was applied to the selective reduction
of nitroarenes through activation of hydrazine monohydrate
under atmospheric pressure and at room temperature.

The CNT-based catalyst was prepared by a layer-by-layer process,
extending the scope of a procedure that we previously reported for
gold nanoparticles." In brief, multi-walled carbon nanotubes (Fig. 1a)
were sonicated in an alkaline aqueous solution of diacetylene nitrilo-
triacetic amphiphile DANTA (Fig. 2a).

Van der Waals interactions directed the hydrophobic portion
of the amphiphiles to the surface of CNTs while polar heads were
oriented towards the aqueous medium. This assembly step gave
rise to half-cylinders with nanoring-like structures covering the
surface of the CNT (Fig. 1b)."* The rings were further stabilized by

MWCNT + DANTA &[17 + RuNPs

+ PDADMAC
Fig. 1 Layer-by-layer assembly of the RUCNT catalyst: (a) multi-walled carbon
nanotube; (b) addition of DANTA and photopolymerization; (c) deposition of
the PDADMAC layer; (d) anchoring of RuNPs leading to the final hybrid.

nitrilotriacetic acid
hydrophilic head

Fig. 2 Structures of (a) DANTA and (b) PDADMAC.

hydrophobic tail with central
polymerizable diacetylene
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photo-polymerization at 254 nm of the diacetylene motifs incor-
porated in the hydrophobic portion of DANTA." At this point,
cationic poly(diallyldimethylammonium chloride) (PDADMAC,
Fig. 2b) was added and formed an additional layer (Fig. 1c) as a
result of electrostatic interactions with the primary anionic layer.
Finally, pre-formed RuNPs'® were added to the multi-layer assembly.
The metallic nanoparticles were anchored and stabilized within
the PDADMAC network (Fig. 1d), owing to the interaction with
the ammonium groups. The RuCNT nanohybrid was obtained
in aqueous suspension.

The supported catalyst was characterized by transmission
electron microscopy (TEM) which confirmed that CNTs were
decorated with a dense and homogeneous coating of metal
nanoparticles (Fig. 3). Statistical size analysis based on TEM
micrographs showed that RuNPs had an average diameter of
ca. 2 nm and inductively coupled plasma mass spectrometry
(ICP-MS) indicated that the metal concentration of the RUCNT
aqueous suspension was 10 mM.

Considering that ruthenium is an active metal for catalytic
hydrogenation of nitro groups,”*%'”*® we sought to investigate
the potential of our RuCNT nanohybrid for this transformation.
Hydrazine monohydrate was selected as a hydrogen source, and
4-bromonitrobenzene (1a) was chosen as a model substrate
for the optimization of the reaction conditions (Table 1). We
observed that the reduction of 1a proceeded smoothly in the
presence of only 0.4 mol% of the RUCNT catalyst at room
temperature. In addition, we also noticed that the outcome of
the reaction was strongly influenced by the nature of the
solvents. For example, in methanol (entry 1), 1a was converted
into two different products 2a and 3a, (48 : 52 ratio). In contrast,
only the corresponding aniline 2a was produced in water (entry 2),
and N-aryl hydroxylamine 3a was formed as the sole product
when the reaction was carried out in THF (entry 3). The catalytic
system was shown to tolerate the presence of oxygen (open flask),
although kinetics were less favourable (entries 4 and 5).

Fig. 3 Transmission electron micrograph of RUCNT. The inset shows a 300%
magnification of the boxed area.
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Table 1 Influence of the reaction conditions on the reduction of 1a°

H
/@/Noz RUCNT /©/NH2 + /©/N‘OH
——
Br N2H4'H20 Br Br
1a 2a 3a

yield” (%)

Time Ru loading
Entry  Solvent  (h) Atmosphere  (mol%) 2a 3a
1 MeOH 24 N, 0.4 48 52
2 H,O0 5 N, 0.4 98 —
3 THF 2.5 N, 0.4 — 98
4 H,0 24 Air 0.4 61 —
5 THF 5 Air 0.4 — 98

¢ Conditions: 1a (0.13 mmol), RuCNT (0.4 or 0.02 mol%), hydrazine
monohydrate (10 equiv.), solvent (2 mL), r.t., air or N, atm. ? Isolated yields.

It is worth mentioning that no hydrodehalogenation was
observed in the above reactions, highlighting the excellent
selectivity of the RuCNT-hydrazine system towards the nitro
group. Control experiments carried-out in the presence of hydrazine
monohydrate but without RuCNT led to no conversion at all,
regardless of the solvent.

To demonstrate that the catalytic process involves a hetero-
geneous metallic ruthenium species (as opposed to salts that
might have leached from the assembly), a reduction reaction of
1a was carried out in THF under the above conditions (Table 1,
entry 3) and stopped after 40 min. At this time point, the catalyst
was filtered-off and "H-NMR analysis of the filtrate indicated 66%
conversion into 3a. The catalyst-free mixture was then stirred for an
additional 24 h, but no further conversion was detected.

The catalytic activity of RuCNT was compared to that of Ru/C,
colloidal RuNPs, ruthenium salts precursor to the RuNPs (RuCly),
and metal-free multi-layer CNT-assembly (Table 2). The use of
colloidal RuNP (entry 3), RuCl; (entry 4), and metal-free CNT-
assembly (entry 5) did not give satisfactory conversion under
our experimental conditions, either in water or in THF. The only
Ru-based system that led to some conversion was Ru/C, as 95% of
3a was produced in THF (entry 2) with 0.4 mol% loading.

Table 2 Comparison of RUCNT with other putatively catalytic species

NO, NH, i
/©/ RUGNT /©/ or /@/ “OH
—_—
Br NpHgH,0  Br Br
1a 2a 3a
ield (%)
Ru
Entry Catalyst (mol%) In H,O (2a)’ In THF (3a)°
1 RuCNT 0.44 98 97
0.02° 57 83
2 Ru/C 0.49 13/ 95
0.02° NR 7
3 Colloidal RuNPs 0.44 6 10
0.02° NR NR
4 RuCl, 0.44 NR NR
5 Ru-free CNT-assembly —¢ NR NR

“ Isolated yields. ” Conditions: 1a (0.13 mmol), Ru source, hydrazine
monohydrate (10 equiv.), water (2 mL), r.t.,, N, atm. ¢ Conditions: 1a
(0.13 mmol), Ru source, hydrazine monohydrate (10 equiv.), THF (2 mL),
r.t., under N,. ¢ Reaction stirred for 5 h in water or 2.5 h in THF. ¢ Reaction
stirred for 10 h in water or 5 h in THF. / Product 3a was formed in 7% yield.

This journal is © The Royal Society of Chemistry 2015
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However, Ru/C only afforded 2a in low yield (13%) when the
reaction was run in water. Decreasing catalyst loadings led to
obvious differences between RuCNT (entry 1) and Ru/C as the
former catalyst was still highly active whereas the latter became
more sluggish, in both solvents. In fact, when the reaction was
run with as little as 0.02 mol% of the RuUCNT catalyst in water, a
turnover number (TON) of 2833 and a turnover frequency (TOF) of
283 h™ " were obtained (57% yield after 10 h). In THF, TON and
TOF values of 4150 and 830 h™" were obtained, respectively (83%
yield, 5 h). As a comparison, when the same loading of Ru/C was
used in THF, much lower values were obtained with a TON of
350 and a TOF of 70 h™" (7% yield, 5 h). The reaction carried out
with 0.02 mol% of Ru/C in water afforded no detectable amount
of aniline 2a. These experiments highlight the superiority of our
RuCNT nanohybrid catalyst.

One of the advantages of using heterogeneous catalysis is that
the catalyst may be recycled and reused, thus reducing the overall
cost and environmental impact of the process. To investigate this
critical feature, five consecutive reductions of 1a were performed
with the same RuCNT sample that was recovered by centrifuga-
tion between cycles (for experimental details see the ESIT). No
decrease of the catalytic activity was observed throughout the
experiments, regardless of the solvent (96-98% yield of 2a in
water through 5 cycles of 5 h each; 95-97% yield of 3a in THF
through 5 cycles of 2.5 h each). No ruthenium that might have
leached out of the CNT could be detected by ICP-MS analysis of
the above reaction mixtures. In addition, TEM analysis of the
catalyst after the fifth cycle indicated no morphological altera-
tion except for some occasional bare areas (see Fig. S1, ESI).
These results substantiate the robustness of the Ru tethering.

The scope of the process was then evaluated on a variety of
nitroarenes, both in water and in THF (Table 3). To confirm that
halogen substituents were well tolerated, 4-chloronitrobenzene
(1b) and 4-iodonitrobenzene (1c) were engaged in hydrogenation
reactions. Both substrates were efficiently converted to either
their aniline (2b and 2¢) or N-aryl hydroxylamine (3b and 3c)
counterparts, depending on the solvent, with no formation of
hydrodehalogenation products (entries 1-3). The selectivity of
our system was further challenged with the reduction of several
substrates bearing reducible functions in addition to the nitro
group. Thus, 4-cyanonitrobenzene (1d), 3-nitrostyrene (1e), and
4-nitrophenylacetylene (1f) were engaged in the RuCNT-catalyzed
hydrogenation. Compounds 1d-f reacted smoothly and were
converted in high yields (i.e. 95-99%) to the expected products
with full selectivity (entries 4-6). To further investigate the
potential of our RuCNT catalyst, several substrates including
plain nitrobenzene (1g), electron-rich 4-methoxynitrobenzene
(1h), and heteroaromatic 2-chloro-5-nitropyridine (1i) were tested.
All the investigated nitro-aromatics gave the expected anilines (2g-i)
when reactions were carried out in water, and the anticipated N-aryl
hydroxylamines (3g-i) in THF (entries 7-9).

The mechanism behind the observed selective conversion may
follow an initial path commonly accepted for the hydrogenation of
nitroarenes™* (Scheme 1). For example, nitrobenzene 1g is sequen-
tially converted to nitroso 1g’ and hydroxylamine 3g in either THF or
water. While 3g was readily reduced in water into the corresponding

This journal is © The Royal Society of Chemistry 2015
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Table 3 Scope of the RUCNT-catalyzed reduction of nitroarenes?

R
N0z ruent
L ——
~
X
1

N,HsH,0

R
X NH2
E P or
X
2

H
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€.
X

3

Entry Substrate 1

Product

In H,O 2 (time; yield)® In THF 3 (time; yield)”
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o
=
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o
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o

NO,
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P4

NO,

C:?

Br

cl
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NH,

Q

[
2¢ (5 h; 97%)

NH,

Q

C
2d (4.5 h; 99%)

NH,

C:?
C;
g/Z

“OH

Q.

Br

2a (5 h; 98%) 3a (2.5 h; 98%)
NO, NH, N
“OH

Q

cl
3b (2.5 h; 98%)
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o
I

3c (3 h; 99%)

1e 2e (5 h; 97%) 3e (3 h: 95%)
H
NO. NH;
2 /©/ N\OH
& Z =z
Z
1f 2f (6 h; 97%) ?(3 h; 96%)
NO, NH, N
H H H
19 29 (6 h; 95%) 3g (3 h; 95%)
NO, NH, N
MeQ MeO MeO
1h 2h (7 h; 97%) 3h (3 h; 95%)
~NO2 o NH2 H
» » Yy on
CI” N CI N N
1i 2i (4.5 h; 95%) 3 (1 h: 96%)

¢ Conditions: 1 (0.13 mmol), RuCNT (0.4 mol%), hydrazine monohydrate
(10 equiv.), solvent (2 mL), room temp., N, atm. ” Isolated yields.

Ph—NO, ———> Ph—-NO 1g'
THF
19 l
THF H H,O
Ph—NH, <«x%— Ph—-N-OH —— Ph—-NH,
29 39 29

Scheme 1 Postulated mechanism of the selective reduction of nitroarenes.

aniline, it remained unchanged in THF. A control experiment run
in THF afforded 3g as the only product after 2.5 h. However, upon

Chem. Commun., 2015, 51, 1739-1742 | 1741
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addition of water, N-phenyl hydroxylamine 3g was further
converted into aniline 2g. It is to be noted that no self-
condensation products (e.g. azoxy-, azo- or hydrazo-benzene)
were detected under our reaction conditions.

Although the exact effect of the solvents on the RuCNT-mediated
selective reduction is not fully understood yet, one can hypothesize
that specific solvents could affect the adsorbed state of the
substrates, hydrogen concentration, and surface concentration
of the reactants. Water can also lower the activation energy of
the catalytic process,'® leading to full reduction of the nitro
group. It is however difficult to establish which of these factors
predominantly contributes to the observed selectivity.

In summary, a new heterogeneous catalyst was assembled by
stabilization of ruthenium nanoparticles on carbon nanotubes.?®
The nanohybrid was used for the catalytic hydrogenation of
various nitroarenes in the presence of hydrazine monohydrate,
at room temperature. The system proved very efficient on all the
investigated substrates and demonstrated complete selectivity
towards the nitro group. Another interesting feature is that the
reported catalyst can selectively convert nitroarenes either into
the corresponding anilines or N-aryl hydroxylamines, depending
on the solvent. Both processes are operative under mild condi-
tions and provide excellent yields of the desired products.
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