,@**ChemPubSoc
Dol Europe

Nanoparticles | Very Important Paper |

DOI: 10.1002/ejoc.201701228

Eur

European Journal
of Organic Chemistry

Full Paper

Preparation of Well-Ordered Mesoporous-Silica-Supported
Ruthenium Nanoparticles for Highly Selective Reduction of
Functionalized Nitroarenes through Transfer Hydrogenation
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Abstract: MCM-41-type mesoporous silica (OMS-IL) was pre-
pared by using an ionic liquid (1-hexadecyl-3-methylimid-
azolium bromide) as a template. The XRD and TEM results dem-
onstrated that OMS-IL was more stable than the MCM-41 mate-
rial. Ru nanoparticles were supported on OMS-IL (Ru/OMS-IL)
by impregnating OMS-IL with a RuCl; aqueous solution, and
the resulting material was used for the selective reduction of
nitroarenes. The effects of the components of the catalysts and

\the reaction conditions on the catalytic behavior of the pre-

pared catalysts were investigated in detail. Ru/OMS-IL exhibited
high catalytic activity and chemoselectivity for the reduction of
various substituted nitroarenes to the corresponding aromatic
amines in ethanol with hydrazine hydrate as a hydrogen donor
under mild conditions. The Ru/OMS-IL catalysts were highly sta-
ble and could easily be recovered by simple filtration over at
least six recycling reactions without any observable loss in cata-
lytic performance.

/

Introduction

Functionalized aromatic amines are important intermediates in
the production of a range of pharmaceuticals, agrochemicals,
cosmetics, herbicides, dyes, and polymers.'** Amines can be
obtained through the catalytic hydrogenation of the corre-
sponding aromatic nitro compounds by using reducing agents
such as hydrosilanes,™ sodium borohydride,' hydrazine deriva-
tives,I”® formic acid,”! and molecular hydrogen."®' However,
selectivity in the targeted reduction of the -NO, group in the
presence of other reactive function groups (e.g. alkenes,
nitriles, esters, and halogen groups) remains a big challenge
for the production of aromatic amines.l'? Homogeneous metal
catalysts, especially Ru and Ir complexes, are usually used for
the catalytic hydrogenation of nitro compounds.''3-'*] However,
the homogeneous catalytic process is generally unaccepted as
a preferential alternative, as recovery and reuse of the expen-
sive metals are difficult and most of the reactions do not pro-
ceed without the use of expensive ligands. Heterogeneous cata-
lysts (noble metal catalysts such as Au,!'16171 pd,118-211 pt,[22.23]
and Rul'32526]) have many advantages over their homogeneous
counterparts, including easy removal from reaction mixtures
and recyclability. Ru catalysts, especially those supported on
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high-surface-area heterogeneous catalyst supports, are recog-
nized as promising catalysts for the catalytic hydrogenation of
nitro compounds because of their high catalytic activity and
low cost.['525261 5o it is a challenge to develop cost-effective
and highly efficient heterogeneous noble-metal catalysts for
the green chemoselective reduction of nitroarenes.

It is generally believed that the high surface area of hetero-
geneous catalysts results in their high catalytic activity. The
mesoporous material MCM-41 is a good candidate for a solid
support, as it has a regular pore diameter of ca. 5 nm and a
high surface area (> 1000 m? g7).2”! Its large pore size allows
the passage of large molecules such as organic reactants and
metal complexes through the pores so that they may reach the
surfaces of the channels.?-3% Nevertheless, MCM-41 is re-
ported to have high thermal stability and hydrothermal stability
in air and oxygen-containing water vapor. However, it has low
hydrothermal stability in water and aqueous solutions.?'3? To
enlarge the application range of MCM-41, it is important to
improve its hydrothermal stability.®3! It was reported that by
adapting the synthesis parameters, such as the type of silicium
source, type of template, pH, and temperature, different materi-
als could be synthesized with varying porosity and crystalli-
nity.[32

In the present study, ordered mesoporous silica (OMS-IL)
with good hydrothermal stability was synthesized by using 1-
hexadecyl-3-methylimidazolium bromide (C;¢mimBr) as a tem-
plate. OMS-IL-supported Ru catalysts (Ru/OMS-IL) were pre-
pared by the impregnation method. Ru species were uniformly
dispersed in the mesoporous silica without changes in the or-
dered mesoporous structure. Their behavior in the reduction of
nitroarenes to the corresponding aromatic amines with hydra-
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zine hydrate (N,H4+H,0) in ethanol without any other additive
(acid or base) was intensively investigated. The Ru/OMS-IL cata-
lysts exhibited excellent catalytic activity and chemoselectivity
for the reduction of nitroarenes to the corresponding aromatic
amines. Noticeably, hydrazine hydrate as a hydrogen donor
generated only N, as a byproduct.

Results and Discussion

Physical and Chemical Properties of the Catalysts

XRD was first used to study the crystalline phases of the pre-
pared materials. Figure 1 displays the small- and wide-angle
XRD patterns of the prepared samples. The results of the small-
angle XRD patterns (Figure 1a) show that both MCM-41 materi-
als prepared possess a strong diffraction peak at around 20 =
2.1-2.4° and two other weak peaks at 260 = 3.7-4.1 and 4.3-
4.8°, which can be assigned to the lattice faces (100), (110), and
(200), respectively, indicating a quasiregular arrangement of the
mesopores with hexagonal symmetry.3>! Relative to the diffrac-
tion peaks of MCM-41 in Figure 1, the diffraction peaks repre-
senting the ordered mesoporous structure of OMS-IL are shifted
to smaller angles. This indicates that the pore walls are thicker
in the OMS-IL samples than in MCM-41B3¢ Jikely as a result of
Cy6mimBr (used as a template) having longer molecular chains
than cetyltrimethylammonium bromide (CTAB). For 0.5Ru/MCM-
41, the intensity of the diffraction deceases gradually relative
to that of MCM-41, which indicates that the initially ordered
pore channels of MCM-41 are destroyed once Ru is supported.
In the case of the 0.5Ru/OMS sample, there are also clear dif-
fractions at 260 = 2.4, 4.1, and 4.8°, and the intensities of the
diffractions do not change distinctly relative to those of the
OMS-IL support, which indicates that the quasiregular arrange-
ment of the mesopores with hexagonal symmetry is not de-
stroyed after supporting Ru by using the impregnation method.
It is speculated that the good stability of OMS-IL can be attrib-
uted to thicker pore walls, as reported previously.3738 The
wide-angle XRD patterns of all the samples in Figure 1b show
typical broad bands for the amorphous silica walls of solid
mesoporous MCM-41. Diffraction peaks for Ru species are not
observed in the 0.5Ru/MCM-41 and 0.5Ru/OMS-IL samples,
which indicates that Ru is highly dispersed in these mesomate-
rials. These results are consistent with the TEM observations
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Figure 1. (a) Low-angle and (b) wide-angle XRD patterns of the prepared
samples.
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(Figure 2). The TEM images show that the pore walls are thicker
in the OMS-IL sample than in MCM-41, which is in accordance
with the XRD results. Considering the indiscernible Ru particle
size in 0.5Ru/OMS-IL, Ru/OMS-IL samples with higher Ru load-
ing were prepared and characterized by TEM. Figure 3 shows
that for all of the xRu/OMS-IL samples (x = 1, 2, and 3), ultrafine,
dark Ru nanoparticles are homogeneously distributed through-
out the silica matrices. The size of the Ru nanoparticle increases
slightly upon increasing the Ru loading.

10nm

Figure 2. TEM images of the prepared samples: (a) OMS-IL, (b) MCM-41, (c) Ru/
OMS-IL, and (d) Ru/MCM-41.
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Figure 3. TEM images of (a) TRu/OMS-IL, (b) 2Ru/OMS-IL, and (c) 3Ru/OMS-IL.
(d) X-ray photoelectron spectrum of 0.5Ru/OMS-IL.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



,@**ChemPubSoc
Dol Europe

The Ru X-ray photoelectron spectrum (Figure 3d) of 0.5Ru/
OMS-IL shows that the Ru 3d spectral bands at binding energies
(BEs) of 284.4 and 280.2 eV are dominant, and they can be
attributed to Ru%?®! they indicate that metallic Ru is formed as
the major phase on the surfaces. BJH analysis (not shown) indi-
cates that both OMS-IL and MCM-41 present uniform pore-size
distributions. Table 1 displays the textural properties of the pre-
pared materials. Compared with the MCM-41 support, 0.5Ru/
MCM-41 exhibits a clear decrease in the BET surface area, pore
volume, and pore size. MCM-41 shows a specific surface area

Table 1. Textural properties of the prepared materials.

Sample Sger [m?2 g7 V, [em? g7'] Dp [nm]
MCM-41 1242 0.90 2.9
OMS-IL 1051 1.03 3.9
0.5Ru/MCM-41 771 0.47 24
0.5Ru/OMS-IL 940 0.85 3.6
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(Sger) of 1242 m? g', a pore volume (V,) of 0.90 cm® g™', and
a pore size (D) of 2.9 nm, whereas those of 0.5Ru/MCM-41 are
771 m2 g7, 0.47 cm3 g7', and 2.4 nm, respectively. These results
may be related to destruction of the initial ordered pore chan-
nels of MCM-41. Compared with OMS-IL, 0.5Ru/OMS-IL has a
smaller specific surface area, pore volume, and average pore
size owing to partial coating of the OMS-IL surface by Ru and
variation in the mass density of the catalysts.

Catalytic Reaction

The reduction of 4-methoxylnitrobenzene was examined as a
model reaction over the prepared catalysts to optimize the
components of the samples, and the results are shown in
Table 2. Ru catalysts with various supports were prepared, and
their catalytic performances were evaluated (Table 2, entries 1-
8). Both of the SiO,-supported Ru catalysts presented much

Table 2. Performance of the prepared catalysts for the chemoselective reduction of 4-methoxynitrobenzene to 4-methoxyaniline..,

NO, NH,
40 °C, 30 min
Catalyst (10 mg), substrate (2 mmol)
H,CO H,CO

Entry Catalyst Reducing agent Solvent Conversion Selectivity

[equiv.] [mL] [%] [%]
1 0.5Ru/OMS-IL N,H,4 (6) EtOH (2) 69 >99
2 0.5Ru/MCM41 N,H,4 (6) EtOH (2) 28 >99
3 0.5Ru/SBA-15 N,H,4 (6) EtOH (2) 32 >99
4 0.5Ru/C N,H,4 (6) EtOH (2) 8 >99
5 0.5Ru/TiO, N,H, (6) EtOH (2) 5 >99
6 0.5Ru/Al,0; N,H, (6) EtOH (2) 4 >99
7 0.5Ru/Ce0, N,H, (6) EtOH (2) <1 -
8 0.5Ru/Zr0, N,H, (6) EtOH (2) <1 -
9 0.5Au/OMS-IL N,H,4 (6) EtOH (2) <1 -
10 0.5Ag/OMS-IL N,H,4 (6) EtOH (2) 3 >99
11 0.5Pt/OMS-IL N,H,4 (6) EtOH (2) 22 >99
12 0.5Pd/OMS-IL N,H,4 (6) EtOH (2) 17 >99
13Mb] 0.25Ru/OMS-IL N,H, (6) EtOH (2) 67 >99
141 1.0Ru/OMS-IL N,H, (6) EtOH (2) 57 >99
150 2.0Ru/OMS-IL N,H, (6) EtOH (2) 50 >99
16t 3.0Ru/OMS-IL N,H, (6) EtOH (2) 41 >99
17 0.5Ru/OMS-IL NaBH, (6) EtOH (2) 36 64
18 0.5Ru/OMS-IL HCOOH (6) EtOH (2) <1 -
19 0.5Ru/OMS-IL HCOOK (6) EtOH (2) <1 -
201 0.5Ru/OMS-IL H, - <1 -
21 0.5Ru/OMS-IL N,H, (0) EtOH (2) <1 -
22 0.5Ru/OMS-IL N,H, (2) EtOH (2) 28 98
23 0.5Ru/OMS-IL N,H, (4) EtOH (2) 59 >99
24 0.5Ru/OMS-IL N,H, (8) EtOH (2) 71 >99
25 0.5Ru/OMS-IL N,H, (6) iPrOH (2) 59 >99
26 0.5Ru/OMS-IL N,H, (6) THF (2) 29 >99
27 0.5Ru/OMS-IL N,H, (6) toluene (2) 43 >99
28 0.5Ru/OMS-IL N,H, (6) EtOAc (2) 23 98
29 0.5Ru/OMS-IL N,H, (6) distilled H,0 (2) 17 76
30 0.5Ru/OMS-IL N,H, (6) EtOH (0) 52 >99
31 0.5Ru/OMS-IL N,H, (6) EtOH (1) 60 >99
32 0.5Ru/OMS-IL N,H, (6) EtOH (4) 43 >99
33 0.5Ru/OMS-IL N,H, (6) EtOH (6) 32 >99

[a] Reaction conditions: catalyst (10 mg), 4-methoxynitrobenzene (2 mmol),

[e] Catalyst (1.7 mqg). [f] Py, = 2 MPa.
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40 °C, 30 min. [b] Catalyst (20 mg). [c] Catalyst (5 mg). [d] Catalyst (2.5 mg).
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higher conversions of 4-methoxynitrobenzene than all of the
other support catalysts. Specifically, 0.5Ru/OMS-IL showed a
much higher conversion of 4-methoxynitrobenzene (69 %) than
the 0.5Ru/MCM-41 (28 %) and 0.5Ru/SBA-15 (32 %) samples. Al-
though both OMS-IL and SBA-15 were hydrothermally stable,
the excellent activity of 0.5Ru/OMS-IL might result from readily
accessible and uniform catalytic sites within the appropriate
pore structure of OMS-ILB?! In the case of 0.5Ru/MCM-41, the

Table 3. Chemoselective reduction of various nitroarenes over 0.5Ru/OMS-IL.1!
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collapsed structure led to aggregation of the ruthenium parti-
cles, and a decrease in the number of active sites was the main
reason for the low reaction activity. The conversion of
4-methoxynitrobenzene was lower on the Au-, Ag-, Pt-, and Pd-
supported OMS-IL catalysts (Table 2, entries 9-12) than on the
0.5Ru/OMS-IL catalyst. The effect of the Ru loading was investi-
gated (Table 2, entries 1 and 13-16), and the highest conversion
was obtained with 0.5Ru/OMS-IL. The effects of the hydrogen

Time Conv. Sel. TOF™ Time Conv. Sel. TOF®
Entry Substrate Entry Substrate
[(h] [%] [%] [0 [h] [%] [%] [h"]
NO,
cl NO,
1 @’ 05 >99 >99 42200 \@: 5 209 09 3500
NH,
CHy Cl NO,
2 @: 05 >9% >99 95 4y /C[ 4 >99 >99 1989
NO» cl NH,
CH, F
3 @ 05 >99 >99 8762 18 F]@/”"‘ 3 >99 >99 3069
NO, F o
NO, 19 Ho "4 >99 >99 2127
4 /Q/ 05 >99 >99 6666 “
HyC
M NO,
NO,
5 /@ 2 >99 >99 4080 20 rﬁ,;j/ 4 >99 >99 2578
H;C Hy &
NO, NO,
6 /@’ 6 94 >99 1911 21 ’\\MO/ 10 >99 >99 1251
HO' NO,
NO,
7 Ho\/O/ ) 100 >99 3569 22 o 1 >99 >99 15926
NH, © No.
CHy :
8 @’ I >99 >99 5618 3 Vs 1 >99 >99 10644
0N C{/\NH;
NO,
0
9 §>f©/ 2 >99 >99 3653 oy O\):Q/N@ 4 >99 >99 2406
F
NO, NO,
10 @:ﬂ 05 >99 >99 20832 sl @ s 299 =09 4224
NO,
NO,
HN NOy
11 0.5 >99 >99 31152
“ 26! 3 >99 >99 2932
NOy NO,
12 /©/ 0.5 >99 >99 15572 N,_ANO;
a 27 4 >99 >99 1677
A
NO.
: N
13 C./C[m I >9 >9 17336 23 ¥ 3 >99 >99 7137
NO,
F. NO; NO;,
14 \C[B I =99 299 21056 9 @ij 2 >99 >99 5068
g =
N
NO, NO;
15 F/Q/ 1 >99 >99 7186  3q AN 2 >99 >99 4721
=

[a] Reaction conditions: catalyst (10 mg), 4-methoxylnitrobenzene (2 mmol), N,H,-H,0 (12 mmol), ethanol (2 mL), 40 °C. [b] TOF: turnover frequency; calculated
on the basis of total metal and substrate conversions at 10 %. [c] The product was 1,2,4-benzenetriamine. [d] The product was 1,3-diaminobenzene.
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donor, solvent, and substrate concentration were investigated
in detail to optimize the reaction conditions, and the results are
summarized in Table 2 (entries 17-33). Initially, we explored the
reduction of 4-methoxynitrobenzene in the presence of 0.5Ru/
OMS-IL with five different hydrogen donors: hydrazine hydrate,
sodium borohydride, formic acid, potassium formate, and
hydrogen (Table 2, entries 17-21). The use of hydrazine hydrate
(Table 2, entry 1) in ethanol as the solvent resulted in the high-
est conversion of 4-methoxynitrobenzene (69 %) with >99 % se-
lectivity to 4-methoxyaniline. Upon using sodium borohydride
in ethanol, the conversion of 4-methoxynitrobenzene was 36 %
and the selectivity to 4-methoxyaniline was 64 %. The use of
formic acid or potassium formate in ethanol or hydrogen as
the hydrogen donor did not show any conversion. The catalytic
activity increased upon increasing the hydrazine content and
approached a stable value if the molar ratio of hydrazine to
substrate reached 6:1 (Table 2, entries 1 and 22-24); all of the
solvents, including ethanol, isopropyl alcohol, THF, toluene,
ethyl acetate, and distilled water, resulted in excellent catalytic
performances, but ethanol [4-methoxynitrobenzene/ethanol =
2:1 (mmol mL™")] allowed the highest conversion of 4-methoxy-
nitrobenzene (Table 2, entries 1 and 25-33).

The selective hydrogenation protocol of the 0.5Ru/OMS-IL
catalyst was further extended to the conversion of various sub-
stituted nitroarenes into the corresponding amines to demon-
strate the generality of this reaction under the optimized condi-
tions, and the results are summarized in Table 3. 0.5Ru/OMS-IL
presented high intrinsic activity and excellent selectivity in the
hydrogenation reactions to the corresponding aromatic amines
under the given conditions. Nitroarenes with nonreducible
groups such as -CHs, -OH, -NH,, and —CF; (Table 3, entries 1-
9), were quantitatively transformed into the corresponding
amines in yields >99 %. Furthermore, we were pleased to find
that halo (F, Cl, Br)-substituted nitroarenes could be reduced to
the corresponding anilines with no discernible dehalogenation
(Table 3, entries 10-20). A number of other reducible functional
groups (e.g., carboxy, ester, nitrile, amide, and sulfanilamide)
were tolerated in the reduction reaction (Table 3, entries 21-
24). Notably, dinitrobenzenes were reduced to the correspond-
ing diaminobenzenes (Table 3, entries 25 and 26). Interestingly,
chemoselective reduction of N-heterocyclic nitroarenes could
also be performed to give the corresponding amines in yields
>99 % (Table 3, entries 27-30). In these reactions, sufficiently
high chemoselectivity for reduction of the nitro group in the
benzene ring can likely be attributed to the fact that the nitro
group is more reactive than other reducible groups over the
catalyst, and this is strongly supported by intermolecular
competitive reductions that were performed separately.
Upon reducing mixtures of nitrobenzene and other reducible-
group-substituted benzenes (e.g., benzoic acid, ethyl benzoate,
benzonitrile, benzamide, styrene, quinoline) with hydrazine in
ethanol at 40 °C, nitrobenzene was completely converted into
aniline, whereas the other reactants did no undergo any reac-
tion. These results indicate that the 0.5Ru/OMS-IL catalyst has
both high activity and high selectivity for the chemoselective
reduction of various functionalized nitroarenes under mild con-
ditions.
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To investigate the reusability of the 0.5Ru/OMS-IL catalyst
for the chemoselective reduction of nitroarenes, the selective
reduction of 2,4-dichloronitrobenzene was examined as an ex-
ample. The selective reduction of 2,4-dichloronitrobenzene with
ca. 74 % conversion in the first cycle (Figure 4), at which the
reduction of 2,4-dichloronitrobenzene was controlled by chemi-
cal kinetics, was evaluated under the optimum conditions. After
every run, the catalyst was recovered by simple filtration, which
was followed by washing with ethanol. The conversion of 2,4-
dichloronitrobenzene decreased only slightly from 75 to 65 %
after six cycles, whereas the selectivity to 2,4-dichloroaniline
was maintained at >99 % (Figure 3). After the sixth run, the
spent catalyst was characterized by XRD. No observable
changes in the ordered mesoporous structure or Ru particle
size were detected. Inductively coupled plasma atomic emission
spectrometry (ICP-AES) analyses showed that the amount of Ru
in the filtrate was negligible (< 1 ppm), which indicated that
leaching of the metal components did not occur during the
reaction procedure.

Hm Conversion [ Selectivity

1004

804

604

404

204

Conversion and selectivity (%)

04 —
0 1 23 4 5 6
Cycle number

Figure 4. Reusable profiles of the 0.5Ru/OMS-IL catalyst for the selective re-
duction of 2.4-dichloronitrobenzene to 2,4-dichloroaniline. Reaction condi-
tions: catalyst (20 mg), 2,4-dichloronitrobenzene (4 mmol), N,H,4-H,O
(24 mmol), ethanol (3 mL), 40 °C.

Conclusions

In summary, OMS-IL- with stable structures was prepared by
using 1-hexadecyl-3-methylimidazolium bromide as a template.
The Ru/OMS-IL catalysts, prepared by the impregnation
method, efficiently and quantitatively reduced various function-
alized nitroarenes to the corresponding anilines with yields
>99 % by using hydrazine hydrate. Recycling tests and charac-
terization revealed that 0.5Ru/OMS-IL was highly stable and
could be reused for the reduction of nitroarenes.

Supporting Information: Complete experimental details, charac-
terization data.
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