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Ruthenium nanoparticles stabilised by an amine-modified
Ordered Mesoporous Silica Immobilized Ionic Liquid (OMSIIL)
are efficient catalysts for the partial reduction of nitrobenzene
to hydrazobenzene with 100% selectivity as well as the
complete reduction to aniline. High selectivity for the partial
reduction of nitrobenzene to hydrazobenzene was obtained
when the reaction was conducted in ethanol with 0.5 mol%
catalyst and NaBH4 as the hydrogen donor whereas aniline was
obtained as the sole product in water when dimethylamine
borane (DMAB) was used as the hydrogen donor. Interestingly,
while a range of electron poor nitroarenes were reduced to the
corresponding hydrazoarene with high selectivities and good
conversions, nitroarenes substituted with electron donating
groups resulted in complete reduction to the aniline. Composi-
tion-time profiles suggest that reductions conducted in ethanol

with sodium borohydride occur via the condensation pathway
while those conducted in water using dimethylamine borane as
the hydrogen source may well go via the direct pathway. This is
the first example of the selective reduction of nitrobenzene to
hydrazobenzene using a ruthenium nanoparticle-based catalyst
and the initial TOF of 320 mol nitrobenzene converted mol Ru� 1

h� 1 for the partial reduction of nitrobenzene to hydrazobenzene
is markedly higher than previous literature reports. A study of
the catalyst performance as a function of the surface modifica-
tion revealed that each component has a direct and dramatic
effect on the efficacy as RuNPs stabilised by COK-12 modified
with imidazolium-based ionic liquid and a primary amine gave
the highest conversion while selective removal of either
component or replacement of the primary amine with a tertiary
amine resulted in a marked reduction in efficiency.

Introduction

The reduction of nitroarenes to the corresponding aryl amine is
a fundamentally important reaction as anilines are key motifs in
a range of bioactive compounds and herbicides as well as
intermediate in the production of fine chemicals and pigments
as well as monomers for the synthesis of speciality polymers.[1]

While the Buchwald-Hartwig based N-arylation has proven to

be an extremely powerful and highly versatile tool for the
synthesis of an architecturally diverse range of aryl and
heteroaryl amines,[2] the transfer hydrogenation of nitroarenes
provides a complementary and straightforward approach to
access this class of compound.[3] Unfortunately, there are
numerous disadvantages which limit the applications of this
approach; these include the need for stoichiometric quantities
of earth abundant metal reagent,[4] high catalyst loadings,[5] the
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use of toxic reducing agents and/or environmentally harmful
additives,[6] poor functional group tolerance,[7] the generation of
large amounts of waste and thereby poor atom economy,[8]

partial or incomplete reduction to hydroxylamines, hydrazones,
azoarenes and azoxyarenes,[9] and contamination of the product
with metal. As such, there is considerable interest in developing
catalysts that are robust and functional group tolerant and that
can operate under mild conditions at low catalyst loadings in
environmentally benign solvents and that can be removed and
recovered via an operationally straightforward procedure. To
this end, Fe/ppmPd nanoparticles and Pd/C in combination
with a PEG-containing designer surfactant meet the majority of
these criteria by effecting efficient and selective reduction of
nitroarenes and heteroarenes under mild conditions in a safe
sustainable and environmentally responsible protocol.[10] While
a range of homogeneous catalysts also perform this reduction
with remarkable efficiency, recovery and reuse of the catalyst
can be problematic and expensive ligands are often required to
achieve the performance.[11] Alternatively, metal nanoparticles
are a promising class of catalyst that has been effective in a
wide range of reactions including reductions, oxidations, cross-
couplings and cyclisations.[12] While the activity of metal nano-
particle catalysts has been attributed to their high surface area
to volume ratios as well as quantum confinement effects,[13]

they are inherently unstable with respect to aggregation
towards larger species that are less active and/or selective.[14]

Thus, for practical applications it is necessary to stabilise
metallic nanoparticles for use in catalysis, which is most
commonly achieved by impregnation or encapsulation into an
organic or inorganic supports[15a–c] such as zeolites,[15d–k] in-
organic oxides[15k–o] molecularly modified oxides,[15p–y] Metal
Organic Frameworks (MOFs)[15z–ff] porous carbon materials[15gg–oo]

or porous organic polymers.[15pp–ddd] To this end, there are a
number of recent examples of ruthenium nanoparticle that
catalyse the reduction of nitroarenes with promising perform-
ance profiles; these include: well-ordered mesoporous silica
supported RuNPs,[16a] magnetically separable ruthenium nano-
particles decorated on channelled silica microspheres,[16b] mag-
netic ruthenium-coated iron nanoparticles,[16c,d] RuNP supported
on magnetically separable chitosan,[16e] RuNPs supported on
carbon nanotubes[16f–h] or dispersed in a nitrogen doped carbon
matrix,[16i] RuNPs immobilized on a ionic liquid-silica
conjugate,[16j] and Ru@C60.[16k]

In addition to the site isolation and intrinsic steric stabilisa-
tion provided by confinement in these supports, synergistic
metal-support interactions between the metal nanoparticles
and the encapsulating material can also enhance or modulate
the activity, selectivity and stability of the catalyst.[17] For
example, platinum nanocrystals modified with Fe(OH)x catalyse
the reduction of 3-nitrostyrene to 3-aminostyrene with remark-
able selectivity whereas unmodified PtNPs were much less
selective and gave a mixture of 3-aminostyrene, 3-nitro-ethyl-
benzene and 3-aminoethylbenzene; the high selectivity ob-
tained with Fe(OH)x/Pt was attributed to the FeIII� OH� Pt
interfaces which facilitate oxidative coupling of Pt� H species
with OH� to generate a vacancy close to a five coordinate Fe(II)
site which captures and reduces the nitro group in preference

to the styrene C=C bond because of the oxophilicity of Fe2+.[18]

While decoration of high surface area supports with metal
binding heteroatom donors has also been used to anchor
metallic NPs and hinder their aggregation, heteroatoms have
also been reported to have a beneficial effect on activity and
selectivity either by regulating the size and shape of the NPs, or
through steric confinement by the surface ligands, modification
of the surface electronic structure, modulation of the hydro-
phobic/hydrophilic environment at the surface of the NP and
thereby the solubility of the substrate or by facilitating the
elementary steps of the catalytic cycle.[19] To this end,
phosphine and amine decorated supports[20,21] have been
reported to modify the performance of metallic nanoparticles
as catalysts for a range of reductions including nitroarenes,
carbonyl compounds, arenes and heteroarenes and carbon
dioxide as well as the release of hydrogen from formic acid; in
the majority of these reports the enhancement in activity or
selectivity has been attributed to either the high surface
electron density of the nanoparticles or their ultra-small size
and effective dispersion. For example, the high activity of PdNPs
supported on amine rich silica hollow nanospheres as a catalyst
for the hydrogenation of quinoline was attributed to the ultra-
small particle size and high surface electron density resulting
from coordination of the amine to the nanoparticle surface.[21h]

Palladium nanoparticles stabilised by an amino-polymer silica
composite, or an amine-modified silica surface were more
selective and active for the semi-hydrogenation of alkynes than
their unmodified counterparts.[21b,c] and platinum nanoclusters
confined in the cavities of UiO-66-NH2 were markedly more
selective as catalysts for the hydrogenation of the C=O bond in
cinnamaldehyde than those supported on the external surface
of the MOF.[21d,t] Thus, while a large excess of surface
coordinating ligand might be expected to have a detrimental
effect on activity by blocking active sites and restricting or
preventing access of the substrate, these reports provide
conclusive evidence that heteroatom donors can have a
beneficial influence on catalyst performance.

We have embraced this concept and recently initiated a
programme to explore the use of heteroatom donor decorated
polymer immobilised ionic liquid stabilised nanoparticles as
catalysts for reductions and cross-couplings with the specific
aim of systematically investigating the influence of the heter-
oatom donor on catalyst stability and performance.[22] In
particular, we reasoned that the immobilised imidazolium
based ionic liquid would stabilise the nanoparticles through
weak electrostatic interactions to the surface while the heter-
oatom donor would coordinate to the surface and provide
additional stabilization against aggregation under the condi-
tions of catalysis; as eluded to above the HAD may also enable
the surface electronic structure to be modified, the size,
morphology and dispersion of the nanoparticles to be con-
trolled or the elementary steps of the catalytic cycle to be
facilitated which will allow catalyst properties to be tuned and
performance optimised.[23] Moreover, attachment of the ionic
liquid and the heteroatom donor to a support would prevent
leaching of the ionic liquid, facilitate separation and recovery of
the catalyst as well as avoid the use of a large amount of ionic
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liquid as the bulk solvent as only a small amount of polymer
immobilised ionic liquid is required to stabilize the NPs.

Our preliminary studies in this area have demonstrated that
PdNPs stabilised by a phosphine decorated PIIL is a remarkably
efficient and selective catalyst for the aqueous phase reduction
of the carbon carbon-double bond in α,β-unsaturated carbonyl
compounds, the transfer hydrogen of nitroarenes to the
corresponding amine and the Suzuki-Miyaura cross-coupling of
aryl bromides, while RuNP stabilised by a phosphine oxide
decorated PIIL catalyses the selective hydrogenation of aro-
matic ketones with remarkable efficacy and the hydrolytic
release of hydrogen from NaBH4. Most recently we discovered
that RuNPs stabilised by a phosphine oxide-decorated PIIL
catalyses the selective partial reduction of nitroarenes to the
corresponding N-arylhydroxylamine as well as complete reduc-
tion to the aniline. The increasing number of reports of an
enhancement in catalyst performance for nanoparticles stabi-
lized by an amino-modified support has prompted us to extend
this program to explore the influence on catalyst efficacy of
confinement of RuNPs in a range of amine-decorated large pore
ordered mesoporous silica immobilized ionic liquid supports, by
varying the density and type of amine donor. Herein we report
the characterization of a range of amine-modified Ordered
Mesoporous Silica Immobilized Ionic Liquids (OMSIILs) as
support for the confinement and stabilization of RuNPs
together with a comparative evaluation of their efficacy as
catalysts for the aqueous phase reduction of nitroarenes to the
corresponding aniline. Our preliminary studies with this class of
catalyst revealed a number of interesting features; (i) RuNPs
stabilized by amino-modified Ordered Mesoporous Silica Immo-
bilized Ionic Liquids (RuNP@NR2-OMSIIL) outperform their
unmodified counterparts (RuNP@OMSIIL), (ii) the highest TOF to
be reported for the partial reduction of nitrobenzene to the
corresponding hydrazobenzene using dimethylamine borane as
the hydrogen source and (iii) a solvent dependent selectivity
when sodium borohydride is used as the hydrogen donor with
reactions conducted in ethanol giving high selectivity for the
partial reduction to hydrazobenzene while reactions conducted
in water, under otherwise identical conditions, gave aniline as
the sole product, in the same time. The partial reduction of
nitroarenes to the corresponding hydrazoarene is of consid-
erable interest as these products are versatile synthons for the
preparation of nonsteroidal anti-inflammatory drugs.[24] More-
over, there are relatively few reports of the selective partial
reduction of nitroarenes to the corresponding hydrazoarene,[25]

and this is the first example using a ruthenium nanoparticle-
based catalyst.

Results and Discussion

Catalyst Synthesis and Characterisation

The ordered mesoporous silica (OMS) COK-12, an analogue of
SBA-15, was identified as a suitable support for the immobiliza-
tion of ionic liquids and modification with amino donors as the
synthesis is straightforward and environmentally benign, ame-

nable to modification and the product has large uniform
pores.[26] The unmodified COK-12 support 1a was prepared in
high yield by the room temperature hydrolysis and condensa-
tion of sodium silicate in citric acid/sodium citrate buffer using
P123 triblock co-polymer surfactant as the structure determin-
ing agent (SDA). The ionic liquid and amine decorated COK-12
supports 1b and 1c–d, respectively, were prepared following
the same protocol in the presence of 5 mol% of the
corresponding imidazolium silica precursor 1,2-dimethyl-3-(3-
(triethoxysilyl)propyl)-1H-imidazol-3-ium chloride or either trie-
thoxysilylpropylamine or 1-(3-(triethoxysilyl)propyl)pyrrolidine.
Similarly, the ionic liquid/amine hybrid COK-12 supports 1e–f
were prepared by conducting the hydrolysis in the presence of
a mixture of 5 mol% each of the imidazolium and the
associated amine silica precursor (Scheme 1). The surfactant
was removed by continuous extraction with ethanol to afford
the desired mesoporous silica as a fine off-white powder.
Comparison of the FT-IR and MAS 13C NMR spectra of an
authentic sample of P123 with the corresponding spectra for
1a–f, before and after extraction, confirmed that the surfactant
had been successfully removed, as evidence by the absence of
any resonances between 70–80 ppm characteristic of
poly(ethylene oxide)-poly(propylene oxide) co-polymer. The
magic angle spinning solid state 29Si spectra of 1a–f each
contain two groups of signals typical for silica; a set of three Q
series signals at ca. δ 92, 102 and 111 ppm for the tetrasub-
stituted silicon species Si(SiO2)2(OH)2], [Si(OSi)3(OH)] and [Si-
(OSi)4], respectively, in the inorganic silica framework and a
broad ill-defined T-series signal at ca. δ 68 ppm associated with
the organo-modified silica RSi(OSi)3 (see Figures S6, S11, S17,
S23, S28, S34 in the supporting information).[15,27] The disparate
intensities of these resonances confirms that these catalysts are
comprised mainly of inorganic silicate together with a minor
amount of organic silicate resulting from immobilization of the
silylated ionic liquid and/or amine on the walls of the
mesoporous silica. The 13C CP-MAS spectra of 1b–f, recorded
using the TOSS pulse sequence, contain resonances that are
characteristic of the surface attached functionality (see Figur-
es S12, S18, S24, S29, S35 in the support information). For
example, the 13C CP-MAS NMR spectrum of 1b has two
resonances at ca. δ 144.6 and δ 122.3 ppm which belong to the
C2 and C4/C5 carbon atoms of the imidazolium ring, while
signals at δ 7.9 ppm (SiCH2), 22.7 ppm (CH2CH2CH2) and
49.6 ppm (CH2N) are associated with the methylene carbon
atoms of the propyl tether connecting the imidazolium ring to
the surface;[28] an additional resonance at δ 34.8 ppm is
characteristic of the two methyl groups attached to the
imidazolium ring. The 13C spectra for supports 1e–f that also
have a surface anchored NH2 or pyrrolidine each contain a set
of signals associated with the methylene groups of the propyl
tether. The IR spectra of the silica immobilised ionic liquid 1b–f
and the corresponding catalysts 2b–f each contain bands at ca.
1570 cm� 1 and 1630 cm� 1 characteristic of the C=C and C=N
stretching vibrations of the imidazolium ring, further confirming
that the ionic liquid precursor was incorporated into the COK-
12 material (see Figures S7, S13, S19, S25, S30, S36 in the
supporting information).[29a–d] The FT-IR spectrum of surface
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modified supports 2b–f also contain bands at 2927 cm� 1 and
2852 cm� 1 for the symmetric and asymmetric stretching
vibrations of the propyl CH2 groups and a band at ca.
1480 cm� 1 due to the C� N(imidazolium or amine) stretching
vibration, which are not present in the spectrum of RuNP@COK-
12 (see Figures S40, S50, S60, S70, S80, S90 in the supporting
information).[29a–d] The strongest bands at 1071–1054 cm� 1 and
449 cm� 1 are associated with the Si� O stretching vibration and
the bending vibration of O� Si-O, respectively.[29e–g]

TEM micrographs of 2a–f revealed that the ruthenium
nanoparticles were near monodisperse with average diameters
ranging from 1.6 to 4.5 nm, details of which are provided in the
SI; representative micrographs and associated histogram for 2e,
based on >100 particles, are show in Figure 1 and those for
2a–d and 2f are presented in the SI (see Figures S44, S54, S65,
S74, S84, S94 in the supporting information). Surface character-
ization of the RuNP-based catalysts 2a–f was undertaken by X-
ray photoelectron spectroscopy (XPS) with analysis of the Ru 3p
regions performed because of overlap of the C 1s with the Ru
3d region. For catalyst 2a, where the RuNPs were stabilised by
unmodified COK-12, Ru 3p peaks were found at 463.89 eV and
486.15 eV, which were assigned to RuO2; the presence of RuO2

species is most likely due to a degree of surface oxidation of
the pre-formed metallic ruthenium nanoparticles (Figure 2).[30]

For the remaining catalysts 2b–f, the 3p1/2 and 3p3/2 peak

positions appeared at lower binding energies of 484.18–
485.09 eV and 461.78–462.78 eV, respectively, which are closer
to the regions reported for metallic ruthenium; the 3d3/2 and
3d5/2 binding energies of 283.76–286.95 eV and 280.57–

Scheme 1. Synthesis and composition of ordered mesoporous silica COK-12, ionic liquid (IL) and/or amine modified COK-12 (1a–f) and the corresponding
RuNP based catalysts 2a–f.

Figure 1. (a-b) High resolution TEM images of 2e, (c) the corresponding size
distribution determined by counting >100 particles, and (d) HAADF and
EDX mapping, showing the distribution of Si (green), C (blue), Cl (purple), N
(yellow) and Ru (red).
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281.70 eV, respectively, also support this assignment (see
Figures S45–46, S56–57, S66–67, S76–77, S86–87, S96–97 in the
supporting information). The porosity and surface area of the
modified COK-12 supports 1a–f was analysed by N2 adsorption-
desorption isotherms at 77 K, and all samples showed charac-
teristic type IV curves and H1-type hysteresis loops in the
relative pressure (p/p0) range of 0.45–0.80 which are consistent
with a highly ordered mesoporous material (see Figures S9, S15,
S21, S32, S38 in the supporting information). The BET surface
area (SBet), pore volume (Vp) and average pore diameter (d) for
COK-12 (1a) are 726 m2g� 1, 0.67 cm3g� 1 and 5.48 nm, respec-
tively. For comparison, the BET surface area of 467 m2g� 1 and
pore volume of 0.45 cm3g� 1 reported for COK-12 are lower.[26]

The surface area of supports 1b–f (446–643 m2g� 1) are
markedly lower than that for the unmodified COK-12, consistent
with modification of the surface with organoamine and/or
imidazolium groups in the mesoporous channels.15p,w,x,21q As
expected, immobilisation of the RuNPs onsupports 2a–f
resulted in a decrease in the BET surface area to 517 m2g� 1 for
2a and 213–269 m2g� 1 for 2b–f, which corresponds to a
reduction of ca. 200 m2g� 1, (see Figures S43, S52, S62, S72, S88,
S92 in the supporting information) indicating that the RuNPs
may block some of the smaller pores and thereby reduce access
(Table S2 in the supporting information). The amount of
accessible amine on 1c–f of 0.61–0.67 mmol g� 1 was deter-
mined following a literature titration protocol31 and is close to
the theoretical values of 0.73–0.80 mmol g� 1. The amount of
accessible amine on catalysts 2c-f was determined to be 0.55–
0.64 mmol g� 1 which corresponds to amine/ruthenium ratios
between 1.6 and 6.1. Thermogravimetric analysis of supports
1a–f show loss of solvent between 50 °C and 100 °C while
further mass loss of 25–30% due to decomposition occurs at ca.
200–220 °C (see Figures S8, S14, S20, S26, S31, S37). For
comparison, catalysts 2a–f appear to decompose closer to
180 °C, which is well below the temperatures required for the
reduction of nitrobenzene (see Figures S41, S51, S61, S71, S81,
S91).

RuNP@OMSIIL Catalysed Reduction of Nitroarenes

The catalytic reduction of nitroarenes was initially targeted to
compare the efficacy of 2e against other noble metal nano-

particle catalysts as well as RuNPs stabilized by PIIL which were
recently shown to be a remarkably efficient and selective
catalyst for the partial reduction of nitroarenes to N-
arylhydroxylamines.[22] A series of catalytic reductions were first
conducted with nitrobenzene as the benchmark substrate as
this reduction has been catalyzed by RuNPs stabilized by
various supports including PVP,[32a–c] bulky amphiphilic PEG-
modified tripodal ligands,[32d] dendrimers,[32e,f] polystyrene,[32g]

carbon nanotubes,[16f] polystyrene,[32h] TiO2,
[32i] and phosphine-

functionalized ionic liquids.[20b,c] Initial exploratory reactions
investigated the effect of the reducing agent, time, temperature
and solvent on conversion and selectivity, full details of which
are presented in Table 1. A preliminary reduction conducted in
ethanol at 70 °C under nitrogen using 0.5 mol% 2e as the
catalyst and four mole equivalents of sodium borohydride gave
complete conversion with 94% selectivity for aniline after 16 h.
Under these conditions hydrazobenzene was identified as the
only other major species (5%) together with a trace amount of
azobenzene, which most likely resulted from serendipitous
oxidation of the hydrazobenzene during work-up (Table 1,
entry 1).

Interestingly, when the reaction time was reduced to 1 h
the nitrobenzene was also completely consumed but hydrazo-
benzene was obtained as the major product in 96% selectivity
(Table 1, entry 2), together with a minor amount of N-phenyl-
hydroxylamine (2%) and azoxybenzene (1%). Such a high
selectivity for hydrazobenzene is quite remarkable as a survey
of the literature revealed that there are only a handful of
reports of the selective partial reduction of nitroarenes to the
corresponding hydrazoarene. Recent examples include a nickel–
tungsten carbide composite nano catalyst with hydrazine
hydrate,[25a] gold nanoparticles supported on hexagonal boron
nitride nanoplates with isopropanol/KOH,[25b] indium tribromide
and a hydrosilane,[25c] polystyrene supported gold
nanoparticles,[25d] and electrochemical reduction with gaseous
ammonia.[25e] Thus, this is the first example of the selective
partial reduction of nitrobenzene to hydrazobenzene using a
ruthenium nanoparticle-based catalyst and, moreover, the initial
TOF of 320 mol nitrobenzene converted mol Ru� 1 h� 1 appears
to be higher than the systems described above. While
hydrazoarenes have also recently been prepared via a tandem
selective reduction of nitroarenes, the sequence involved
reduction of the nitroarene to the N-arylhydroxylamine subse-
quent oxidation to the azoxyarene followed by reduction to the
corresponding hydrazoarene,[33] the protocol described herein is
potentially more straightforward and practical. The presence of
a large amount of hydrazobenzene at short reaction times is
consistent with reduction via the condensation pathway
(Scheme 2).[4] In stark contrast, when the reduction of nitro-
benzene was conducted in water for 1 h, under otherwise
identical conditions, the conversion reached 97% but gave
aniline as the only product with no evidence for azo-based
intermediates i. e. the solvent either has a dramatic influence on
the kinetics of this multistep reduction, in this case the
reduction of hydrazobenzene to aniline, or it switches the
pathway for reduction from condensation to form azo inter-
mediates to direct reduction via the N-arylhydroxylamine

Figure 2. XPS data showing (a) the overall survey scan and (b) the Ru 3p
region of amino-modified ordered mesoporous silica immobilized ionic
liquid-stabilised ruthenium nanoparticles 2e.
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(Scheme 2).[34] To this end, there have been several recent
reports of solvent dependent selective reduction of nitroarenes
including, InBr3/Et3SiH which gave the azoxyarene in THF and
the hydrazoarene in DMF,[25c] an electrochemical reduction of
nitroarenes with gaseous ammonia which gave azoxy, azo and
hydrazo compounds depending in the cell voltage and
solvent,[25e] and a RuNP/CN catalyzed hydrazine hydrate-medi-
ated reduction of nitroarenes which gave the N-arylhydoxyl-
amine in THF and the arylamine in water.[16f] Studies are
currently underway to explore the kinetics of each fundamental
step of this reduction as a function of the solvent and hydrogen
donor and to investigate the selectivity as a function of the
catalyst-support composition to develop a more detailed under-

standing of the factors that influence catalyst performance and
inform the rational design of more selective catalysts.

Interested in exploring the solvent dependent selective
formation of hydrazobenzene in ethanol compared with rapid
and near quantitative formation of aniline in water, the
conversion and composition for the NaBH4-mediated reduction
of nitrobenzene was monitored as a function of time in both
solvents at 70 °C using 0.5 mol% 2e as the catalyst. The
composition-time profile in ethanol (Figure 3a), obtained by
conducting a series of parallel reactions for different times,
shows that nitrobenzene is completely consumed within 30 min
during which time hydrazobenzene is formed as the major
species (96%) together with minor amounts of azoxybenzene
and azobenzene, consistent with our preliminary experiments

Table 1. Ruthenium nanoparticle catalysed reduction of nitrobenzene as a function of solvent, temperature, hydrogen donor and catalyst.a

Entry Catalyst Hydride Temp Solvent Time Conv (%) Selectivityc

(equiv.) (°C) (h) (%)b AN N-PHA AZOXY AZ HYD

1 2e (0.5) NaBH4 (4) 70 EtOH 16 100 100 0 0 0 0

2 2e (0.5) NaBH4 (4) 70 EtOH 1 99 96 2 1 0 0

3 2e (0.5) NaBH4 (4) 70 H2O 1 97 100 0 0 0 0

4 2e (0.5) DMAB (4) 70 EtOH 3 86 100 0 0 0 0

5 2e (0.5) N2H4 (4) 70 EtOH 3 2 0 0 100 0 0

6 2e (0.5) HCO2NH4 70 EtOH 3 70 94 3 3 0 0

7 2e (0.5) HCO2H (4) 70 EtOH 3 3 0 67 33 0 0

8 2e (0.25) DMAB (4) 70 EtOH 3 74 100 0 0 0 0

9 2e (0.1) DMAB (4) 70 EtOH 3 38 98 1 1 0 0

10 2e (0.05) DAMB (4) 70 EtOH 3 16 97 1 2 0 0

11 2e (0.5) DMAB (4) 70 H2O 3 100 100 0 0 0 0

12 2e (0.5) DMAB (4) 70 EtOH/H2O 3 80 93 4 3 0 0

13 2e (0.5) DMAB (4) 70 Toluene 3 25 77 1 22 0 0

14 2e (0.5) DMAB (4) 70 2-MeTHF 3 12 82 0 18 0 0

15 2e (0.5) DMAB (4) 70 PC 3 22 68 0 32 0 0

16 2e (0.5) DMAB (4) 70 H2O 1.5 100 99 0 0 0 0

17 2e (0.5) DMAB (4) 60 H2O 1.5 100 >99 0 0 0 0

18 2e (0.5) DMAB (4) 50 H2O 1.5 98 >99 0 0 0 0

19 2e (0.5) DMAB (3) 50 H2O 1.5 56 92 0 8 0 0

20 2e (0.5) DMAB (2) 50 H2O 1.5 45 96 0 4 0 0

21 2a (0.5) DMAB (4) 50 H2O 1.5 36 68 21 11 0 0

22 2b (0.5) DMAB (4) 50 H2O 1.5 76 98 0 2 0 0

23 2c (0.5) DMAB (4) 50 H2O 1.5 91 96 3 1 0 0

24 2d (0.5) DMAB (4) 50 H2O 1.5 48 95 0 5 0 0

25 2 f (0.5) DMAB (4) 50 H2O 1.5 67 94 3 3 0 0

a Reaction conditions: Conducted under nitrogen, 1.0 mmol nitrobenzene, mol% catalyst, 1 mL solvent, hydride source, time, temperature. b % Conversion
determined by 1H NMR spectroscopy using 1,4-dioxane as internal standard. Average of at least three runs. c Selectivity for aniline [% AN / (% N-PHA+%
AZOXY+% AZ+ % HYD+ % AN)]×100%. d Selectivity for hydrazobenzene [% HYD / (% N-PHA+% AZOXY+% AZ+% HYD+% AN)]×100%.
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describe above. Longer reaction times resulted in gradual
consumption of the hydrazobenzene to afford aniline, which
was obtained as the sole product after 10 h. In contrast, the
corresponding composition time profile in water (Figure 3b)
shows rapid consumption of nitrobenzene with concomitant
formation of aniline in the early stages of the reaction together
with a build-up of N-phenylhydroxylamine which reached a

maximum concentration after 8 min; this was gradually con-
sumed, and aniline was formed as the sole product after 60
minutes. Thus, while the profile in ethanol is consistent with
reduction via condensation and the generation of azo and
azoxy species, the reduction in water appears to occur via the
direct pathway involving rapid reduction of the N-phenyl-
hydroxylamine, however, we cannot unequivocally rule out
condensation with facile reduction of the azo-based intermedi-
ates (Scheme 2).[34]

Having identified conditions for the highly selective partial
reduction of nitrobenzene to hydrazobenzene, the protocol was
applied to the reduction of a selection of substituted nitro-
arenes to assess the scope and efficacy of 2e. These reactions
were conducted in ethanol at 70 °C, using 0.5 mol% 2e and four
equivalents of NaBH4 as the hydrogen donor and reaction times
were varied to obtain the best compromise of selectivity and
conversion; full details of which are provided in Table 2.
Gratifyingly, high conversions were obtained with nitroarenes
substituted with electron withdrawing groups such as 4-
chloronitrobenzene and 4-bromonitroarenes which were re-
duced to the corresponding hydrazoarene with 88% and 75%
selectivity, respectively, with no evidence for competing hydro-
dehalogenation to afford either nitrobenzene or hydrazoben-
zene; in each case the only other identifiable species was the
fully reduced aniline. Similarly, a high conversion and complete
selectivity was also obtained with 4-nitrobenzonitrile which
reached 91% conversion to afford 4,4’-dicyanohydrazobenzene
as the only detectable product after 5 h; interestingly though,
when the reaction time was reduced to 1 h the corresponding
azo compound, 4,4’-(diazene-1,2-diyl)dibenzonitrile, was ob-
tained as the major product with 86% selectivity at complete
conversion. Under the same conditions, the reduction of 4-
nitrobenzotrifluoride reached complete conversion after 5 h to
afford the corresponding hydrazoarene in 81% selectivity,
together with minor amounts of the 4-(trifluoromethyl)aniline
(11%) and the N-(4-(trifluoromethyl)phenyl)hydroxylamine (8%)

Scheme 2. General mechanisms (Haber) for the reduction of nitroarenes (a) direct pathway (b) condensation pathway, highlighting the selective partial
reduction to hydrazobenzene (red) and complete reduction to aniline (green) achieved with RuNP@NH2-OMSIIL (2e)

Figure 3. (a) Composition-time profile for the sodium borohydride-mediated
reduction of nitrobenzene (NB) in ethanol at 70 °C under nitrogen catalyzed
by 0.5 mol% 2e. (b) Composition-time profile for the sodium borohydride-
mediated reduction of nitrobenzene (NB) in water at 70 °C under nitrogen
catalyzed by 0.5 mol% 2e.
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while 4-nitrobenzamide was reduced with complete selectivity
for the hydrazoarene, 4,4’-(hydrazine-1,2-diyl)dibenzamide, at
81% conversion after 90 min. In contrast, the reduction of
nitroarenes bearing electron donating groups such as 4-nitro-
anisole, 4-nitroaniline and N,N-dimethyl-4-nitroaniline all gave
the corresponding amine as the major product and only minor
amounts of the hydrazoarene were observed, which suggests
that reduction of electron rich intermediates is extremely facile
under these conditions or that the reduction of this class of
substrate occurs via the direct pathway.

Variation of the hydrogen donor revealed that the use of
dimethylamine borane (DMAB) resulted in 86% conversion to
aniline as the sole product when the reaction was conducted in
ethanol at 70 °C for 3 h (Table 1, entry 4); this is in stark contrast
to the high selectivity for hydrazobenzene obtained with NaBH4

in ethanol under otherwise identical conditions and further
highlights that the selectivity of this reduction depends on a
combination of factors including the solvent, reducing agent as
well as the catalyst and its support. While hydrazine hydrate has
been reported to be the optimum hydrogen donorfor the
selective catalytic reduction of nitroarenes with nanoparticles
including polystyrene supported IrNPs, RuNPs and
RuCoNPs,[32h,35a,b] RuNP/CNT nanohybrids,[16f] PdNP/carbon
nitride,[35c] PdNP immobilized on carbon nanospheres,[35d]

PdAuNPs/TiO2,
[35e] and solid supported PtNPs,[35f] a reduction of

nitrobenzene using 0.5 mol% 2e and 4 equivalents of hydrazine
hydrate only reached 5% conversion to azoxybenzene as the
sole product after 16 h. Other common reducing agents such as
sodium formate, formic acid and formic acid triethylamine
azeotrope gave either negligible or low conversions under the
same conditions (Table 1, entries 5–7). The high conversion
obtained with DMAB after only 3 h prompted us to conduct
further optimization studies with this reducing agent.

A brief survey of the catalyst loading confirmed that the
optimum conversion and selectivity for aniline was achieved
with 0.5 mol% 2e as a reduction in the catalyst loading to
0.25 mol% resulted in a concomitant reduction in conversion to
74% after 3 h, albeit with >99% selectivity for aniline; the
conversion decreased further to 38% and then to 16% when

the catalyst loading was reduced to 0.1 and 0.05 mol%,
respectively (Table 1, entries 8–10). While complete conversion
to aniline could be obtained by increasing the catalyst loading
to 1 mol%, the high conversion and complete selectivity for
aniline obtained with 0.5 mol% prompted us to conduct further
catalytic studies and substrate screening with this loading. As
the nanoparticle catalyzed reduction of nitroarenes has been
reported to be solvent dependent,[16f,35a,36a–c] the efficacy of 2e
as a catalyst for the reduction of nitrobenzene was examined in
a selected range of common solvents. Table 1 reveals that
reductions conducted in water reached quantitative conversion
with 100% selectivity for aniline after only 3 h, whereas the use
of a 1 :1 mixture of ethanol and water under otherwise identical
conditions gave 80% conversion to a mixture of azoxybenzene
and aniline (Table 1, entries 11–12). Markedly lower conversions
and selectivities for aniline were obtained under the same
conditions in toluene, 2-Me-THF and propylene carbonate
(Table 1, entries 13–15); the low selectivity for aniline in these
solvents was due to incomplete reduction to azoxybenzene.
Thus, water was identified as the preferred solvent based on
the short reaction time required to reach high conversion with
complete selectivity for aniline as well as its green and
environmentally benign properties, the practical advantages for
isolating the product and the potential benefits associated with
the hydrophobic effect such as faster reaction rates and greater
selectivities compared to those obtained in organic solvent-
based systems.[37]

As complete conversion was obtained for the reduction of
nitrobenzene at 70 °C with 0.5 mol% even when the reaction
time was reduced to 1.5 h (Table 1, entry 16), the influence of
the temperature on conversion and selectivity was investigated
to identify an optimum temperature to achieve high conversion
to aniline. While quantitative conversion to aniline was also
obtained after 1.5 h when the temperature was lowered to
60 °C, a further reduction in the reaction temperature to 50 °C
gave 98% conversion with >99% selectivity for aniline at the
same time (Table 1, entries 17–18). A study of the conversion
and selectivity profile as a function of the DMAB to nitro-
benzene mole ratio was also conducted to establish the

Table 2. Partial reduction of nitroarenes to the corresponding hydrazoarene with NaBH4 in ethanol catalyzed by RuNP@NH2-OMSIIL (2e).a

Product

Conversionb/Yieldc 100%/92% (1 h) 98%/91% (40 min) 100%/83% (3 h)

Selectivityd 96% 88% 75%

Product

Conversionb/Yieldc 91%/82% (5 h) 100%/87% (5 h) 81%/69% (90 min)

Selectivityd 100% 81% 100%

a Reaction conditions: Conducted under nitrogen, 1.0 mmol nitroarene, 0.5 mol% 2e, 1 mL ethanol, 4 mmol NaBH4, time, 70 °C. b % Conversion determined
by 1H NMR spectroscopy using 1,4-dioxane as internal standard, reaction time in brackets. Average of at least three runs. c Yield determined from the
selectivity and the mass of isolated material after aqueous workup. d Selectivity for hydrazoarene [% HYD / (% N-PHA+% AZOXY+% AZ+% HYD+%
AN)]×100%.
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optimum amount of reducing agent to achieve high conversion
to aniline. The conversion dropped quite dramatically from
98% after 1.5 h with four equivalents of DMAB to 56% with
three equivalents and 45% with two equivalents under
otherwise identical conditions (Table 1, entries 19–20). This
drop in conversion was accompanied by a decrease in
selectivity due to incomplete reduction to intermediates such
as azoxybenzene and N-phenylhydroxylamine. An increase in
the DMAB to nitrobenzene mole ratio from 4 to 20 revealed
that the initial rate, as measured by the TOF at ca. 20%
conversion, increased from 210 mol nitrobenzene converted
mol Ru� 1 h� 1 to 320 mol nitrobenzene converted mol Ru� 1 h� 1

and ultimately reached a plateau at 335 mol nitrobenzene
converted mol Ru� 1 h� 1 for a ratio of 25, above which the
reaction kinetics were independent of the DMAB concentration
(Figure S1 in the supporting Information). Even though the
optimum rate was obtained with a DMAB to nitrobenzene ratio
of ca. 25, further studies and substrate screening were
conducted with four mole equivalents of DMAB since near
quantitative conversion and complete selectivity for aniline
could be obtained after only 1.5 h and the use of only a slight
excess of reducing agent improves the reagent efficiency of the
process, which will be crucial for scale-up. To this end, a
preliminary scale-up reaction for the reduction of nitrobenzene
(10 mmol) in water using a catalyst loading of 0.05 mol% and 4
mole equivalents of DMAB reached 95% conversion with 91%
selectivity for aniline after 24 h at 60 °C, which corresponds to a
TON of 1,900. Following a study by Dimitratos,[15o] the influence
of the stirring speed on the initial TOF for the reduction of
nitrobenzene catalysed by 0.5 mol% 2e with 4 equivalents of
DMAB at 50 °C was explored to map the region in which the
rate is mass transfer limited. Not surprisingly, the rate increased
as the stirring speed increased from 100 to 600 rpm after which
the initial rate appeared to reach a plateau indicating that
reactions conducted above this stirring speed are under kinetic
control (Figure S2 in the supporting information). Finally, a
background control reaction for the DMAB mediated reduction
of nitrobenzene with three equivalents of reducing agent
conducted in the presence of the COK-12 support 1e but in the
absence of catalyst gave no conversion after 3 h at 70 °C which
confirmed that the RuNPs were necessary for the reduction.

Having identified optimum conditions for the DMAB-
mediated reduction of nitrobenzene to aniline, the conversion
and composition of a reaction was mapped as a function of
time in water at 50 °C. The data in Figure 4, obtained by
quenching a series of parallel reactions at different times and
quantifying the composition by 1H NMR spectroscopy, shows
that the nitrobenzene is consumed with concomitant formation
of aniline and the accumulation of a trace amount of N-
phenylhydroxylamine. As described above for the sodium
borohydride mediated reduction of nitrobenzene in water using
2e as the catalyst, this profile is consistent with reaction via the
direct pathway as there was no evidence for any azo-based
products, although the condensation pathway cannot be
unequivocally ruled out as the reduction of each intermediate
may be extremely rapid.

Finally, the influence on catalyst performance of the various
components i. e. the immobilised ionic liquid, the amine and
the IL/amine combination was examined by exploring the
conversion as a function of catalysts 2a–f, under the standard
conditions identified above. The conversion of 36% obtained
with catalyst supported on unmodified COK-12 (2a) shows that
modification with either an ionic liquid or an amine resulted in
a significant improvement in activity as 2b and 2c gave 76%
and 91% conversion, respectively (Table 1 entries 21–23). The
data in Table 1 also reveals that modification of COK-12 with a
protic amine resulted in a greater improvement in performance
than modification with a tertiary amine as catalyst 2d only gave
48% conversion, albeit with 95% selectivity (Table 1, entry 24).
Finally, it is also clear that COK-12 decorated with a protic
amine and an ionic liquid affords the most efficient catalyst as a
reduction using 0.5 mol% 2e reached 98% conversion with
>99% selectivity; in comparison its pyrrolidine-ionic liquid
modified counterpart 2f only reached 67% conversion with
94% selectivity at the same time, which underpins the
beneficial role of the protic amine (Table 1, entry 25). While
modification of COK-12 with the amine and the imidazolium
results in a significant improvement in catalyst performance, at
this stage it is not possible to determine whether the amine
and/or ionic liquid influences both the size of the NPs and their
performance profile or whether the size of the NPs is
responsible for the changes in performance. Moreover, as 2c–f
each have a different ruthenium/amine ratio it is also not clear
how this factor impacts performance. Thus, future studies will
explore the influence of the amine to ruthenium and
imidazolium to ruthenium ratios on the growth of the nano-
particles and/or their selectivity and activity profiles to
deconvolute the factors that control catalyst performance. This
will be achieved by systemically varying the loading of the
amine and/or the imidazolium on RuNP@COK-12-NH2-Im, pre-
paring catalysts with a range of ruthenium loadings and
conducting a detailed study of their efficacy to establish a
composition performance relationship. To this end, there are an
increasing number of reports in which molecular modification
of a surface has been shown to control the efficiency of
nanoparticle-based catalysts for hydrogenation, hydrodeoxyge-
nation and hydrogenolysis reactions;15p� x as such it will be
crucial to develop an understanding of how surface modifica-

Figure 4. Composition-time profile for the dimethylamine borane-mediated
reduction of nitrobenzene (NB) in water at 50 °C under nitrogen, catalyzed
by 0.5 mol% 2e.
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tion affects NP synthesis and performance to enable the rational
design of more efficient systems.

The heterogeneous nature of 2e was investigated by
performing a hot filtration experiment which involved conduct-
ing two reactions in parallel at 50 °C using 0.5 mol% 2e and
four equivalents of DMAB to catalyse the reduction of nitro-
benzene. One of the reaction mixtures was left for 3 h to
provide a benchmark for comparison while the other was
filtered through a 45 μm syringe filter after 30 min, when it had
reached ca. 50% conversion; the composition of this filtrate was
then monitored as a function of time for a further 90 min. The
resulting composition-time profile in Figure 5 clearly shows that
the filtration quenched the reduction as there was no further
measurable change in conversion, indicating that the active
species had been removed and that the catalyst is either
heterogeneous or that any leached catalyst is much less active
or inactive. Analysis of the organic filtrate collected after the
filtration revealed that the ruthenium content was below the
detection limit of the ICP-OES suggesting that the catalyst is
most likely heterogeneous, and that leaching to generate
species that are less active is not significant. However, this
analysis does not enable us to distinguish a pathway that
involves a leaching and re-deposition process. A complemen-
tary hot filtration experiment was also conducted in which a
reduction was allowed to reach complete conversion before
being filtered through a 45 μm syringe filter, an additional
portion of nitrobenzene was then added to the filtrate and the
composition of the reaction mixture monitored. Even after 2 h
the composition-time profile showed no further conversion of
nitrobenzene confirming that filtration had removed the active
species.

The stability of 2e as a catalyst for the dimethylamine
borane-mediated reduction of nitrobenzene to aniline was also
investigated by monitoring the conversion and selectivity
profile as a function of reuse. The reuse study was conducted
by monitoring the activity and selectivity profile for the
dimethylamine borane mediated reduction of nitrobenzene in
water for 1 h to ensure that reactions did not reach complete
conversion to enable any changes in the activity and selectivity

to be detected. After 1 h an additional portion of substrate was
added together with a further 4 equivalents of DMAB and the
profile monitored for another 1 h; this sequence was repeated
across three runs to explore the efficiency of 2e as a function of
reaction time and reuse number. The data illustrated in
Figure 6a shows a slight drop in the activity after the first run
with a more significant reduction in activity and a drop in
selectivity after the second run as the reaction only reached
61% conversion to afford a mixture of aniline (83%) and N-
phenylhydroxylamine (17%) after 1 h; a similar selectivity profile
was obtained in the fourth run albeit with a slightly lower
conversion than that for run 3. However, complete conversion
to aniline could still be obtained by increasing the reaction time
to 3 h. ICP-OES analysis of the organic phase collected after all

Figure 5. Hot filtration experiment for the dimethylamine borane-mediated
transfer hydrogenation of nitrobenzene (NB) in water at 50 °C catalyzed by
0.5 mol% 2e showing that the reduction is completely quenched after
filtration at t=35 min. [Red line – composition of nitrobenzene (NB), blue
line – composition of aniline (AN) and green line – composition of N-
phenylhydroxylamine (N-PHA)].

Figure 6. (a) Recycle study for the dimethylamine borane-mediated reduc-
tion of nitrobenzene conducted in water at 50 °C and catalysed by 0.5 mol%
2e. (b) sizing histogram of RuNPs for 2e after four runs and a TEM image of
the recovered material revealing an average NP diameter of 1.65�0.3 nm (c)
Conversion and selectivity as a function of aniline pre-stirring time for the
DMAB-mediated reduction of nitrobenzene in water at 50 °C catalysed by
0.5 mol% 2e. Blue bars - conversion of nitrobenzene and red bars -
selectivity for aniline.
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four runs revealed that only 1.4% of the ruthenium had leached
and such a small amount of leaching would not account for the
drop in conversion. TEM analysis of the catalyst sample
recovered after the 4th run showed that the RuNPs remained
monodisperse with no significant change in size and distribu-
tion as the mean diameter of 1.65�0.3 nm is similar to that of
1.60�0.3 nm for a freshly prepared sample of 2e (Figure 6b).
As the drop in conversion after the first run did not appear to
be due to leaching or excessive aggregation, a poisoning
experiment was conducted to explore whether the passivation
could be caused by coordination of the aniline product to the
active surface ruthenium sites as this could either prevent
access of the substrate or modify the catalytic activity/
selectivity. Poisoning was explored by pre-stirring an aqueous
suspension of catalyst 2e with 100 equivalents of aniline at
50 °C for a range of pre-stirring times prior to adding the
substrate and 4 equivalents of DMAB to assess whether the
nitrogen donor of the product influences its performance
profile. Reductions conducted for 1 h after pre-stirring the
catalyst with aniline for 0 min, 10 min, 20 min and 40 min
resulted in a drop in conversion from 82% to ca. 61%, together
with a concomitant decrease in the selectivity for aniline due to
the formation of N-phenylhydroxylamine (Figure 6c), suggesting
that the aniline that accumulates during successive reuses
modifies the activity and selectivity profile of the catalyst. While
further studies are required to establish the origin of this
change in selectivity, we note that there have been numerous
reports of the use of an amine additive to improve selectivity
for N-arylhydroxylamine in the reduction of nitroarenes. For
example, high selectivity for the partial hydrogenation of
nitrobenzene to N-phenylhydroxylamine has been achieved
under mild conditions using ethylenediamine as a modifier for
platinum nanowires whereas the use of unmodified commercial
platinum black favoured complete reduction to afford aniline as
the main product.[38a] Similarly, the use of N,N,N’,N’-tetramethy-
lethylenediamine as an additive for platinum nanoparticles
supported on active carbon (NanoSelectTM) improved its
selectivity as a catalyst for the hydrogenation of nitroarenes to
the corresponding N-arylhydroxylamine,[35c] while the addition
of an amine to commercial platinum on silica poisoned with
DMSO also resulted in a significant enhancement in yield and
selectivity for N-phenylhydroxylamine with primary amines
giving the highest selectivities.[38b] Nitrogen adsorption studies
on catalyst 2e recovered from a scale-up recycle experiment
revealed only a slight change in the textural properties with a
minimal increase in the BET surface area from 227 m2g� 1 to
246 m2g� 1 and the pore volume from 0.589 cm3g� 1 to
0.609 cm3g� 1. In addition, titration of the recovered catalyst
gave a slightly lower loading of accessible amine (0.47 mmol
g� 1) compared with a fresh unspent sample of catalyst 2e
(0.61 mmol g� 1), indicating that some of the surface amine may
have leached under the reaction conditions, which could
account for the subtle changes in the textural properties. Future
studies will further investigate the stability profile of 2e in
batch as well as in a packed bed reactor under continuous flow
to fully understand why the activity and selectivity decrease on
reuse.

The optimum protocol described above was also applied to
the aqueous phase reduction of a selection of nitroarenes to
explore the efficiency of 2e across a range of substrates and to
compare its performance against existing systems. Reactions were
conducted at 50°C for 3 h unless otherwise stated to obtain
comparative data as a function of substrate, full detail of which are
presented in Table 2. High conversions were obtained for nitro-
arenes substituted at the 4-position with electron donating groups
including hydroxy-, methoxy-, N,N-dimethylamino, amino and
methyl (Table 2, entries 2–6). While 4-nitroanisole, 4-nitrotoluene,
N,N-dimethylnitroaniline and 4-nitroaniline reached 95%, 98%,
>99% and 98% conversion, respectively, after only 3 h, the
reduction of 4-nitrophenol required 19 h to achieve a comparable
conversion. The reduction of nitroarenes containing electron
withdrawing groups also gave good conversion to the corre-
sponding aniline. For example, 4-chloronitrobenzene gave high
conversion to afford 4-chloroaniline as the sole product with no
evidence for competing hydrodehalogenation to either nitro-
benzene or aniline under these conditions (Table 2, entry 7). The
reduction of nitroarenes containing reducible functional groups
such as cyano and methyl ester occurred with high conversion
and complete chemoselectivity for the nitro group. For example,
the reduction of 4-nitrobenzonitrile and methyl 4-nitrobenzoate
resulted in high conversion to afford 4-aminobenzonitrile and
methyl 4-aminobenzoate, respectively, as the sole products after
3 h (Table 2, entries 8–9). Not surprisingly, the reduction of 4-
nitroacetophenone resulted in reduction of both the carbonyl and
nitro group to afford 1-(4-aminophenyl)ethan-1-ol as the sole
product at complete conversion with no evidence for 4-amino-
acetophenone (Table 3, entries 10). Under the same conditions,
reduction of the sterically more challenging 2-nitroacetophenone
resulted in complete consumption of the substrate to afford a
mixture of 1-(2-nitrophenyl)ethan-1-ol (16%) and 1-(2-
aminophenyl)ethan-1-ol (84%) after 3 h (Table 3, entry 11), how-
ever, quantitative reduction to the amine could be achieved by
extending the reaction time. When the reduction of 2- and 4-
nitroacetophenone was conducted at 25°C, under otherwise
identical conditions, the acyl group in both substrates was rapidly
and quantitatively reduced to afford 1-(2-nitrophenyl)ethan-1-ol
and 1-(4-nitrophenyl)ethan-1-ol as the major product together
with only a minor amount of the corresponding aniline after
60 min. Complete reduction to the corresponding arylamine was
then achieved by adding a further five equivalents of dimethyl-
amine borane and raising the reaction temperature to 50°C for
1 h. Reassuringly, a reduction conducted with acetophenone as
the substrate and DMAB as the hydrogen donor confirmed that
conversion to 1-phenylethanol was complete after only 1 h at
30°C in the absence of catalyst. Sterically demanding substates
such as 2-methyl and 2-methoxy substituted nitroarenes also gave
high conversions after 3 h, (Table 2, entries 12–13). However,
reduction of the sterically congested 8-nitroquinoline was mark-
edly more sluggish and only reached 31% conversion to 8-
aminoquinoline after 20 h at 80°C (Table 2, entry 14). Finally, the
transfer hydrogenation of 6-nitrobenzothiazole also resulted in
rapid reduction to afford 6-aminobenzothiazole with 100%
selectivity at 97% conversion after 3 h (Table 2, entries 15).
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Conclusions

RuNPs stabilised by mesoporous COK-12 modified with a
primary amine and an imidazolium based ionic liquid
(RuNP@NH2-OMSIIL) is an efficient solvent dependent selective

catalyst for the sodium borohydride-mediated reduction of
nitrobenzene, giving hydrazobenzene as the major product in
ethanol and aniline as the sole product in water, under
otherwise identical conditions. In contrast, the same catalyst
affords aniline as the sole product in both ethanol and water

Table 3. Aqueous phase reduction of nitroarenes to the corresponding aniline with dimethylamine borane using 0.5 mol% 2e.a

Entry Substrate Product Conversion (%)b Yield (%)c Selectivity (%)d

1 100 78% 100

2e 99 72% >99

3 95 87% 96

4 >99 89% 100

5 98 71% 100

6 98 94% 100

7 95 83% 100

8 98 73% 84

9 94 79% 100

10 100 92% 100

11 100 71% 84f

12 98 89% >99

13 100 87% >99

14 31 24% 100

15 97 87% 100

a Reaction conditions: Conducted under nitrogen, 1.0 mmol substrate, 0.5 mol% 2e, 1 mL water, 4.0 mmol NMe2HBH3, 3 h, 50 °C. b % Conversion determined
by 1H NMR spectroscopy using 1,4-dioxane as internal standard. Average of at least three runs. c Yield determined from the selectivity and the mass of
isolated material after aqueous workup. Selectivity for the arylamine [% arylamine / (% N-arylhydroxylamine+% azoxyarene+% azoarene+%
hydrazoarene+% arylamine)]×100%. e Reaction time 19 h. f Selectivity based on the ratio of 1-(2-nitrophenyl)ethan-1-ol (16%) to 1-(2-aminophenyl)ethan-
1-ol (84%).
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when dimethylamine borane is used as the hydrogen donor.
The initial TOF of 320 h� 1 obtained for the selective partial
reduction of nitrobenzene to hydrazobenzene is the highest to
be reported with a nanoparticle-based catalyst and the first
example that uses DMAB as the hydrogen donor. Under
optimum conditions a range of substituted nitroarenes were
reduced to the corresponding hydrazoarene with high selectiv-
ity in ethanol while the arylamine was obtained as the sole
product in water. A survey of the catalyst efficacy as a function
of the polymer composition revealed that removal of the amine
resulted in a dramatic decrease in activity as did substitution of
the primary amine for a tertiary amine; both modifications
underpin the key role of the amine-modified support in
enhancing catalyst performance. To this end, significant
improvements in the efficacy of NP-based catalyst with amine-
modified supports have recently been reported and attributed
to several factors including; effective dispersion of the NPs,
modification of the surface electronic structure of the NP,
control of the size or a cooperative role in the elementary steps
of the catalysis.[21m,n,q,39] While recycle studies resulted in a drop
in conversion after the first run, analysis of the solvent indicated
that this reduction was unlikely to be due to leaching or
aggregation and catalyst poisoning studies confirmed that the
NPs were most likely passivated/deactivated by the aniline
product. Kinetic studies, in operando surface investigations and
further catalyst modifications are currently underway to devel-
op an understanding of the factors that affect catalyst perform-
ance and selectivity to inform the design of more efficient
catalysts.

Experimental Section
Synthesis of 1-(3-(triethoxysilyl)propyl)pyrrolidine. Pyrrolidine
(1.0 g, 0.014 mol) and 3-chloropropyltriethoxysilane (3.39 g,
0.014 mol) were mixed in a dry Schlenk flask under nitrogen. The
system was evacuated and backfilled with nitrogen five times and
heated for 90 °C for 60 h. After cooling to room temperature, the
resulting solid was triturated with dry diethyl ether five times, the
solvent was removed by syringe each time and then the remaining
solid was dried under vacuum at room temperature for 48 h to
obtain the desired product as a yellow oil in 91% yield (3.5 g). 1H
NMR (300 MHz, CDCl3, δ): 3.74 (q, J=6,2 Hz, 6H, OCH2), 2.53 (m, 2H,
NCH2), 2.45 (m, 4H, NCH2), 1.71 (m, J=3.3 Hz, 4H, NCH2CH2), 1.57 (m,
2H, CH2), 1.15 (t, J=6.2 Hz, 9H, OCH2CH3), 0.47 (m, 2H, SiCH2).

13C
NMR (75 MHz, CDCl3, δ): 59.9 (CH2), 58.3 (OCH2), 53.4 (NCH2), 23.4
(NCH2), 22.1 (NCH2), 18.2 (OCH2CH2), 8.3 (SiCH2).

Synthesis of 1,2-dimethyl-3-(3-(triethoxysilyl)propyl)-1H-imidazol-
3-ium Chloride. 1,2-Dimethylimidazole (2.28 g, 0.024 mol) and 3-
chloropropyltriethoxy silane (5.7 g, 0.024 mol) were mixed in a dry
Schlenk flask under nitrogen flow. The system was evacuated and
backfilled with nitrogen five times repeatedly and heated for 60 h
at 90 °C. After cooling to room temperature, the resulting solid was
triturated with dry diethyl ether five times, the solvent was
removed by syringe each time and then the remaining solid was
dried under vacuum at room temperature for 48 h to obtain the
title compound as a white solid in 95% yield (7.60 g). 1H NMR
(300 MHz, CDCl3, δ): 7.89 (d, J=2.2 Hz, 1H, CH3-N-CH), 7.48 (d, J=

2.1 Hz, 1H, CH-CH-N), 4.19 (t, J=7.4 Hz, 2H, N-CH2), 4.02 (s, 3H, CH3-
N), 3.75 (q, J=7.0 Hz, 6H, CH2-O), 2.77 (s, 3H, N=C-CH3), 1.94-1.78
(m, 2H, CH2-CH2-CH2), 1.15 (t, J=7.0 Hz, 9H, CH2-CH3), 0.58–0.53 (m,

2H, CH2-Si).
13C NMR (75 MHz, CDCl3, δ): 123.4, 121.0, 58.7, 50.4, 36.0,

23.8, 18.3, 10.4, 7.1. This data is consistent with that published in
the literature. IR: vmax cm� 1: 669, 765, 803, 959, 1072, 1164, 1205,
1253, 1321, 1386, 1539, 1588, 1628, 2888, 2936, 2975, 3247, 3371,
3444.

Synthesis of COK-12 (1a). Following a literature procedure,[26] the
triblock copolymer Pluronic P123 (14.35 g) was dissolved in
deionized water (385 mL) and the mixture stirred at room temper-
ature overnight until all the P123 had completely dissolved. To this
solution was added, citric acid monohydrate (13.21 g, 62.87 mmol)
and trisodium citrate (9.10 g, 30.97 mmol) to buffer the pH and the
resulting surfactant solution was stirred at room temperature for
24 h. A solution of sodium silicate (37.30 g of a solution containing
27 wt% SiO2, 165 mmol) was diluted with H2O (108 mL) and added
dropwise to the surfactant solution avoiding the formation of
aggregates. The pH was measured prior to and after sodium silicate
addition to confirm the synthesis occurred in the pH range 4–6. The
solution was stirred for 5 min at 175–180 rpm after which time the
resulting mixture was kept at room temperature (20 °C) without
agitation for 24 h. After this step, the as-synthesized material was
filtered, washed with water (3×150 mL) and dried in an oven
overnight. The dry white powdery solid (24.8 g) was then continu-
ously extracted with ethanol (150 mL) for 15 days using a Soxhlet
extractor to remove the organic templating agent.

General procedure for the synthesis of ionic liquid and amine
modified COK-12supports 1b-d. Following the procedure de-
scribed above for the synthesis of COK-12, the triblock co-polymer
Pluronic P123 (14.35 g) was dissolved in deionized water (385 mL)
and the mixture stirred at room temperature overnight until all the
P123 had completely dissolved. To this solution was added citric
acid monohydrate (13.21 g, 62.87 mmol) and trisodium citrate
(9.11 g, 30.97 mmol) and the resulting surfactant solution was
stirred for 24 h. Sodium silicate solution (35.4 g of a solution
containing 27 wt% SiO2, 165 mmol) was diluted with water
(102 mL) and added dropwise to the surfactant solution together
with 5 mol% of the corresponding imidazolium silica precursor 1,2-
dimethyl-3-(3-(triethoxysilyl)propyl)-1H-imidazol-3-ium chloride or
5 mol% of one of the amine silica precursors triethoxysilylpropyl-
amine or 1-(3-(triethoxysilyl)propyl)pyrrolidine, avoiding the forma-
tion of aggregates. The pH was measured prior to and after sodium
silicate addition to confirm the synthesis was conducted in the pH
range 4–6. The solution was stirred for 5 min at 175–180 rpm and
then kept at room temperature (20 °C) without agitation for 24 h.
After this time, the as-synthesized material was filtered, washed
with water (4×150 mL) and dried under vacuum oven overnight.
The resulting white powder was continuously extracted with
ethanol (150 mL) for 15 days using a Soxhlet extractor to remove
the organic templating agent afford the corresponding ionic liquid
and amine modified COK-12 supports 1b–d.

General procedure for the synthesis of hybrid ionic liquid-amine
modified COK-12supports 1e–f. The ionic liquid-amine hybrid
COK-12 supports 1e–f were prepared as described above by
conducting the hydrolysis with sodium silicate solution (27 wt%
SiO2) diluted with water together with a mixture of 5 mol% each of
1,2-dimethyl-3-(3-(triethoxysilyl)propyl)-1H-imidazol-3-ium chloride
and either triethoxysilylpropylamine or 1-(3-
(triethoxysilyl)propyl)pyrrolidine.

General procedure for the synthesis of COK-12and modified
COK-12stabilized ruthenium nanoparticles 2a–f. A solution of
RuCl3 · 3H2O (0.064 g, 0.3 mmol) in water (2 mL) was added to a
mixture of the mesoporous silica material 1a–f (0.50 g) in water
(5 mL). After stirring for 19 h at room temperature, the water was
removed under reduced pressure to afford a grey solid which was
resuspended in ethanol (5 mL) and treated dropwise with a solution
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of NaBH4 (0.07 g, 21 mmol) in water (2 mL). The resulting black
suspension was stirred at room temperature overnight, filtered
through a frit and the final black solid washed with water, ethanol
and diethyl ether. The powder was then dried in an oven at 50 °C
for 2 h to afford 2a (0.52 g, 92%); 2b (0.54 g, 92%); 2c (0.50 g,
89%); 1d (0.5 g, 89%); 2e (0.50 g, 89%); 1f (0.5, 89%) as black
solids.

General procedure for the reduction of nitroarenes to arylamines.
An oven dried Schlenk flask was cooled to room temperature and
charged with catalyst (5 μmol, 0.5 mol%), dimethylamine borane
(0.236 g, 4.0 mmol) and water (1 mL). After stirring the suspension
for 5 min, nitroarene (1.0 mmol) was added and the mixture stirred
at the allocated temperature for the appropriate time. The reaction
mixture was diluted with deionized water, the product extracted
with ethyl acetate (2×10 mL), the organic fractions combined, and
the solvent removed under reduced pressure. The residue was
analysed by 1H NMR spectroscopy using dioxane as the internal
standard to quantify the composition and determine the selectivity.

General procedure for the reduction of nitroarenes to the
hydrazoarene. An oven dried Schlenk flask was cooled to room
temperature and charged with catalyst 2e (5 μmol, 0.5 mol%),
NaBH4 (0.151 g, 4.0 mmol) and ethanol (1 mL). After stirring the
suspension for 5 min, nitroarene (1.0 mmol) was added and the
mixture stirred at 70 °C for the appropriate time. The reaction
mixture was diluted with deionized water, the product extracted
with ethyl acetate (2 x 10 mL), the organic fractions combined, and
the solvent removed under reduced pressure. The residue was
analyzed by 1H NMR spectroscopy, using dioxane as the internal
standard to quantify the composition and determine the selectivity.

General procedure for the catalyst reuse study. Nitrobenzene
(0.103 mL, 1.0 mmol) was reduced to aniline at 50 °C following the
general procedure described above. After 1.5 h a 0.1 mL aliquot
was removed and analyzed by 1H NMR spectroscopy to determine
the composition. The reaction flask was then recharged with a
further portion of nitrobenzene and an additional four equivalents
of dimethylamine borane (0.236 g, 4.0 mmol) and the procedure
repeated. Following the 4th run the catalyst was isolated, washed
with water (2×10 mL) and ethanol (2×10 mL) and analyzed by TEM.

Procedure for the hot filtration study. A reduction of nitrobenzene
(0.103 mL, 1.0 mmol) to aniline with dimethylamine borane
(0.236 g, 4.0 mmol) was conducted at 50 °C following the general
procedure described above. After 30 minutes the reaction mixture
was filtered through a 0.45-micron syringe filter into a clean
Schlenk flask under an inert atmosphere. The filtered reaction
mixture was then stirred at 50 °C for a further 65 minutes and the
progress of the reaction monitored as a function of time by
removing an aliquot every 20 min and analysing the composition
by NMR spectroscopy.

General Procedure for the poisoning study as a function of pre-
stirring time. An oven-dried Schlenk flask cooled to room temper-
ature under vacuum, back-filled with nitrogen and charged with 2e
(0.0015 g, 5 μmol, 0.5 mol%), dimethylamine borane (0.236 g,
4.0 mmol), water (1 mL) and aniline (0.091 mL, 1.0 mmol) and the
resulting mixture stirred for the allocated time (0, 20, or 40 min) to
explore the effect of the build-up of aniline and pre-stirring time on
catalyst efficacy. The reaction was initiated by the addition of
nitrobenzene (0.103 mL, 1.0 mmol) and the mixture was left to stir
for 1.5 h at 50 °C. The reaction mixture was diluted by addition of
deionized water (5 mL), the product extracted with ethyl acetate
(3×5 mL), the organic fractions collected, and the solvent removed
under reduced pressure. The resulting residue was analysed by 1H
NMR spectroscopy using 1,4-dioxane as internal standard

(1.0 mmol) to quantify the composition of starting material and
products and determine the selectivity.
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Ruthenium nanoparticles stabilised by
ordered mesoporous silica, COK-12,
decorated with an imidazolium based
ionic liquid and an amine catalyses
the partial reduction of nitrobenzene
to hydrazobenzene with 100% selec-

tivity as well as the complete
reduction to aniline. A survey of the
substrate scope revealed that the
partial reduction appeared to be re-
stricted to nitroarenes substituted
with an electron withdrawing group.
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