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RuNPs stabilised by a polymer immobilised ionic liquid derived from co-polymerisation of a PEG-
substituted imidazolium-based styrene monomer and diphenyl(4-vinylphenyl)phosphine oxide,
RuNP@O = PPh2-PEGPIILS, (2) is a remarkably efficient and selective catalyst for the hydrazine
hydrate-mediated partial reduction of nitroarenes to the corresponding N-arylhydoxylamine. Near quan-
titative conversion to N-phenylhydroxylamine with > 99 % selectivity was obtained after only 2 h when
the reaction was conducted at 25 �C in ethanol under an inert atmosphere using 0.1 mol% catalyst. Under
these conditions, the composition-time profile showed that the reduction occurred via the direct path-
way whereas reactions in air gave a mixture of azoxy-based products due to competing condensation
resulting from reversible formation of N-phenylhydroxylamine. The initial TOF of 6,100 h�1 obtained
after 10 min at 40 �C with 0.1 mol% 2 is among the highest to be reported for the metal nanoparticle catal-
ysed reduction of nitrobenzene to N-phenylhydroxylamine and a significant improvement on 5 wt% Ru/C
which gave a modest conversion of 21 % (initial TOF = 240 h�1) to a mixture of N-phenylhydroxylamine
and aniline. A broad range of substituted N-aryl and N-heteroaryl nitroarenes were reduced to the corre-
sponding N-arylhydroxylamine in high yield and with excellent selectivity by adjusting the reaction
times. However, reduction of electron rich amino-substituted nitroarenes was extremely slow and
resulted in reduction to the aniline with no evidence for the corresponding hydroxylamine. Complete
reduction of amino substituted nitroarene is proposed to be facilitated by amine-assisted elimination
of hydroxide from the hydroxylamine to afford a readily reducible quinondiimine-derived iminium inter-
mediate that reacts with a surface hydride to liberate the amine. Under optimum conditions the catalyst
could be reused five times for the reduction of nitrobenzene to N-phenylhydroxylamine with no detect-
able change in activity and only slight decrease in selectivity.

� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The synthesis of N-arylhydroxylamines is of considerable inter-
est as they are important intermediates to high value products
including pharmaceuticals such as acetaminophen and pyra-
clostrobin and bioactive derivatives of the antibiotics azomycin
and chloramphenicol [1–11], fine chemicals [12–14], polymerisa-
tion inhibitors [15–16] as well as useful reagents in organic
synthesis as they undergo cyclizations, rearrangements and
metal-catalysed additions to multiple bonds [17–23]. While
N-arylhydroxylamines can be prepared by metal catalysed N-
arylation of a hydroxylamine [24–27] or the catalytic reduction
of aldoximines [28–33], the selective reduction of nitroarenes is
potentially the most versatile and convenient [34–53]. To this
end, while there has been a plethora of reports of the reduction
of nitroarenes to the corresponding aniline, selective partial
reduction to the thermodynamically unfavourable
N-arylhydroxylamine remains a challenge. The most common

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2022.11.023&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcat.2022.11.023
http://creativecommons.org/licenses/by/4.0/
mailto:t.w.chamberlain@leeds.ac.uk
mailto:simon.doherty@ncl.ac.uk
mailto:simon.doherty@ncl.ac.uk
https://doi.org/10.1016/j.jcat.2022.11.023
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


Scheme 1. Selective partial reduction of nitrobenzene with AuNP@O = PPh2-
PEGPIILS and RuNP@O = PPh2-PEGPIILS; both catalysts are generated by sodium
borohydride-mediated reduction of the corresponding metal chloride loaded
precursor [AuCl4]@O = PPh2-PEGPIILS, and [RuCl3]Cl@O = PPh2-PEGPIILS, respec-
tively. (a) Reaction conducted in ethanol and catalysed by AuNP@O = PPh2-PEGPIILS
to afford azoxybenzene, (b) reaction conducted in water and catalysed by AuNP@
O = PPh2-PEGPIILS to afford N-phenylhydroxylamine and (c) reaction conducted in
ethanol and catalysed by RuNP@O = PPh2-PEGPIILS to afford N-
phenylhydroxylamine.
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protocols involve stoichiometric reductions with zinc, tin, anti-
mony or bismuth [34–39] and catalytic reductions using either
heterogeneous or nanoparticle-based catalysts such as Rh/C [40–
41], Pt/SiO2 [42], RuNP/CNT [43], RuNP/polystyrene [44], PtNP/
Amberlite IRA 900 resin [45], c-PtNP/C [46], IrNP/polystyrene
[47], solid-supported PtNP deactivated by DMSO or amine [48–
49], silica-supported PdNP [50] and ultra-small palladium nan-
oclusters [51]. Despite the popularity of this approach, they all suf-
fer one or more drawbacks including, the use of large amounts of
expensive noble metal catalyst or stoichiometric quantities of
earth abundant metal reagent, the need for an additive, low iso-
lated yields, poor selectivity and functional group tolerance as well
as slow rates, the need for harsh reaction conditions and poor envi-
ronmental credentials due to the use of toxic and/or hazardous
reagents and the generation of large amounts of by-product.
Recently though, high selectivity for the catalytic reduction of
nitrobenzene to N-phenylhydroxylamine has been achieved under
mild conditions and in good yield using ethylenediamine-modified
platinum nanowires [52]. The high selectivity of this system was
attributed to an interfacial electronic effect of the modifier as elec-
tron donation from the amine rendered the platinum surface
electron-rich which favoured adsorption of the electron-deficient
nitroarene and disfavoured adsorption of the electron-rich N-
phenylhydroxylamine. Similarly, high selectivity for the partial
reduction of nitrobenzene to N-phenylhydroxylamine with
perfluoroalkyl-modified cellulose supported ultra-small PdNPs
was attributed to the differential absorption of the nitrobenzene
and N-phenylhydroxylamine caused by a combination of the
hydrophobic surface and its electron rich structure [53]. Related
reports include solid supported platinum(0) nanoparticles that
catalyse the chemoselective reduction of nitroarenes to N-
arylhydroxylamines using hydrazine hydrate as the hydrogen
source [45] and nanoparticulate platinum supported on activated
carbon (NanoSelectTM) that was highly selective for the N-
arylhydroxylamine under mild conditions in the presence of the
bidentate amine N,N,N0,N0-tetramethylethylenediamine (TMEDA)
as an additive [46]; the high selectivity of the latter system was
proposed to be due to surface substitution of the N-
arylhydroxylamine by the TMEDA preventing further reduction,
however, an interfacial electronic effect of the modifier as
described above for platinum nanowires was not considered [51].
To this end, there are an increasing number of reports that the
activity and selectivity of nanoparticle-based catalysts can be
enhanced by either using organic modifiers to modulate their sur-
face electronic structure and/or steric environment [54–58] or by
tuning metal-support interactions [59–60]. For example, the activ-
ity and selectivity of Pt, Ru, Rh, Pd and Au nanoparticles as catalysts
for hydrogenation can be enhanced in the presence of a r-donor
phosphine or N-heterocyclic carbene which act to modulate the
surface electronic structure; in many cases the enhancement has
been attributed to either the high surface electron density or the
ultra-small size of the nanoparticles [61–71]. Other relevant exam-
ples include the use of triphenylphosphine cross-linked in the
nanopores of the ordered three-dimensional cage-type meso-
porous silica FDU-12 to modulate the surface electronic properties
of PdNPs and enhance its performance as a catalyst for the hydro-
genation of aryl ketones [72] while a phosphine-modified nanore-
actor facilitated efficient hydrogenation of benzoic acid over RuNP
whereas its unmodified counterpart was inactive; the efficiency of
the phosphine modified system was attributed to preferential
absorption of the substrate on the electron-rich surface of the
nanoparticles, as described for the ethylenediamine modified
nanowires discussed above [73]. However, ligand effects are not
restricted to phosphine-based donors as amine additives or
amine-decorated supports have also been reported to enhance
the performance of Pt, Ru Pt/Co and Pd nanoparticles as catalyst
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for the hydrogenation of carbonyl-based substrates, aromatic com-
pounds and nitroarenes by modifying the surface electronic struc-
ture and/or steric properties [66,74–83]. N-Heterocyclic carbenes
have also been used to modify the surface of Ru, Au, Pd and Pt
nanoparticles and improve their performance and stability as cat-
alysts for oxidations and reductions as well as the electrochemical
reduction of CO2 [84–95].

We have recently incorporated heteroatom donors (HAD) into
polymer immobilised ionic liquids (PIILs) as supports to stabilise
nanoparticles, reasoning that the covalently attached ionic liquid
would provide stabilisation through weak electrostatic interac-
tions to the surface of the NP while the heteroatom donor would
coordinate to the surface metal atoms and provide additional sta-
bilization to prevent aggregation under the conditions of catalysis
[96–104]. In addition, the reports described above suggest that
modification of immobilized ionic liquids with a heteroatom donor
could also enable the surface electronic structure and steric envi-
ronment to be modified and/or the size and morphology of the
NP to be controlled and, as such, HAD-modified polymer immo-
bilised ionic liquids may well be versatile supports for tuning
and optimising catalyst performance [54–95,105]. Our initial
endeavours in this area have been extremely promising as PdNPs
stabilised by a polyethylene glycol-modified phosphine-
decorated PIIL is a remarkably active catalyst for aqueous phase
Suzuki-Miyaura cross-couplings [98], the selective hydrogenation
of a,b-unsaturated ketones in water [99] and the aqueous phase
hydrogenation and transfer hydrogenation of nitroarenes [100],
while gold nanoparticles stabilized by a phosphine oxide-
decorated polymer immobilised ionic liquid is a highly efficient
and selective catalyst for the partial reduction of nitrobenzene to
either N-phenylhydroxylamine or azoxybenzene and complete
reduction to aniline [101]. Our most recent endeavours in this area
have revealed that ruthenium nanoparticles stabilized by the same
polymer is a remarkable efficient catalyst for the hydrogenation of
aryl and heteroaryl ketones to the corresponding alcohol and levu-
linic acid to c-valerolactone [102] as well as the hydrolytic evolu-
tion of hydrogen from sodium borohydride [103–104]. Herein, we
report that RuNP stabilised by a phosphine oxide-decorated poly-
mer immobilised ionic liquid catalyses the partial reduction of a
wide range of nitroarenes in ethanol under mild condition and
with remarkable efficiency to afford high yields of the correspond-
ing N-arylhydroxylamine with exceptional selectivity (>99 %); in
stark contrast, the corresponding AuNP-based system catalyses
the sodium borohydride-mediated reduction of nitrobenzene in
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ethanol to give quantitative conversion to azoxybenzene as the
sole product (Scheme 1).

In addition to this remarkable metal-dependent switch in selec-
tivity, the RuNP-based catalyst described herein is unrivalled in its
efficiency as a catalyst for the selective reduction of nitroarenes to
the corresponding N-arylhydroxylamine as it operates under mild
conditions, gives high yields and near quantitative selectivity in
short reaction times with a low catalyst loading and reactions
are conducted in a green and sustainable solvent [106]; in addition,
the catalyst can be reused up to 5 times with only minor changes in
conversion and selectivity. While ruthenium nanoparticles on car-
bon nanotubes have previously been reported to catalyse the
hydrazine-mediated selective reduction of nitroarenes to the N-
arylhydroxylamine and aniline, THF was required to achieve high
selectivity for partial reduction to the hydroxylamine whereas
reactions conducted in alcohol were unselective and gave a mix-
ture of the N-arylhydroxylamine and aniline; moreover, TOFs were
also significantly lower, and reactions were conducted with a large
excess of reducing agent [43]. High selectivity for the partial reduc-
tion of nitroarenes to the hydroxylamine has also been reported
with polymer-supported RuNPs, although reactions had to be con-
ducted in either chloroform or THF as the use of methanol and
ethanol gave low conversions to a mixture of the N-
arylhydroxylamine and the corresponding aniline [44].
2. Results and discussion

2.1. Catalyst synthesis and characterisation

The phosphine oxide-decorated polymer immobilised ionic liq-
uid 1 required for this study was prepared by AIBN-initiated poly-
merisation of the corresponding PEG-substituted imidazolium
based monomer, imidazolium cross-linker and diphenyl(4-vinyl
phenyl)phosphine oxide in a ratio of x = 1.84, y = 1.0, z = 0.16, as
previously described [98–99]. Catalyst 2 was prepared by wet
impregnation of 1 with ruthenium trichloride to afford a precursor
with a ruthenium to phosphine oxide ratio of one; this was then
reduced in situ with an excess of NaBH4 to afford RuNP@O = PPh2-
PEGPIILS (2), which was isolated in good yield as a free-flowing
black powder after work-up (Fig. 1). The catalyst was characterised
by a combination of solid-state NMR spectroscopy, IR spec-
troscopy, SEM, TEM, EDX and XPS and the ruthenium loading
was determined by ICP-OES. The solid state 13C CP/MAS NMR spec-
trum of 2 is entirely consistent with the target formulation and
contains a characteristic set of resonances between d 122 and
145 ppm for the imidazolium ring, the aromatic carbon atoms of
the styrene and the phenyl groups of the diphenyl-phosphine
oxide, signals between d 10 and 51 ppm associated with the
methylene and methine carbon atoms of the polystyrene backbone
and the methyl group attached to the imidazolium ring and reso-
nances at d 70 and 58 ppm belonging to the methylene carbon
atoms of the PEG chain and the terminal OMe, respectively.
Fig. 1. Synthesis and composition of PIIL-stabilised ruthenium nanoparticles 2.
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TEM micrographs of 2 revealed that the ruthenium nanoparti-
cles were ultrafine and near monodisperse with an average diam-
eter of 2.30 ± 0.57 nm (Fig. 2a) and EDX elemental mapping
(Fig. 2b) revealed an even distribution and good dispersity of the
RuNPs within the support. SEM images revealed that the catalyst
material was far more granular than its polymeric counterpart,
which appeared largely smooth. The surface of catalyst 2was char-
acterised by X-ray photoelectron spectroscopy (XPS) by analysing
the Ru 3p region because of overlap of the C 1s and Ru 3d region.
XPS clearly evidences the presence of Ru in the sample. The atomic
Ru concentration, detectable by XPS, is relatively small at around
0.25 at%. Considering the pronounced surface sensitivity of XPS,
this small detectable concentration value suggests that the Ru
nanoparticles are extremely well integrated into the polymer
matrix, rather than phase-separating on the sample surface. The
high-resolution spectrum shows two characteristic Ru 3p XPS
peaks at 463.5 eV and 486.3 eV. These peak positions are signifi-
cantly up-shifted compared to reported peak positions for metallic
Ru(0) (461.3 eV and 483.5 eV)1, suggesting the presence of Ru(IV)
within the sample (reported peak positions for Ru(IV): 463.0 eV
and 485.2 eV) [107].

2.2. Selective reduction of nitroarenes to N-arylhydroxylamines

The catalytic reduction of nitroarenes was initially targeted to
compare the efficacy of 2 against its AuNP counterpart, as the latter
is a highly selective solvent dependent catalyst for the partial
reduction of nitroarenes to the corresponding N-
arylhydroxylamine in water but switched selectivity to azoxyarene
in ethanol (Scheme 1). Our initial investigations focused on the
reduction of nitrobenzene as this is the accepted benchmark sub-
strate to screen newly developed catalysts and its reduction has
been catalysed by nanoparticles stabilised with various supports
[108–109] including: carbon nanotubes [43], rutile or anatase
[110–111], phosphine-functionalised ionic liquid [62–63], PVP
[112–116], dendrimers [117–118], bulky amphiphilic PEG-based
tripodal ligands [119], fullerene C60 [80,120] porous polymers
[121], carbon nitride [122] and carbon nanosphere [123]. A prelim-
inary reaction conducted in ethanol at 40 �C under nitrogen using
0.1 mol% 2 and three mole equivalents of hydrazine hydrate gave
94 % conversion and > 98 % selectivity for N-
phenylhydroxylamine after only 30 min with an initial TOF of
6,100 mol product mol Ru-1h�1; under these conditions azoxyben-
zene (<2 %) was identified as the only other product (Table 1, entry
1). At this stage, we are confident that the minor amount of azoxy-
benzene that appears in the 1H NMR spectrum is formed when the
sample is briefly exposed to air during the aqueous work-up and
that the formation of N-phenylhydroxylamine is irreversible when
the reaction is conducted under a nitrogen atmosphere (see later).
The solvent dependent selectivity of its gold-nanoparticle counter-
part, AuNP@O = PPh2-PEGPIILS, prompted us to first undertake a
survey of the performance of 2 in a range of solvents. Table 1 reveals
that good conversions and high selectivities for N-
phenylhydroxylamine were also obtained in methanol and THF
and while high conversions were also obtained in toluene and a
1:1mixture of ethanol andwater the selectivities were significantly
lower due to complete reduction to aniline (Table 1, entries 2–5).
When the reaction was conducted in water the conversion only
reached 44 % at the same time with 46 % selectivity for N-
phenylhydroxylamine and 54 % selectivity for aniline (Table 1,
entry 6); this is in stark contrast to the corresponding AuNP-
based system which catalysed the sodium borohydride-mediated
reduction of nitrobenzene in water with quantitative conversion
to N-phenylhydroxylamine [101]. A more detailed study of the cat-
alyst performance as a function of the ethanol–water composition
revealed that the selectivity dropped to 64 % in a 5:1 mixture of



Fig. 2. (a) HRTEM image of 2 (inset) and corresponding size distribution determined by counting > 100 particles. Scale bars are 20 nm; (b) HAADF image (grey) and individual
EDX elemental maps for 2, showing; C (green), Ru (red), O (orange), N (blue) and P (yellow). Scale bars are 10 nm (white). (c) XPS survey spectrum of 2 (inset shows elemental
surface composition in at%) and (d) high-resolution Ru 3p XPS spectrum of 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 1
Selective partial reduction of nitrobenzene to N-phenylhydroxylamine as a function of catalyst, solvent, temperature, and hydride source.[a].

Entry Catalyst Hydride Temp solvent Time Conv. Selectivity (%) [c]

(mol %) (equiv.) (�C) (min) (%) [b] N-PHA AZOXY Aniline

1 2 (0.1) N2H4 (3) 40 EtOH 60 100 98 2 –
2 2 (0.1) N2H4 (3) 40 MeOH 60 89 94 1 5
3 2 (0.1) N2H4 (3) 40 THF 60 100 89 2 9
4 2 (0.1) N2H4 (3) 40 Toluene 60 97 56 2 42
5 2 (0.1) N2H4 (3) 40 EtOH/H2O 60 100 82 1 17
6 2 (0.1) N2H4 (3) 40 H2O 60 44 46 – 54
7 2 (0.1) N2H4 (2) 40 EtOH 60 62 94 2 4
8 2 (0.1) N2H4 (1) 40 EtOH 60 27 90 3 7
9 2 (0.1) N2H4 (10) 40 EtOH 60 100 84 1 15
10 2 (0.1) NaBH4 (3) 40 EtOH 60 100 71 20 9
11 2 (0.1) NaBH4 (3) 40 H2O 60 29 12 6 82
12 2 (0.1) DMAB (3) 40 EtOH 60 6 56 0 44
13 2 (0.1) HCO2H (3) 40 EtOH 60 0 – – –
14 2 (0.1) N2H4 (3) 50 EtOH 60 100 88 2 10
15 2 (0.1) N2H4 (3) 60 EtOH 60 100 70 2 28
16 2 (0.1) N2H4 (3) 25 EtOH 60 68 >99 <1 –
17 2 (0.1) N2H4 (3) 25 EtOH 120 100 >99 <1 –
18 2 (0.05) N2H4 (3) 40 EtOH 60 74 97 2 –
19 2 (0.2) N2H4 (3) 40 EtOH 60 100 93 1 6
20 Ru/C (0.1) N2H4 (3) 25 EtOH 120 21 76 4 12
21 AuNP (0.1) N2H4 (3) 25 EtOH 120 0 – – –
22 PtNP (0.1) N2H4 (3) 25 EtOH 120 56 91 4 5
23 PtNP (0.1) N2H4 (3) 25 H2O 120 74 89 2 9

[a] Reaction conditions: Conducted under nitrogen, 1 mmol nitrobenzene, mol% catalyst, 2 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 N-phenylhydroxylamine [% N-phenylhydroxylamine / (% N-
phenylhydroxylamine + % azoxybenzene + % azobenzene + % aniline)] � 100%.
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ethanol and water; interestingly, the selectivity improved slightly
to 86 % when the volumetric ratio was increased to 1:2 and then
dropped again to 77 % in a 1:5 mixture of ethanol and water and
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ultimately to 54 % in neat water (see Figure S1 in the supporting
information for full details). In this regard, there have been several
related reports of solvent dependent selectivity profiles for the
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metal nanoparticle catalysed reduction of nitrobenzene to N-
phenylhydroxylamine. Particularly relevant examples include the
hydrazine hydrate-mediated reduction of nitrobenzene catalysed
by RuNP on carbon nanotubes which gave N-
phenylhydroxylamine in 97 % yield in THF whereas the selectivity
switched to afford aniline as the sole product in water [43]. The
same reaction catalysed by polystyrene-stabilised RuNPs gave com-
plete conversion with 96 % selectivity for N-phenylhydroxylamine
in chloroform but only reached 69 % conversion to a 1:1 mixture
ofN-phenylhydroxylamine and aniline in ethanol [44]. Other exam-
ples include the palladium nanocluster-catalysed sodium
borohydride-mediated reduction of nitrobenzene which gave a
very low conversion (<10 %) in water but complete conversion with
an optimum selectivity of 97 % for N-phenylhydroxylamine in a
mixture of water and ethanol; interestingly, the selectivity
decreased quite dramatically as the solvent mixture was varied
[51]. Finally, the solid-supported PtNP catalysed hydrazine
hydrate-mediated selective reduction of nitrobenzene gave a near
quantitative conversion to N-phenylhydroxylamine in PEG-400
compared with only 40 % in water [45].

The high selectivity obtained in ethanol and its environmentally
benign and sustainable credentials prompted us to perform the
remainder of our optimisation studies and substrate screening in
this solvent. As a large excess of reducing agent is often used for
the reduction of nitroarenes (>10 equivalents) the conversion and
selectivity profile was investigated as a function of the N2H4 to
nitrobenzene mole ratio (Table 1, entries 7–9). The conversion
dropped quite dramatically from 100 % with three equivalents of
N2H4 to 62 % with two equivalents and only 27 % with one equiv-
alent, under otherwise identical conditions. Not surprisingly, com-
plete conversion was also obtained when the ratio was increased
to 5 and 10 equivalents, however, the selectivity dropped to 84 %
due to the formation of aniline and as such all further studies were
conducted with three mole equivalents of hydrazine hydrate since
this ratio gave complete conversion with high selectivity in a rela-
tively short reaction time (1 h); moreover, the use of only a slight
excess of reducing agent also improves the overall reagent efficacy
of the process. Variation of the hydrogen donor revealed that
hydrazine hydrate gave the optimum combination of conversion
and selectivity for reductions conducted in ethanol, as NaBH4 gave
quantitative conversion to a mixture of N-phenylhydroxylamine,
azoxybenzene and aniline after 1 h with 71 % selectivity for N-
phenylhydroxylamine (Table 1, entry 10); a very similar selectivity
profile was also obtained at 55 % conversion when the reaction
time was reduced to 10 min suggesting that the complete reduc-
tion is facile under these conditions. In order to directly compare
the efficacy of 2 against its AuNP counterpart, which gave complete
conversion to N-phenylhydroxylamine as the sole product in water
with NaBH4 as the reducing agent, the same reduction was catal-
ysed by 0.1 mol% 2 in water at 25 �C with three equivalents of
NaBH4. Surprisingly, under these conditions, the reaction only
reached 29 % conversion after 1 h with 82 % selectivity for aniline
(Table 1, entry 11), which emphasises that the kinetics of this con-
secutive multi-step reduction are complicated and dependent on
the combination of metal, reducing agent and solvent. Other com-
mon reducing agents such as NMe2HBH3 and formic acid triethy-
lamine azeotrope gave negligible conversions under the same
conditions (Table 1, entries 12–13). Hydrazine hydrate has been
reported to be the hydrogen donor of choice for the catalytic reduc-
tion of nitroarenes with nanoparticles. For example, polystyrene
supported IrNPs [47], carbon nanotubes RuNP nanohybrids [43],
polystyrene supported ruthenium nanoparticles [44], solid sup-
ported PtNPs [45], carbon nitride supported PdNPs [122], PdNP
immobilised on carbon nanospheres [123], polystyrene immo-
bilised RuCoNPs [124] and bimetallic PdAuNPs immobilised on
TiO2 [125].
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A survey of the effect of the temperature revealed that the
selectivity for N-phenylhydroxylamine decreased with an increase
in the reaction temperature due to the formation of aniline. For
example, when the reduction was conducted with three equiva-
lents of hydrazine hydrate in ethanol at 50 �C using 0.1 mol% 2,
N-phenylhydroxylamine was obtained in 88 % yield and selectivity
together with 11 % aniline and a trace amount of azoxybenzene
after 1 h; a further increase in the reaction temperature to 60 �C
gave 70 % N-phenylhydroxylamine and 28 % aniline (Table 1,
entries 14–15). When the reaction temperature was reduced to
25 �C the high selectivity for N-phenylhydroxylamine (>99 %)
was retained but the conversion dropped to 65 % after 1 h with
an initial TOF of 1,040 mol product mol cat-1h�1; gratifyingly
though, complete conversion was obtained by increasing the reac-
tion time to 2 h (Table 1, entry 16–17). A similar temperature
dependent selectivity profile for the platinum nanoparticle catal-
ysed reduction of nitrobenzene has previously been reported such
that high selectivity for N-phenylhydroxylamine was obtained
below 30 �C while aniline and N-phenylhydroxylamine formed at
similar rates above 60 �C [46]. Thus, aniline can also be obtained
as the sole product using 0.1 mol% of catalyst 2 simply by increas-
ing the reaction temperature and/or time appropriately (see later).
A brief survey of the catalyst loading confirmed that the optimum
selectivity and conversion was obtained with 0.1 mol% 2 as an
increase in the catalyst loading to 0.2 mol% resulted in complete
conversion after 1 h at 40 �C but with a slight drop in selectivity
to 93 % due to formation of aniline (Table 1 entry 18–19) while a
reduction in the catalyst loading to 0.05 mol% resulted in a con-
comitant reduction in conversion to 84 % after 2 h, albeit with
98 % selectivity for N-phenylhydroxylamine. As reactions con-
ducted with 0.1 mol% catalyst gave the optimum combination of
conversion and selectivity after only 2 h at 25 �C, this loading
was used for substrate screening and further catalytic studies.

A comparison of the efficacy of 2 as a catalyst for the selective
partial reduction of nitrobenzene to N-phenylhydroxylamine
against other NP-based catalysts revealed that 2 is among the most
active. For example, the initial TOF of 8,760 mol product mol cat-
1h�1 obtained with 2 at 40 �C is substantially higher than the
61 mol product mol cat-1h�1 obtained with solid supported PtNPs
at 60 �C [45], 830 mol product mol cat-1h�1 obtained in THF at
room temperature with RuNPs supported on carbon nanotubes
[43], 234 mol product mol cat-1h�1 for polystyrene-supported
RuNP [44], and a substantial improvement on that of 87 mol pro-
duct mol cat-1h�1 for polystyrene stabilised IrNPs at 85 �C [47],
200 mol product mol cat-1h�1 for 5 wt% Pt/SiO2 [48] but lower than
the 13,943 mol product mol cat-1h�1 reported for activated carbon
supported platinum nanoparticles [46]. The efficacy of 2 was also
compared with commercially available 5 mol% Ru/C (Alfa Aesar,
Ruthenium, 5 % on activated carbon powder 11748) and, under
otherwise identical conditions, 0.1 mol% Ru/C catalysed this reduc-
tion but only reached 21 % conversion to a mixture of aniline (12 %)
and N-phenylhydroxylamine (76 %) after 2 h (Table 1, entry 20). To
this end, a modest conversion and poor selectivity for N-
phenylhydroxylamine has previously been reported for commer-
cially available 5 % Ru/C [44]. Finally, a control reaction for the
reduction of nitrobenzene conducted at 40 �C in ethanol under
nitrogen with three equivalents of hydrazine hydrate but in the
absence of catalyst gave no conversion even after 5 h, confirming
that RuNPs were essential for the catalytic reduction.

The high selectivity and yield of N-phenylhydroxylamine
obtained from the sodium borohydride-mediated reduction of
nitrobenzene in water with AuNPs stabilised by a phosphine oxide
decorated polymer immobilised ionic liquid as the catalyst
prompted us to explore its efficacy using hydrazine hydrate as
the reducing agent to compare the selectivity with its RuNP coun-
terpart. Interestingly, negligible conversions were obtained in
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either water, ethanol or a 1:1 mixture of water and ethanol after
2 h at 25 �C using 0.1 mol% AuNP@O = PPh2-PEGPIILS and three
equivalents of hydrazine hydrate (Table 1, entry 21), which high-
lights the importance of identifying an optimum combination of
the metal nanoparticle and reducing agent. A comparison of the
performance of 2 against PtNP@PPh2-PEGPIILS was also under-
taken as there have been several reports of efficient and selective
hydrogenation or reduction of nitrobenzene to N-
phenylhydroxylamine including solid supported PtNPs [45],
ethylenediamine coated platinum nanowires [52], and Pt/C deacti-
vated with either DMSO or DMSO and triethylamine [48–49,126].
Under the optimum conditions described above, the hydrazine
hydrate-mediated reduction of nitrobenzene catalysed by 0.1 mol
% PtNP@PPh2-PEGPIILS gave 56 % conversion in ethanol with
91 % selectivity for N-phenylhydroxylamine while the conversion
increased to 74 % in water with 89 % selectivity for N-
phenylhydroxylamine (Table 1, entries 21–22); the lower selectiv-
ities obtained with PtNP@PPh2-PEGPIILS compared with 2 in both
solvents results from competing reduction to aniline.

Having identified conditions to obtain N-phenylhydroxylamine
in high selectivity, the conversion and composition was monitored
as a function of time in ethanol at 25 �C to explore the reaction pro-
file. The data in Fig. 3a, obtained by quenching a series of parallel
reactions at different times, shows that N-phenylhydroxylamine
forms cleanly and quantitatively as the nitrobenzene is consumed
and that 100 % conversion is reached after only 2 h. The corre-
sponding composition-time profile for the same catalytic reduction
carried out in air (Fig. 3b) revealed that the reaction is significantly
slower when conducted under air as the conversion only reached
57 % after 2 h and only improved to 69 % after 6 h; interestingly
though, only trace amounts of azoxybenzene (2 %) and aniline
(4 %) were generated under these conditions and N-
phenylhydroxylamine was still obtained as major product in 89 %
Fig. 3. (a) Composition-time profile for the partial reduction of nitrobenzene conducted
catalysed by 0.1 mol% 2. (b) Composition-time profile for the reduction of nitrobenzene c
and catalysed by 0.1 mol% 2; (c) Composition-time profile for the oxidation of N-pheny
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and 91 % selectivity, respectively. The formation of only a minor
amount of azoxybenzene is most likely due to mass transfer lim-
ited oxidation of the N-phenylhydroxylamine as the reaction was
conducted in an open Schlenk flask with steady stirring. This was
confirmed by exposing a chloroform solution of freshly prepared
N-phenylhydroxylamine to air as oxidation to azoxybenzene
required 360 h to reach completion (Fig. 3c); this oxidation was
markedly more facile when the sample was exposed to oxygen.
The data in Fig. 3a-c suggest that the high selectivity for N-
phenylhydroxylamine is due to a combination of the mild condi-
tions and the use of an inert atmosphere as the formation of N-
phenylhydroxylamine is irreversible under these conditions. To
this end, Liu has reported that treatment of p-
hydroxyaminotoluene with hydrazine in the absence of catalyst
results in the formation of a minor amount of p,p’-azoxytoluene,
presumably due to reversible formation of the nitroso compound
arising from incomplete exclusion of air [127].

The heterogeneous nature of 2 was investigated by performing
a conventional hot filtration experiment in which two reactions
were run in parallel at 25 �C using 0.1 mol% 2 and three mole
equivalents of hydrazine hydrate to catalyse the reduction of
nitrobenzene. When the conversion reached ca. 40 % (time = 30 m
in) one of the reaction mixtures was filtered through a 45-lm syr-
inge filter and the composition monitored as a function of time for
a further 90 min. The resulting composition-time profile for the
pair of parallel reactions (Fig. 4) clearly shows that there is no fur-
ther conversion after filtration indicating that the active species
has been removed i.e., the catalyst is either heterogeneous or
leaching of ruthenium generates a much less active or inactive spe-
cies. This study was supported by a second hot filtration experi-
ment in which a reduction was allowed to reach complete
conversion (2 h) after which the reaction mixture was filtered
through a 45-lm syringe filter and a fresh portion of nitrobenzene
under nitrogen in ethanol at 25 �C with 3 mol equivalents of hydrazine hydrate and
onducted under air in ethanol at 25 �C with 3 mol equivalents of hydrazine hydrate
lhydroxylamine to azoxybenzene in chloroform at 25 �C.



Fig. 4. Hot filtration experiment for the hydrazine hydrate-mediated reduction of
nitrobenzene catalysed by 0.1 mol% 2 showing that the reduction is completely
quenched after filtration. Blue line – composition of nitrobenzene and N-phenyl-
hydroxylamine in the presence of 2; red lines – composition of nitrobenzene and N-
phenylhydroxylamine in the presence of 2 with filtration at t = 30 min. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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added to the filtrate and the reaction monitored. The resulting
composition-time profile showed no further conversion of
nitrobenzene even after stirring for an additional 2 h, which further
confirms that the active species has been removed.

The stability and lifetime of 2 as a catalyst for the hydrazine
hydrate-mediated reduction of nitrobenzene was investigated by
monitoring the activity and selectivity profile during reuse to
establish its suitability for scale-up in a continuous flow process
as previously reported for the NaBH4 mediated reduction of
nitrobenzene using PdNP@PPh2-PEGPIILS as the catalyst [100].
However, the practical difficulties associated with filtering and
recovering a small quantity of catalyst after each run meant that
it would not be practical to conduct a conventional recycle study.
Thus, the activity and selectivity profile for the reduction of
nitrobenzene in ethanol was monitored as a function of time for
60 min after which an additional portion of substrate and hydra-
zine hydrate was added to the flask and the composition moni-
tored for a further 60 min; this protocol was repeated across five
reuses to map the catalyst efficacy against reaction time and reuse
number. The data in Fig. 5 is encouraging as the catalyst retains
good activity in each run; the minor increase in conversion after
Fig. 5. (a) Recycle study for the selective partial reduction of nitrobenzene conducted at
after five reuses and a TEM image of the recovered material, revealing an average NP di
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the first run may be due to reduction of surface ruthenium oxide
increasing the number of active metallic ruthenium sites or a mor-
phological change. The gradual reduction in selectivity after the
second run is paralleled by the formation of increasing amounts
of aniline, which is most likely due to a build-up of hydrazine
hydrate as an additional three equivalents is added to the reaction
flask after each run; as shown above from a study of the influence
on the product distribution of the nitrobenzene:hydrazine mole
ratio the use of a large excess of reducing agent results in complete
reduction to aniline, even under mild conditions.

Having identified optimum conditions for the selective partial
reduction of nitrobenzene to N-phenylhydroxylamine under mild
conditions, the protocol was applied to the reduction of a range
of substituted nitroarenes to explore the efficiency and scope of
2 and to compare its performance against existing systems. Reac-
tions were first conducted under the optimum conditions for the
same time (2 h) to obtain comparative performance data as a func-
tion of the substrate; if required, reaction times were subsequently
adjusted to determine the selectivity at high conversion, full
details of which are presented in Table 2. Good conversions were
obtained with nitroarenes substituted at the 4-position with elec-
tron withdrawing groups such as chloro- and fluoro-, which were
both reduced to the corresponding N-arylhydroxylamine in high
selectivity with no evidence for competing hydrodehalogenation
to either nitrobenzene or aniline under these conditions (Table 2,
entries 1–3). The reduction of nitroarenes bearing reducible func-
tional groups such as cyano, amido, vinyl and acetyl all occurred
with complete chemoselectivity for the nitro group. For example,
high yields and selectivities were obtained for the reduction of 4-
nitrobenzonitrile and 4-nitrostyrene which reached 98 % and
100 % conversion, respectively, to afford 4-(hydroxyamino)
benzonitrile and N-(4-vinylphenyl)hydroxylamine in 95 % and
100 % selectivity, respectively, although 4-nitrostyrene required a
significantly longer reaction time to achieve a high conversion
(Table 2, entries 4–5). Similarly, under the same conditions, 4-
nitrobenzamide was reduced to 4-(hydroxyamino)benzamide in
93 % selectivity at 96 % conversion after only 210 min (Table 2,
entry 6). While the reduction of 4-nitroacetophenone also occurred
with complete chemoselectivity for the nitro group, the selectivity
decreased at high conversion due to complete reduction to 4-
aminoacetophenone such that the corresponding N-
arylhydroxylamine was obtained with 76 % selectivity at 100 %
conversion after 150 min, with no evidence for the corresponding
hydrazone or reduction of the carbonyl (Table 2, entry 7). The
reduction of 1,4-dinitrobenzene occurred with complete chemose-
40 �C in ethanol and catalysed by 0.1 mol% 2 and (b) sizing histogram of RuNPs for 2
ameter of 1.98 ± 0.56 nm, white scale bar = 10 nm.



Table 2
Partial reduction of aromatic and heteroaromatic nitro compounds to the corresponding hydroxylamine or amine catalysed by 0.1 mol% 2.[a]

Entry Substrate Product Time (min) [b] Conv. (%) [b,c] Selectivity (%) [c,d]

1 120/180 73/98 95/94

2 120/180 90/95 87/88

3 120/180 76/95 100/100

4 120/90 100/98 84/91

5 120/480 46/100 100/100

6 120/210 82/96 94/93

7 120/150 83/100 90/76

8 120 97 >99

9 120/360 58/95 90, 88

10 120/330 50/97 98/94

11 120/1080 6/14 100[e]/100 [e]

12 120/4320 7/24 100[e]/100 [e]

13 120/4320 23/100 69/71

14 120/1080 31/100 100/93

15 120/150 79/95 92/95

16 120/180 71/100 100/88

17 120/240 69/95 95/94

18 120/180 66/100 89/86

19 120/240 69/100 100/100

20 120/1440 12/24 100[e]/100[e]

[a] Reaction conditions: Conducted under nitrogen, 1 mmol substrate, 0.1 mol% 2, 2 mL ethanol, 3 mmol hydrazine hydrate, 25 �C, time. [b] % Conversion determined by 1H
NMR spectroscopy using dioxane as the internal standard. Average of three runs. [c] Reactions were initially run for 120 min to obtain comparative conversion data for each
substrate and where required a second reaction was conducted for an appropriate time to reach high conversion; the corresponding reaction times, conversions and
selectivities are separated by the / symbol. [d] Selectivity for the hydroxylamine = [% hydroxylamine / (% hydroxylamine + % azoxyarene + % azoarene + % aniline)] � 100%. [e]
Selectivity for the corresponding aryl amine.
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lectivity for one nitro group to afford the corresponding N-4-
nitrophenylhydroxylamine with > 99 % selectivity at 96 % conver-
sion, consistent with a previous report for this substrate [46]
(Table 2, entry 8). Nitroarenes bearing electron donating groups
required longer reaction times, for example, the reduction of 4-
nitroanisole required 360 min to reach 96 % conversion with
88 % selectivity for N-(4-methoxyphenyl)hydroxylamine while
the sterically more demanding 2-nitroanisole reached 96 % conver-
sion with 94 % selectivity for N-(2-methoxyphenyl)hydroxylamine
81
after 330 min (Table 2, entries 9–10). The reduction of
4-nitroaniline was also extremely sluggish and only reached 14 %
conversion after 18 h, moreover, the fully reduced aniline was
obtained as the sole product and there was no evidence for the
hydroxylamine i.e. reduction of the electron rich N-(4-
aminophenyl)hydroxylamine must be facile under these
conditions (Table 2, entry 11). Similarly, the reduction of
N,N-dimethyl-4-nitroaniline was also slow under the same
conditions and resulted in 7 % conversion to the fully reduced N1,
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N1-dimethylbenzene-1,4-diamine after 2 h (Table 2, entry 12)
which only increased to 24 % when the reaction time was extended
to 72 h. The low reactivity of these electron rich nitroarenes is con-
sistent with a kinetic and computational study on the hydrogena-
tion of para-substituted nitrobenzenes to the corresponding
anilines catalysed by gold nanoparticles on titania nanotubes
which reported that electron donating groups reduce the rate of
hydrogenation compared to nitrobenzene, with –NH2 exerting
the largest deactivating effect [128]. This deactivation was
explained on the basis of the proposed mechanism for the direct
route which involves rate limiting hydrogenation of N-
phenylhydroxylamine [129–131]. While the low reactivity of 4-
nitroaniline and N,N-dimethyl-4-nitroaniline obtained under our
conditions is consistent with this report, the reduction of their
derived N-arylhydroxylamines does not appear to be rate limiting
as they are both readily reduced to the corresponding amine with
no evidence for the hydroxylamine. In this regard, full reduction of
electron rich nitroarenes such as phenols, anilines and anisoles has
previously been reported with a polystyrene supported RuNP cat-
alyst that is highly selective for the hydrazine hydrate-mediated
partial reduction of a range of substituted nitroarenes to the corre-
sponding N-aryl and N-heteroaryl hydroxylamine [44]. Conversely
though, partial reduction of 4-nitroaniline to N-(4-aminophenyl)
hydroxylamine has been achieved with solid supported PtNPs,
albeit with a catalyst loading of 2 mol% [45]. At this stage, we spec-
ulate that the complete reduction of 4-amino-substituted nitroare-
nes to the corresponding arylamine may be facilitated by the
electron donating amino group assisting a pathway that involves
elimination of OH– from the hydroxylamine to generate a highly
reactive and reducible quinondiimine-derived iminium intermedi-
ate that reacts rapidly with a surface hydride to liberate the amine,
as shown in Scheme 2. Thus, for electron rich nitroarenes forma-
tion of the hydroxylamine appears to be rate limiting under our
conditions in ethanol, which is eminently reasonable as it involves
transfer of a surface hydride to the nitrogen atom of a nitroarene
coordinated to the surface of the nanoparticle and activated by
electrostatic interactions with the surface of the polymer
(Scheme 2). Decomposition of the hydrazine hydrate to the active
Ru-H species and N2 may well be facilitated by weakening of the
N–H bonds through hydrogen bonding between the phosphine
oxide on the polymer and a surface coordinated hydrazine, as
shown in Scheme 3.

The reduction of the corresponding quaternary ammonium salt,
N,N,N-trimethyl-4-nitro-anilinium triflate, was investigated to
explore whether the electron donating amine was responsible for
the low reactivity on the basis that the quaternization would not
only quench the electron donor capacity of the amine but would
be expected to activate the nitroarene towards reduction. In con-
trast to N,N-dimethyl-4-nitroaniline (Table 2, entry 12), reduction
of its trimethylammonium triflate counterpart reached 100 % con-
version after 72 h with 71 % selectivity for the corresponding
hydroxylamine (Table 2, entry 13); under these conditions the ary-
lamine was identified as the other major species (19 %) together
with trace amounts of the azoxyarene (7 %) and the hydrazoarene
(3 %), details of which are presented in Figure S2 of the support
information. For comparison N,N-dimethyl-4-nitroaniline only
reached 24 % conversion with 100 % selectivity for the fully
reduced N1,N1-dimethylbenzene-1,4-diamine in the same time,
suggesting that the low reactivity of this substrate may be due to
Scheme 2. Proposed pathway for complete reduction of electron rich nitroarenes to the
reducible quinondiimine-derived iminium intermediate that reacts rapidly with a surfa
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the conjugative electron donating power of the amino group.
Although the reduction of N,N,N-trimethyl-4-nitro-anilinium tri-
flate is clearly more facile than N,N-dimethyl-4-nitroaniline, a sig-
nificantly longer reaction time was required to reach complete
conversion compared to the more conventional electron poor
nitroarenes shown in Table 1. To this end, the influence of the tri-
flate anion on catalyst efficacy was investigated by conducting a
reduction of nitrobenzene at 25 �C with 0.1 mol% 2 in the presence
of 1 mmol of sodium triflate. Under these conditions, the conver-
sion of 14 % (with 100 % selectivity for N-phenylhydroxylamine)
is significantly lower than that obtained for the same reaction in
the absence of salt which reached completion at the same time.
Thus, the low reactivity of N,N,N-trimethyl-4-nitro-anilinium tri-
flate may be attributed to the anion either saturating the surface
active sites on the NP and/or disrupting key hydrogen bonding
interactions involved in the decomposition of the hydrazine
hydrate. However, as a large excess of nitrogen donor based
nitroarene may either saturate the active surface ruthenium sites
and deactivate/inhibit the catalyst or modify the course of the reac-
tion, an exploratory study was conducted by pre-treating 2 with N,
N-dimethyl-4-nitroaniline across a range of pre-stirring times to
assess the effect of the potential nitrogen donor group on its activ-
ity for the hydrazine hydrate-mediated reduction of nitrobenzene.
The resulting conversion against pre-stirring time profile in
Fig. S3a reveals that the conversion dropped from 99 % in the
absence of N,N-dimethyl-4-nitroaniline to 38 % after pre-stirring
the catalyst with 1 mmol of N,N-dimethyl-4-nitroaniline for
20 min prior to the addition of nitrobenzene i.e. a 62 % reduction
in activity. Moreover, the passivation appears to be instantaneous
as the conversion dropped to 40 % upon direct addition of N,N-
dimethyl-4-nitroaniline with no pre-stirring. In addition, the con-
version continued to drop slightly to 34 % and 29 % when the
pre-stirring time was increased to 40 min and 60 min, respectively.
Reassuringly, a similar conversion-pre-stirring time profile was
obtained for the hydrazine hydrate-mediated reduction of
nitrobenzene when the catalyst was pre-stirred with N,N-
dimethylaniline (Fig. S3b).

The sterically demanding substrate, 1-nitronaphthalene proved
to be much more challenging and only reached 31 % conversion
with 100 % selectivity for N-(naphthalen-1-yl)hydroxylamine after
120 min, however, this improved to 93 % conversion after extend-
ing the reaction time to 18 h (Table 2, entry 14). The reduction of
other substituted nitroarenes including 2-nitrotoluene and 3-
nitrobiphenyl occurred with high selectivity and good conversion
to the corresponding N-arylhydroxylamine in relatively short reac-
tion times (Table 2, entries 15–16). The same protocol was also
effective for the selective reduction of heteroaromatic nitro com-
pounds including 2- and 3-nitropyridine which gave high yields
of the corresponding N-(pyridinyl)hydroxylamine in relatively
short reaction times while 6-nitroquinoline was reduced to N-
(quinolin-6-yl)hydroxylamine with 97 % selectivity at complete
conversion (Table 2, entries 17–19). However, under the same con-
ditions the reduction of 5-nitroindole was slow and only reached
23 % conversion to the fully reduced 5-aminoindole after 24 h
which increased to 63 % after 144 h (Table 2, entry 20); this switch
in selectivity is perhaps not surprising as the substrate is electron
rich (see above). A competition reaction conducted on the reduc-
tion of nitrobenzene in the presence of 1 mmol 5-nitroindole and
catalysed by 0.1 mol% 2 gave 35 % conversion with 95 % selectivity
corresponding amine via elimination of OH– from the hydroxylamine to generate a
ce hydride to liberate the amine.



Scheme 3. Possible pathway for the hydrogen bond activated decomposition of hydrazine hydrate and reduction of nitroarenes to their corresponding N-arylhydroxylamine.
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for N-phenylhydroxylamine after 2 h; this is significantly lower
than the conversion of 99 % obtained at the same time for the cor-
responding reaction in the absence of 5-nitroindole and represents
a 65 % drop in the activity (Fig. S3c). This reduction in conversion
maps closely to that noted above for the pre-treatment of 2 with
either N,N-dimethyl-4-nitroaniline or N,N-dimethylaniline and is
consistent with the coordination of the heteroatom donor to the
surface of the nanoparticle passivating the active sites. While these
competition experiments clearly indicate that heteroatom donors
have a marked influence on the efficiency of 2 as a catalyst for
the reduction of nitroarenes, we are not sure whether this passiva-
tion is due to coordination of the donor atom to the surface of the
nanoparticle modifying its reactivity or saturation of the active
sites preventing substrate binding; as such, further surface spec-
troscopic studies will be required to distinguish between these
processes.

2.3. Complete reduction of nitroarenes to the arylamine

As there are a host of transition metal nanoparticle-based sys-
tems that catalyse the reduction of nitroarenes and heteroaromatic
nitro compounds with complete reduction to the corresponding
amine, a study was undertaken to identify the conditions required
to achieve complete reduction of nitrobenzene with catalyst 2 to
compare its efficacy against existing catalysts. Using the conditions
Fig. 6. Composition profile as a function of time for the hydrazine hydrate-mediated r
reduction to aniline via N-phenylhydroxylamine. (a) Data obtained by sampling a reactio
by monitoring the reaction in a sealed NMR tube.
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described above as a lead, the reduction of nitrobenzene was mon-
itored as a function of time in ethanol at 40 �C using a 0.1 mol%
loading of 2. The resulting composition-time profile in Fig. 6a
shows that the nitrobenzene is completely consumed after only
45 min during which time N-phenylhydoxylamine is formed as
the sole product; the minor amount of azoxybenzene is generated
during exposure of the reaction mixture to air during the aqueous
work-up as described above. Longer reaction times resulted in
gradual consumption of the N-phenylhydroxylamine to afford ani-
line which was obtained in quantitative yield after 16 h, however,
complete conversion could be obtained in a much shorter reaction
time by increasing the temperature to 60 �C. Reassuringly, a reduc-
tion of nitrobenzene conducted in d6-ethanol at 40 �C using 0.1 mol
% 2 and three equivalents of hydrazine hydrate showed a similar
composition profile (Fig. 6b), albeit over a much longer timescale
as the reaction was monitored in a sealed NMR tube to prevent
exposure to air; the absence of azoxybenzene in this sample con-
firms that the reduction occurs via the direct pathway and that
azoxybenzene is generated by serendipitous exposure to air. The
lower selectivity for N-phenylhydroxylamine obtained when the
reduction was conducted in an NMR tube compared with a flask
is most likely due to the longer reaction time due to the lack of stir-
ring or agitation. This protocol was applied to representative
examples of electron rich and electron poor substates and com-
plete conversion of 1-chloro-4-nitrobenzene, 5-nitroindole, N,N-
eduction of nitrobenzene at 40 �C catalysed by 0.1 mol% 2 consistent with direct
n conducted in ethanol and (b) reaction conducted in d6-ethanol and data obtained
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dimethylamine-4-nitrobenzene-4-nitroanisole and 4-nitroanisole
to 1-chloroaniline, 5-aminoindole, N1,N1-dimethylbenzene-1,4-
diamine and 4-aminoanisole, respectively, was obtained after 5 h
by conducting the reduction at 60 �C. A comparison with the recent
literature reveals that 2 competes with existing systems as the TOF
of 200 h�1 obtained in ethanol at 60 �C is markedly higher than the
57 h�1 for a diruthenium catalyst in ethanol at 80 �C [127], a signif-
icant improvement on 10 h�1 for polymethylhydrosiloxane derived
PdNP [132], 20 h�1 for carbon nitride supported palladium
nanoparticles [122] and 60 h�1 for solid supported PdNPs [133]
but lower than that of 1140 h�1 for RuNPs immobilised on porous
organic polymers [121] and 800 h�1 for PdNPs immobilised on car-
bon nanospheres [123].
3. Conclusions

This study has revealed that ruthenium nanoparticles stabilised
by a phosphine oxide decorated polymer immobilised ionic liquid
(RuNP@O = PPh2-PEGPIILS) is a remarkably efficient and selective
catalyst for the partial reduction of nitrobenzene to the corre-
sponding N-phenylhydoxylamine. The efficacy and selectivity of
the catalyst depends on both the solvent and the reducing agent
and reactions conducted at room temperature under nitrogen in
ethanol using hydrazine hydrate as the reducing agent gave the
highest selectivity (>99 %). The initial TOF of 8,760 h�1 obtained
at 40 �C with a catalyst loading of 0.1 mol% is among the highest
to be reported for a ruthenium nanoparticle catalysed reduction
of nitrobenzene to N-phenylhydroxylamine and is a significant
improvement on commercial 5 wt/% Ru/C which gave a low con-
version to a mixture of N-phenylhydroxylamine and aniline. This
system compliments its AuNP counterpart which catalyses the
sodium borohydride mediated reduction of nitrobenzene to afford
azoxybenzene as the sole product in ethanol and N-
phenylhydroxylamine with > 99 % selectivity in water. A wide
range of substituted aromatic and heteroaromatic nitroarenes
were reduced to the corresponding N-arylhydroxylamine in high
yields and with excellent selectivity, with the exception of
4-amino-substituted nitroarenes which resulted in complete
reduction to the corresponding aniline. Complete reduction of
the 4-amino substituted nitroarenes was attributed to the electron
donating amino group facilitating elimination of OH– to generate a
highly reactive and reducible quinondiimine-derived iminium
intermediate that reacts rapidly with a surface hydride to liberate
the amine. A reusability study on the selective reduction of
nitrobenzene to N-phenylhydroxylamine showed that 2 was
robust as it could be recycled five times with negligible change
in activity and only a slight decrease in selectivity. The modular
construction of the PIIL supports will enable the composition to
be modified to explore which components are necessary to achieve
the highest selectivity and to examine how the ionic microenviron-
ment and density, the number and type of heteroatom donor and
the hydrophilicity and porosity influences selectivity. To this end,
catalyst modifications and in operando surface investigations and
kinetic studies are currently underway to develop a more detailed
understanding of this system.
4. Experimental

4.1. General comments

4.1.1. Synthesis of RuNP@O = PPh2-PEGPIILS (2)
A round bottom flask was charged with 1 (4.00 g, 2.68 mmol)

and ethanol (55 mL). To this, a solution of RuCl3�3H2O (0.56 g,
2.68 mmol) in ethanol (20 mL) was added in a single portion and
the resulting mixture stirred vigorously for 5 h at room tempera-
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ture. After this time, an aqueous solution of NaBH4 (0.81 g,
21.44 mmol in 10 mL of water) was added dropwise and the sus-
pension stirred for an additional 18 h at room temperature before
concentrating to near dryness under vacuo. The crude black solid
was triturated with cold acetone (2 � 100 mL), washed with water
(100 mL) and ethanol (2 � 40 mL) and the resulting black solid was
recovered from the washings via centrifugation followed by filtra-
tion through a frit. The final product was washed with ether until a
fine black powder was obtained. The powder was then dried in
vacuo to afford the product in 78 % yield (3.32 g). ICP-OES data:
1.83 wt% ruthenium and a ruthenium loading of 0.18 mmol∙g�1.

4.2. General procedure for reduction of nitroarenes to
arylhydroxylamines

Under an inert atmosphere, an oven-dried Schlenk flask was
charged with 2 (5.6 mg, 0.1 mol%), hydrazine monohydrate
(0.15 mL, 3.0 mmol) and anhydrous ethanol (2 mL). After allowing
the resulting suspension to stir for 5 min, nitroarene (1.0 mmol)
was added and the mixture stirred at 25 �C for the allocated time.
The reaction mixture was quenched 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 to obtain the product. The residue was analyzed by 1H
NMR spectroscopy using 1,4-dioxane as internal standard to quan-
tify the composition of starting material and products and deter-
mine the selectivity.

4.3. General procedure for reduction of nitroarenes to arylamines

Under an inert atmosphere, an oven-dried Schlenk flask was
charged with 2 (5.6 mg, 0.1 mol%), hydrazine monohydrate
(0.15 mL, 3.0 mmol) and anhydrous ethanol (2 mL). After allowing
the resulting suspension to stir for 5 min, nitroarene (1.0 mmol)
was added and the mixture stirred at 60 �C for the appropriate
time. The reaction mixture was diluted with deionized water
(5 mL), the product extracted with ethyl acetate (3 � 5 mL), the
organic fractions collected, and the solvent removed under reduced
pressure to yield the product. The residue was analyzed by 1H NMR
spectroscopy using 1,4-dioxane as internal standard to quantify
the composition of starting material and products and determine
the selectivity.

4.4. Procedure for the hot filtration study

Nitrobenzene (0.103 mL, 1.0 mmol) was reduced to N-
phenylhydroxylamine at 25 �C following the general procedure
described above. After 30 min the reaction mixture was filtered
through a 0.45-lm syringe filter into a clean Schlenk flask under
an inert atmosphere. The filtered reaction mixture was then stirred
at 25 �C for a further 90 min and the progress of the reaction mon-
itored as a function of time by removing aliquots every 15 min for
analysis by NMR spectroscopy.

4.5. Procedure for the catalyst reuse study

Nitrobenzene (0.102 mL, 1.0 mmol) was reduced to N-
phenylhydroxylamine a 40 �C following the general protocol
above, monitoring the progress of the reaction by 1H NMR spec-
troscopy. After 1 h, the reaction flask was recharged with a further
portion of nitrobenzene and an additional three equivalents of
hydrazine hydrate (0.150 mL, 3.0 mmol) and the procedure
repeated. Following the 5th run the catalyst was isolated, washed
with water (2 � 10 mL) and ethyl acetate (2 � 10 mL) and analysed
by TEM.
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4.6. General procedure for the poisoning the studies as a function of
Pre-stirring time

An oven-dried Schlenk flask cooled to room temperature under
vacuum, back-filled with nitrogen and charged with 2 (5.6 mg,
0.1 mol%), hydrazine monohydrate (0.15 mL, 3 mmol), anhydrous
ethanol (2 mL) and N,N-dimethyl-4-nitroaniline, N,N-
dimethylaniline or 5-nitroindole (1.0 mmol) and the resulting mix-
ture was stirred for the allocated time (0, 20, 40 or 60 min) to
explore the effect of pre-stirring time on catalyst efficacy. Reaction
was initiated by the addition of nitrobenzene (0.103 mL, 1.0 mmol)
and the mixture was left to stir for 2 h at room temperature. The
reaction mixture was quenched 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 analyzed by 1H NMR spec-
troscopy 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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