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Impregnation of phosphine-decorated polymer-immobilized
ionic liquid with the tetrachloroaurate anion results in reduc-
tion of the gold(III) to gold(I) with concomitant oxidation of the
phosphine to its oxide. In situ reduction of the resulting pre-
cursor, AuCl@O = PPh2-PEGPIILS, generated the corresponding
O = PPh2-PEGPIIL-stabilized AuNPs, AuNP@O = PPh2-PEGPIILS,
which is a highly active and selective catalyst for the
solvent-dependent partial reduction of nitrobenzene to N-
phenylhydroxylamine in water and azoxybenzene in ethanol.
The initial TOFs are comparable to those obtained with gold
nanoparticles generated by reduction of tetrachloroaurate-
impregnated phosphine oxide-decorated polymer-immobilized
ionic liquid AuCl4@O = PPh2-PEGPIILS, i.e., the activity and selec-
tivity profiles do not appear to depend on whether the AuNPs
are generated from Au(III) or in situ-generated Au(I). In stark

contrast, gold nanoparticles prepared by NaBH4 reduction of
AuCl@PPh2-PEGPIILS based on gold(I) confined in phosphine-
modified polymer-immobilized ionic liquid gave markedly lower
initial TOFs. The use of dimethylamine borane (DMAB) as the
hydrogen donor resulted in a substantial and dramatic enhance-
ment in activity for reductions conducted in water compared
with NaBH4 and the initial TOF of 20,400 mol nitrobenzene con-
verted mol Au−1 h−1 obtained with AuNPs generated in situ
from AuCl4@O = PPh2-PEGPIILS is among the highest to be
reported for the metal nanoparticle catalyzed selective reduction
of nitrobenzene to N-phenylhydroxylamine; this is a signifi-
cant improvement on existing protocols, which should enable
the partial selective reduction of nitroarenes to be conducted
in water with a low catalyst loading under extremely mild
conditions.
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1. Introduction

N-Arylhydroxylamines are important intermediates for the
synthesis of bioactive molecules such as acetaminophen and
pyraclostrobin, bioactive derivatives of antibiotics[1–11] and
fine chemicals,[12–14] as well as polymerization inhibitors[15,16]

and reagents in organic synthesis.[17–23] While this motif has
been prepared by the catalytic N-arylation of the parent
hydroxylamines[24–27] as well as the selective reduction of
aldoximes,[28–33] the selective partial reduction of nitro aromatic
compounds either under an atmosphere of hydrogen or with
a hydrogen donor has been more widely developed, as it is an
operationally more convenient and versatile protocol.[34–53] How-
ever, the selective partial reduction of nitroarenes is extremely
difficult to achieve, as over-reduction to the thermodynami-
cally favored aryl amine must be prevented and the factors
that control this selectivity are still poorly understood. To
this end, common protocols involve stoichiometric reductions
with zinc, tin, antimony, or bismuth[15,33–38] as well as catalytic
reductions using either heterogeneous or nanoparticle-based
systems such as Rh/C,[39,40] Pt/SiO2,[41] RuNP/CNT,[42] RuNPs
supported on polystyrene,[43] PtNPs immobilized on Amberlite
IRA 900 resin,[44] c-PtN/C,[45] polystyrene-supported IrNPs,[46]
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solid-supported PtNPs deactivated with an amine,[47,48] silica-
supported PdNPs,[49] and palladium nanoclusters.[50] However,
many of these approaches experience detrimental drawbacks,
such as the use of either large quantities of costly noble metal-
based catalysts or stoichiometric quantities of earth abundant
metal reagents, the need for an additive, low yields, poor
selectivity profiles, low functional group tolerance, slow rates,
the need for forcing conditions, and negative environmental
credentials due to the use of toxic or hazardous reagents as well
as the generation of stoichiometric quantities of by-products.

Interestingly, several nanoparticle-based catalysts have been
reported to give good yields and high selectivities for the par-
tial reduction of nitrobenzene to N-phenylhydroxylamine under
mild conditions; moreover, these systems have improved our
understanding of what factors influence selectivity and thereby
will inform the design of more efficient catalysts. For instance,
ultrathin platinum nanowires modified with ethylenediamine[51]

and NanoSelect nanoparticulate platinum supported on acti-
vated carbon in the presence of a small amount of N,N,N′,N′-
tetramethylethylenediamine[45] both catalyze the reduction of
nitrobenzene to afford N-phenylhydroxylamine with >97% selec-
tivity. The high selectivity obtained with the former system
was attributed to coordination of the σ -donor amine ren-
dering the surface of the nanoparticle electron-rich which
favored binding of the electron-deficient substrate over the
electron-rich hydroxylamine,[51] while the latter was attributed
to facile substitution of the N-phenylhydroxylamine from the
surface of the nanoparticle by the amine additive.[45] High
selectivity for the partial reduction of nitrobenzene to N-
phenylhydroxylamine with ultra-small PdNPs supported on
perfluoroalkyl-modified cellulose was also attributed to preferen-
tial adsorption of the nitrobenzene over N-phenylhydroxylamine
on the hydrophobic surface of the catalyst as well as its electron-
rich structure.[52] Similarly, solid-supported platinum(0) nanopar-
ticles catalyze the selective partial reduction of nitroarenes to
N-arylhydroxylamines with hydrazine hydrate in PEG-400; in this
system the PEG was proposed to form a hydrogen bond with
the N-arylhydroxylamine which prevented further reduction by
assisting its removal from the surface.[44] In addition to these
examples, there are numerous related reports in which the
activity and/or selectivity of a metal nanoparticle-based cata-
lyst has been improved in the presence of a σ -donor ligand or
an organic modifier which act by modulating the surface elec-
tronic structure of the catalyst and/or its steric environment,
controlling the solubility of the reactants through the hydropho-
bic/hydrophilic environment at the catalyst surface[53–57] or by
tuning metal-support interactions.[58,59] While phosphine donors
have been widely used to enhance the performance of Ru,
Pd, Au, Pt, and Rh nanoparticles as catalysts for hydrogena-
tive transformations,[60–72] amine additives and amine-modified
supports have also been reported to improve the performance
of NP-based catalysts; in most cases this enhancement has
been attributed to either the formation of ultra-small, highly
dispersed nanoparticles, the high surface electron density aris-
ing from coordination of the amine to the NP surface, or a
cooperative role assisting the elementary steps of the catalytic
cycle.[45,51,66,73–89]

Scheme 1. Selective partial reduction of nitrobenzene with
AuNP@O = PPh2-PEGPIILS. (a) Reaction conducted in ethanol and catalyzed
by AuNP@O = PPh2-PEGPIILS to afford azoxybenzene and (b) reaction
conducted in water and catalyzed by AuNP@ O = PPh2-PEGPIILS to afford
N-phenylhydroxylamine.

Embracing this concept, we have been exploring the use
of heteroatom donor (HAD)-modified polymer-immobilized ionic
liquids (PIILs) as supports for the stabilization of metal nanopar-
ticles on the basis that the ionic liquid component would
provide stabilization through weak electrostatic interactions to
the surface of the NP[102] while coordination of the heteroatom
donor to the surface would supplement this stabilization and
thereby prevent aggregation to less active species as well as
assist impregnation of the precursor onto the support through
metal–ligand coordination, which could control the growth and
dispersion of the nanoparticles.[103–112] Moreover, the escalat-
ing number of examples of ligand-enhanced performance for
NP-based catalysts suggests that HAD-modified PIILs could be
versatile supports for modulating the properties of NP, as the
nature of the heteroatom donor and its concentration or load-
ing, the ionic micromovement, the porosity, and the surface
hydrophilicity can be systematically modified to improve and
optimize catalyst performance and identify new applications and
processes.[113,114]

One of our early studies reported that AuNPs stabilized
by a phosphine-decorated polymer-immobilized ionic liquid
was an efficient, solvent-dependent selective catalyst for the
partial reduction of nitrobenzene to N-phenylhydroxylamine or
azoxybenzene (Scheme 1a,b).[106] While our initial premise was
to investigate whether the phosphine donor would influence
the efficiency of the catalyst either by modifying the surface
electronic structure and steric environment and/or controlling
the size and morphology of the NPs. Subsequent studies have
revealed that the AuNPs were in fact supported by a phos-
phine oxide-decorated polymer-immobilized ionic liquid. The
phosphine oxide appeared to result from a facile redox reaction
between the phosphine-decorated PIIL and the tetrachloroau-
rate anion during impregnation of the polymer, in much the
same manner as phosphines reduce palladium acetate to active
palladium(0) phosphine-based species.[115] As a result of this
serendipitous discovery, we attempted to undertake a compar-
ison of the performance of AuNPs stabilized by a phosphine
oxide-decorated PIIL with those stabilized by the corresponding
phosphine-decorated polymer to establish whether the het-
eroatom influences catalyst efficacy, i.e., a good σ -donor versus a
hemilabile phosphine oxide. Herein we report the results of this
preliminary comparison, which has shown that AuNPs generated
by reduction of Au(I)-impregnated phosphine oxide-decorated
PIIL, derived from the redox reaction between [AuCl4]− and
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Scheme 2. Composition of PPh2-PEG-PIIL (1) and O = PPh2-PEGPIIL (2) and
synthesis and composition of gold(I) and gold(III)-impregnated
O = PPh2-PEGPIIL, 3a and 3b, respectively, and gold(I)Cl-impregnated
PPh2-PEGPIIL (3c). The corresponding PIIL-stabilized gold nanoparticles 4a–c
were generated from 3a–c using either NaBH4 or NMe2HBH3 as the
reducing agent, as specified in the discussion.

PIIL-anchored phosphine, or by reduction of [AuCl4]− impreg-
nated in pre-formed phosphine oxide-decorated PIIL have
very similar activity and selectivity profiles for the partial
reduction of nitrobenzene. In contrast, AuNPs generated from
Au(I)-impregnated phosphine-decorated polymer-immobilized
ionic liquid are markedly less active as a catalyst for the partial
and complete reduction of nitrobenzene than their phosphine
oxide-based counterpart. In addition, a subsequent survey of the
catalyst efficacy as a function of the hydrogen donor revealed
that reductions conducted in water using DMAB as the hydro-
gen source are significantly faster than those with NaBH4.The
initial TOF of 20,400 h−1 is in fact amongst the highest to be
reported for the selective partial reduction of nitrobenzene to
N-phenylhydroxylamine with a nanoparticle-based catalyst. This
is a distinct improvement on existing protocols, many of which
require an organic solvent to achieve high selectivity or a large
excess of reducing agent, a high reaction temperature, or a high
catalyst loading.

2. Results and Discussion

2.1. Synthesis and Characterization of Precatalysts (3a–c) and
Catalysts (4a–c)

The composition of the phosphine and phosphine oxide-
decorated polymer-immobilized ionic liquids, 1 and 2, respec-
tively, and the Au(I) or Au(III)-loaded precursors used in this study
are shown in Scheme 2. Polymer 1 was prepared by the AIBN-

initiated radical polymerization of 4-diphenylphosphinostyrene,
imidazolium-based monomer, and an appropriate amount
of cross-linker to afford polymer with a phosphine to total
imidazolium ratio of 1:2 while 2 was generated by hydrogen
peroxide-mediated oxidation of 1[104] and isolated in near quan-
titative yield as a free-flowing white powder. The composition
and purity of 1 and 2 were confirmed by a combination of 1H, 31P
and 13C NMR spectroscopy (Figures S3–S5 and S9–S11). Impreg-
nation of 1 by exchange of half of the halide anions for [AuCl4]−

resulted in rapid reduction of the Au(III) to Au(I) (E1/2 = +1.36 V)
with concomitant oxidation of the phosphine to its oxide
(E1/2 = +1.0 V)[116] to afford the gold(I)-based phosphine oxide-
decorated polymer-immobilized ionic liquid AuCl@O = PPh2-
PEGPIILS (3a), while the corresponding gold(III)-loaded
phosphine oxide-decorated polymer-immobilized ionic liquid,
AuCl4@O = PPh2-PEGPIILS (3b) was prepared by impregnation
of phosphine oxide-decorated polymer-immobilized ionic liquid
2 with [AuCl4]−; in both cases a gold to phosphine oxide stoi-
chiometry of 1:1 was targeted. Finally, (THT)AuCl was identified as
a suitable precursor to prepare AuCl@PPh2-PEGPIILS (3c) which
could be reduced to afford AuNPs-stabilized by PPh2-PEGPIIL (1)
as Au(I) is not capable of oxidizing the phosphine;[117] however, it
could form a Au–P interaction and thereby assist impregnation,
influence nanoparticle growth and dispersion and/or supple-
ment the weak stabilization of the NPs by the ionic polymer.
Full characterization of precursors 3a–c has been provided in
the Supporting Information. As our preliminary studies on this
project demonstrated that gold nanoparticles generated in situ
by reduction of the corresponding tetrachloroaurate-loaded
precursor are as efficient as their ex situ-generated counterparts
for the reduction of nitroarenes, 3a–c were used for comparative
catalyst evaluation while samples of 4a–c were generated under
conditions of catalysis to obtain TEM and XPS characterization
data on the active species. Generation of the catalyst in situ
immediately prior to its use offers several practical advantages
as the precursor can be stored indefinitely and handled without
any special precautions and it also enables different catalyst gen-
eration protocols to be explored to facilitate rapid throughput
catalyst and reaction screening. The gold loadings of precatalysts
3a–c were determined to be between 0.41 and 0.45 mmol g−1,
using ICP-OES. The solid state 31P NMR spectrum of 3a contained
two broad signals one at δ 25.1 ppm associated with the phos-
phine oxide and the other at δ 32.1 ppm which is consistent with
a Au—PPh2-PEGPIILS interaction (vide infra) while the solid state
31P NMR spectrum of 3b contained a single broad resonance at
δ 27.1 ppm as this precatalyst was prepared by impregnation of
phosphine oxide-decorated polymer 2 with tetrachloroaurate
(Figures S11 and S16). In contrast, the solid state 31P NMR spec-
trum of 3c contained a major resonance at δ 32 ppm, which
is consistent with an Au—P interaction as the 31P signal for
PPh2-PEGPIIL appeared at ca. δ -6 ppm and the magnitude of
this complexation shift is similar to that reported for (Ph3P)AuCl,
which appears at δ 33.15 ppm.[118,119] The minor shoulder at
δ 27 ppm (<5%) is associated with a small amount of oxide
O = PPh2-PEGPIIL which was present in the polymer prior to
impregnation (Figure S21). The presence of a strong P═O stretch-
ing band at 1174 cm−1 in the IR spectrum of 3a supports the pres-
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ence of oxide and the small red shift of this band with respect
to 1181 cm−1 for the corresponding P═O stretch in 2 could be
indicative of a weak Au─O = PPh3 interaction (Figure S19). The
13C CP MAS NMR spectra of 3a and 3b contain a series of signals
in the region of δ 121–111 ppm associated with the imidazolium
ring and the aromatic carbon atoms of the polystyrene as well as
a set of signals at higher field between δ 11 and 52 ppm assigned
to the methyl and methylene groups attached to the nitrogen
atoms of the imidazolium ring and an intense signal at δ 70 and
a weaker one at δ 59 ppm associated with the methylene carbon
atoms on the PEG and the terminal methoxy, respectively.

Surface characterization of the gold(I) and gold(III)-loaded
precursors 3a–c was undertaken by X-ray photoelectron spec-
troscopy with the P 2p and Au 4f regions analyzed. The 2p
region for polymer 1 contained two 2p3/2 peaks one at 130.6 eV
associated with PPh2-PEGPIIL and the other at 132.2 eV, which
is consistent with P(V) in O = PPh2-PEGPIIL (2) resulting from
surface oxidation;[120a–c] this assignment has been supported by
analyzing a sample of freshly prepared 2 generated by hydrogen
peroxide-mediated oxidation of 1 (Figure S8) There was no signif-
icant shift in the binding energies of the 2p doublet for 2 upon
impregnation with the [AuCl4]− anion, whereas impregnation of
1 with [AuCl4]− resulted in a shift of the 2p3/2 peak from 130.2 eV
to higher binding energy commensurate with oxidation of the
phosphine to its oxide.[120a] Impregnation of 1 with (THT)AuCl
resulted in the complete disappearance of the 2p3/2 peak at
130.2 eV which we tentatively suggest to be due to formation
of a Au–PPh2-PEGPIIL interaction with transfer of electron den-
sity from the phosphorus to the surface of the gold nanoparticle
as this would shift the 2p3/2 peak to higher binding energy such
that it becomes coincident with that for O = PPh2-PEGPIIL. Anal-
ysis of the gold 4f core level of 3a revealed a major 4f7/2 peak at
84.7 eV which is in the region for a Au(I)-Cl species and consistent
with reduction of the [AuCl4]− anion by the phosphine during
impregnation (Figure S13).[120d–f] For comparison, the 4f region for
3b contained two distinct 4f7/2 peaks; one with a binding energy
of 87.0 eV, which corresponds to a Au(III) species,[120g–m] while the
second peak with a binding energy of 84.5 eV is most likely asso-
ciated with monovalent gold chloride generated by reduction of
Au(III) under the XPS beam (Figure S18). The 4f region of precat-
alyst 3c contained a major 4f7/2 peak with a binding energy of
85.5 eV, which belongs to a Au(I) species together with a minor
component with slightly lower binding energy of 84.6 eV, which
we tentatively assign to the Au–P interaction identified above
in the P 2p region as donation from the phosphine to the gold
would render the Au(I) more electron-rich (Figure S23).

Surface characterization of catalysts 4a–c generated in situ
by reduction of 3a–c with either NaBH4 or NMe2HBH3 was also
undertaken. Catalysts generated by reduction with NaBH4 all
contained two Au 4f7/2 peaks, a major component attributed
to Au(0) species with a binding energy of 83.4 eV[120g–m] and a
minor component at 84.5 eV, which most likely corresponds to
monovalent gold species (Figure 1a–c).[120d–f] Similarly, catalysts
generated by reduction with DMAB also contained two pairs of
doublets in the 4f region, although under these conditions there
was significantly more of the Au(I) species and, in some cases,
it was the major component (Figure 1d–f). As the relative ratios

of these doublets varied as a function of the precatalyst and the
reducing agent, quantitative analysis of the 4f components was
used to determine the proportions of Au(0) and Au(I) species
(Table S12). Interestingly, for each precatalyst 3a–c less reduc-
tion to Au(0) occurs after treatment with DMAB compared with
NaBH4, which may be associated with the power of NaBH4 as
a reducing agent compared with DMAB or easier access of the
charged borohydride to the tetrachloropalladate impregnated
in the polymer-immobilized ionic liquid compared with DMAB,
which is neutral. This difference is most evident for the nanopar-
ticles generated by sodium borohydride-mediated reduction of
3a which gave ca. 13 at.% Au(I) and 87 at.% Au(0) while the cor-
responding reduction with DMAB gave a much lower conversion
to Au(0) such that Au(I) was the major species with 64 at.% Au(I)
and 36 at.% Au(0). Similarly, the reduction of 3b with NaBH4 gave
83 at.% Au(0) compared with 70 at.% for DMAB. In contrast, while
the reduction of 3c with DMAB only gave 47 at.% Au(0), its reduc-
tion with NaBH4 only gave 66 at.% Au(0) which is lower than the
87 and 83 at.% for 3a and 3b, respectively, under the same condi-
tions. This reluctance of 3c toward reduction with NaBH4 may be
indicative of Au species coordinated to a Lewis basic phosphine
that would limit their reducibility whereas 3a and 4b both con-
tain phosphine oxide-decorated PIIL, which acts as a hemilabile
ligand and is less likely to coordinate to the Au(I) or Au(III).

TEM micrographs of 4a–c, generated from 3a–c by in situ
reduction with NaBH4, revealed that the gold nanoparticles
are near monodisperse and that the average diameter of
1.7 ± 0.5 nm for 4c, generated from gold(I) impregnated in PPh2-
PEGPIILS, is slightly smaller than either 4a or 4b, generated from
Au(I) (2.9 ± 0.9 nm) or Au(III) (2.1 ± 0.7 nm) immobilized by
phosphine oxide-decorated O = PPh2-PEGPIILS; representative
micrographs and distribution histograms based on >100 par-
ticles are shown in Figure 2 and Figures S24, S28, and S32 in
the Supporting Information. For comparison, AuNPs stabilized
by nona-PEG-branched triazole dendrimers, PEG-substituted tris-
1,2,3-triazoles and dendritic triazoles all have diameters close to
3 nm,[121a–c] gold NPs embedded in imidazolium-based organic
polymers are ultrafine and have average diameters of 1.8 nm,[122]

while AuNP-polymeric ionic liquid nanocomposites have slightly
larger mean diameters of 4.0–4.5 nm[123a] as do those immo-
bilized on ionic liquid hybrid γ -Al2O3 with average diameters
of 6.5–6.7 nm,[124] C4,Cn-imidazolium-based ILs (n = 12–14) with
average diameters of 5.9 nm,[125] and supported ionic liquid-like
phases, which have diameters up to 23 nm.[123b]

Having established that impregnation of 1 with K[AuCl4]
resulted in oxidation of the phosphine and reduction of Au(III)
to Au(I), the reaction between K[AuCl4] and triphenylphosphine
was monitored as a model to map the progress of the reaction
and identify intermediates and products as a function of time. To
this end, an NMR tube was charged with a solution of K[AuCl4]
in dry ethanol and a solution of PPh3 in dry dichloromethane
in a glove box to exclude air and the reaction monitored
by recording 31P NMR spectra at 10-min intervals across 18 h;
representative spectra at selective time intervals are shown
as a stacked plot in Figure 3b and the entire set of spectra
are presented in Figure S1 of the Supporting Information. The
associated composition time profile in Figure 3a shows that the
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Figure 1. (a–c) Au 4f core level XPS spectra of 4a–c, respectively, generated by NaBH4-mediated reduction of 3a–c, and (d–f ) Au 4f core level XPS spectra
of 4a–c, respectively, generated by DMAB-mediated reduction of 3a–c.

K[AuCl4] is rapidly reduced to Au(I) as evidenced by the instan-
taneous appearance of a signal at δ 33 ppm corresponding to
(Ph3P)AuCl, the identity of which was confirmed by preparing
an authentic sample from the reaction between (THT)AuCl and
PPh3.[118,119] The formation of (Ph3P)AuCl was accompanied by
the instantaneous appearance of a low field signal at δ 62 ppm,
identified as PPh3Cl2 by comparison of the chemical shift with
an authentic sample purchased from a commercial supplier; this
was slowly consumed over time to afford O = PPh3.

31P NMR
analysis of the same reaction conducted on a larger scale to
isolate and identify the intermediate and products also showed
a very minor but measurable amount of an additional species
at δ 44 ppm; this chemical shift is consistent with that reported
for (Ph3P)AuCl3 and its identity was confirmed by preparing a
sample by oxidation of (Ph3P)AuCl with chlorine.

Thus, the reaction between triphenylphosphine and K[AuCl4],
and thereby the impregnation of 1 with K[AuCl4], results in

a redox reaction involving reduction of Au(III) to Au(I) with
concomitant oxidation of the triphenylphosphine to PPh3Cl2 fol-
lowed by a subsequent slow hydrolysis to its oxide. At this
stage there is still a question about the origin of the oxy-
gen for the O = PPh3, which could be due to either a small
amount of adventitious water in the ethanol, or ethanol itself,
the latter would require the concomitant formation of either
chloroethane or diethyl ether. To this end, we have consid-
ered several possible mechanisms for the formation of the
O = PPh3 and the Au(I) species involving water and ethanol as
shown in Figure 4. In the case of water as the nucleophile, the
reaction would be initiated by attack at the activated gold(III)-
coordinated phosphine and liberation of HCl prior to the redox
step that resembles the phosphine-mediated reduction of Pd(II)
to Pd(0) (pathway a),[115] whereas the ethanol-mediated path-
way would involve oxidation of the phosphine in the first
step to liberate the phosphonium salt [PPh3Cl]+[Cl]−, nucle-
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Figure 2. (a, c, and e) HRTEM images of 4a–c, respectively, generated by in
situ reduction of 3a–c with NaBH4, and (b, d, and f) corresponding size
distribution determined by counting >100 particles. Mean particle
diameters are 2.9 ± 0.9, 2.1 ± 0.7, and 1.7 ± 0.5 nm for 4a, 4b, and 4c,
respectively. Scale bars are 10 nm (white).

ophilic displacement of the chloride by ethanol followed by
an SN2 reaction with the chloride to liberate chloroethane and
O = PPh3 in a sequence resembling the Appel reaction (path-
way b).[126] Alternatively, the gold-coordinated phosphine may
be activated toward nucleophilic attack by chloride to afford the
[(Ph3ClP)AuCl3]− anion which could then undergo P─Cl bond-
forming reductive elimination to liberate the Ph3PCl2 identified
in the early stages of the reaction (pathway c) or the phos-
phonium salt [PPh3Cl]+[Cl]− could be generated by direct P─Cl
bond-forming reductive elimination from (Ph3P)AuCl3 in much

Figure 3. (a) Composition time profile for the stoichiometric reaction
between K[AuCl4] and PPh3 conducted under nitrogen in a mixture of
ethanol and dichloromethane at 25 °C and (b) representative stacked plot
of the 31P NMR spectra recorded at selected times showing the progress of
the reaction as a function of time.

the same manner as that reported by Toste and Winston for
the facile P─C-based reductive elimination at gold(III).[127] At
this stage, we tentatively favor either pathway b or c as both
account for the formation of the PPh3Cl2 or [PPh3Cl][Cl] identi-
fied by 31P NMR spectroscopy as an intermediate in the redox
transformation. While hindsight suggests that this redox process

Figure 4. Possible pathways for the phosphine-mediated reduction of Au(III) to Au(I) with formation of triphenylphosphine oxide: (a) water-mediated, (b)
ethanol-mediated, and (c) P-Cl bond-forming reductive elimination.
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should have been anticipated at the inception of this project
during the catalyst design, it is worth noting that there appear
to be some related examples of unexpected, serendipitous
oxidation of phosphine-modified supports during the prepa-
ration of metal nanoparticles. For example, microenvironment-
engineered RuNPs incorporated into a phosphine-modified silica
nanoreactor[72] and RuNPs stabilized by phosphine-rich cross-
linked network polymers[128] are both likely to be the corre-
sponding phosphine oxide-supported RuNPs as impregnation of
the support with ruthenium trichloride would result in reduction
of Ru(III) to Ru(II) with concomitant oxidation of the phosphine.

As the oxidation of (Ph3P)AuCl with chlorine occurs cleanly
and quantitatively to afford (Ph3P)AuCl3, the same protocol
was extended to attempt the synthesis of AuCl3@PPh2-PEGPIILS,
as this precursor would contain gold(III) impregnated on a
phosphine-decorated PIIL, which would then enable a com-
parative evaluation of the performance of phosphine-stabilized
AuNPs generated from Au(I) and Au(III) to be undertaken.
Although the reaction between AuCl@PPh2-PEGIILS and chlorine
resulted in complete consumption of the Au(I) precursor, analy-
sis by 31P NMR spectroscopy showed it formed a 2:3 mixture of
AuCl3@PPh2-PEGPIILS and AuCl@O = PPh2-PEGPIILS and repeat
reactions conducted with an excess of chlorine gave a similar
ratio of products. Since the generation of AuNPs from such a
mixture would not provide meaningful results for a comparative
study with its Au(I) counterpart the synthesis of this precursor
was not pursued. Future studies will focus on polymer modifi-
cations to explore whether the PEG unit and/or the nature of
the heteroatom influences this oxidation as well as the use of
alternative oxidants such PhICl2.

2.2. Selective Partial Reduction of Nitrobenzene to
N-Phenylhydroxylamine

The reduction of nitrobenzene was used as the benchmark trans-
formation on the basis that there have been several recent
reports of the selective partial reduction of nitrobenzene to N-
phenylhydroxylamine and we have also recently demonstrated
that AuNPs supported by heteroatom donor-modified PIILs are
highly efficient and selective catalysts for the partial reduction
of nitroarenes to N-phenylhydroxylamine in water, azoxyarene
in ethanol and aniline after longer reaction times or at ele-
vated temperatures. A preliminary comparison of the efficacy of
nanoparticles generated from 3a–c was conducted under the
optimum conditions identified in our earlier study to explore
the influence of the gold precursor (Au(III)/Au(I)) and the het-
eroatom donor (PPh3/O = PPh3) on catalyst efficiency.[106] Initial
reactions were conducted in water under an atmosphere of
nitrogen at 25 °C using a 0.05 mol% loading of 4a–c gen-
erated in situ by sodium borohydride-mediated reduction of
the corresponding precursor AuCl@O = PPh2-PEGPIILS (3a),
AuCl4@O = PPh2-PEGPIILS (3b) and AuCl@PPh2-PEGPIILS (3c)
with a substrate/NaBH4 ratio of 2.5. Under these conditions, cat-
alyst 4a generated from gold(I)-impregnated phosphine oxide-
decorated PIIL 3a gave complete conversion after only 60 min
to afford N-phenylhydroxylamine as the sole product, i.e., with

Figure 5. Conversion and selectivity for the sodium borohydride-mediated
partial reduction of nitrobenzene to N-phenylhydroxylamine under nitrogen
in water using catalysts 4a–c generated from 0.05 mol% 3a–c. Each
reaction was conducted in triplicate. Reaction conditions: 1 mmol
nitrobenzene, 2.5 mmol NaBH4, 0.05 mol% 3a–c, 2 mL water, 25 °C, 60 min.
Conversion and selectivity were determined by 1H NMR spectroscopy using
dioxane as internal standard. Selectivity for N-phenylhydroxylamine = [%
N-phenylhydroxylamine/(% N-phenylhydroxylamine + % aniline + %
azoxybenzene)] × 100.

100% selectivity. Under the same conditions catalyst 4b, gener-
ated by reduction of tetrachloroaurate-impregnated phosphine
oxide-decorated PIIL 3b also gave complete conversion to afford
N-phenylhydroxylamine with 100% selectivity after the same
time; this suggests that the efficacy of the AuNPs does not
depend on whether the nanoparticles are generated from a
Au(I) or Au(III)-based precursor when immobilized in phosphine
oxide-decorated PIIL 2. Interestingly, and in stark contrast to cat-
alysts generated from precursors 3a and 3b, the reduction of
nitrobenzene catalyzed by gold nanoparticles generated from
Au(I)-impregnated phosphine-modified PIIL 3c only reached
23% conversion after the same time, albeit with 100% selec-
tivity for N-phenylhydroxylamine; the disparate performance
between these catalysts is clear from the conversions shown in
Figure 5.

The markedly disparate performance between catalysts 4a–b
and 4c prompted us to monitor the progress and composition of
the reaction as a function of time to explore the reaction profile
and obtain initial turnover frequencies (TOFs) to compare their
efficiency against previously reported systems. A series of paral-
lel reductions were conducted in water at 25 °C across a range
of reaction times using a 0.05 mol% loading of precatalysts 3a–
c and the composition was quantified by 1H NMR spectroscopy
using 1,4-dioxane as an internal standard. The resulting pro-
files in Figure 6 clearly show that the reaction compositions
obtained with catalysts 4a and 4b map extremely closely to
each other and that both catalysts are markedly more active
than 4c; the former reached initial TOFs of 2280 and 1980 mol
nitrobenzene converted mol Au−1 h−1, respectively, based on
the total metal content, which are substantially higher than the
460 mol nitrobenzene converted mol Au−1 h−1 obtained with 4c.
While the total metal content is the most common method of
reporting the activity of a nanoparticle catalyst, as this approach
accounts for the total cost of the catalyst, initial TOFs have also
been determined based on the estimated surface metal atoms,
as this is more representative of the intrinsic activity of the cat-
alyst. To this end, the difference in activity between 4a–b and
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Table 1. Summary of initial TOFs for the sodium borohydride-mediated partial reduction of nitrobenzene to N-phenylhydroxylamine catalyzed by 4a–c.

Catalyst TOFa) TOFb) TOFc) TOFd)

Mole Nitrobenzene Converted mol Au−1 h−1

4a 2280 8142 2620 9358

4b 1980 5580 2385 6626

4c 460 1069 978 2274

a) TOFs based on the total metal loading and determined at ca. 20% conversion.
b) TOFs based on the estimated surface metal atoms; full details of the calculations are provided in the Supporting Information.
c) TOFs based on the at.% Au(0) calculated from XPS data, full details are provided in Table S10.
d) TOFs based on a combination of the at.% Au(0) and the estimated surface metal atoms.

Figure 6. Composition as a function of time for the sodium
borohydride-mediated selective partial reduction of nitrobenzene (NB) to
N-phenylhydroxylamine (N-PHA) in water at 25 °C catalyzed by 0.05 mol%
4a (red), 4b (blue), and 4c (orange).

4c is even more evident when the TOFs are calculated using
this approach, as shown by the data in Table 1. Finally, as XPS
analysis of the catalyst revealed that the ratio of Au(0) to Au(I)
species varied quite dramatically as a function of the precata-
lyst and the reducing agent, TOFs have also been determined
based on the at.% of Au(0) species, which were calculated by
quantitative analysis of the 4f components in the XPS spectrum.
Regardless of whether the TOFs are calculated using the at.%
Au(0) or a combination of the at.% Au(0) and the estimated
surface metal atoms, catalysts 4a and 4b both have markedly
higher initial TOFs than 4c, although the difference in activity
is slightly less pronounced for TOFs calculated using the for-
mer method; this suggests that the proportion of Au(0) to Au(I)
species may contribute to the difference in activity. Moreover,
the profiles in Figure 6 also reveal that reductions catalyzed by
4a and b reach complete conversion with >99% selectivity for N-
phenylhydroxylamine after only 60 min while the corresponding
reduction catalyzed by 4c required 300 min to reach completion,
albeit, also with >99% selectivity for N-phenylhydroxylamine.
The efficacy of 4a and b was further investigated by reducing
the catalyst loading to 0.005 mol% and, under otherwise iden-
tical conditions, the conversions of 26% and 23%, respectively,
with 100% selectivity for N-phenylhydroxylamine after 1.5 h cor-
respond to TOFs of 3400 and 3050 mol nitrobenzene converted
mol Au−1 h−1, respectively. A further reduction in the catalyst
loading to 0.0025 mol% did not improve this TOF, which suggests

that these turnover numbers probably reflect their potential
intrinsic turnover rates.

A comparison of the efficacy of the catalysts generated from
3a–c with AuNPs generated in the presence of sodium citrate
at 80 °C (AuNP@citrate) resulted in a modest conversion of only
44% after 60 min, with a slightly lower selectivity of 89% due
to the formation of 1,2-diphenylhydrazine and aniline. The low
conversion and initial TOF obtained with AuNP@citrate parallels
that recently reported for gold nanoparticle-catalyzed reductions
in a comparative study between PEG-terminated polymers and
dendritic 1,2,3-triazoles.[121c] Moreover, a NaBH4-mediated reduc-
tion of nitrobenzene conducted with AuNPs generated in situ
from 0.05 mol% AuCl4@O = PPh2-PEGPIILS by reduction with
an excess of sodium citrate only reached 47% conversion after
60 min to afford N-phenylhydroxylamine as the major product
in 96% selectivity, together with a minor amount of aniline.
The low conversions obtained with AuNPs generated by citrate
reduction of [AuCl4]− or AuCl4@O = PPh2PEGPIILS may be due
to their size as the average diameters of 14.5 ± 1.9 nm and
10 ± 6.1 nm, respectively, are significantly larger than those for
4a–c (Figure S36). Furthermore, generation of the AuNPs from
[AuCl4]−-impregnated polymer appears to be crucial to achiev-
ing high activity and selectivity as AuNPs generated in aqueous
solution in the absence of stabilizer and subsequently stirred
with polymer 2 for 10 min prior to addition of nitrobenzene only
reached 34% conversion. Thus, it appears that impregnation of
the polymer-immobilized ionic liquid with the gold precursor,
either in the form of gold(I) or gold(III), is necessary to achieve
the highest selectivity, which may indicate that the support influ-
ences NP growth although we cannot rule out the influence
of surface properties such as sterics and hydrophilicity or even
surface-support interactions. The influence of the support on NP
growth was confirmed by TEM analysis of the AuNPs generated
by borohydride reduction of an aqueous solution of [AuCl4]−

prior to stirring with O = PPh2-PEGPIILS as the average diam-
eter of 21.8 ± 5.1 nm is markedly larger than those generated
from the gold-impregnated precursor AuCl4@O = PPh2PGPIILS
(3b) (Figure S36).

The efficacy of 4a–c as catalysts for the partial reduc-
tion of nitrobenzene to N-phenylhydroxylamine was also
compared with that of PtNP@PPh2-PEGPIILS as there have
been several reports of efficient and selective reduction of
nitrobenzene using platinum nanoparticle-based catalysts,
including PtNP@amberlite,[44] platinum nanowires coated with
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ethylenediamine,[51] and Pt/C deactivated with either an amine
or DMSO.[47,48] Under the conditions described above, 0.05
mol% PtNP@PPh2-PEGPIILS catalyzed the sodium borohydride-
mediated reduction of nitrobenzene in water at 25 °C to afford
64% conversion with 83% selectivity for N-phenylhydroxylamine
after 60 min; this low selectivity is due to competing formation
of aniline and 1,2-diphenylhydrazine. Control reactions for the
reduction of nitrobenzene conducted in water with 2.5 equiv
of NaBH4 after replacing the pre-catalysts with polymers 1 or 2
gave negligible conversion even after 2 h, confirming that the
AuNPs were essential for catalysis.

Although any comparison of the performance of 4a–c
as catalysts for the partial reduction of nitrobenzene to N-
phenylhydroxylamine against related literature reports must be
treated with caution due to the disparate conditions and pro-
tocols employed to collect data, the different methods and
conversions used to calculate TOFs and the absence of detail
for the calculations, a comparison of the efficacy of 4a against
these systems revealed that it appears to be amongst the most
active. For example, the initial TOF of 2280 mol nitrobenzene
converted mol Au−1 h−1 obtained with 0.05 mol% 4a at 25° C is
higher than the 830 mol nitrobenzene converted mol Ru−1 h−1

obtained at 25 °C in THF with RuNPs stabilized on carbon
nanotubes,[42] 1800 mol nitrobenzene converted mol Pt−1 h−1

obtained in methanol at 25 °C with ethylenediamine-coated
ultrathin platinum nanowires,[51] 900 mol nitrobenzene con-
verted mol Pd−1 h−1 with palladium nanoclusters in water–
ethanol at 25 °C[50] and a substantial improvement on the
234 mol nitrobenzene converted mol Ru−1 h−1 at room tem-
perature in chloroform with polystyrene-supported RuNPs,[43]

61 mol nitrobenzene converted mol Pt−1 h−1 obtained with
PtNP@amberlite IRA 900 in PEG-450 at 60 °C,[44] 87 mol
nitrobenzene converted mol Ir−1 h−1 with polystyrene-supported
IrNPs in PEG-400 at 85 °C,[46] and 200 mol nitrobenzene
converted mol Pt−1 h−1 for 5 wt% Pt/SiO2 with an amine
additive[47] but lower than the 13,940 mol nitrobenzene con-
verted mol Pt−1 h−1 reported for NanoSelect nanoparticulate
platinum solid catalyst supported on activated carbon,[45] and
8760 mol nitrobenzene converted mol Ru−1 h−1 with RuNP
stabilized by phosphine oxide-decorated PIIL (see Table S3 in
the Supporting Information).[112] It is worth noting that several
of the N-phenylhydroxylamine selective nanoparticle-based sys-
tems described above required the use of an organic solvent
such as chloroform or THF to achieve high selectivity and/or
needed a high catalyst loading, a high reaction temperature or
a long reaction time whereas 4a and 4b gave near quantitative
conversion with high selectivity for N-phenylhydroxylamine in
short reactions times and with high TOFs in water under mild
conditions; this is a significant improvement on existing proto-
cols and as such may well be a practical and viable system for
use in greener synthesis and scale-up.

In several cases, high selectivity for the nanoparticle-
catalyzed partial reduction of nitrobenzene has been attributed
to differential adsorption of the nitrobenzene and N-
phenylhydroxylamine at the surface of the nanoparticle. For
instance, the electron-rich surface of ethylenediamine-modified
platinum nanoparticles favors adsorption of the electron-

deficient nitrobenzene substrate but disfavors adsorption of the
electron-rich N-phenylhydroxylamine such that the latter readily
dissociates from the surface before it can be further reduced.
While the high selectivity obtained with AuNP@PPh2-PEGPIILS
(4c) may be attributed to a similar interfacial electronic effect
modulating the adsorption energies by donation of electron
density from the phosphine to the surface of the nanoparticle,
it is not clear that the high selectivities associated with 4a and
4b are due to such an effect as phosphine oxides are poor
donors and are more likely to act as hemilabile modifiers. In
this case, the high selectivity associated with 4a and 4b may be
due to the hydrophilic environment created by the polar PEG
and phosphine oxide which could influence the relative binding
affinity of the nitrobenzene and N-phenylhydroxylamine and/or
their activation. While 4a–c are all highly selective for the partial
reduction of nitrobenzene to N-phenylhydroxylamine, 4a and
4b are markedly more active than 4c. Interestingly, the key
difference between 4a, 4b and 4c is that the former are sup-
ported on a PIIL decorated with a hemi-labile phosphine oxide
while the latter is stabilized by a triarylphosphine-modified PIIL.
Thus, this marked difference in activity could be associated
with the nature of the heteroatom as electron donation from
a tertiary phosphine would render the surface electron-rich
and disfavor hydride transfer such that it may become rate
limiting. In contrast, the phosphine oxide in 4a and 4b may
facilitate hydride transfer from the borohydride to afford an
active surface Au-H species, possibly via a cooperative process
involving a hydrogen-bonded ensemble between a surface-
coordinated borohydride, water protons and the oxygen atom
of the hemilabile phosphine oxide, such as that shown in
Figure 7(i). Moreover, a hydrogen bond between the protonated
P═O and an oxygen atom of a surface-coordinated nitroben-
zene (or a hydrogen-bonded ensemble involving the phosphine
oxide, the hydrogen atoms of water and the oxygen atom of
nitrobenzene) could also active the nitrobenzene and facilitate
the hydride transfer step (Figure 7(iii)). Alternatively, the large
excess of phosphine donor relative to the number of surface
metal atoms may saturate the active sites and hinder access of
the substrate whereas the phosphine oxide could act as a hemi-
labile donor and readily dissociate from the surface to facilitate
substrate binding. To this end, further polymer modifications
are currently underway to explore which components influence
activity and selectivity while surface electronic effects will be
probed by CO stripping voltammetry and DFT calculations and
mechanistic studies involving kinetic isotope effects and in
operando surface investigations will be undertaken to develop
a better understanding of the role of the phosphine oxide in
this reduction and thereby inform the design of more efficient
catalysts.

2.3. Selective Partial Reduction of Nitrobenzene to
Azoxybenzene

As our initial disclosure reported a solvent-dependent selectiv-
ity profile for the partial reduction of nitrobenzene catalyzed by
4a that gave quantitative conversion to N-phenylhydroxylamine

ChemCatChem 2025, 17, e202401702 (9 of 18) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 7. Possible pathway for the NaBH4-mediated partial reduction of nitrobenzene to N-phenylhydroxylamine catalyzed by 4a and b.

Figure 8. Reaction profile as a function of time for the selective partial
reduction of nitrobenzene (NB) to azoxybenzene (AZOXY) in ethanol at 25
°C using 2.5 equiv of NaBH4 and catalyzed by 0.05 mol% 4a (red), 4b
(blue), and 4c (green).

when the reduction was conducted in water and complete con-
version to azoxybenzene in ethanol, the composition of the
partial reduction of nitrobenzene to azoxybenzene in ethanol
catalyzed by 0.05 mol% 4a–c was monitored as a function of
time to compare the reaction profiles for each of the cata-
lysts, details of which are presented in Figure 8. The resulting
profile for catalyst 4a, obtained by analyzing a series of par-
allel reductions conducted across a range of reaction times,
shows that azoxybenzene forms cleanly as the only observable
product with an initial TOF of 1680 h−1 and that 100% conver-
sion with complete selectivity for azoxybenzene was obtained
after 3 h. However, when the reaction time was extended to
4 h the selectivity decreased due to formation of azobenzene,
diphenylhydrazine, and aniline, which is indicative of reduction
via the condensation pathway.[129] Interestingly, the correspond-
ing composition-time profile for the same partial reduction using
0.05 mol% 4b revealed that this catalyst is slightly more active
than 4a as the reduction reached 77% conversion after only
60 min with an initial TOF of 2220 h−1. While 4c also catalyzed
the partial reduction of nitrobenzene to afford azoxybenzene
with high selectivity it was much less active than either 4a or
4b with an initial TOF of 240 h−1; moreover, the reduction only
reached 23% conversion after 2 h and ultimately required 8 h
to reach complete conversion, albeit also with 100% selectiv-
ity for azoxybenzene. Background reactions for the reduction of

nitrobenzene in ethanol conducted under identical conditions
but substituting 3a–c with 0.05 mol% 1 and 2 gave negligible
conversion (<2%) after the same time (3 h), which confirms catal-
ysis by AuNPs. The parallels between the performance profiles
of 4a, 4b and 4c in water and ethanol suggest that the same
factors may be responsible for the similarity in their selectiv-
ity for N-phenylhydroxylamine and azoxybenzene, respectively,
and the disparity in their activity; we suggested above that the
former may well be associated with selective adsorption due
to the hydrophilic environment at the surface while the latter
may well be due to the different influence of the phosphine
and phosphine oxide on the surface electronic properties which
modulates the hydride transfer kinetics such that hydride trans-
fer to the electron-rich surface in 4c may be slow and possibly
rate limiting.

A survey of the literature revealed that there are relatively
few examples of the selective partial reduction of nitrobenzene
to azoxybenzene with nanoparticle-based catalysts and a com-
parison of their efficacy against that for 4b revealed it to be
amongst the most active and selective to be reported. For exam-
ple, the TOF of 2220 h−1 is markedly higher than the 60 h−1

obtained with gold nanoparticles supported on mesostructured
ceria (AuNP@CeO2), a switchable solvent selective catalyst that
gave azoxybenzene using 2-propanol as the hydrogen donor and
azobenzene in a 1:1 mixture or 2-propanol and water.[130] Other
recent examples of NPs that catalyze the selective reduction of
nitrobenzene to azoxybenzene with a lower TOF than 4b include
iridium-based hierarchically coiled ultrathin nanosheets doped
with N-butylamine which gave an initial TOF of 400 h−1, albeit
with only 89% selectivity for azoxybenzene,[131] magnetically sep-
arable Ni/graphene nanocomposites which gave azoxybenzene
as the sole product but with a TOF of only 16.8 h−1,[132] single
atom ruthenium coordinated to the oxygen atoms in CeO2 (Ru-
SAs/CeO2) which gave 78% selectivity for azoxybenzene at 65%
conversion,[133] bifunctional NiNPs covered by a few layers of car-
bon and CeO2 nanoparticles (Ni@C-CeO2) which only reached
35% conversion after 150 min at 120 °C but with 95% selec-
tivity for azoxybenzene,[134] bimetallic PdCuNPs which achieved
a TOF of 40 h−1 with 89.9% selectivity for azoxybenzene,[135]

gold clusters and Au single atoms on layered double hydrox-
ides combined with closo-dodecaborate with an optimum TOF

ChemCatChem 2025, 17, e202401702 (10 of 18) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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of 125 h−1 to azoxybenzene with 97% selectivity,[136] visible light
induced photocatalytic reduction with ZrO2-supported Ag–Cu
alloy nanoparticles which gave azoxy compounds with mod-
est selectivities but with TOFs in the order of 2.0 h−1,[137] and
a bismuth porphyrin MOF which was highly selective for the
light-promoted reduction of nitroarenes to the correspond-
ing azoxyarene, azoarene and hydrazoarene with TOFs up to
250 h−1.[138] The initial TOF of 2220 h−1 for 4b is also comparable
to the 1960 h−1 obtained at 20 °C with zirconium phosphate-
supported AgNPs[139] but lower than the 6750 h−1 for in situ-
generated ultrasmall palladium nanoclusters which catalyzed the
tandem reduction of a range of nitroarenes to the correspond-
ing N-arylhydroxylamine which were subsequently oxidized to
the corresponding azoxyarene,[50] as well as 40,377 h−1 for the
solvent-free hydrogenation of nitrobenzene catalyzed by Co sin-
gle atoms decorated on Nb2O5 nanomeshes (see Table S4 in the
Supporting Information).[140]

2.4. Complete Reduction of Nitrobenzene to Aniline

Finally, as there are a host of gold nanoparticle-based sys-
tems that catalyze the complete reduction of nitrobenzene to
the corresponding aniline,[141–143] a study with catalyst 4a–c was
undertaken to identify optimum conditions for the complete
reduction of nitrobenzene to aniline to compare their efficacy
against existing catalysts. Using the protocol described above,
the reduction of nitrobenzene was monitored as a function of
time in water at 60 °C using catalyst generated in situ from
0.05 mol% 3a–c to compare the reaction profiles and rates for
each catalyst. The composition-time profiles associated with 4a
and 4b are qualitatively similar (Figure 9a,b) and show that the
nitrobenzene is rapidly consumed in the early stages of the
reaction reaching ca. 90% conversion after only 20 min with
concomitant formation of N-phenylhydroxylamine as the major
species (ca. 80–85%) together with a minor amount of aniline (ca.
10–15%) as the only other identifiable product; not surprisingly,
the initial TOF of 9600 and 7680 mol nitrobenzene converted
Au−1 h−1 for 4a and 4b, respectively, are comparable to each
other and markedly higher than those determined at 25 °C.
Longer reaction times resulted in steady consumption of the N-
phenylhydroxylamine and the generation of increasing amounts
of aniline, which was eventually obtained as the sole product in
quantitative yield after 180 min. In stark contrast, the correspond-
ing composition-time profile for the reduction of nitrobenzene
with catalyst 4c revealed it to be markedly more sluggish as the
reaction occurred over a much longer timescale with an initial
TOF of 1360 mol nitrobenzene converted Au−1 h−1, albeit with
a qualitatively similar composition profile to those catalyzed by
4a and 4b. For example, although complete conversion of the
nitrobenzene required ca. 3–4 h, the maximum selectivity of 88%
for N-phenylhydroxylamine after 2 h is comparable to the 84%
and 85% obtained with catalysts 4a and 4b, respectively, after
20 min; moreover, as for the reductions catalyzed by 4a and 4b,
aniline was the only other identifiable product. The composition-
time profiles in Figure 9a–c indicate that the reduction occurs
via the direct pathway as there is no evidence for azoxy-based

Figure 9. Composition profiles as a function of time for the
NaBH4-mediated reduction of nitrobenzene (NB) to aniline (AN) via
N-phenylhydroxylamine (N-PHA) at 60 °C in water catalyzed by 0.05 mol%
(a) 4a, (b) 4b and (c) 4c.

species. A similar profile has recently been reported for the Ru(II)
catalyzed reduction of nitrobenzene to aniline which also gave
N-phenylhydroxylamine as the only observable intermediate,[144]

whereas the corresponding reduction with gold nanoparti-
cles stabilized by imidazolium-based porous organic polymers
formed N-phenylhydroxylamine, azoxybenzene and hydrazoben-
zene en route to aniline.[145] When the loading of 4a was reduced
to 0.005 mol%, complete reduction to aniline was reached after
only 22 h at 60 °C, which corresponds to a TON of 20,000 with
an initial TOF of 11,700 mol nitrobenzene converted Au−1 h−1,
as measured by the conversion of 29% after 30 min. A compari-
son of the efficiency of 4a against some recent examples of the
AuNP-catalyzed reduction of nitroarenes revealed that the initial
TOF of 9600 h−1 obtained in water with 0.05 mol% 4a is sig-
nificantly higher than 33 h−1 for mesostructured ceria-supported
gold nanoparticles,[130] 27 h−1 with gold nanoparticles deposited

ChemCatChem 2025, 17, e202401702 (11 of 18) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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on nanocrystalline magnesium oxide,[146] 400 h−1 obtained in
water with hybrid gold nanoparticle-reduced graphene oxide
nanosheets,[147] 167 h−1 for Aspergillus trinidadensis-supported
gold nanoparticles,[148] 107 h−1 using gold nanoparticles sup-
ported on NiO and CuO,[149] 240 h−1 obtained with gold nanopar-
ticles stabilized on starch functionalized creatine,[150] 83 h−1 with
gold nanoparticles anchored on magnetic poly(ionic-liquid),[151]

83 h−1 for gold nanoparticles supported on ionic liquid-modified
cellulose,[152] 1230 h−1 for AuNPs confined in a nanoporous poly-
mer matrix,[153] 960 h−1 for gold nanoparticles supported by
imidazolium-based porous organic polymers,[144] 333 h−1 with
water-soluble gold nanoparticles stabilized by a nitrogen-rich
poly(ethyleneglycol)-tagged substrate,[154] 405 h−1 obtained with
Au/TiO2,[155,156] 1976 h−1 achieved with MoS2/nitrogen doped
graphene decorated with gold nanoparticles,[157] and 6 12 h−1

for self-assembled amine-functionalized gold nanoparticles on
phosphonate-functionalized graphene nanosheets[158] and even
higher than the 8798 h−1 reported for ultra small gold nanopar-
ticles stabilized on SBA-15 functionalized N,N,N-pincer ligand.[159]

2.5. Marked Enhancement in Activity for the Partial Reduction
of Nitrobenzene to N-Phenylhydroxylamine Using DMAB as
the Hydrogen Donor

While our preliminary disclosure of the selective partial reduc-
tion of nitrobenzene to N-phenylhydroxylamine reported the use
of sodium borohydride as the hydrogen donor, the kinetics of
this multi-step reduction are clearly complicated as the selec-
tivity and yields for N-phenylhydroxylamine appear to depend
on the combination of metal nanoparticle/support as well as
the hydrogen donor and the solvent. To this end, there are
several catalyst systems in which hydrazine hydrate has been
reported to be the hydrogen donor of choice to achieve
high selectivity and yields for the reduction of nitrobenzene
to N-phenylhydroxylamine; examples include RuNP supported
on carbon nanotubes in THF,[42] RuNP@polystyrene in THF or
chloroform,[43] RuNP on polymer-immobilized ionic liquid in
ethanol,[112] IrNP@polystyene in PEG-400[46] and PtNP@amberlite
in PEG-400.[44] The high selectivities obtained with these sys-
tems prompted us to investigate the efficacy of 4a–c as catalysts
for the reduction of nitrobenzene using hydrazine hydrate as
the hydrogen donor. Interestingly, negligible conversions were
obtained in water or ethanol even after 2 h at 25 °C using cat-
alyst generated from 0.05 mol% 3a–c and 2.5 equiv of hydrazine
hydrate. Similarly, formic acid triethylamine azeotrope was also
an ineffective hydrogen donor under these conditions, i.e., the
selectivity for partial reduction of nitroarenes is clearly depen-
dent on the combination of metal nanoparticle and hydrogen
donor. Surprisingly though, complete conversion and > 99%
selectivity for N-phenylhydroxylamine was obtained in water at
room temperature after only 10 min using 2.5 equiv of dimethy-
lamine borane (DMAB) as the hydrogen donor and a 0.05 mol%
loading of precatalyst 3a; this represents a marked and substan-
tial enhancement in activity compared with the corresponding
NaBH4-mediated reduction which required 60 min to reach com-
plete conversion. The disparate performance of 4a as a catalyst

for the partial reduction of nitrobenzene with these hydrogen
donors is most evident from a comparison of the initial TOFs of
15,600 mol nitrobenzene converted mol Au−1 h−1 and 2280 mol
nitrobenzene converted mol Au−1 h−1 with DMAB and NaBH4,
respectively. Similarly, 4b also exhibited a comparable improve-
ment in activity when DMAB was used as the donor and gave
quantitative conversion to afford N-phenylhydroxylamine as the
sole product after only 8 min with an initial TOF of 20,400 mol
nitrobenzene converted mol Au−1 h−1 compared with 1980 mol
nitrobenzene converted mol Au−1 h−1 under the same con-
ditions with NaBH4. Even though 4c is much less active than
either 4a or 4b as a catalyst for the NaBH4-mediated partial and
complete reduction of nitrobenzene, its activity also improved
quite dramatically when DMAB was used as the hydrogen donor
as complete conversion to N-phenylhydroxylamine with 99%
selectivity was achieved after only 100 min; although this is sig-
nificantly longer than the 8–10 min reaction time required for
catalysts 4a and 4b, it is much shorter than the 480 min needed
to reach complete conversion with NaBH4. Moreover, the initial
TOF of 1560 mol nitrobenzene converted mol Au−1 h−1 is also
a marked improvement on the corresponding TOF of 460 mol
nitrobenzene converted mol Au−1 h−1 for the NaBH4-mediated
reduction. Background reductions of nitrobenzene conducted
under the same conditions but replacing precatalysts 3a and 3b
with 0.05 mol% 1 or 2 gave ca. 5% conversion to azoxybenzene
and N-phenylhydroxylamine confirming that AuNPs are required
to achieve high activity and selectivity.

Even when the TOFs for the DMAB-mediated reductions are
calculated by accounting for the estimated percentage of sur-
face metal atoms, the at.% Au(0) or a combination of both as
described above, 4a and 4b are both markedly more active
than 4c, although the difference in the initial TOFs is not as
marked for those based on the at.% Au(0) as was found for
the NaBH4-mediated reduction. A comparison of the composi-
tion profile mapped as a function of time for 4a and 4b with 4c
in Figure 10a,b emphasizes the disparate performance between
these catalysts as well as the enhancement in their efficacy com-
pared with the use of NaBH4 as the hydrogen donor (Figure 6).
Such high TOFs obtained with 4a and 4b in water under mild
conditions are unprecedented for the DMAB-mediated partial
reduction of nitroarenes and future studies will aim to exploit
their high activity by integration of the catalyst into a continuous
flow packed bed reactor to assess their suitability for scale-up
production of active pharmaceutical ingredients.

TEM analysis of 4a–c generated in situ by reduction with
DMAB as the hydrogen donor for the partial reduction of
nitrobenzene revealed that the nanoparticles were essentially
monodisperse and that those for 4a (3.3 ± 1.6 nm), 4b
(3.1 ± 1.3 nm) and 4c (2.6 ± 0.8 nm), were all similar in size.
Representative micrographs of 4a–c generated by reduction of
3a–c with DMAB and the corresponding distribution histograms
based on sizing of >100 nanoparticles are shown in Figure 11
and Figures S25, S29, and S33 in the Supporting Information.
Interestingly, the nanoparticles generated by reduction of 3a–
c with DMAB are comparable in size to those generated with
NaBH4 which may indicate that the markedly disparate hydro-
gen donor-dependent activity of these catalysts is not a function
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Figure 10. Composition–time profile for the partial reduction of
nitrobenzene (NB) to N-phenylhydroxylamine (N-PHA) conducted under
nitrogen in water at 25 °C with 2.5 mol equiv of DMAB using catalysts
generated from 0.05 mol% (a) 4a and 4b and (b) 4c.

Figure 11. (a, c, and e) HRTEM images of 4a–c, respectively, generated by in
situ reduction of 3a–c with dimethylamine borane, and (b, d, and f)
corresponding size distribution determined by counting >100 particles.
Mean particle diameters are 3.3 ± 1.6, 3.1 ± 1.3, and 2.6 ± 0.8 nm for 4a,
4b, and 4c, respectively. Scale bars are 10 nm (white).

of the size but an intrinsic property of the donor. To this
end, further studies will be undertaken to try and identify the
origin of this marked difference in efficacy. This will involve the
ex situ preparation of AuNP@O = PPh2PEGPIILS with NaBH4 and
DMAB to conduct detailed kinetic studies on the transfer hydro-
genation of nitrobenzene as a function of the hydrogen donor
coupled with surface investigations as well as a comparison of
the AuNP-catalyzed hydrolytic dehydrogenation of NaBH4 and
DMAB as this may affect the availability of hydride species at the
NP surface.

Interested in determining the scope of this enhancement in
activity for the reduction of nitrobenzene using DMAB as the
hydrogen donor, its use for the partial reduction of nitroben-
zene to azoxybenzene in ethanol was also explored. A series
of reactions were conducted under the conditions described
above with DMAB to map the composition as a function of time
and the resulting data for catalysts 4a and 4b (Figure 12a,b)
revealed some surprising differences to the corresponding
NaBH4-mediated reduction in ethanol. Firstly, the reaction is
markedly slower and required 6 h for the nitrobenzene to
be completely consumed and, secondly, there is a significant
build-up of N-phenylhydroxylamine in the early stages of the
reaction such that it is the major species after 5 h (ca. 80%),
with only minor amounts of azoxybenzene (8%) and aniline
(11%). Longer reaction times resulted in gradual consumption
of the N-phenylhydroxylamine to afford a mixture of aniline
and azobenzene, but this conversion was extremely sluggish
as evidenced by the composition after 24 h which comprised
N-phenylhydroxylamine (10%), azoxybenzene (42%) and aniline
(48%). Thus, in stark contrast to the DMAB-mediated reduction in
water, which experienced a marked enhancement in rate com-
pared to the corresponding reduction with NaBH4 and gave
quantitative yields of N-phenylhydroxylamine after only 10 min,
the DMAB-mediated reduction in ethanol was much slower
than its NaBH4-based counterpart and was much less selec-
tive for azoxybenzene due to competing reduction to aniline.
Catalyst 4c gave a similar composition-time profile for the DMAB-
mediated reduction in ethanol although the consumption of
nitrobenzene was significantly slower and occurred over a much
longer timescale and required ca. 40 h to reach complete con-
version to afford N-phenylhydroxylamine as the major species.
Longer reaction times resulted in the gradual consumption of
the N-phenylhydroxylamine over ca. 110 h to afford a mixture of
azoxybenzene (40%) and aniline (55%), with only a trace amount
of N-phenylhydroxylamine (5%) remaining (Figure 12c). Such a
dramatic dependence of the rate and selectivity on the combi-
nation of solvent and reducing agent was unexpected, and as
such, kinetic measurements, DFT calculations, and in operando
FT-IR spectroscopic studies[156,160] will be combined to establish
a more detailed understanding of how these factors impact
catalyst activity and selectivity.

3. Conclusion

Gold nanoparticles stabilized by phosphine oxide-decorated
PIILs (AuNP@O = PPh2-PEGPIILS) are highly active catalysts for
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Figure 12. Composition–time profile for the partial reduction of
nitrobenzene (NB) to N-phenylhydroxylamine (N-PHA) and subsequent
reduction to azoxybenzene (AZOXY) and aniline (AN) conducted under
nitrogen in ethanol at 25 °C with 2.5 mol equiv of DMAB and catalyzed by
0.05 mol% (a) 4a and (b) 4b.

the sodium borohydride-mediated partial reduction of nitroben-
zene and exhibit a marked solvent-dependent selectivity
generating N-phenylhydroxylamine as the sole product in water
and giving quantitative conversion to azoxybenzene in ethanol.
In stark contrast, gold nanoparticles with a similar size and stabi-
lized by phosphine-decorated PIIL, i.e., AuNP@PPh2-PEGPIILS, are
much less active but retain the same selectivity profile. At this
stage we can only speculate about the origin of such disparate
activities and tentatively suggest that the heteroatom phosphine
donor could saturate the surface and prevent access of the sub-
strate and reagents to the active sites or an interfacial electronic
effect induced by the phosphine could modify the surface

electronic properties and thereby influence the rate of hydride
transfer to the surface of the nanoparticle. Surprisingly, the use
of dimethylamine borane as the hydrogen donor under other-
wise identical conditions resulted in a substantial and marked
enhancement in activity for the partial reduction of nitroben-
zene to N-phenylhydroxylamine and the unoptimized TOF of
20,400 h−1 is the highest to be reported for the DMAB-mediated
reduction of nitrobenzene to N-PHA with a gold nanoparticle-
based catalyst. Such high activities in water and under mild
conditions should enable greener environmentally benign
protocols to be developed. To this end, further catalyst modifi-
cations, kinetic measurements on ex situ-generated catalysts as
a function of the hydrogen donor and in operando FT-IR inves-
tigations are currently underway to develop an understanding
of the factors responsible for the extreme hydrogen-donor-
dependent activity profiles and to identify a catalyst suitable
for integration into a continuous flow packed-bed reactor
for the scale-up production of N-arylhydroxylamines and aryl
amines.[161]

4. Experimental Section

Synthesis of O = PPh2-PEGPIIL (2): An oven-dried Schlenk flask
was allowed to cool to room temperature under vacuum, backfilled
with nitrogen, and charged with PPh2-PEGPIIL (1) (1.50 g, 1.00 mmol),
dichloromethane (50 mL) and H2O2 (35% w/w, 1.70 mL, 15.0 mmol)
dissolved in water (2 mL) and the resulting mixture stirred vigorously
overnight at room temperature. The organic layer was separated,
dried over MgSO4, filtered and the solvent was removed under
reduced pressure to afford O = PPh2-PEGPIIL (2) as a white free-
flowing powder (1.40 g, 90%). 31P NMR (162 MHz, CDCl3, δ): 29.26;
FT-IR (neat, cm−1, ῠ): 3340, 2921, 2861, 1911, 1585, 1529, 1511, 1436, 1420,
1400, 1355, 1300, 1257, 1185, 1113, 1093, 1027, 1001, 946, 820, 756, 722, 703,
673, 531.

Synthesis of AuCl@O = PPh2-PEGPIILS (3a): An oven-dried
Schlenk flask was allowed to cool under N2 and charged with
PPh2-PEGPIIL (1) (2.50 g, 1.66 mmol), KAuCl4 (0.63 g, 1.66 mmol)
and water (40 mL). The reaction mixture was stirred overnight at
room temperature. The solvent was removed under reduced pres-
sure, and the resulting residue was dissolved in dichloromethane
(10 mL/g polymer) and added dropwise to a large volume of diethyl
ether (350 mL) and stirred for 60 min. After this time, the mixture
was allowed to settle and the product was filtered through a frit,
washed with water (2 × 10 mL), ethanol (2 × 10 mL) and diethyl
ether (2 × 30 mL) to give AuCl@O = PPh2-PEGPIIL (3a) as an orange
powder (2.20 g, 80%). 31P NMR (202 MHz, CDCl3, δ): 29.4; FT-IR (neat,
cm−1): ῠ = 3355, 2871, 1585, 1513., 1437, 1349, 1250, 1185, 1093, 943, 830,
752, 722, 704, 539. ICP-OES data: 8.61 wt% gold corresponding to a
gold loading of 0.43 mmol g−1.

Synthesis of AuCl4@O = PPh2-PEGPIILS (3b): According to an
adapted literature procedure,[106] an oven-dried Schlenk flask under
N2 was charged with O = PPh2-PEGPIIL (2) (1.18 g, 0.78 mmol),
KAuCl4 (0.29 g, 0.78 mmol) and water (25 mL). The reaction mix-
ture was stirred overnight at room temperature. The solvent was
removed under reduced pressure and the resulting residue was dis-
solved in dichloromethane (10 mL/g polymer), added dropwise to
a large volume of diethyl ether (350 mL), and stirred for 60 min.
After this time, the mixture was allowed to settle and the product
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was filtered through a frit, washed with water (2 × 10 mL), ethanol
(2 × 10 mL) and diethyl ether (2 × 30 mL) to give AuCl4@O = PPh2-
PEGPIIL (3b) as an orange powder (1.10 g, 92%); 31P NMR (202 MHz,
CDCl3, δ): 29.4; FT-IR (neat, cm−1, ῠ): 3346, 3130, 2871, 1642, 1586,
1514, 1436, 1349, 1250, 1174, 1116, 941, 824, 752, 722, 703, 605, 538.
ICP-OES data: 8.15 wt% gold corresponding to a gold loading of
0.41 mmol g−1.

Synthesis of AuCl@PPh2-PEGPIILS (3c): An oven-dried Schlenk
flask under N2 was charged with PPh2-PEGPIIL (1) (2.00 g, 1.33 mmol),
(THT)AuCl (0.42 g, 1.33 mmol), water (35 mL), and dichloromethane
(10 mL). The reaction mixture was stirred overnight at room temper-
ature. The solvent was removed under reduced pressure, and the
resulting residue was dissolved in dichloromethane (10 mL/g poly-
mer), added dropwise to a large volume of diethyl ether (400 mL)
and stirred for 60 min. After this time, the product was allowed to
settle and filtered through a frit, washed with water (2 × 10 mL),
ethanol (2 × 10 mL), and diethyl ether (2 × 30 mL) to give
AuCl@PPh2-PEGPIIL (3c) as a white powder (2.00 g, 95%). 31P NMR
(202 MHz, CDCl3, δ): 33.5; FT-IR (neat, cm−1, ῠ): 3353, 2871, 1585,
1514, 1436, 1349, 1184, 1099, 945, 847, 751, 695, 667, 610, 540, 509.
ICP-OES data: 8.94 wt% gold corresponding to a gold loading of
0.45 mmol g−1.

General procedure for the selective reduction of nitrobenzene to
N-phenyl hydroxylamine: An oven-dried Schlenk flask was allowed
to cool under N2 and charged with catalyst (0.05 mol%, 0.5 μmol)
and either NaBH4 or Me2NH·BH3 (2.5 mmol) and then evacuated
and backfilled with nitrogen several times. Deionized water (2.5 mL)
was added, and the resulting mixture stirred at ca. 500 rpm for
5 min at room temperature. After this time, nitrobenzene (1.0 mmol,
1.0 mmol, 0.103 mL, 0.123 g) was added, and the reaction stirred
for the appropriate time at 25 °C. The mixture was then quenched
by the addition of water (5 mL), the product quickly extracted
with ethyl acetate (2 × 20 mL) and the solvent removed under
reduced pressure. The resulting residue was analyzed by 1H NMR
spectroscopy using 1,4-dioxane as the internal standard to measure
the composition of the starting material and the product and to
determine the selectivity and conversion.

General procedure for the selective reduction of nitrobenzene
to azoxybenzene: An oven-dried Schlenk flask was cooled under
nitrogen and charged with catalyst (0.05 mol%, 0.5 μmol) and NaBH4

or (CH3)2NH·BH3 (2.5 mmol) and ethanol (2 mL). The mixture was
stirred at ca. 500 rpm for 5 min at room temperature after which
nitrobenzene (1.0 mmol, 0.103 mL, 0.123 g) was added and the result-
ing mixture stirred for the appropriate time at 25 °C. After this time,
1,4 dioxane (85 μL, 1.0 mmol) was added as the internal standard
and a 0.05 mL aliquot removed and diluted with CDCl3. The result-
ing solution was analyzed by 1H NMR spectroscopy to determine the
composition, selectivity, and conversion.

General procedure for the selective reduction of nitrobenzene to
aniline: An oven-dried Schlenk flask under N2 was charged with
catalyst (0.05 mol% 0.5 μmol) and NaBH4 (5.0 mmol) and deionized
water (2 mL) was added immediately, and the mixture stirred at ca.
500 rpm for 5 min at 60 °C. Then nitrobenzene (1.0 mmol, 0.103 mL,
0.123 g) was added, and the mixture was stirred for the appropri-
ate time at 60 °C. After this time, 1,4 dioxane (85 μL, 1.0 mmol)
was added as the internal standard and a 0.05 mL aliquot removed
and diluted with CDCl3. The resulting solution was analyzed by 1H
NMR spectroscopy to determine the composition, selectivity, and
conversion.

Supporting Information

The following files are available free of charge: complete exper-
imental details and general procedures, 1H, 13C, and 31P NMR
spectra and TGA trace for polymer support 2, 13C and 31P NMR
spectra, SEM images, and XPS data for precatalysts 3a–c, and
SEM and HRTEM images and XPS data for catalysts 4a–c and
31P NMR spectra for the oxidation of PPh3 with K[AuCl4]. The
authors have cited additional references within the Supporting
Information.
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