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ABSTRACT: A dual optimization approach to nanoparticle
catalysis is reported in which both the composition of a
bimetallic nanoparticle and the electronic properties of the
supporting polystyrene-based polymer can be varied to
optimize reactivity and chemoselectivity in nitroarene
reductions. Ruthenium−cobalt nanoparticles supported on
polystyrene are shown to catalyze nitroarene reductions at
room temperature with exceptional activity, as compared with monometallic ruthenium catalysts. Both the identity of the second
metal and the M1/M2 ratio show a profound effect on the chemoselectivity of nitroarene reductions. These polymer-supported
bimetallic catalysts are shown to react with nearly complete chemoselectivity for nitro group reduction over a variety of easily
reducible functional groups. The electronic properties of the supporting polymer also have a significant impact on catalysis, in
which electron-deficient polystyrenes enable 100% conversion to the aniline product in just 20 min at room temperature.
Polymer effects are also shown to influence the mechanism of the reduction reaction, in addition to accelerating the rate,
confirming the impact of the polymer structure on catalytic efficiency. These catalysts are easily prepared in a single step from
commercial materials and can be readily recycled without loss of activity.
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■ INTRODUCTION

Nanoparticle catalysis has emerged in the past decade as an
effective method for generating high-surface-area, efficient, and
recyclable heterogeneous catalysts for organic synthesis.1 Much
of this work has involved formation of nanoparticle catalysts
supported on metal oxide supports and porous zeolite materials
that aid in controlling the size and agglomeration state of the
nanoparticle catalysts.2 The nature of the support can often
affect the catalytic activity of the deposited metal catalyst in
positive ways through formation of what are known as strong
metal−support interactions.3 Although modification of the
solid support can be used to optimize catalytic activity, such
modifications can be challenging to make.4 It is often even
more difficult to predict how changes to the solid support will
impact the catalytic activity of the supported metal catalysts.
The Kobayashi laboratory has pioneered methods for

generating polymer-stabilized nanoparticle catalysts (Figure
1).5 In these catalysts, reactivity can be optimized by
incorporation of supporting ligands into the polymer
structure,5d,6 or by formation of mixed-metal nanoparticles.7,8

The development of mixed-metal nanoparticle catalysts is a
well-known approach to improve catalyst performance because
a second metal can change the crystal structure or change the
electronic properties of the metal catalyst.9 Our laboratory is
interested in the potential of novel metal−polymer interactions
to tune the catalytic activity of nanoparticle catalysts in

predictable ways. This approach has the potential to streamline
catalyst optimization in heterogeneous catalysis, similar to what
is accomplished through ligand modification in homogeneous
transition metal catalysis.10 Herein, we report the development
of polystyrene-supported Ru−Co bimetallic nanoparticle
catalysts via a dual optimization approach in which both the
nanoparticle composition (M1/M2 ratio) and polymer elec-
tronic structure contribute to exceptional catalyst activity in
nitroarene reductions that proceed at room temperature
(Figure 1). We demonstrate that variation of the electronic
character of the aryl rings on the polymer support via
incorporation of electron-donating and electron-withdrawing
substituents can lead to predictable changes in catalytic activity.
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Figure 1. Polymer-supported nanoparticle catalysts.
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The polymer structure is shown not only to affect the rate of
catalysis but also to influence the mechanism of the
transformation. To the best of our knowledge, this is the first
example in which the electronic properties of a supporting
polymer have been shown to influence the activity of
incorporated nanoparticle catalysts in predictable ways.10−12

The reduction of nitroarenes is a widely used process for
generating anilines, which are often found in specialty
chemicals and pharmaceuticals.13 Nanoparticle-catalyzed nitro-
arene reductions are particularly important because the catalysts
exhibit exceptional reactivity, are easily recovered after the
reaction, and can often be recycled.14 We chose nitroarene
reductions as a model reaction for our optimization studies
because of the importance of the transformation industrially
and the challenge of performing chemoselective reductions in
the presence of other easily reduced functional groups.13 Our
objective in exploring the reactivity of polymer-supported
nanoparticle catalysts in nitroarene reductions was to develop
an inexpensive, easily synthesized and recyclable catalyst that
enables reductions at room temperature.15

■ RESULTS AND DISCUSSION
We began our optimization studies with ruthenium nano-
particles because of their known potential to perform
nitroarene reductions.16 The nanoparticle catalysts were
synthesized according to a reported procedure via reduction
of the respective metal salt(s) with sodium borohydride in the
presence of a homogeneous solution of polystyrene (MW
35000, Figure 2).5a The nanoparticle−polymer composites

were then precipitated from solution, washed to remove
unsupported particles and salts, dried under vacuum, and used
without further processing. The resulting dark powders are easy
to manipulate and can be readily recovered from the reaction
mixtures by simple filtration. In addition, all materials used in
the synthesis of these catalysts are available from commercial
sources.
Nanoparticle catalysts thus prepared were found to have a

high activity for nitroarene reductions at room temperature in
ethanol with hydrazine hydrate as the stoichiometric reductant
(Table 1). Ethanol was an ideal solvent for these reductions
because the nanoparticle catalysts remained heterogeneous and
could be easily removed after the reaction by filtration. When
the monometallic ruthenium nanoparticle catalyst was used for
reduction of 3-nitrostyrene, a mixture of product and partially
reduced byproducts was obtained (entry 1). Although good
chemoselectivity for reduction of the nitro functional group was
observed, the low activity of the catalyst resulted in formation
of a variety of partially reduced byproducts upon complete
consumption of the reductant. We then explored the potential
of bimetallic Ru−M nanoparticles to increase reactivity and
chemoselectivity.7,9 Although copper (entry 2) and nickel
(entry 3) did not lead to improved catalysis, iron and cobalt
bimetallic catalyst (entry 4−5) provided exceptional activity

and selectivity under these mild reduction conditions.7f Our
continuing studies focused on Ru−Co nanoparticle catalysts
because they were found to be more chemoselective than the
corresponding Ru−Fe nanoparticles (see Supporting Informa-
tion. We next investigated the impact of the ratio of the two
metals on catalysis (Table 1, entries 6−9). These studies
showed that a higher percentage of ruthenium to cobalt led to a
more active catalyst when the total loading of ruthenium was
held constant in the reaction at 2 mol % (entry 9). This
polystyrene-supported Ru−Co bimetallic catalysts (5.1%
(81Ru19Co)/PS)

9d is among the most active nanoparticle
catalysts for nitroarene reductions, proceeding in just under 2
h at room temperature.14

With highly active nanoparticle catalysts in hand, we next
investigated their functional group tolerance and chemo-
selectivity in a variety of nitroarene reductions. In all cases,
the aniline products were obtained in near quantitative yield
after simply filtering off the catalyst and evaporating the solvent
(Table 2). Aromatic olefins (entries 1−3), halides (entries 4−
8), cyanides (entry 9), carboxylic acids (entry 10), phenols
(entry 11), and carbonyl functionalities (12−15) were all
tolerated in the reaction. Dinitro aromatics also readily reduced
to provide the diamine products (entries 16−17). Other easily
reducible functional groups were also tolerated, including
alkynes (entries 18, 19), allyl ethers (entry 20), stilbenes (entry
21), and Lewis basic heterocycles (entries 22, 23).
We next desired to determine whether our nanoparticle

catalysts could be recovered and recycled for subsequent
reactions (Scheme 1). The poly(styrene)-supported Ru:Co
nanoparticles remain heterogeneous when the reduction
reaction is conducted in ethanol and can be easily recovered
by simple filtration after complete consumption of the starting
material.
We found that the recovered nanoparticles could be directly

reused up to five times without significant decrease in the

Figure 2. Synthesis of bimetallic nanoparticle catalysts.

Table 1. Catalyst Optimization Studies

entrya catalyst catalyst compositionb,c % convd selectivity (2:3:4:5)c

1 Ru 6.7% (100Ru)/PS 100 60:0:18:22
2 Ru/Cu 5.4% (51Ru49Cu)/PS 100 63:4:32:1
3 Ru/Ni 6.7% (44Ru56Ni)/PS 100 41:2:32:25
4 Ru/Fe 7.0% (24Ru76Fe)/PS 100 95:4:0:1
5 Ru/Co 5.6% (46Ru54Co)/PS 100 83:14:0:3
6 Ru/Co 3.6% (61Ru39Co)/PS 100 28:10:14:48
7 Ru/Co 5.7% (35Ru65Co)/PS 100 45:8:0:47
8 Ru/Co 7.8% (23Ru77Co)/PS 100 17:8:25:50
9 Ru/Co 5.1% (81Ru19Co)/PS 100 97:3:0:0

aReactions conditions: 1a (0.4 mmol), catalyst (2 mol % wrt Ru), and
NH2NH2•H2O (3 equiv) in EtOH at room temp. bCatalyst
composition represented as n% (xM1yM2)/support, where n is the
total weight percent metals in the support, and x and y are the relative
weight percentages of M1 and M2. cMetal ratios determined by ICP
analysis (see the Supporting Information). dDetermined by 1H NMR
analysis of the crude reaction mixture. PS = polystyrene, MW 35000.
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product yields or selectivity. Importantly, no reactivation step is
necessary to regenerate an active catalyst.
We also tested the catalysts for leaching of the metal

nanoparticles into solution to determine whether the reaction
was catalyzed by homogeneous nanoparticles that had escaped
the polymer matrix. After completion of the reduction reaction,
the nanoparticle catalysts were filtered off, and the metal

content of the solution was determined by ICP-MS analysis.
We found that only a small amount of the total ruthenium and
cobalt initially added to the reaction leached out of the polymer
during catalysis (1.2% and 1.3%, respectively). We also
removed the catalyst at partial reaction conversion (similar to
the Cat-in-a-Cup test)17 via filtration through a sintered glass
funnel. After catalyst removal, we observed no further
conversion to product (Figure 3). Readdition of catalyst after

several hours led to resumption of the reduction reaction.
These results support our hypothesis that polymer-encapsu-
lated Ru−Co nanoparticles are responsible for the observed
catalysis, not homogeneous nanoparticles leached into solution
from the polymer matrix.
Having demonstrated the broad scope of our nitro reduction

catalyst, we desired to determine the impact of the polymer
structure on catalyst activity. In the reduction of noble metals in
the presence of polystyrene, it has been hypothesized that weak
interactions between the metal surface and the pi electrons of
the benzene rings18 in the polymer facilitates formation of size-
controlled nanoclusters and stabilizes the resulting nano-
particles toward oxidation.19 Our hypothesis is that this weak
polymer−nanoparticle interaction can be tuned by changing
the electronic properties of the aromatic rings and thus have an
impact on the catalytic activity of the nanoparticle catalysts.
We first synthesized polystyrene polymers containing

electron-donating and -withdrawing substituents to vary the
donor ability of the arene support (Figure 4). To our delight,

Table 2. Substrate Scope of Nitroarene Reduction

aReaction conditions: 1 (0.4 mmol), catalyst (2 mol % Ru, 5.1%
(81Ru19Co)/PS), and NH2NH2·H2O (3 equiv) in ethanol (2 mL) at
ambient temp. bIsolated yields. cRun at 50 °C. d4 mol % catalyst
employed. eRun 7 h.

Scheme 1. Catalyst Recyclability Studya

aReactions conditions: 1a (0.4 mmol), catalyst (2 mol % wt Ru, 2.5:1
Ru/Co), and NH2NH2·H2O (3 equiv) in EtOH at room temp.

Figure 3. Test for homogeneous nanoparticles. Catalyst was removed
by filtration at time points indicated with an asterisk (*). Catalyst was
added back to the reaction at time points indicated by a dot (•).
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we found that these variations had a dramatic influence on the
catalytic activity of the bimetallic nanoparticle catalysts (Figure
3, 6a−6d). Electron-deficient poly(4-trifluoromethylstyrene)
(6b) enabled rapid consumption of the starting material in just
20 min at room temperature (1H NMR analysis). One caveat is
that catalyst 6b is soluble under the reaction conditions, which
likely contributes to the increased reactivity. However, with
electron-rich polystyrenes, the same trend in reactivity is
observed and catalysis slows down. For example, electron-rich
polystyrene catalysts 6c and 6d required 10 and 5.5 h
respectively to proceed to completion. This result is consistent
with a polymer electronic effect influencing the rate of the
reduction reaction. We believe that two possible scenarios can
explain this polymer-electronic effect. First, a weaker interaction
between the nanoparticle surface and the arene π-electrons
could lead to arene ligand dissociation from the surface, thus
opening up more catalytic sites to facilitate reductions.
Alternatively, the electronic properties of the polymer could
directly impact the electron density at the metal surface, making
the catalysts more reactive.18,20

To further explore this polymer−nanoparticle interaction, we
next synthesized a variety of substituted polymers containing
electron-donating functional groups (Figure 5),12 including an

amide (6e), a urea (6f), and an amine (6g). These
functionalized polymers were designed to mimic the properties
of poly(N-vinyl-2-pyrrolidinone) (PVP), which is widely used
in nanoparticle synthesis as a polymer support. PVP is thought
to influence nanoparticle stability and reactivity via coordina-
tion of the Lewis basic amide oxygen with the nanoparticle
surface. These polymers followed a trend in reactivity that
mimicked the trend observed with polymers 6a−6d. Although
pyrrolidinone polymer 6e provided 89% of the reduction
product in 8 h, the more Lewis basic imidazolidinone polymer

6f required 10 h to proceed to the same conversion. In
addition, polymer 6g that contains the most Lewis basic amine
functionality provided only 60% of the reduction product after
10 h. This observed trend is consistent with that seen with
polymers 6a−6d, in which more electron-rich polymers lead to
slower catalysis. These results suggest that a nanoparticle−
polymer interaction is responsible for improved catalysis (vide
infra) and demonstrate that the electronic properties of the
polymer can be used to influence catalyst activity.
Subtle changes in the reaction mechanism also support the

involvement of polymer−nanoparticle interactions in modifying
catalyst efficiency. When the reduction of 4-nitrostyrene 1a is
conducted with Ru/Co catalysts 6a, 6c, or 6d−6e, the starting
material is initially converted to hydrazine 4 stoichiometrically
before a significant amount of 2a is observed (Scheme 2). Once

starting material 1a is completely consumed, hydrazine 4 is
then reduced to the desired aniline 2a. However, when
electron-deficient polymer 6b is employed, hydrazine 4 is not
observed during the course of the reaction, and starting material
1a is converted directly to product 2a. This change in the
reaction dynamics could be caused by a dramatic increase in the
rate of reduction of hydrazine 4 by catalyst 6b or by an inability
of catalyst 6b to catalyze formation of 4. Either of these
scenarios could result from a change in the electronic properties
of the nanoparticles caused by variation of the supporting
polymer structure.
Scanning transmission electron microscopy (STEM) images

revealed that the nanoparticles in our catalysts are ∼1−2 nm in
diameter and exist as agglomerates in the polymer matrix that
range from single particles to 30−40 nm bundles (Figure 6).
The aggregation state and nanoparticle size in each of the four
catalysts (6a−6d) are nearly identical by STEM analysis.

Figure 4. Electronic effects of polymer support.

Figure 5. Impact of Lewis basic functional groups on catalysis.

Scheme 2. Intermediate Formation in Nitroarene Reduction

Figure 6. STEM image showing agglomerate size variation.
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Statistical analysis of the nanoparticle size distribution for
polymeric catalysts 6a−6d also shows nearly equal distributions
in nanoparticle size for the four polymers (∼1.5−2 nm
diameter, see the Supporting Information). An alternative
explanation for the difference in catalytic activity among
catalysts 6a−6d could be that very subtle changes in the
nanoparticle size and shape affect catalyst activity. Indeed, the
trend of average particle size for catalysts 6a−6d (CF3 (2.0 nm)
> H (1.9 nm) > OMe (1.75 nm) > Me (1.50 nm)) tracks with
the observed reactivity of the nanoparticle catalysts. However,
the subtle differences in nanoparticle size between catalyst 6b
(poly(4-CF3)styrene) and catalyst 6a (polystyrene) do not
explain the observed change in the reaction mechanism (see
Scheme 2). Thus, we believe the differences in catalyst activity
for our polymer-supported nanoparticle catalysts may be due to
a combination of the variations in nanoparticle size produced in
each polymer support and a variation in the strength of the
metal−polymer interaction.21 The result of these polymer
effects is the potential to employ modifications to polymer
structure as a strategy for increasing catalyst performance,
similar to what is accomplished with supporting ligands in
homogeneous catalysis.
We have also used STEM, energy-dispersive X-ray spectros-

copy (EDS), X-ray photoelectron spectroscopy (XPS), and
time-of-flight secondary ion mass spectrometry (TOF-SIMS) to
investigate the composition of our nanoparticle catalysts
(Figure 7a,b). The synthesis of Ru, Co, and Ru−Co

nanoparticles by NaBH4 reduction has been previously
reported, and our characterization data were in line with
previous reports.22 EDS linescan analysis of a single nano-
particle showed that the Ru/Co ratio remains near constant
throughout the scan (Figure 7b), suggesting that ruthenium
and cobalt are colocalized within the nanoparticles, not
individual monometallic nanoparticles. We also used EDS to
estimate the Ru/Co ratio at various locations in the
nanoparticle composite, for both individual particles and large
agglomerates and found the ratios to be consistent throughout
the sample. We believe that the colocalization of both metals
within our nanoparticle catalysts is responsible for the
improved catalyst activity upon addition of cobalt to the
ruthenium catalyst due to cooperativity effects. This colocaliza-
tion of ruthenium and cobalt during nanoparticle formation is
in accord with previous studies by Broios and coworkers on the
formation of ruthenium−cobalt nanoparticles.23 XPS analysis of
our nanoparticle catalysts showed the presence of ruthe-
nium(0) and cobalt oxide (in a 2+ to 3+ oxidation state) within
our sample, suggesting that cobalt was not reduced during
nanoparticle formation. TOF-SIMS further confirmed the
presence of cobalt as well as ruthenium (a series of peaks
with intensities consistent with its isotopic abundance). A
rather intense tropylium ion (C7H7

+, m/z 91) was also
observed, which is consistent with the organic matrix.

■ CONCLUSION
In conclusion, we have demonstrated that both the
composition (M1/M2 ratio) of bimetallic Ru/Co nanoparticle
catalysts and the electronic structure of the supporting
polymers can be varied to optimize the catalytic activity of
polymer-supported nanoparticles for nitroarene reductions.
This polymer−ligand approach to nanoparticle catalysis
provides an attractive strategy for improving catalyst reactivity
and selectivity by systematically varying the electronic structure
of the polymer support. These variations in polymer structure
lead to predictable changes in the catalyst activity that can be
used to optimize catalyst efficiency, as is accomplished through
ligand design in homogeneous catalysis. Our studies have also
led to the development of readily synthesized, polymer-
supported bimetallic nanoparticle catalysts that exhibit excep-
tional activity and chemoselectivity in nitroarene reduction
reactions that occur at room temperature. These nano-
composite polymer catalysts are synthesized in a single step
from commercial polymers and metal salts, enable efficient and
chemoselective catalysis under mild conditions, and can be
recovered and reused without loss of catalytic activity.
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