
Top Organomet Chem (2020) 66: 77–130
DOI: 10.1007/3418_2020_36
# Springer Nature Switzerland AG 2020
Published online: 26 April 2020

Earth-Abundant and Precious Metal
Nanoparticle Catalysis

Margery Cortes-Clerget, Nnamdi Akporji, Balaram S. Takale, Alex Wood,
Evan Landstrom, and Bruce H. Lipshutz

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
2 Palladium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3 Nickel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4 Platinum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5 Copper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6 Gold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
7 Rhodium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
8 Ruthenium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
9 Cobalt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

10 Iron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
11 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

Abstract This chapter is an overview focusing on the preparation and use of
transition metal-containing nanoparticles (NPs) described in the literature over
the past decade or so. It is organized according to the metal, including NPs that
feature catalysis based on Pd, Ni, Pt, Cu, Au, Rh, Ru, Co, and Fe. Nanoparticles
that involve metals on various supports are discussed, as are those derived solely
from precursor metals salts. Experimental procedures from these reports detailing
both the preparation and use of several of these NPs are also contained herein.
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Exciting developments associated with mixed metal NPs and their applications
that highlight synergistic effects of synthetic value offer a glimpse of what is likely
to be an increasingly important direction for catalysis in the near future.

Keywords Catalysis · Nanoparticles · Synergistic effects between metals ·
Transition metals

1 Introduction

Metal nanoparticle technology applied to organic synthesis continues to blossom.
New materials for catalysis are being introduced on a regular basis, while methods
for their analyses have become increasingly sophisticated, offering insights that
have led to many of these advances. Technically, even in cases where these materials
are quite small, including metal clusters, metal nanoparticles (NPs), and even species
containing single atoms, they are all categorized within the area of heterogeneous
catalysis. A timely and extensive review by Liu and Corma in 2018 highlighted
the important factors that can influence metal catalysts of these types, drawing
attention to parameters such as size and shape, among several others (e.g., metal
support, their chemical make-up, the influence of additives such as other metals, etc.)
[1]. At stake, of course, are the resulting key issues of reactivity and selectivity and,
ultimately, synthetic utility. Hence, this review focuses on not only the development
of new NPs but also the synthetic applications that have appeared over the past
decade, discussed according to metal.

2 Palladium

Palladium occupies a unique position among transition metals in the field of
catalysis. Although a costly precious metal, it remains world-renowned for its ability
to catalyze formation of new C-C bonds, such as Heck cross-coupling reactions to
form new substituted olefins; the Suzuki-Miyaura, Kumada, and Stille couplings,
which can afford, e.g., new biaryls; Negishi couplings that facilitate introduction
of alkyl groups onto carbon sp2 centers; and Sonogashira reactions which can afford
substituted alkynes [2–8]. Moreover, gases such as CO and CO2 can also be used in
tandem with palladium catalysts to generate carbonyl-containing products [9, 10].
Palladium is also the “go-to” metal in many hydrogenation reactions [11]. The
products of these numerous types of reactions oftentimes contain structural motifs
present in natural products, polymers, and a wide array of pharmaceuticals and
other targets within the fine chemical industry [12].
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The high surface area to volume ratio of Pd NPs makes them especially reactive
[13]. Heterogeneous Pd NPs as catalysts are finding increased use due to their overall
stability, as avoidance of phosphine ligands on Pd in solution is readily appreciated
given their potential instability, toxicity, and susceptibility to oxidation. Thus, there
has been increased interest in ligand-free palladium nanoparticles. On the other
hand, many examples exist where phosphines have been incorporated into palladium
complexes and their derived NPs, since the presence of a ligand can significantly
affect both reactivity and selectivity associated with the reaction of interest. Prepa-
rations of palladium NPs can oftentimes be straightforward and, in most cases of
interest, are well documented. The flexibility in their preparation leading to NPs of
different sizes and their demonstrated recyclability and catalytic efficiency make
them attractive alternatives to traditional methods involving homogeneous catalysis.
A general mechanistic understanding as to the exact location of catalysis in many
cases, however, remains for the future [8].

A report in 2015 in Science disclosed that a mixture composed of an inexpensive
FeIII salt doped with ppm levels of Pd and a suitable phosphine ligand could be
converted upon the addition of MeMgCl in THF into highly active NPs capable of
catalyzing Suzuki-Miyaura couplings in micellar media under very mild conditions
[14]. Each component of the catalyst proved to be critical to its activity. Anhydrous
FeCl3, 320–500 ppm Pd(OAc)2 (relative to 0.5 mmol of halide substrate), and
MeMgCl were optimal, while alternative alkyl or aryl Grignard reagents were
found to afford far less effective catalysts. The inclusion of a suitable phosphine
ligand, SPhos in this case, was crucial for high catalyst activity, with other
phosphine ligands leading to inferior levels of conversion. This observation is of
particular note, since phosphine ligands traditionally tend to play a critical role in
homogeneous catalysis, but less so in heterogeneous processes.

Remarkably, these NPs were found to contain ca. 40% THF by weight, which
was later observed to be essential for catalytic activity. TGA analysis revealed a
sharp loss of mass from ca. 60 to 145�C. While the material itself maintained thermal
stability from 145 to 380�C, the catalytic activity dropped precipitously after loss of
THF. Analyses of these aqueous reaction mixtures by cryo-TEM revealed the
association of the NPs with nanomicelles of designer surfactant TPGS-750-M
(Fig. 1), where the MPEG present stabilizes the metal NPs (rods), while the
(spherical) nanomicelles present deliver the coupling partners localized within

Fig. 1 Cryo-TEM images of Fe/Pd nanoparticles in the presence of aqueous TPGS-750-M

Earth-Abundant and Precious Metal Nanoparticle Catalysis 79



their inner cores. This so-called “nano-to-nano” effect [15] may be responsible
for the observed activity, where heating is not needed notwithstanding the hetero-
geneous nature of the catalysis.

This NP catalyst is very effective in accommodating numerous substrate combi-
nations. An array of functionality within either the electrophilic or boron-containing
partner is tolerated, including as examples labile perfluoroarylboronic acids,
complex uracil derivatives, and O-, N-, and S-containing heterocycles. A variety
of chlorides, bromides, and iodides are amenable, while Bpin, BMIDA, BF3K, and
boronic acid reagents have all been successfully coupled using this NP catalyst
under mild aqueous conditions (Fig. 2).

By replacing SPhos with XPhos and MeMgCl with MeMgBr as reductant,
modified NPs are formed that can successfully catalyze Sonogashira couplings
with similar efficacy on complex heterocyclic substrates [16]. This catalyst
shows desirable selectivity toward oxidative addition with iodides preferentially
over bromides, although in the absence of an iodide-bearing substrate, bromides
can be smoothly and efficiently coupled. Notably, no copper is required in
these transformations. This catalyst system was utilized in the synthesis of an
intermediate en route to the antitumor agent ponatinib (Fig. 3). In all cross-coupling
cases utilizing these Fe/Pd nanoparticles, residual palladium in the products is
at or below the FDA threshold (10 ppm), bypassing the need for Pd scrubbing of
the products.

Fig. 2 Representative substrates synthesized using Fe/ppm Pd NPs
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In Situ Preparation and Use of Fe/ppm Pd NPs for Sonogashira Couplings.
In a flame-dried 4 mL microwave reaction vial, pure FeCl3 (4.1 mg, 5 mol%) and XPhos (7.1 mg,
3 mol%) were added under anhydrous conditions. The reaction vial was sealed with a rubber
septum, and the mixture was evacuated and backfilled with argon. Dry THF (1.0 mL) was added to
the vial, and Pd(OAc)2 (500 ppm) was then added using a 5 mM solution of Pd(OAc)2 in dry THF.
Then the mixture was stirred for 20 min at rt. after which dissolution and complexation of iron
chloride was clearly visualized by a color change to dark brown. While maintaining an inert
atmosphere, THF was evaporated under reduced pressure at rt. MeMgBr (0.25 mL, 10 mol%,
0.2 M) was added to the reaction mixture, after which it was stirred at rt. for 1 min. An aqueous
solution of 2 wt% TPGS-750-M (1.0 mL) was added to the vial followed by sequential addition of
an aryl halide (0.5 mmol, 1.0 equiv), alkyne (0.75 mmol, 1.5 equiv), and Et3N (101 mg, 1.0 mmol,
2.0 equiv). The reaction vial was sealed with a rubber septum under argon and stirred at 45�C until
complete consumption of starting material as monitored by TLC or GCMS. The reaction mixture
was then allowed to cool to rt, and EtOAc (1.0 mL) was added and the mixture stirred gently for
1 min. The organic layer was allowed to separate from the aqueous layer with the help of a
centrifuge, if needed. The organic layer was decanted using a pipette. The same extraction
procedure was applied by using an additional 1.0 mL EtOAc. The combined organic extracts
were dried over anhydrous Na2SO4. Volatiles were removed under reduced pressure to obtain crude
product, which were further purified by flash chromatography over silica gel using EtOAc/hexanes
as eluent.

During the screening of optimized reaction parameters for Fe/ppm Pd NP
catalyzed cross-couplings, it was noted that in the absence of a phosphine ligand
and with NaBH4 serving as reductant, catalyst activity toward C-C bond formation
was retarded in favor of reduction of nitro groups within aromatic or heteroaromatic
substrates to their corresponding anilines [17]. Reductions of this functional
group proceed smoothly at room temperature and pressure with only 80 ppm

Fig. 3 Fe/ppm-Pd NPs used in the synthesis of a ponatinib intermediate
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Pd doped into these ligandless Fe/ppm Pd NPs. An extensive array of highly
functionalized educts readily participated, leading to the corresponding amines in
high yields (Fig. 4). Akin to other NPs of this type, optimal activity was realized
when used in conjunction with a 2 wt% solution of aqueous TPGS-750-M.
Classical methods for nitro group reductions (e.g., H2 with Pd/C) typically require
high temperatures, pressures, and catalyst loadings, necessitating specialized
reaction vessels to mitigate potential safety hazards. Reductions using Fe/Pd NPs
in the presence of either NaBH4/KCl or KBH4 can be accomplished without the
need for any specialized equipment, allowing for ready scalability of these reactions
from 0.5 mmol up to 100 mmol [18].

Nitro Group Reductions: Preparation of Fe/ppm Pd NPs In an oven-dried
two-necked round-bottomed flask, anhydrous 99.99% pure FeCl3 (487.5 mg,
3 mmol), Pd(OAc)2 (2.2 mg, 0.01 mmol) (or other commercially available FeCl3
that contains ppm levels of Pd) was added under an atmosphere of dry argon.
The flask was covered with a septum, and dry THF (15 mL) was added. The reaction
mixture was stirred for 20 min at rt. While maintaining a dry atmosphere at rt., 0.5 M
solution of MeMgCl in THF (6 mL, 3 mmol) was very slowly (1 drop/2 s) added
to the reaction mixture. After complete addition of Grignard reagent, the mixture
was stirred for an additional 20 min at rt. Appearance of a yellow-brown color was
indicative of generation of nanomaterial. The mixture was then quenched with
pentane (containing traces of water). The THF was then evaporated under reduced
pressure at rt. Removal of THF was followed by triturating the mixture with
pentane to provide yellow-brown colored nanomaterial as a powder (trituration
was repeated 3–4 times). The Fe nanoparticles obtained were dried under reduced
pressure at rt for 10 min yielding 1.5 g Fe/ppm Pd nanoparticles. The material was
used as such for subsequent reactions under micellar conditions. Note: These iron

NO2 Fe/ppm Pd NPs
1.5-4 equiv [M]BH4

TPGS-750-M/H2O
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Fig. 4 First-generation Fe/ppm Pd nanoparticles for nitro group reductions
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nanoparticles are best stored under argon in a refrigerator; otherwise, the color
may change indicative of a drop in reactivity.

General Procedure for Reductions Iron-based nanomaterial (6 mg) was added
to an oven-dried 10 mL round-bottomed flask (RBF) containing a PTFE-coated
magnetic stir bar. An aqueous solution of 2 wt% TPGS-750-M (0.5 mL) was added
via syringe, and NaBH4 (28.5–59.0 mg, 0.75–1.50 mmol) was added to the reaction
mixture. (Caution: NaBH4 should be added slowly, especially for large-scale
reactions, i.e., >1 mmol.) During addition of NaBH4, the reaction mixture
turned black with evolution of hydrogen gas. The reaction flask was covered
with a rubber septum, and the mixture was stirred for 2 min at rt. The nitro
group-containing substrate (0.5 mmol, pre-dissolved or dispersed in mixture of
0.5 mL aqueous TPGS-750-M and 0.1 mL THF in advance) was then added
to the catalyst suspension via syringe (substrates which are not soluble in aqueous
TPGS solution were first dissolved in a minimum amount of THF (160 μL for
0.5 mmol of educt)). The RBF was filled with argon and covered again with a
rubber septum. Finally, the reaction mixture was vigorously stirred at rt. Progress
of the reaction was monitored by TLC or GCMS. After complete consumption of
starting material as monitored by TLC, the septum was removed, and argon was
bubbled through the mixture. Minimal amounts of an organic solvent (EtOAc,
i-PrOAc, Et2O, MTBE, etc.) were added, and the mixture was stirred gently for
2 min. Stirring was stopped, and the organic layer was then allowed to separate,
after which it was removed via pipette. The same extraction procedure was repeated,
and the combined organic extracts were dried over anhydrous Na2SO4. Volatiles
were evaporated under reduced pressure, and semi-pure product was purified
by flash chromatography over silica gel. Caution: Never use acetone for TLC
monitoring or column chromatography. Occasionally during the progress of the
reaction, the reaction vial requires gentle shaking to avoid adherence of reaction
material to the glass. Always use fresh and good quality NaBH4.

Further optimization of these NPs led to an improved catalyst exhibiting
synergistic effects between Pd (80 ppm) and Ni (1,600 ppm) [19]. While
electron-rich nitroaromatics on occasion showed sluggish behavior toward the
initially reported catalyst, the second-generation Fe/Pd/Ni NPs are, in general,
far more reactive. Ether-, thioether-, and aniline-containing nitroaromatics were
reduced in good-to-excellent yields with remarkable chemoselectivity (Fig. 5).
For example, despite the presence of super-stoichiometric amounts of borohydride,
reduction of aryl hydrazones to their corresponding hydrazines was not observed.
EXAFS analysis of the first-generation NPs revealed high shell scattering indicative
of tight Pd-Pd interactions. The nickel-containing particles contained no such
feature. It is postulated that the presence of nickel dilutes the palladium on
the surface of the NPs inhibiting clustering (i.e., Pd-Pd interactions) and therefore
increasing the availability of highly reactive single atoms of Pd.

In 2018, Ming Bao and co-workers reported that allylboronates can be used
as a carbon-based ligand for in situ generation of Pd NPs [20]. These have been
shown to be useful in carboxylative Suzuki-Miyaura coupling reactions of benzylic
chlorides with allylpinacolborate (Fig. 6). The reaction conditions were relatively
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mild with low pressures of CO2 compared to previous methods. Halogen atoms
present on aromatic rings as part of the substrates were also unaffected, adding
credence to the selectivity as well as allowing products to undergo further
transformations. Electron-donating substituents on the benzene were also suitable.
Thiophenes, likewise, participated in this chemistry, affording satisfactory yields.

Z-Selective semi-hydrogenations of alkynes (i.e., Lindlar reductions) have
been reported using Pd NPs in water [21]. These time-honored reductions typically
rely on Pd that has been “poisoned” by toxic lead and quinoline, thereby preventing
over-reduction to the alkane. By contrast, this nanoparticle-nanomicelle system
requires no such manipulation of the Pd catalyst. Key to the efficacy of this
catalyst was the nature of both the Pd salt and the surfactant. Optimal results were
achieved with 1 mol% Pd(OAc)2, a 2 wt% solution of TPGS-750-M in water, and

Fig. 5 Second-generation
Fe/ppm-Pd + Ni
nanoparticles for nitro
group reductions

Fig. 6 Carboxylative Suzuki coupling reactions of benzylic chlorides with allyl borates catalyzed
by palladium NPs
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pre-reduction of the Pd salt with 0.05 equivalents of NaBH4 (followed by 0.35
equivalents for alkyne reduction). Cryo-TEM imaging of the catalyst solution
revealed Pd nanoparticles (Fig. 7 – dark particles) surrounded by micellar aggregates
(light gray particles). The catalyst could be generated in situ or stored for later use.
Replacement of Pd(OAc)2 with PdCl2 and use of alternative surfactant Brij 30 with
Pd(OAc)2 both resulted in complete reduction to the alkane.

Of particular note is the excellent chemoselectivity associated with use of these
NPs. Esters, ketones (in the presence of Pd), silyl protected alcohols, THP-protected
alcohols, 1,4-unsaturated systems, Cbz-protected amines, and epoxides remained
untouched during the reduction of the alkyne while proceeding in excellent isolated
yields (>95%) and stereoselectivity (>95% Z ) (Fig. 8). The catalyst and reaction
medium could be effectively recycled five times without loss in efficiency. The
E Factor determined for these conversions was only 3.4.

Fig. 7 Cryo-TEM image of
Pd nanoparticles aggregated
around nanomicelles in
water

Fig. 8 Representative examples of Pd NP-catalyzed semi-hydrogenations
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Roulland and coworkers [22] relied on palladium NPs for the stereo-retentive
insertion of a methyl residue in their total synthesis of the aglycon of tiacumicin B.
The NPs were generated in situ by mixing Pd2(dba)3 with Grignard reagent MeMgBr
(Fig. 9). While stereodefined, poly-substituted alkenes are found in a wide array of
drug targets and natural products [23], most routes of entry rely on nickel to catalyze
couplings with alkenyl halides. In the case of a bulky leaving group like a vinyl
sulfide, use of Ni-mediated substitutions has been sparse due to their sensitivity to
steric hindrance around the mercaptide moiety, as well as lack of stereo-control [22].
In this case, use of NPs derived from Pd2(dba)3 in the absence of a phosphine ligand
afforded the best yields. It was also noted that the vicinal unprotected hydroxyl
group played an important role, potentially facilitating insertion of a Pd0 species
via chelation of magnesium between the alcoholate and the proximal sulfur atom,
in turn activating the C-S bond. Transmission electron microscopy (TEM) confirmed
the presence of NPs ranging from 1.5 to 2.0 nm in diameter. Reaction conditions
were optimized at 1 mol% loading of palladium, since higher loadings (2.5 mol%)
led to formation of undesired by-products and lower isolated yields.

Palladium nanoparticles have been used to catalyze couplings between
aryllithium reagents and various aryl and heteroaryl bromides. Feringa and
co-workers [24] generated these NPs in situ, and using molecular oxygen to
form stable n2-peroxo complexes, they observed rapid conversions to the coupled
products on timescales of 2–5 min. Via NMR studies of intermediates and TEM
analysis of the reaction medium, rapid formation of palladium NPs was observed
upon addition of the organolithium. The possibility that a monoligated palladium
[Pd-PR3)] is the active catalytic species was excluded based on (a) the lack of

Fig. 9 Stereo-retentive cross-couplings of vinyl sulfides with Grignard reagents
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reactivity with aryl chlorides, and (b) no inhibitory effect was observed from
the addition of excess t-Bu3P on the outcome of the cross-coupling products.
Both electron-poor and electron-rich substrates gave good yields with high
selectivities. The reaction proved to be selective toward aryl bromides, as aryl
and benzylic chlorides present within the substrate remained untouched. Sensitive
functional groups, including those bearing acidic protons, are unreactive, such
as phenols, epoxides, and silyl protected pyrroles. This method was applied to
time-sensitive reactions, such as synthesis of the [11C]-labeled PET tracer celecoxib
(Fig. 10). The expedient coupling of [11C]-methyllithium to the drug precursor
greatly increases the yield of the overall reaction, given the low half-life of the
alkyllithium reagent (t1/2(

11C)) ¼ 20 min).
Wei and co-workers showcased the ability of Al(OH)3-supported palladium

NPs, generated in situ, to facilitate ligand and copper-free Sonogashira and
Heck cross-coupling reactions (Fig. 11, left) [25]. In their studies, they noted
that nanoparticles generated in situ showed higher reactivity than catalysts prepared
via co-precipitation. For Sonogashira reactions, couplings proceeded best in DMSO
with the addition of TBAB (tetrabutylammonium bromide). The Pd loading was
quite low at 0.2 mol% (2,000 ppm). The base also played an important role in
this chemistry, as NaOAc yielded the best results over more common bases
such as K2CO3 and K3PO4. The reaction ran smoothly on a range of aryl and
heteroaryl bromides, including pyridines, thiophenes, and quinolines. The scope of
the alkyne, however, was limited to mostly phenylacetylenes among the examples
screened.

Using the same NPs, Heck reactions were also investigated, in these cases
using only a 0.1 mol% loading of palladium (Fig. 11, right) [25]. A solution of
TBAB in DMF was the chosen reaction medium. Both electron-rich and electron-
poor aryl bromides gave the desired product using the enoate of choice, butyl
acrylate. Some aryl chlorides did undergo the coupling; however, the aryl ring
present contained a strongly activating nitro group. For both reaction types, high

Br
Het R-Li

Pd(t-Bu3P)2, O2

toluene
rt, 5 s - 5 min

R
Het

R = aryl, alkyl, 
Heteroaromatic

multiple examples
high selectivity

NN

Br

H2O2NS

CF3

[11C]-MeI
n-BuLi, THF, -78 oC

toluene, rt, 2 min

NN

H2O2NS

CF3

∗
celecoxib 91%

Fig. 10 Synthesis of radiolabeled celecoxib via a Pd NP-catalyzed coupling
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temperatures on the order of 130�C were needed. Nonetheless, the catalyst could
be recovered and reused, as demonstrated for Sonogashira couplings. Membrane
filtration led to catalyst recovery, which showed no apparent detriment to the
yields after six consecutive cycles.

3 Nickel

There has been a significant increase in the use of nickel in synthesis over the
past few decades. This can be attributed to the natural abundance of this metal
which accounts for its low cost compared to that of other transition metals that are
far more commonly used. Moreover, its ability to function in several oxidation
states, as well as its increased nucleophilicity due to its size, has made it a desirable
alternative, especially relative to palladium [26, 27]. Its place within the group
10 metals has enticed chemists to further investigate the ability of this base metal
to facilitate valued organic transformations, including reductions and C-C bond
formations. Substituting the more abundant nickel in reactions that mostly utilize
palladium and platinum would reduce costs of various chemical processes, as well
as open the door to new reactivities of the metal and its complexes.

As with palladium, use of heterogeneous nickel NPs for catalysis has gained
interest for several good reasons. For example, the metal has been utilized with
other metals to create bimetallic nanoparticles which appear to have a synergistic
effect that can greatly contribute to the overall reactivity, as well as generality, of
the reactions that it can catalyze (e.g., see Fig. 5; Fe/ppm Pd + Ni NPs).

Cai et al. introduced Ni-Co bimetallic nanoparticles (BMNPs) for chemoselective
transfer hydrogenation of nitroarenes (Fig. 12) [28]. Their BMNPs were prepared
in ethanol with a 1:1 mixture of nickel and cobalt salts and PVP as stabilizer.
They noted that this was the ratio that afforded the best results under optimized
conditions. Reduction of the metal salts to NPs with NaBH4 under inert atmosphere
was sufficient to form well-dispersed BMNPs with an average diameter of 2.5 nm,
confirmed by TEM. The catalyst suspension was suitable for up to one week if stored

Fig. 12 Chemoselective
reduction of nitroarenes by
bimetallic Ni-Co NPs
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under inert atmosphere. The bimetallic properties of these NPs also provided insight
regarding their reactivity. They noted that the BMNPs are of a smaller particle
size than the individual Ni and Co NPs, suggesting that greater surface area is
available on which the reactions take place.

Hydrazine hydrate was chosen as the hydrogen donor en route to these BMNPs
due to its ease of handling as well as the inert by-product formed after use.
Temperature played a crucial role in this transformation; when run at 60�C, poor
conversion was noted, while higher temperatures led to aggregation of the NPs
resulting in reaction inhibition. A temperature of 70�C seemed to be the optimal
compromise. Water or ethanol served as the reaction medium depending upon the
solubility of the substrates. Electron-rich as well as electron-poor nitroarenes
were smoothly converted to the corresponding amines. Halogenated anilines could
also be obtained with no dehalogenation observed. Dinitro compounds were fully
consumed to the desired diamine products upon addition of excess hydrazine
hydrate. Most importantly, the nitro groups were reduced in the presence of olefins,
alkynes, and nitrile groups indicative of the selectivity of this process. However,
formyl substituents under the reaction conditions afforded the derived primary
alcohol.

Preparation of Ni50Co50 BMNPs NiCl2
.6H2O (0.5 mg), CoCl2 (0.26 mg), and

PVP (160 mg, average molecule weight ¼ 40,000) were dissolved in ethanol
(1.5 mL) and charged into a 10 mL reactor with a magnetic stirrer. Then, a freshly
prepared ethanol solution of NaBH4 (0.8 mg, in 0.5 mL in ethanol) was added
into the reactor quickly under vigorous stirring (1,000 rpm) at rt. (25�C) under argon.
The color of the colloidal mixture turned to black immediately which indicates
that metal salts have been reduced to metal particles. The catalysts prepared were
directly used for reactions, as overexposure of catalysts containing Ni to air will
result in significantly decreased activity due to oxidation.

Typical Procedure Hydrazine hydrate (4 equiv) was added into the reactor which
contains freshly prepared catalyst, as described above. Then, the reactor was placed
into a pre-heated oil bath with a stirring speed of 500 rpm, and the substrate (1 mmol)
dissolved in 1 mL ethanol was added dropwise under argon. The reactions were
monitored by TLC. After the reaction, the mixture was vacuum filtered through
a pad of silica on a glass-fritted funnel, and an additional 15 mL of EtOAc (5 mL
portions) was used to rinse the product from the silica. The filtrate was concentrated
in vacuo and analyzed by GC. Products were purified by column chromatography
and identified by 1H NMR and 13C NMR.

Although reductive amination via metal hydrides or catalytic hydrogenation
has long been reported [29], uses of hydrogen transfer to facilitate the reaction
are sparse in the literature and often employ hydrazine or borohydride as the
hydrogen source. However, Yus and co-workers reported that Ni NPs can
catalyze reductive amination of aldehydes by hydrogen transfer using a relatively
environmentally benign 2-propanol as both solvent and reductant in the absence
of base (Fig. 13) [30]. Their nanoparticles were prepared by mixing anhydrous
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nickel(II) chloride with lithium powder and a catalytic amount of DTBB (5 mol%) in
THF, which yielded NPs with an average diameter of 2.5 nm.

Reactions of benzaldehydes with primary amines and anilines smoothly
afforded the desired benzylic amines under these conditions. N-Benzylamines,
as well as ortho-, meta-, and para-substituted anilines, were easily obtained.
Alkylamines also efficiently participated in this reaction, although phenethylamine
exhibited reduced reactivity affording the corresponding product in modest yield.
Substituted benzaldehydes, especially with an electron-donating component, also
led to diminished yields. Advantages of this methodology include the avoidance
of step-wise, preformation of the imine, as well as the source of hydrogen
being both inexpensive and environmentally friendly (i.e., isopropanol). Recently,
Jagadeesh and coworkers documented the scope of nickel NPs generated in situ for
reductive amination [31]. Their method also allows for a range of ketones to undergo
this transformation. Although their substrate scope is far more expansive in terms of
complexity, the reaction requires high pressures of hydrogen as the donor and
temperatures upward of 120�C.

Fig. 13 Nickel NP-catalyzed reductive aminations of aldehydes
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Adholeya et al. showcased a magnetically recoverable, silica-based nickel
catalyst, Ni-TC@ASMNPs, that could be used to catalyze Suzuki-Miyaura cross-
coupling reactions [32]. The NPs were prepared via co-precipitation; iron salts
were initially combined with ammonium hydroxide. Then, a coating of silica
was applied in order to inhibit the aggregation of the NPs. The silica-coated
NPs were then further functionalized with an NH2 linker to provide the solid
support. Finally, the material was stirred in a solution of NiCl2•6H2O to form the
Ni NPs which were easily separated using a magnet. Their analysis by TEM
indicated an average diameter of 10–12 nm.

Upon optimization of these couplings, it was found that dioxane was the preferred
solvent. K3PO4 was utilized as base, being far superior to other bases tested.
Reaction temperatures lower than 100�C led to longer reaction times. The presence
of PPh3 was essential, as no reaction occurred in the absence of this ligand.
It was postulated that the ligand may be stabilizing Ni(0) prior to oxidative addition.
A range of aryl halides and pseudo-halides (Br, Cl, I, OTs) were all amenable to
this transformation (Fig. 14). Aryl bromides were able to smoothly couple in good-
to-excellent yields regardless of the electronic properties of the ring. Due to the
magnetic properties of the NPs, the nickel catalyst could be cleanly separated
from the reaction mixture using a permanent magnet. The same catalyst could
be recycled for six subsequent reactions without noticeable loss of activity, as
well as with negligible leaching of nickel.

Preparation of Catalyst Ni-TC@ASMNPs Fe2(SO4)3 (6.0 g) and FeSO4 (4.2 g)
were dissolved in 250 mL of water and stirred at 60�C to give a yellowish
orange solution. NH4OH solution (25%, 15 mL) was added into the solution with
vigorous stirring, and the color of the bulk solution turned black. Stirring was
continued for another 30 min, and the precipitated MNPs were separated using
an external magnet and washed several times with deionized water and ethanol.

Fig. 14 Nickel-catalyzed Suzuki-Miyaura cross-couplings
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Silica coating over these MNPs was achieved via a sol-gel approach. A dispersed
solution of 5.0 g of activated MNPs with 0.1 M HCl (2.2 mL) in 200 mL of ethanol
and 50 mL of water was obtained via sonication. Then, 5 mL of 25% NH4OH
solution was added to the suspension at rt., followed by the addition of 1 mL
of TEOS, and the solution was kept under constant stirring at 60�C for 6 h.
The obtained SMNPs were magnetically separated, washed with ethanol, and
dried under vacuum. The obtained SMNPs were further functionalized using
APTES to afford ASMNPs. This was done by adding APTES to a dispersed
solution of 0.1 g of SMNP in 100 mL of ethanol under sonication, and the resulting
mixture was stirred at 50�C for 6 h. For covalent grafting of the ligand on SMNPs,
1 g of ASMNP was refluxed with TC in dried methanol along with molecular
sieves at 70�C for 3 h. The obtained product was washed with methanol and
dried under vacuum. Finally, 1 g of grafted TC@ASMNPs was stirred with a
solution of 4 mmol of NiCl2�6H2O in methanol for 3 h. The resulting
Ni-TC@ASMNPs were separated magnetically and thoroughly washed with
deionized water and dried under vacuum.

Representative Procedure for Cross-Couplings Catalyst Ni-TC@ASMNP
(15 mg) was placed into an oven-dried round-bottom flask, and PPh3 (20 mol%),
aryl halide (0.5 mmol), and phenylboronic acid (0.6 mmol) were added. After
this, K3PO4 (0.75 mmol) was added, followed by the addition of 1 mL of dioxane.
The reaction mixture was kept under a N2 atmosphere and was stirred at 100�C until
completion of the reaction. The catalyst was recovered using a permanent magnet.
The reaction was monitored by TLC, and the products were extracted using EtOAc,
dried over sodium sulfate, concentrated under reduced pressure, and analyzed by
GC-MS.

In 2015, Lipshutz et al. introduced a new nickel nanoparticle catalyst for
mild and efficient Suzuki-Miyaura couplings in micellar media. This catalyst
was formed by the addition of one equivalent of MeMgBr to NiCl2 ligated by
either dppf or dipf [33]. Cryo-TEM imaging of the NPs revealed needle-like
particles situated in and around nanomicelles of TPGS-750-M (Fig. 15). It was
postulated that the efficacy of these particles under the mild reaction conditions
(22–45�C and 0.35 equiv. K3PO4) could be due to the close proximity of

L1NiCl2  or L2NiCl2
MeMgBr (1 equiv)

THF, rt Ni
Ni

Ni

Fe
PR2

PR2

L1 R = i-Pr
L2 R = Ph

Fig. 15 Synthesis of Ni nanoparticles (left). Rod-shaped Ni nanoparticles and spherical
TPGS-750-M nanomicelles (right)
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each type of nanoparticle, where the nanomicelles delivered relatively high local
concentrations of educt to the metal NP catalyst. Counterintuitively, arylboronic
esters (Bpin) were more reactive, only requiring 22�C vs 45�C for the corresponding
boronic acids. The expansive substrate scope contains a wide variety of electron-
rich and electron-poor aryl and heteroaryl chlorides, bromides, while the
boron-containing partners included boronic acids, Bpin, and BMIDA derivatives,
resulting in good-to-excellent isolated yields of products (Fig. 16). The aqueous
reaction medium could be recycled six times while maintaining yields >94%
(albeit with additional catalyst required) and an E Factor of only 3.8.

4 Platinum

Platinum is yet another metal that has played a crucial role in catalysis. Its use
in a wide array of hydrogenation reactions as well as its applications toward
various catalytic processes in the industrial setting cannot be overstated. Being
the rarest of the group 10 metals, reduction in the amount of platinum utilized
in chemical processes needs to be addressed. Hence, platinum nanoparticles may
play a major role in addressing both the cost and endangered metal status. Bimetallic
nanoparticles containing Pt have already been shown to have remarkable catalytic
activity in a wide array of transformations, and further investigation into the use of Pt
NPs in heterogeneous catalysis may advance their utility in organic synthesis [34].

Fig. 16 Representative biaryl products prepared using Ni NPs
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Han and co-workers utilized Pt nanoparticles immobilized on a nonporous Al2O3

support stabilized by aspartic acid for the selective hydrogenation of unsaturated
aldehydes to allylic alcohols at room temperature (Fig. 17) [35]. Upon centrifugation
of the reaction medium, the catalyst could also be recycled up to five times without
noticeable decline in activity. Both the presence of aspartic acid and the nonporous
properties of the support played key roles in enhancing catalyst reactivity.
The aspartic acid not only inhibits formation of aggregates but also aided in the
observed chemoselectivity of hydrogenation, reducing only the aldehyde over
the olefin attributed to steric hindrance. The average size of the NPs according
to TEM analysis was ca. 4 nm. The amount of platinum embedded in the
nanoparticles, analyzed via a chemisorption method, was 0.68%.

Reaction conditions involved an atmospheric pressure of hydrogen, along with
a 20% mixture of water in methanol over a ca. 3 h period. The catalyst, 30 mg,
was employed for a 1 mmol scale reaction of aldehyde. Aliphatic and aromatic
substrates tolerate these conditions. The reaction proceeded with selectivity of
over 90% producing the unsaturated alcohol among the various substrates examined.

Like nickel, platinum, as one metal within a bimetallic NP, seems to exhibit
both higher reactivity and stability as compared to the reactivity of the monometal
nanoparticle counterpart. This was illustrated by work from Lee and co-workers
in which they performed silylations of aryl halides catalyzed by magnetically
recyclable bimetallic Pd/Pt Fe3O4 nanoparticles (Fig. 18) [36]. Classical introduction
of the silyl moiety into organic molecules typically relies on either organolithium
reagents or a Grignard reagent together with a silicon-based electrophile. This
approach can be of limited scope due to base-sensitive functional groups that
may be present in the molecule of interest [37, 38]. These bimetallic NPs
were synthesized through a solution phase reduction process [39] that is often
employed in the making of a wide array of NPs. In this case, the catalyst was
composed of 4.10 wt% Pd and 9.60 wt% Pt, determined via plasma atomic
emission spectroscopy.

Conditions for these silylations relied on NMP as solvent and
diisopropylethylamine as base at 70�C, yielding the best results after optimization.
Substrates well-suited for this method typically contained an electron-withdrawing
component, as electron-rich substrates tested on both aryl iodides and bromides gave
poor yields. Primarily alkylsilanes, such as triethyl- and trihexylsilane, converted
smoothly to silylated aromatics in most cases, while diphenylmethylsilane led to

Fig. 17 Selective hydrogenation of enals
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somewhat lower yields. With the use of a magnet, the nanoparticles could be
recovered and recycled up to 20 times. It was estimated that an average of only
0.03% Pd and 0.08% Pt was lost with each recycle. Control studies with the
Pd-Fe3O4 and Pt-Fe3O4 NPs showed a dramatic decrease in the rates of these
reactions, as well as the amount of metal lost after each recycle (0.26% Pd and
0.55% Pt liberated), indicating the increased stability and reactivity of this bimetallic
system.

Photoredox catalysis used in tandem with bimetallic NPs was studied by
Tehshik et al., focused on radical cation Diels-Alder reactions of indoles [40].
Although photooxidation of indoles is well established, the common use
of harsh UV irradiation can limit the reaction’s scope due to functional group
compatibility issues. They postulated that the use of a heterogeneous catalytic
system might overcome some of these limitations, as well as introduce recyclability.
Thus, the combination of a Pt(0.2%)@TiO2 NP system together with visible
light irradiation (with a 10 W blue LED) promoted generation of the desired
tetrahydrocarbazoles (Fig. 19).

Fig. 19 Photocatalytic indole Diels-Alder cycloadditions

Fig. 18 Silylation of aryl halides
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The presence of an acyl trapping agent was crucial, since the unprotected
cycloadduct can rapidly trigger oxidative fragmentation to undesired products.
Other protecting groups including Boc and Fmoc were examined, but they resulted
in diminished yields. The Pt in the system was proposed to inhibit back electron
transfer to the indole by acting as an electron sponge, resulting in a more efficient
catalytic system. The reaction tolerates a wide range of electron-donating or
electron-withdrawing functionality at the C5 and C6 positions of the indole ring.
Halides, as well as a pinacolboron group, were also unreactive, opening the
door to further functionalization of the cycloaddition product. It was observed
that nitro- and azaindoles did not participate in this reaction. Centrifugation could
be used to separate catalyst from reaction mixture, whereupon its drying under
vacuum allowed for reuse in subsequent reactions. However, loss in activity was
observed, most likely due to poisoning by the indole derivatives.

5 Copper

Opportunities to apply relatively inexpensive organocopper chemistry [41] in
the form of nanoparticles as catalysts have also been the focus of several recent
investigations. Significant efforts have been dedicated to improving the efficiency of
copper located within NPs, notably toward reducing metal loading (�1,000 ppm) as
well as developing an alternative to more toxic and/or precious metals. One driving
force behind reducing the loading of copper can be seen in the case of biologically
relevant couplings, such as the copper(I)-catalyzed alkyne-azide cycloaddition
(CuAAC) or other click reactions, where excess metal may interfere with applica-
tions of the triazole products. Additionally, valuable transformations such as C-C or
C-heteroatom formation as well as reduction [41] or oxidation [42] processes have
been reported.

Historically, alkyne-azide cycloaddition (AAC) reactions usually lead to
mixtures of 1,4- and 1,5-disubstituted triazoles. Work by Sharpless and Meldal,
in 2002 [43, 44], highlighted the positive impact of adding Cu(I) to the pot,
leading to regiocontrol strongly favoring the 1,4-isomer. In this regard, the
emergence of CuNPs as recoverable and recyclable catalysts has begun to address
the sustainability aspects of this important reaction. Radivoy et al. described
both unsupported and supported CuNPs for the CuAAC reaction [45]. In the case
of unsupported CuNPs, despite superior activities compared to commercial copper
catalysts, the NPs had the tendency to dissolve under optimal conditions, posing
a problem for recycling and residual metal to be found in the final product [46].
Later, the same group reported on supported NPs, using carbon or MagSilica.
Isolation and manipulation of the organic azide needed for the Cu-catalyzed
AAC could be avoided by its in situ generation via a multicomponent process
from anilines, aryldiazonium salts, alkenes [47], epoxides [48], or halides [49].
Thus, both waste reduction and safer processes were achieved. Simultaneously,
the CuAAC reaction could be effected in the presence of 0.5–5 mol% of CuNPs
on carbon or MagSilica at 70�C in water or acetonitrile [50]. Applications of
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the silica-coated maghemite (CuNPs/MagSilica) to homocoupling of terminal
alkynes, as well as three-component reactions to arrive at propargylamines
from aldehydes, amines, and terminal alkynes (A3 coupling), have also been
studied (Fig. 20) [49].

Astruc et al. reported PEG-2000-stabilized copper NPs [51], the formation
of which required reduction of CuSO4�5H2O using sodium naphthalenide in
acetonitrile, followed by an aqueous DCM extraction resulting in pure, stabilized
copper nanoparticles (designated as Cu(0)NP-PEG). Interestingly, UV detection
of the catalyst after brief exposure to air showed the formation of Cu2O on
the surface of the catalyst (designated Cu(I)NP-PEG). The activity of the three
catalysts, the unpurified catalyst (Cu(0)-PEG-1), Cu(0)-PEG, and Cu(I)NP-PEG,
was then used in water in a model reaction between phenylacetylene and benzyl
azide at room temperature. At 50 ppm copper, a significant increase in conversion
is seen using Cu(I)NP-PEG relative to that using purified Cu(0)-PEG (32%)
air-free catalyst, or relative to the conversion noted using oxidized Cu(I)NP-PEG
(75%). The unpurified catalyst afforded only traces of the product. Furthermore,
increasing the catalyst loading of Cu(I)NP-PEG from 50 to 100 ppm resulted
in 100% conversion and 97% isolated yield of the desired click product. By
immobilizing the optimal oxidized catalyst onto a mesoporous type of silica
(SBA-15) as solid support, syntheses of three bioactive molecules requiring
only 1,000 ppm of Cu catalyst could be accomplished (Fig. 21). No leaching was
detected at 50�C using a 1:1 H2O to t-BuOH mixture as solvent.

In 2017, Lipshutz et al. developed a novel nanoparticle catalyst for click
chemistry [52], prepared using 1,000 ppm of a Cu(I) salt in place of Pd in the Fe
NPs previously described [14]. A wide variety of benzyl and alkyl azide/alkyne
combinations were efficiently cyclized at room temperature. The use of 2 wt%
TPGS-750-M in water facilitated the reaction of even highly water-insoluble
alkynes such as those derived from α-tocopherol (84%) and solanesol (88%;
Fig. 22). The active catalyst is bench-stable when stored in an aqueous medium
containing ascorbic acid.

Fig. 20 CuNPs/support applied to a three-component reaction (a), an alkyne homocoupling (b),
and a Cu-catalyzed AAC reaction (c)
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Preparation of Fe/ppm Cu Nanoparticles In a tared, flame-dried two-neck
round-bottomed flask, anhydrous pure FeCl3 (121.7 mg, 0.75 mmol) and
CuOAc (1.839 mg, 0.015 mmol) were placed under an atmosphere of dry argon.
The flask was closed with a septum, and dry THF (10 mL) was added. The
reaction mixture was stirred for 10 min at rt. While maintaining a dry atmosphere
at rt., MeMgCl (2.25 mL, 1.125 mmol; 0.5 M solution) in THF was very
slowly (1 drop/2 s) added to the reaction mixture. After complete addition of the
Grignard reagent, the reaction mixture was stirred for an additional 30 min at rt.
An appearance of a dark brown coloration was indicative of generation of
nanomaterial. The stir bar was removed, and THF was evaporated under reduced
pressure at rt. followed by washing the mixture with dry pentane to provide a light
brown-colored nanopowder. The nanomaterial was dried under reduced pressure
at rt. for 10 min (603 mg) and could then be used directly for CuAAC reactions
under micellar conditions. Dividing the starting mass of CuOAc by the final
weight in the flask yields CuOAc concentration in the isolated catalyst: 1.839 mg
CuOAc/603 mg NPs ¼ 0.305 mg CuOAc/100 mg NPs which equates to 0.061 mg
(1,000 ppm Cu for 0.5 mmol substrate)/20 mg NPs.

General Procedure for CuAAC Reactions In a flame-dried 10 mL microwave
reaction vial, FeCl3 (4.1 mg, 5 mol%) was added under anhydrous conditions.
The reaction vial was closed with a rubber septum, and the mixture was evacuated

Fig. 21 ppm level of PEG-2000-stabilized CuNPs for CuAAC reactions

Fig. 22 CuAAC reactions
using Fe/ppm CuNPs
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and backfilled with argon three times. Dry THF (0.7 mL) and CuOAc in
THF (0.061 mL, 1,000 ppm; 1 g/L) were added to the vial, and the mixture was
stirred for 10 min at rt., after which MeMgCl in THF (0.75 mL, 7.5 mol%; 0.5 M)
was added to the reaction mixture. While maintaining an inert atmosphere,
THF was evaporated under reduced pressure. An aqueous solution of 2 wt%
TPGS-750-M (1.0 mL) was then added to the vial followed by sequential addition
of alkyne (0.5 mmol), azide (0.6 mmol, 1.2 equiv), and triethylamine (0.0349 mL,
0.25 mmol, 0.5 equiv). The mixture was stirred vigorously at rt. After complete
consumption of starting material, as monitored by TLC or GC-MS, EtOAc (1 mL)
was added to the reaction mixture, which was then stirred gently for 5 min
(NOTE: vigorous stirring or shaking in the reaction flask or in a separatory
funnel during the extraction process resulted in the formation of an intractable
emulsion with consequent reductions in isolated yields). Stirring was stopped,
and the organic layer was separated with the aid of a centrifuge. The organic
layer was removed, and the extraction process was repeated two additional times.
The combined organic layers were dried over anhydrous magnesium or sodium
sulfate or flushed through a plug of dried silica gel. The solvent was then evacuated
under reduced pressure to obtain crude material which was purified by flash
chromatography over silica gel using EtOAc/hexanes as eluent.

Among the virtues associated with supported NPs is their assumed re-isolation
and reuse once a reaction is complete, indicative of a greener and potentially
sustainable process. However, their small size may, upon filtration, block the filter
pores or may not be retained at all. Magnetic separation of an active core catalyst
dispersed onto a ferromagnetic surface may solve this problem. In this scenario,
the nanoparticle catalyst would be simply retained on a magnet, while the bulk
product mixture is separated from the system.

In that vein, Hosseini and co-workers reported the use of silica-coated Fe3O4

NPs applied to click chemistry [53]. The surface of the stabilized NPs was
modified with a polymer [3-(trimethoxysilyl)propylmethacrylate/ILs] matrix for
immobilization of copper sulfate. The cycloaddition between azides and alkynes
was performed with only 0.2 mol% of catalyst, in water at room temperature
affording products with yields typically surpassing 82% (Fig. 23).

Fig. 23 Copper-loaded polymeric magnetic nanocatalysts for CuAAc reactions
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Further advancement of related NP technology has been pursued by Liu et al.
recently using magnetic, iron-supported cupric oxide nanoparticles for rearrangements
of a diketoenyne to substituted furans [54]. They began by testing an array of copper
(II) salts dispersed onto Fe3O4 as support, finding that Cu2O led to the most active
catalyst for the formation of diketofuran 1. Further optimization using additives
such as L-proline and solvent such as THF resulted in formation of the intended
product 1, along with side product 2. Interestingly, they discovered that the atmosphere
of the reaction played a crucial role: running the reaction under air resulted in the
highest yield (88%) of 1, while using an inert atmosphere afforded the highest yield
of 2 (89%) (Fig. 24).

Evaluation of substrate scope for both types of optimized domino processes
leading to furans indicated that high yields are formed in general, in reactions leading
to bis-keto products 1(78–87%), while keto-olefin products 2 formed in yields
ranging from 41 to 87%. In terms of NP recovery, the catalyst was found to be
deposited onto the magnetic stir bar leading to 99% recovery. Remarkably, the
recovered catalyst could be reused eight more times, resulting in only a modest
drop in yield of 1 under standard conditions to 72%. The results of this report,
as well as those from others pursuing similar magnetic NP technology, provide
industrially interesting prospects at the process level due to these facile, economical,
and “green” methods that have been developed of late.

Mesoporous polymers (MP) have also attracted a lot of attention due to their
large surface area and their high stability to acidic and basic conditions. Zhang
et al. described a green synthesis of mesoporous polymer-supported CuNPs
and their applications to a Sonogashira-like reaction between acyl chlorides and
terminal alkynes [55]. These NPs were obtained via melt infiltration of copper nitrate
hydrates into a phenol-formaldehyde polymer, followed by a pyrolysis-induced
reduction of Cu(II) ions. Subsequent use of a capping agent or additional reduction
process was not needed. This catalyst was used for the synthesis of seven alkynes
under mild conditions (solvent-free, 40�C) with good-to-excellent yields (71–99%;
Fig. 25). The coupling provides access to ynones, a structural array found in several
natural products. The material can be recycled at least six times with no decrease
of reactivity. ICP analysis revealed that only 0.17% Cu had leached from the catalyst
after ten cycles, making it a good candidate for pharmaceutical applications.

CuNPs have also been utilized for reduction processes. Notably, the original work
from Zamani et al. involved use of renewable and low-cost biomass containing
cellulose and lignin as the support. Indeed, crushed walnut shells have been used
to support and stabilize the metal (Fig. 26) [41].

Fig. 24 Rearrangement of a diketoenyne catalyzed by magnetic CuNPs
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Gawande et al. reported the use of magnetic CuNPs for various C-heteroatom
bond constructions [56]. Copper was uniformly dispersed on the surface of
maghemite thereby gaining access to new C-O, C-S, and C-N bonds in moderate-
to-excellent yields despite high temperatures and catalyst loadings (~3–6 mol%).
These NPs could be recovered magnetically, washed with ethanol, dried at 60�C
under vacuum, and then reused six times with unaltered efficiency (Fig. 27).

One-pot, multicomponent reactions (MCRs) are of great industrial importance,
offering expeditious routes toward complicated target molecules, as illustrated
by Ugi [57, 58], Passerini [59], Biginelli [60, 61], and others. The processes
involved usually enjoy the benefits of environmental friendliness, as the number of
downstream processing and purification steps is typically significantly reduced.

Fig. 26 Copper
nanoparticles on walnut
shell for reduction reactions

Fig. 27 C-Heteroatom bond formation with Cu-maghemite NPs

Fig. 25 Sonogashira-like
reaction catalyzed by
CuNPs supported on a
mesoporous polymer
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Therefore, the combination of both MCR and non-noble nanoparticle catalysis,
as well as neat reaction conditions, represents a synthetic strategy as a means to
“green-up” an approach to functionalized, complex cores. A recent example of
the combination of MCR and copper(I) oxide NPs was described by Sharghi et al.
for construction of functionalized benzofurans [62]. This involved a three-step,
one-pot process, wherein a secondary amine condenses onto a salicylaldehyde,
forming an iminium intermediate in the presence of tetra-n-butylammonium
bromide (TBAB), followed by 1,2-addition of a copper-(NP)-acetylide to form the
corresponding tertiary amine (Fig. 28).

Key to this sequence is the combination of the deprotonation of the phenol along
with activation of the alkyne by the copper nanoparticles. Subsequent 5-exo-dig
cyclization affords the immediate precursor to the final aromatic benzofuran product
(Fig. 29).

Optimization of the catalyst for this transformation led to copper(I) NPs as the
best source of copper, compared to copper(II) salts. The nanoparticles were then
prepared using a route developed by Tang et al. [63, 64]. Screening solvents
showed that the reaction run neat at 100�C gave the best result for the cyclized
product (91% yield) in less than 2 h. Recycling of these nanoparticles for the same
reaction reduced efficiency in product formation by only 8% after five consecutive
runs (90% yield for the first run, 82% for the fifth run). Analysis of the catalyst
showed loss of copper of 7% after five runs. Ultimately, this reaction provides
an example of the combination of two “green” technologies: multicomponent
reactions and low-cost copper NP catalysis.

6 Gold

Heterogeneous gold catalysts as used in organic synthesis have appeared in three
main forms (Fig. 30). These are not only different in appearance and reactivity
but also in their preparation. The first two, metal clusters and Au NPs on a

Fig. 28 Reaction between 2-hydroxybenzaldehyde, a secondary amine, and an alkyne catalyzed by
Cu(I) oxide NPs

Fig. 29 Solvent-free synthesis of substituted benzofurans catalyzed by Cu(I) oxide NPs
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support, are prepared from metal salts, while the third is prepared essentially
from bulk gold possessing silver or other less noble metal impurities [64, 65].

The most notable applications of gold catalysis were mainly based on
fundamental reactions (Fig. 31), such as CO oxidation (Eq. 1) [66, 67],
hydrogenation (Eq. 2) [68–71], and hydrochlorination of alkynes (Eq. 3) [72].
These heterogeneous reactions have been widely investigated and reviewed over
time. What has been most intriguing of late, however, is how gold NPs function as an
alternative to copper, palladium, or other transition metals for C-C and C-N cou-
plings, in addition to other complex catalytic reactions (vide infra).

Suzuki-Miyaura (SM) coupling reactions are highly dominated by palladium
catalysts, attributed to the extensive work done on fine-tuning of ligands that
allows for couplings of even especially challenging reaction partners. On the other
hand, gold has only recently been introduced for this purpose by Guo et al. [73]
who reported the first gold nanoparticle-mediated SM couplings of aryl halides
(chlorides, bromides, and iodides) with boronic acids (Fig. 32). Nanoparticles
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X = no. of Au atoms 

Au NPs on support Au NPore
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of ca. 1 nm in size were supported or stabilized by polyaminothiophenol (PTAP)
and were easily prepared by mixing the appropriate precursors. Reactions could
be performed in water using only 500 ppm of gold catalyst, albeit at 80�C. Although
trace amounts of gold were leached into the solution leading to debate regarding
the homo- vs. heterogeneity of the reaction, the catalyst was recycled six times
without noticeable differences in chemical yield. The chemistry can be done
with electron-poor (3) or electron-rich (4) chlorides. The normal reactivity trend
of I > Br > Cl was also followed to arrive at product 5. A bulky, di-ortho-halo-
substituted boronic acid also gave product (6), although in this case the yield
was modest. The size of gold NPs has considerable effect on the reactivity, where
5 nm gold particles led to only trace amounts (ca. 10%) of product.

Preparation of the Polymer-Supported Au Catalyst 2-Aminothiophenol
(100.0 mg, 0.4 mmol) was dispersed in aqueous HCl solution (1.0 M, 20 mL)
with magnetic stirring at rt. for 1 h to obtain a uniform solution. After that, the
mixture was maintained at 20�C for 0.5 h before oxidative polymerization. Then,
a quantitative amount of an aqueous HAuCl4 solution (0.1 M) was added to the
above mixture in one portion. The resulting solution was stirred for another 0.5 min
to ensure complete mixing, and then the reaction was allowed to proceed with
agitation for 24 h at 20�C. Finally, the product was washed with deionized water
until the filtrate became colorless and then dried under vacuum at 60�C for 24 h.

General Procedure for Suzuki-Miyaura Cross-Coupling The aryl halide
(225.0 mg, 2.0 mmol), phenylboronic acid (292.6 mg, 2.4 mmol), and NaOH
(320.0 mg, 8.0 mmol) were added to 40 mL of deionized water. The solution
was stirred at 80�C until the chemicals were completely dissolved. Then, an
aqueous solution of the Au catalyst (1.0 mM, 1.0 mL, 0.05 mol%) was added
to the stirred solution in one portion, and the reaction mixture was stirred for
another 4 h at this temperature. After the mixture had cooled to rt., the organic
product was extracted with Et2O (3 � 20 mL). The organic layer was dried
with anhydrous Na2SO4. After filtration, all volatiles were removed under reduced
pressure to yield the final product.

Following this initial discovery, applications of Au NPs toward SM
couplings have gained attention from the synthetic community (Table 1). In
this context, Corma, Garcia, and co-workers [74] used Au-platelets grafted on
graphene (Au/fl-G) for SM couplings of aryl halides with phenylboronic acid in
water (entry 1). Interesting is the reactivity of aryl halides in the order of Cl> Br> I,
which is contrary to expectations based on C-X bond strength. DFT calculations
suggested that such reactivity could be observed due to a poisoning effect of
halide on gold, with iodide having a greater effect than bromide and much
higher than chloride. Thomas et al. [75] prepared a composite of gold NPs
with strontium, cross-linked alginate carboxymethyl cellulose, and graphene
oxide (Sr/Alg/CMC/GO/Au) and utilized 50 ppm of this catalyst for SM
couplings of chlorobenzene with phenylboronic acid in water at 80�C, leading
to a 76% yield of the desired product (entry 2). Nemygina et al. [76] have
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shown that bimetallic Au-Pd core-shell NPs stabilized with hyper-cross-linked
polystyrene (Au-Pd/HPS) could be used for SM couplings of 4-bromoanisole
with phenylboronic acid in an EtOH/water mixture at 60�C under light irradiation
using a 300 W filament lamp (entry 3). Very recently, Khodaei and Dehghan [77]
explored comparatively complex Fe3O4-Au@SF-SBA-15 NPs for couplings of
chlorides, bromides, and iodides at 80�C in aqueous ethanol (entry 4). In this
case, recycling this catalyst seven times showed limited reduction in yield.

Gold catalysis using NPs is also applicable to both Heck and Sonogashira
reactions, which are alternative ways of preparing internal alkenes and alkynes,
respectively (Table 2). Nasrollahzadeh et al. [78] used 2,000 ppm Au-Pd
bimetallic nanoparticles (Au-PdNPs-1), prepared by reducing gold and palladium
salts using Euphorbia condylocarpa plant extract, for Heck couplings between aryl
iodides and styrene derivatives in water at 80�C (entry 1). The catalyst was
reused over four cycles, giving essentially the same chemical yields. Moreover
[79], they also prepared bimetallic Au-Pd nanoparticles (Au-PdNPs-2) by

Table 2 Au NPs used for Heck and Sonogashira couplings

X
Au NPs (z ppm)

base, solvent
temperature, timeR2

X = Cl/Br/I
R1

R1

entry Au NPs (ppm) base solvent temperature 
(oC)/time (h)

yield (%)

1 Au-Pd NPs-1 (2000) 80/8 94K2CO3

X/R1/R2

I/H/H

2 Au-Pd NPs-2 (2000) Br/H/H K2CO3 H2O 80/12 85

3 Au/SiO2 (30,000) I/H/H K2CO3 DMF ~130/4 87

4 Au/Pd2-Sn NRs (N/A) I/H/H KOH 130/0.5 67

R2

H2O

DMF

Heck

Sonogashira

Table 1 Au NPs for Suzuki-Miyaura couplings

X

(HO)2B

Au NPs (z ppm)

base, solvent
temperature, timeR2

R2

X = Cl/Br/I
R1

R1

Entry Au NPs (ppm) X/R1/R2 Base Solvent Temperature (ºC)/
time (h)

Yield
(%)

1 Au/fl-G (N/A) CI/H/H NaOH H2O 80/24 65

2 Sr/Alg/CMC/GO/Au
(50)

CI/H/H NaOH H2O 80/4 76

3 Au-Pd/HPS (N/A) Br/4-
Ome/H

NaOH EtOH/
H2O

60/3 71

4 Fe3O4-Au@SF-SBA-
15 (6400)

CI/H/H K2CO3 EtOH/
H2O

80/1.3 95
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electrochemical reduction of the corresponding salts. Interestingly, 3,000 ppm of
metal within these NPs was sufficient to catalyze Heck couplings of bromides
under close to the same conditions as used for Au-PdNPs-1 (entry 2). The authors
did not perform control experiments with only Au NPs or Pd NPs; hence, the
need for a bimetallic system is still an open question. Experiments that test
the extent of leaching of metals, however, were carried out to establish the
heterogeneous nature of these reactions.

De Souza et al. [80] have used 3 mol% (30,000 ppm) gold nanoparticles
supported on silica (Au/SiO2) for copper-free Sonogashira couplings of iodobenzene
with phenylacetylene under microwave conditions in DMF (entry 3). This educt
gave an 87% yield of the alkyne within 1 h, while bromobenzene afforded a 61%
yield and required a longer reaction time (3.5 h). Recently, Nafria et al. [81] used
gold nanoparticles supported on Pd2-Sn nanorods (Au/Pd2-Sn NRs), prepared by
growing gold dots on nanorods for Sonogashira coupling between iodobenzene
and phenylacetylene in hot DMF (entry 4). Apart from the desired product, both
partial and complete reduction of the initially coupled product alkyne was observed,
where the hydrogen for reduction was coming from DMF.

Three-component couplings that rely on gold NPs involve 1-pot, 2-bond (C-C/
C-N) formations leading to highly valued propargylamines [82]. As examples,
this reaction represents a key step in the synthesis of an intermediate toward the
naamine family of natural products [83], as well as a lactone intermediate used
to prepare other natural products (Fig. 33, left) [84]. The mechanism of this
reaction is believed to be similar to that of other metal-catalyzed A3 couplings.
Aurophilic interaction of Au NPs with the alkyne leads to formation of a
Au-acetylide complex, which then attacks an iminium ion formed from the amine
and aldehyde to give the desired product, releasing the Au NPs. In the process,
a molecule of water is lost (Fig. 33, right).
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Fig. 33 Targeted products using Au NPs (left) and a proposed mechanism of A3-couplings (right)
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Although the mechanism is not fully established, considerable research has
been done in this regard on heterogeneous gold catalysts following the first
report by Kidwai and co-workers [85]. In this work, gold NPs of varying sizes
(10–70 nm) were prepared. It was then observed that Au NPs of size 10 nm
showed the best activity. The only drawback anticipated was the need for excessive
amounts of these NPs (10 mol%), used in methanol at 75–80�C. Nevertheless,
a wide variety of substrates was studied (Fig. 34; e.g., 7), most affording
excellent chemical yields. Following this discovery, Huang et al. [86] used robust
gold NPs supported on thiol-modified cellulose nanocrystallite Au/HS-CNC
(4.4 mol%) for this same reaction type but under solvent-free conditions to
arrive at a wide variety of propargylamines (e.g., 8) in good-to-moderate yields.
In 2016, Haruta’s [87] group prepared phosphine-/phenylacetylide-protected gold
clusters on TiO2 (Au25(PPh3)10(PA)5X2)/TiO2 and applied these to A3 couplings
in water at 100�C to give the desired product in 90% yield (see 9). Yields were
similar for the first (90%) and second (88%) recycles. This catalyst has been applied
to several substrates leading to products in good-to-excellent yields, although in the
case of aliphatic aldehydes, yields dropped significantly (~30%). Recently, Veisi and
co-workers [88] described an eco-friendly method to prepare Au NPs by reducing
gold salts with Stachys lavandulifolia (Au/S. lavandulifolia). Such nanoparticles
were utilized for similar A3-couplings to give a variety of products (e.g., 10).

Corma and Hashmi [89] reported that gold nanoparticles supported on CeO2

(Au/CeO2) could be utilized for alkyne activation of ω-alkynylfurans, leading
to the cyclized phenols in high yields (Fig. 35). Analysis of the extent of
leaching showed that 25 ppm of gold had been released into solution, questioning
heterogeneity of the reaction.
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Oh and Han [90] described spherical monodispersed Au(III) NPs for use in a
cascade-type cyclization, leading to an interesting polycyclic ring system (Fig. 36).
The mechanism proposed is akin to that characteristic of homogeneous gold
catalysis. Alkyne activation with gold leads to a zwitterionic intermediate, which
further undergoes [3 + 2] cyclization with the tethered allene to give the final
oxabicyclic product.

Stratakis and co-workers [91] used 1.2 mol% of TiO2-supported Au NPs
(Au/TiO2) for cyclization of enynes (Fig. 37). The desired product was obtained
in 92% yield after a 4-day reaction period. The mechanism was found to involve
a cyclopropyl gold carbene complex, which then undergoes ring expansion and
isomerizes to the desired product by eventual loss of the Au catalyst.
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7 Rhodium

Given that rhodium is among the rarest and most expensive precious metals, use of
heterogeneous Rh NPs as highly reactive, robust, and reusable platforms can be
especially attractive, perhaps most notably in the pharmaceutical industry where
the residual contamination by Rh is limited to <100 μg/day (oral PDE) [92].

While Suzuki-Miyaura and Sonogashira cross-couplings are dominated
by Pd-catalyzed processes, some examples mediated by Rh have been reported
[93–95], illustrating the versatility of rhodium NPs. Most applications described,
however, involve hydrogenation and hydroformylation reactions.

In 2016, Karakulina et al. described the cooperative effect of Rh NPs and
acidic ionic liquids (ILs) for the chemoselective reduction of quinolines, as well as
pyridine and benzofuran derivatives, to access the corresponding heterocycles [96].
To avoid harsh conditions (i.e., temperatures >150�C, high catalyst loadings, etc.),
a chlorozincate-[bmim][BF4] IL medium was found not only to stabilize and
support the NPs but also to participate in the reaction. It is postulated that
the Lewis acid IL coordinates to the heteroatom and facilitates hydrogenation
of the ring under milder conditions (80�C, 30 bars of H2). Indeed, in the absence of
the chlorozincate, lower conversions were observed (Fig. 38). Both electron-
donating and electron-withdrawing substituents, as well as halides, are well tolerated.
The catalyst has been recycled six times without substantial loss of reactivity (90!
84%, over 6 cycles). This method is remarkable given its chemoselectivity, as the
aromatic rings remained untouched, leading to reduction of only the heteroaromatic.

The work of Kobayashi and co-workers involves Rh/Ag bimetallic NPs
stabilized by nanocomposites of cross-linked polystyrene-based copolymers, and
carbon black has been introduced as a new strategy for Rh immobilization [97].
This polymer-incarcerated metal platform (PI/CB Rh/Ag) shows high catalytic
activity, robustness insofar as recyclability and reactivation are concerned, and no
metal leaching. A first application of this system to asymmetric 1,4-additions of
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Fig. 38 Rh NP/[bmim]Cl-χZnCl2-[bmim][BF4] (c ¼ 0.67) catalyzed hydrogenation of quinolines
(a), pyridine derivatives (b), and benzofuran derivatives (c)

110 M. Cortes-Clerget et al.



arylboronic acids to enones has been reported [98]. A bifunctional chiral diene
ligand was used to simultaneously bind the metal and activate the substrate through
Brønsted acid activation. While (S)-BINAP was initially investigated, a significant
amount of Rh leaching was observed, ultimately suppressed by the use of this diene
ligand (Fig. 39) [99]. The proximity of the substrate to the metal and the bulkiness of
the chiral ligand allowed the reaction to proceed with high yields and
stereoselectivities. Compared to homogeneous systems, the heterogeneous NPs
showed superior performance, even with a lesser amount of ligand (0.05 mol
% vs. 0.11 mol%). Use of a bimetallic system impacted greatly the surface distribu-
tion of Rh. Indeed, STEM analysis and EDS mapping revealed aggregation of Rh
within the monometallic Rh NPs, while rhodium was more dispersed in the bime-
tallic Rh/Ag system.

Several examples, including three biologically important molecules, were
prepared using this approach. Recycling of the NPs (up to six times) showed
no significant loss of reactivity or selectivity. Comparison between heterogeneous
and homogeneous catalysis showed that, despite a long induction period for
the NP version, they are stable and ultimately lead to completion even at lower
concentrations, while use of homogeneous catalysis plateaued, leading to lower
yields. The mechanism is postulated to follow a redox process between the
arylboronic acid and the surface of the NPs, as the induction period was reduced
by incubation with the NPs. Coordination of the ligand to the reduced surface
may then follow different pathways. In the case of hydrogenation, the reaction
would happen directly at those sites, but in the case of C-C bond formation,
the mechanism is more controversial. A smaller entity could detach from the NPs
as a form of an active metal cluster or complex, which could reaggregate as NPs
after the reaction. The second theory suggests that some degree of homogeneous
metal complex leached into solution. As no leaching was detected by inductively
coupled plasma (ICP) or a hot-filtration test, the latter hypothesis is unlikely [100].

Rh

Rh

N
H

O

R1 R2

O

R1 R2

OAr

Rh
Rh

Rh
Ag

Ag
Ag

AgAgRh

substrate

bulky group

hydrogen donor

rigid amide structure

high stereoselectivities

bifunctional ligand
coordination to metal
substrate activation

ArB(OH)2 (2.0 equiv)
PI/CB Rh/Ag (0.25 mol %)

ligand (0.05 mol %)

toluene/H2O (1/2), 100 °C, Ar, 16 h

22 examples
68-97% yields
92->99.5% ee

Fig. 39 Asymmetric
1,4-addition reaction with
PI/CB Rh/Ag NPs and
bifunctional ligand

Earth-Abundant and Precious Metal Nanoparticle Catalysis 111



The same system has been applied to asymmetric arylations of imines (Fig. 40)
[101]. Aryl tosylimines substituted by electron-withdrawing or electron-donating
groups can be arylated in high yields and stereoselectivities. In the case of aliphatic
imines, being more prone to hydrolysis, an induction period to activate the catalyst
at 100�C in the presence of the arylboronic acid (reductant) helped to diminish
this side reaction and led to the desired products with 99% ee’s despite low yields.
The NPs could be recovered by simple filtration and reused, along with ligand
addition and reactivation at 150�C, up to five cycles.

Use of heterobimetallic NPs is also of high interest as they usually show
improved performances compared to the monometallic NPs, alone, or combined.
The same group recently reported Rh/Pt NPs, supported on alumina and polysilane
(DMPSi), for hydrogenation of arenes (Fig. 41) [102]. The NPs have been used
both in batch and under flow conditions. Very high activity was observed in
the batch system, under mild conditions (0.00625 mol%, 30–50�C, 1 atm H2).
These Rh-Pt/(DMPSi-Al2O3) NPs could be recycled via simple filtration and
reused ten times. In the case of decreased activity, drying the NPs under argon
was sufficient to reactivate them. Even greater activity was noted when applied
to flow processes, especially for highly coordinating substrates.

Prof. Chung and co-workers have extensively studied the application of
Co/Rh heterobimetallic nanoparticles in carbonylation-related reactions (Fig. 42)
[103, 104]. These NPs were prepared by mixing Co2Rh2(CO)12 and Co3Rh(CO)12
clusters in a solution of o-dichlorobenzene, oleic acid, and trioctylphosphine
oxide at 180�C, over 2 h. After removal of solvent, the resulting NPs were
suspended in THF and either used directly or immobilized by refluxing them in

Fig. 40 Asymmetric
arylations of imines
catalyzed by PI/CB
Rh/Ag NPs

Fig. 41 Arene hydrogenation catalyzed by Rh-Pt NPs under batch and flow conditions
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THF in the presence of flame-dried charcoal for 12 h, followed by filtration and
then drying. As determined by ICP-AES, the ratios of Co:Rh were 1.09:1 and 2.93:1,
respectively [105].

Application to [2 + 2 + 1] Pauson-Khand cycloaddition reactions confirmed
the synergistic effect of these bimetallic structures. Indeed, the intramolecular
reaction of allyl propargyl ether under one atmosphere of CO afforded 87 and
88% yields, with Co/Rh and supported CO/Rh NPs, respectively. The solid support
did not affect the outcome of the reaction and allowed five recycles without
significant loss of reactivity. On the other hand, no reaction was observed with
supported Co/C NPs, and low-to-moderate yields were reported using (Rh4) and
Co3Rh/C (23 and 65%, respectively). A mixture of both Co NPs and Rh NPs
led to only 12% yield, confirming the synergistic effect. Perhaps more important
than the recycling aspect of this technology is the residual amount of metal
found in the final product. ICP-AES elemental analysis showed less than 0.1 ppm
of leached metals after reaction completion. The FDA limitation for the orally
permitted daily exposure for Rh and Co in drugs is 100 and 50 μg/day, respectively.
These NPs have also recently been applied to reductive aminations [106, 107]
and reductive cyclizations to access indoles [108].

8 Ruthenium

Ruthenium has an especially broad number of oxidation states and, thus, various
coordination geometries, making it a versatile catalyst. Hara et al. reported
aminations of carbonyl compounds in the presence of ammonia as nitrogen
source and hydrogen gas as reductant, catalyzed by highly active and structurally
controlled ruthenium NPs (Fig. 43) [109]. The morphology of the catalyst
was the key to access primary amines with high reaction rates. Flat-shaped pristine
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fcc (face-centered cubic) ruthenium NP performance was in most cases superior to
that previously described using Ru/Nb2O5 [110]. Indeed, reaction rates have been
reported to be 5–7 times higher. While both catalysts are supported by a weakly
electron-donating material, the flat Ru NPs present a larger surface of Ru(0).
Functional groups such as halides, aryl, and heterocycles are well tolerated.
The nanoparticles have been recycled four times without loss of reactivity.

Prechtl and co-workers have described use of ruthenium NPs in multifunctional
ILs for selective hydrogenation of quinolines [111]. Here again, the nature of the IL
was crucial for obtaining good selectivity. Diol-functionalized ILs have been
found to play a significant role as chemoselective controllers as well as stabilizers
for the hydrogenation of N-heterocyclic compounds. The 1–3 nm Ru NP surface
is believed to be coated by the diols, which activate the heteroaromatic within
the substrate (Fig. 44). In the absence of these functionalities, up to 9% of the
side-product 5,6,7,8-tetrahydroquinoline was detected. Pyridines, pyrimidines,
pyrroles, and pyrazoles have been successfully reduced. By contrast, indoles
and carbazoles, being less basic, are less prone to be involved in hydrogen bonding
with the diols and, hence, are typically fully reduced. Both methods, using Rh as
reported by Dyson et al. (vide supra) [96] and Ru as catalyst for the selective
hydrogenation of N-heterocycles, require similar conditions (pressure, temperature,
reaction time), but a slightly lower loading was necessary with Rh (1 vs. 2 mol%).

Preparation of NPs for Hydrogenations A screw-capped vial with butyl/PTFE
septum was loaded with [Ru(2-methylallyl)2COD] (12.1 mg, 0.038 mmol) and the
appropriate ionic liquid (0.3 g) under argon. The suspension was heated to 90�C and
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stirred under argon for 18 h resulting in a black suspension. The NP suspension
was evaporated under reduced pressure to remove volatile by-products from the
decomposition of the organometallic precursor. The monometallic Ru NPs
in [C1C1(EG)IM]NTf2 were prepared adapted from a literature method using a
concentration of 0.1 M precursor in the IL. The monometallic Ru NPs in
[C2OHMIM]NTf2 were synthesized using 0.1 M precursor in IL suspension
at 90�C for 18 h.

Representative Hydrogenation Reaction To freshly prepared Ru NPs in an
IL was added 1.9 mmol of the N-heteroaromatic compound. Then, the vial was
placed in a stainless-steel autoclave; the reactor was sealed, charged with hydrogen,
and was then placed into a preheated aluminum heating block (600 rpm) at the
appropriate temperature. For certain compounds, mesitylene was added as cosolvent
for better solubility of the substrate. After the appropriate reaction time the reactor
was cooled to rt. For work-up, the reaction mixture was extracted with 5 � 2 mL of
n-pentane or diethyl ether, the solvent was evaporated under reduced pressure, and
20 μL (0.01 mmol) of hexamethyldisilane as internal standard was added.

9 Cobalt

Hydroquinolines are present in many pharmaceuticals and agrochemicals. While
rhodium NPs can selectively hydrogenate N-heterocyclic compounds, an alternative
approach using an earth-abundant metal under mild conditions is desirable. Beller
et al. have developed cobalt oxide-derived NPs featuring nitrogen-doped (e.g.,
phenanthroline) graphene layers on alumina [112]. While reduction of quinoline
failed using the homogeneous catalyst Co(OAc)2.4H2O/1,10-phenantroline, these
NPs, obtained via pyrolysis, led to reduction of the heterocyclic ring in good-to-
excellent yields (Fig. 45). The NPs have been reused six times with only a slight loss
in reactivity. Hydrogenation of indoles to indolines was also reported.

Semi-hydrogenation of alkynes in the presence of hydrogen gas is an attractive
route to access alkenes, for both economic and environmental reasons. Cobalt NPs
have also proven to be efficient for selective semi-hydrogenation of alkynes without
over-reduction to the corresponding alkanes (Fig. 46) [113]. Computational studies
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show that over-reduction of the alkene to the alkane is forbidden. After alkene
insertion to form the alkylcobalt(I) intermediate, β-H elimination is energetically
favored over protonation of the Co-C bond [114].

10 Iron

Iron, the fourth most abundant element on Earth, is attractive not only as an
economical choice of metal but for its magnetic and catalytic properties. Fe(0)
and iron oxides, namely, maghemite (γ-Fe2O3) and magnetite (Fe3O4), are the two
dominant forms of iron NPs encountered in the literature (Fig. 47). Use of the
reduced, less stable form in synthesis is still very early in its development. Indeed,
Fe(0) NPs are pyrophoric upon contact with oxidizing agents; hence, working
with a pre-oxidized form is far more convenient. Surprisingly, while iron is
commonly used on large scale for catalytic hydrogenation (e.g., the Haber-Bosch
process), its applications to pharmaceuticals and fine chemical synthesis are
still minimal and should be investigated further for obvious environmental and
economic reasons.

A sustainable iron-catalyzed (Z )-selective alkyne semi-hydrogenation in ionic
liquids has been reported by Gieshoff et al. [116]. To avoid use of expensive
and endangered Pd, or other platinoids or group ten metals, as well as toxic
Pb(OAc)2, Lindlar-type catalysts involving Fe NPs, stabilized by ionic liquids
and a suitable ligand, acetonitrile, have been developed. The nanoparticles
were prepared by reduction of FeCl3 with EtMgCl. The presence of a nitrile function
in, e.g., CH3CN, either directly involved with the ILs or as an additive, was required
to control the reactivity of the catalyst and to avoid over-reduction to the alkane.
The solvent plays a crucial role here, as the ILs allow not only for catalyst recycling
but also stabilization of the NPs. Indeed, the catalyst lost activity after 48 h in the
absence of ILs (Fig. 48). Transmission electron microscopy (TEM) of the Fe NPs
in ILs showed that their initial diameter of 4–5 nm enlarged to 8–20 nm under
hydrogenation conditions. Optimized conditions were applied to numerous
alkynes and are well tolerated by numerous functional groups, including free
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Fig. 46 Semi-hydrogenation of alkynes catalyzed by Co NPs
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amines, esters, halides, and alkenes. Terminal alkynes gave a mixture of alkanes and
alkenes. Finally, after extraction, the catalyst layer could be reused without loss of
reactivity for up to seven cycles.

In Situ Preparation of the Fe(0) NP Catalyst A 10 mL flask was charged
with FeCl3 (0.20 mmol, 33.1 mg) and THF (3.6 mL) in a glovebox. Under
vigorous stirring, EtMgCl in THF (2 M, 0.80 mmol, 0.40 mL) was added dropwise.
The resulting dark mixture was stirred at rt. for 30 min before use.

Hydrogenation of Alkynes with [Fe(0)]/IL-1/MeCN A 4 mL vial with screw
cap and PTFE septum was charged with [BMIM][NTf2] (IL-1) (150 μL) and
0.50 mL of the freshly prepared catalyst solution in a glove box and the mixture
was stirred for 2 min before THF was evaporated under reduced pressure (oil pump).
The vial was transferred back into the glove box, charged with an alkyne
(0.50 mmol), dry acetonitrile (0.50 mmol), and dry n-heptane (0.50 mL), and

  Magnetite (Fe3O4)   Maghemite (γγ-Fe2O3)

Fig. 47 Crystal structure of magnetite (Fe3O4) and maghemite (γ-Fe2O3) – reproduction
from ref. [115]
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then placed into a high-pressure reactor and punctured with a short needle, and the
reactor was then sealed. The reactor was purged three times with hydrogen
and pressurized with 53 bar of H2, heated to 80�C by a heating jacket (resulting
pressure 60 bar) and stirred with an external magnetic stirrer for 18 h. The reactor was
then depressurized, the vial removed, the heptane phase separated by decantation,
and the catalyst phase washed 2 � 1 mL with n-heptane. The product mixture
was analyzed by GC and proton NMR. Quantifications were done via proton
NMR vs. hexamethyldisiloxane as internal standard. For identification of E/Z ste-
reochemistry of the resulting alkenes, the characteristic vinyl signals were
analyzed and compared with literature data.

More recently, Corma and co-workers described a biomimetic approach
using planar Fe(II)/(III) oxide nanoparticles supported on a slightly acidic material
for the same reaction [117]. The support plays the role of a donor/acceptor
entity, a functionality found in the active sites of hydrogenases. The nature of the
support and the mode of preparation of the Fe-solid assembly are crucial, as only
Fe deposed on TiO2, ZrO2, and ZnO by oxidative dispersion gave satisfactory
results. Numerous alkynes have been reduced to the corresponding Z-alkenes,
while aldehydes, with halides and nitro groups, remained unaffected. Although
this method is not as selective as Lindlar-like catalysts, it is a useful tool for
flow semi-hydrogenation of acetylene during ethylene manufacturing processes.
The mechanism (Fig. 49) is believed to start with the adsorption of H2 in the
nFeOx catalytic sites, while adsorption of the alkyne occurs in both the Brønsted
acid and nFeOx catalytic sites. Dihydrogen then dissociates heterolytically through
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a hydroxyl-assisted pathway. The alkyne is then cis-hydrogenated by the resulting
hydride carried by the iron species, as well as the hydroxyl proton. Ti, Zn, or Zr are
interesting metallic elements to constitute the solid support, as their electronegativity
is substantially lower than Fe (1.3–1.6 vs. 1.8).

In 2014, Rawat et al. reported the regioselective borylation of alkynes to access
E-vinylboronates (Fig. 50) [118]. Aryl, heteroaryl, as well as internal and external
alkynes afforded good-to-excellent yields, while moderate yields were obtained
with aliphatic substrates. The Fe3O4 NPs that perform this reaction could be isolated
with an external magnetic field and reused without loss of reactivity (six recycles).

Magnetic silica-supported iron oxide (Fe3O4/SiO2) NPs have also been employed
for multicomponent syntheses of diazepines-2-carboxamides (Fig. 51) [119].
The reaction performed on model substrates showed significant improvement by
using these NPs compared to non-supported Fe3O4 (92 vs. 35% yield, respectively).
Yields ranged from 86 to 98% on 15 examples. After completion, the catalyst
could be magnetically re-isolated, allowing its recycling for six cycles without
loss of activity.
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A green route to access β-amino-alcohols, by ring-opening of epoxides with
amines, has been reported by Kumar and co-workers [120]. Magnetically separable
Fe3O4 NPs, under solvent-free and ambient conditions, catalyzed the reaction
with high trans-selectivity. The NPs were recycled ten times with only a slight
decrease in activity. In the case of chiral epoxides, a total inversion of the
stereochemistry was noted, indicative of an SN2-type mechanism (Fig. 52).

A synergistic effect between unmodified κ-carrageenan (a sulfated polysaccharide
naturally present in red seaweed) and Fe3O4 nanoparticles has been observed on
Michael additions of aldehydes, in their neat state, to nitroalkenes [121]. While the
hybrid magnetic material showed good reactivity, individual species showed no
catalytic activity. Despite a chiral environment induced by the polysaccharide, no
enantioselectivity has been detected. Thus, the authors reported the functionalization
of the hybrid material using a nonracemic proline derivative (1, Fig. 53), leading to
good-to-excellent enantioselectivities.

Iron oxide-containing NPs have also been developed as recoverable, magnetically
supported materials for asymmetric organocatalysis, such as those derived from
L-proline, but are outside the scope of this chapter [122].

Fig. 51 Multicomponent diazepine-2-carboxamide synthesis catalyzed by Fe3O4/SiO2 NPs

Fig. 52 Aminolysis of epoxides in presence of magnetic Fe3O4 NPs

120 M. Cortes-Clerget et al.



Common methods to prepare iron oxide-based NPs rely on toxic and,
usually, reactive reductants such as NaBH4 or hydrazine hydrate. Thus, more
environmentally sound and safe routes are important to explore. Basavegowda
et al. described a greener method for magnetite NP preparation using dried
powder derived from naturally occurring A. annua leaves. A 5 mL aqueous
filtrated infusion of the plant extract, rich in hydroxylated bioactive molecules,
was mixed with 50 mL of a 2 mM aqueous solution of iron(III) chloride (FeCl3),
turning immediately into a black solution presumably forming Fe3O4 NPs [123],
as the mechanism of NP formation by plant extracts remains unclear. A combination
of several phytochemicals with redox properties (polyphenols, flavonoids, tannic
acids, terpenoids, sugars, etc.) may be responsible for these reductions. Moreover,
they can also act as capping agents that stabilize the particles [124]. These magnetite
NPs have been tested in multicomponent syntheses of benzoxazinones and
benzthioxazinones, compounds of interest given the variety of their biological
activities. In one example, reaction of 2-naphthol with benzaldehyde derivatives
and (thio)urea in the presence of 5 mol% of Fe3O4 NPs in refluxing toluene led
to the desired products in good-to-excellent yields (Fig. 54).
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11 Summary

This review highlights some of the advances in metal nanoparticle technology that
have been made of late. Clearly, several of both the precious and base types of metals
show considerable promise for inclusion into various NP formations, whether as
their derived clusters or embedded on a solid support. Examples of mixed metal NPs
are particularly exciting, as new synergistic activities have been uncovered leading
to NP catalysts that show enhanced activities, suggestive of many more discoveries
to come along these lines. Several reaction parameters addressed by the examples
discussed herein, such as use of alternative reaction media (e.g., water, ILs, etc.),
minimization of precious metals (e.g., platinoids), and attention to residual metals in
products formed, all point to the potential for these catalysts to provide solutions to
modern-day needs in catalysis. Indeed, based on these studies, the lines between
homogeneous and heterogeneous catalysis have already begun to blur. And when
considered together with environmental considerations taken into account in many
of these reports, the future for NP technologies is not only very bright, but may figure
prominently from the sustainability perspective of organic synthesis.
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