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Abstract

This Minireview summarizes a variety of intriguing catalytic studies accomplished by employing
unsupported, either solubilized or freely mobilized, and small organic ligand-capped palladium
nanoparticles as catalysts. Small organic ligands are gaining more attention as nanoparticle
stabilizers and alternates to larger organic supports, such as polymers and dendrimers, owing to
their tremendous potential for a well-defined system with spatial control in surrounding
environments of reactive surfaces. The nanoparticle catalysts are grouped depending on the type
of surface stabilizers with reactive head groups, which include thiolate, phosphine, amine, and
alkyl azide. Applications for the reactions such as hydrogenation, alkene isomerization, oxidation,
and carbon-carbon cross coupling reactions are extensively discussed. The systems defined as
“ligandless” Pd nanoparticle catalysts and solvent (e.g. ionic liquid)-stabilized Pd nanoparticle
catalysts are not discussed in this review.
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Introduction

Interests in metallic nanoparticles stand from a wide array of potential applications in fields
such as electronics,[1:2] spectroscopy,[34] hydrogen storage,[5-8! drug delivery.[9:10]
medicine,[!1] biology,[12-14] and catalysis.[>-22] Especially, their possession of highly
reactive surfaces, which arise from the high surface to volume ratio along with a low
number of atomic neighbors, brands nanoparticles as a practical candidate for many
scientific efforts especially in the area of catalysis.[23]

Presently, research endeavors on nanoparticle synthesis have been focused on dimensionally
controllable synthetic methods,[24-26] optimal application approaches,[2] and the
development of efficient large scale manufacturing.[28] The development of nanoparticles,
which have been defined restrictively to sizes ranging from 1 nm to no larger than 100 nm,
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have even made once inert or less reactive bulk materials into highly efficient catalytic
systems.[20] For example, yellow bulk gold has been historically employed in pursuits such
as coinage, jewelry, and sculpture which required the metal to display anything other than a
low chemical reactivity.[1%] The progress of research involving gold nanoclusters has led to
the discovery of its copious catalytic activities.[2] Reactions such as the oxidation of
alcohols,[29-3] epoxidations,[32-3%] reduction of nitrophenol,[3¢:371 and carbon monoxide
oxidation[35:38:3%] are commonly achieved by gold-cored nanoparticles.

Unlike gold, palladium has enjoyed a compelling reputation as a chemically active material.
In fact, many palladium compounds including palladium complexes are currently being
utilized as catalysts in asymmetric syntheses,[40.41] cross coupling,[42-46] and alkylation
reactions.[47:48] Additionally, palladium is known for its uniquely high hydrogen gas
absorption capacity, which has been documented to occur even at room temperature and
pressure.[”:8] Hence, palladium nanoparticles (PdNPs) are fairly well studied regarding their
potential as novel catalysts and the basis of highly efficient hydrogen storage materials.
Furthermore, the cost of palladium as a starring material is much lower than some other
catalytically active metals such as rhodium and platinum, which is an advantage itself in the
design of large scale production.[4°]

Frequently, the use of transition-metal nanoparticles in catalysis is performed with the aid of
superficial solid support.[59-551 Nanoparticles are bound either mechanically®0-52] or
chemically!53-55] to a surface, while catalysis is undertaken in a heterogeneous system. The
benefits in this set up involve a facile separation of products from the catalyst, an ease of the
recyclability in the system, and a protection from degradation of the nano-particle
catalyst.[6] However, as nanoparticles are jammed to a solid substrate, turnover rates and
selectivity can be affected negatively due primarily to the principles of diffusion and the
involvement of two different phases in catalytic reactions.[57] This review mainly focuses on
the reactions performed with PANP catalysts not bound to any solid support including metal
oxide, silica, or polymer based materials. Even without a solid support, PANP catalysts can
be stabilized by organic ligands and fully mobilized in a heterogeneous condition. They can
also be dissolved or suspended in organic or aqueous solvents depending on the structure
and functionality of surface-immobilized ligands and placed in a homogeneous condition
during the catalytic reactions. When organic ligand-capped nanoparticles are permanently
suspended or dissolved in a homogenous condition, it can promote surface chemistry evenly
throughout the reaction mixture and enjoy higher reaction selectivity.[>7] Even in the case of
organic ligand-capped nanoparticles in an unsupported heterogeneous catalysis systems, the
catalytic reactions are not limited to a single site like the organometallic chemistry and the
catalysts can be effortlessly separated by the use of gravity.[58]

Understanding and controlling the effects of small organic ligands on the catalytic properties
of nanoparticles is important due to the tremendous potential of a well-defined system,
especially at near-surface active sites, in providing a spatial control in reactivity and
selectivity. In particular, functionalized ligand-capped nanoparticles are ideal candidates for
selective catalytic reactions because they can be devised to enhance or resist the adsorption
of particular substrates similar to enzymes. This review will present a variety of studies in
which organic ligand-capped and unsupported PANPs behave as effective catalysts with a
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focus on small organic ligands including up to 3" generation dendrons and supramolecules,
such as B-cyclodextrin, but not polymers and dendrimers. Furthermore, the methods of
synthesis and some characterization data of these PANP catalysts are also articulated and
evaluated. Here, each study is partitioned by the type of stabilizing ligands used in the
nanoparticle synthesis. Larger organic systems such as polymers and dendrimers as
stabilizing supports have been extensively covered by other review articles(>%:6% and are
outside of the scope of this review (smaller supramolecules such as cyclodextrin and a few
generation dendrons are included in this review). “Ligandless” PANP and solvent (e.g. ionic
liquid)-stabilized PANP catalysts are also not discussed in this review, because the organic
ligands have either no or only minimum influence over reactivity.[61-63] These topics have
also been extensively covered by other review articles.[61.62]

Small Organic-ligand Stabilization

Challenges associated with the synthesis of PANPs include uncontrollable growth leading to
particle agglomeration, otherwise known as Ostwald ripening. Indeed, small metal
nanoparticles tend to be attracted to each other growing continuously until the particles
eventually become too big to be solubilized or suspended in solution.[63] A popular remedy
for this conundrum is the introduction of organic-ligand stabilizers, such as thiols,[64-701
phosphines,[71] amines,[72] ammonium salts,[73] selenolates,[74] and isocyanides,[75] prior to
or during the nanoparticle nucleation-growth stage. These organic-ligand stabilizers are
capable of providing control over the core size of the nanoparticles during the synthesis,
while providing stability and solubility to the nanoparticles.[”8] As organic ligands can alter
the surrounding environments of nanoparticles, they have a great influence over the activity
and selectivity of nano-particle catalysts.

Thiolate-capped Pd nanoparticle catalysts generated from thiol ligands

Among various small organic capping ligands, thiols have been the most popular choice of
protecting monolayers, owing to the good stability of thiolate-capped metal nanoparticles
that can be isolated, re-dissolved, and handled as molecular reagents.[”6-78] The superior
control over the structure and composition of thiol assembly on metal surfaces would be
especially beneficial for controlling the catalytic properties of metal nanoparticles. Recently,
the controlling activity of Al,O3s-supported Pd and Pt catalysts functionalized with well-
defined and well-ordered alkanethiol ligands has been introduced by Medlin et al.[79-81]
They have shown that the catalytic property of supported Pd catalysts was largely influenced
by altering the density, structure, and functionality of surface alkanethiol ligands.

Previously, however, alkanethiols have been denoted as fairly aggressive poisons to metal
nanoparticle catalysts.[82] Although there are somewhat limited insights in to the
nanoparticle surface atom-sulfur bond, the strong affinity of thiols to noble metals is
regarded as the main reason why thiolate-stabilized nanoparticles possess densely covered
surfaces and, hence, low catalytic activities.[5¢] However, the Astruc group was able to
synthesize dodecanethiolate-stabilized PANPs capable of catalyzing Suzuki-Miyaura
coupling reactions at room temperature.[83] The synthetic procedure involved the reduction
of the palladium precursor, (PdCI,(CH3CN),), by LiBEt3H, superhydride, in THE in the
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presence of tetra-n-octylammonium bromide. This reaction produced PdNPs with an average
core size of 2.3 nm, which showed the relatively good catalytic activity towards the Suzuki—
Miyaura coupling reaction. The reaction in a biphasic system with 1 mol% Pd catalyst
loading at room temperature (Scheme 1) was completed in 24 h. Moreover, with the
increased reaction temperature, the C—C coupling reactions could be completed in 1 h.
From this work, Astruc and his co-workers were able to successfully demonstrate for the
first time that straight-chain alkanethiolate-capped PANPs could be utilized to catalyze a
simple organic reaction under mild conditions. Similary, Pd nanoshells coated with
alkanethiols were used for the Suzuki coupling of phenylboronic acid with iodobenzene in
organic solvents.[84] Pd nano-shells were prepared by coating ~2100 nm silica core particles
with a thin layer of Pd (=20 nm in thickness). The mechanistic studies of the C—C coupling
reactions involving ligand-capped PdNPs, however, eventually identified that the C-C
coupling reactions were indeed catalyzed by the Pd ions leached from PdNP instead of
PdNP surface itself.[61]

Although the synthesis of monodispersed alkanethiolate-capped PANPs has been fairly
addressed, the ligand varieties of resulting PANPs are somewhat limited, as methodologies
using reducing agents tend to exclude the use of ligands with reactive functionalized
groups.[83] It has been shown that ligand place-exchange reactions can be used to add
functionalized ligands to these inert alkanethiolate-capped PANPs. However, a high
functional-group density is almost impossible to achieve using the ligand-exchange reaction
because of the equilibrium nature of the metal-nonmetal boncl.[8¢] Recent studies by the
Fornasiero group have devised an approach to prepare functionalized nanoparticles by
directly employing 11-mercaptoundecanoic acid (MUA) as a stabilizer for PANPs.[78]
Additionally, their synthetic method was capable of synthesizing PANPs with mixed ligand
monolayers: MUA-MN (9-mercapto-1-nonaol), MUA-DT (1-dodecanethiol), and MN-DT
by introducing the mixture of thiols prior to nanoparticle formation which overall led to
PdNPs with small core sizes (=2 nm), narrow distributions, and a large range of solubility.

The interesting aspect regarding this one-phase synthetic system involved sizeable addition
of phosphoric acid prior to the addition of ligand. The reduction of the K,PdCl, precursor
required only a slight excess of NaBHy,, as the reduction of Pd!! was faster than hydride
decomposition. In the case of using purely MUA stabilizers, the resulting PANPs possessed
~2 nm metallic cores and were soluble in polar organic solvents (both protic and aprotic)
(Scheme 2). Their poor solubility in water was attributed to the highly favored protonation
of the COOH group in the presence of phosphoric acid during the synthesis. Conversely, the
absence of phosphoric acid during the synthesis yielded carboxylate (COO™)-functionalized,
water soluble PANPs after the deprotonation by NaBH,. The function of the MUA-PANP as
a catalyst was successfully applied to Suzuki cross-coupling reactions. The MUA-PANP was
converted to its carboxylate form under basic conditions. The carboxylate groups made the
MUA-PdANP insoluble in organic solvent and the catalytic reaction was done as the
unsupported heterogeneous system. GC-MS results confirmed complete reactions under 12 h
with aryl halides with more electronegative halogens. No real loss of catalytic performance
was seen throughout a total of five consecutive cycles. Suzuki cross-coupling for
iodobenzene and 4-bromobenzonitrile yielded >95% in each cycle.
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The surface attachment of thiolated cyclodextrins (CDs) to PANPs could generate
nanocatalysts with good activity towards the hydrogenation of allylamine in aqueous
solution.[871 For the synthesis of CD-capped PdNP catalysts, PdCl,2~ sodium salts were
reduced by borohydride in DMSO-H,0 in the presence of thiolated CD.[87] Addition of
cationic ferrocene derivatives resulted in the inhibition of the catalytic activity of these CD-
capped PdNPs for 3-butenyltrimethylammonium bromide.[%7] This inhibition is attributed to
the ability of ferrocene derivatives to create Coulombic barriers for the approach of cationic
olefin substrates to the active sites of PANPs, which are created by surface bound thiolated
CD. This thiolated CD-capped PdNPs were also tested for the Suzuki C-C coupling
reactions in a mixed solvent system (acetonitrile/H,0).[88] The binding of iodoferrocene to
the CD cavities on the surface of PANPs contributed for the increased product yield
compared to the reaction involving free ferrocene inhibitors. This work was reported in 2002
and was the first example of “tunable PANP catalyst” where the catalytic activity was
controlled by manipulating the surface of Pd nanoparticle catalysts using small organic
ligands.

In contrast to small organic ligand-stabilized metallic nano-particles, the surface coverage of
dendron-capped nanoparticles was limited because of the high steric hindrance of the
dendritic branches. Therefore, a substantial amount of surface atoms were uninhibited and
available for catalysis. Thiolated dendron-capped PdNPs were prepared by the modified
Brust-Schiffrin reaction using toluene-water biphasic system and tested for both Heck and
Suzuki coupling reactions.[8%] The presence of bulky dendron ligands on the surface PANPs
created more surface-accessible sites and made PdNPs active for both C—C coupling
reactions, albeit with somewhat moderate to low yields (38-75%). However, these dendron-
capped PdNPs could not be employed as a catalyst for hydrogenation reactions, because the
absorption of hydrogen gas induced the decreased stability and precipitation of PANPs. This
work implied such homogeneous PANPs with ligands-created active sites and less surface-
bound thiolate groups can be developed into active catalysts for organic reactions, but it
requires a careful control in maintaining the stability while enhancing the efficiency of
catalysts.

Thiolate-capped Pd nanoparticle catalysts generated from thiosulfate

ligand precursors

In some cases, such as Lindlar catalyst, moderate poisoning to metal catalysts have been
found beneficial for selective organic reactions. By decreasing the overall reactivity of a
catalyst, higher selectivity is achieved as long as the poisoning can be fully controlled.[82]
As mentioned before, thiols are very popular catalyst poisons. Historically, this property of
thiols has previously limited thiolate-stabilized PANPs as catalysts only for cross-coupling
reactions and hydrogenation of olefins, as shown above. Shon and his coworkers were able
to successfully control the synthesis of dodecanethiolate-capped PdNPs by employing a
Bunte Salt precursor, sodium S-dodecylthiosulfate.[90:9] |n a two phase catalytic system
composed of toluene and water, Bunte Salts were introduced to a solution of PdCl,2~ phase-
transferred to the organic layer by tetra-n-octylammonium bromide prior to reduction by
sodium borohydride. At the nanoparticle nucleation-growth stage, the growth of the PANP is
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inhibited by the Bunte Salts as they absorb onto the surface and form a Pd-S thiolate bond.
After the expunge of the sulfite moiety upon the adsorption on metal surfaces, an easily
accessible reaction site is generated as the results of slightly lower density of alkanethiolate
ligands on Pd surfaces (Scheme 3). Ultimately, this synthesis yielded small alkanethiolate-
capped palladium nanoparticles (2-3 nm) with a lower surface coverage than the method
directly employing alkanethiolate ligands prior to reduction.

Shon and his coworkers evaluated the catalytic properties of these nanoparticles by
monitoring the conversion of allyl alcohol under the atmospheric pressure of H, gas. The
homogenous reaction involving 5 mol% Pd catalyst loading in nonpolar organic solvent
yielded a high and selective conversion of allyl alcohol to propanal, the isomerization
product. Further analysis of the catalytic properties involved studying the effects of different
core sizes and surface ligand density of PANPs, which revealed a better catalytic activity and
selectivity for ~3.4 nm PdNPs with an overall lower surface coverage of 0.38 ligands per
surface Pd atom.[%2] In addition, they found that the catalytic selectivity of these PANPs is
greatly influenced by the conformational changes of ligands in different solvents. In polar
protic solvent, the reaction of allyl alcohol produced almost exclusively 1-propanol, a
hydrogenation product.[93]

Shon et al. further extended their research to the design and synthesis of water-soluble w-
carboxylate-functionalized alkanethiolate-capped PdNPs.[94] These PANPs had the unique
and stable structure of exterior ionic functional groups and internal hydrophobic alkane
groups, resembling the overall structure of micellar nanostructures in water. Two-phase
synthesis was employed for the formation of catalytically active water-soluble PANPs,
because one-phase aqueous synthesis caused the base-catalyzed hydrolysis of thiosulfate
ligand precursor and the subsequent formation of densely packed thiolate monolayers on the
PdNP surface. The catalytic conversion of allyl alcohol using these water-soluble PANPs
dissolved homogeneously in water greatly favored the hydrogenation of allyl alcohol to 1-
propanol. In comparison, PANPs heterogeneously dispersed in chloroform produced
propanal, the isomerization product, in a relatively high yield. The overall results clearly
demonstrated that the catalytic activity and selectivity of PANPs were affected by the
thiolate monolayer conformation and controlled by the interaction between monolayers and
surrounding solvent environments as shown in Figure 1.

Alkanethiolate-capped PdNPs synthesized by Shon et al. could also be used for one-pot
conversion of simple propargyl alcohols to saturated carbonyl analogues as shown in
Scheme 4.9 The results demonstrated the significance of homogeneous nanoparticle
catalysts capable of providing a high selectivity towards atypical products. The direct one-
pot conversion of simple propargyl alcohols to saturated carbonyls has not been reported
prior to this work. Analysis of the Kinetic profile revealed that propargyl alcohol was first
converted to the semi-hydrogenation product, allyl alcohol, without producing any full
hydrogenation (1-propanol) or the final product (propanal) in the early stage of the reaction.
After this first stage, allyl alcohol began its conversion to either 1-propanol or propanal with
a higher priority towards the latter.
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Sulfide-capped Pd nanoparticle catalysts

Thioethers have also been utilized as stabilizing ligands in the one-step procedure producing
monodisperse PANPs with core sizes ranging from 1.7 to 3.5 nm.[9¢] The size of
nanoparticles depended on the reaction temperature, time, and solvent and the carbon chain
length of the thioethers. These thioether-stabilized PANPs turned out to be active catalysts
for hydrogenation of acetylene and ethylene. However, owing to the low stability of these
PdNPs, the recovery of the nanoparticles after subsequent catalytic reactions was rather
challenging. This required a preferential use of SiO, support for immobilization of thioether-
stabilized PdNPs, which increased overall efficiency of PANP catalysts for hydrogenation.

Phosphine-capped Pd nanoparticle catalysts

Although ligand-stabilized metal nanoparticles have been popularized over the last 20 years,
bisphosphines have received little attention as fruitful ligands. Fujihara et al. first
demonstrated advantages of employing bisphosphines as effective stabilizers for palladium
nanoparticles.[%7] The PANP synthesis involved the reduction of K,PdCl, in THF by sodium
borohydride in the presence of the Cg-BINAP ligand as shown in Scheme 5. The resulting
nanoparticles possessed /1.2 nm core sizes, which was confirmed by small angle X-ray
scattering (SAXS) and 25 ligands per assumed 55-atom palladium core proved by TGA
analysis. Interestingly, these nanoparticles were shown to be catalytically active in both
Suzuki and Stille coupling reactions at room temperature with only 0.06 and 0.02 mol% Pd
catalyst, respectively. The Stille coupling experiment involved the reaction between methyl
2-iodobenzene with (tributylstannyl)thiophene, which resulted in a 91 % conversion. As for
the Suzuki reaction, the coupling of 4-bromo-toluene with phenylboronic acid afforded 83%
isolation of final product. The CgBINAP-Pd nanoparticles were readily soluble in organic
solvents granting homogenous catalytic conditions. Moreover, the recycling of the catalysts
for the second time showed no loss in activity.

Fan and his coworkers showed an example of a dendron-capped PANP coupled by P-Pd
bonds.[98] The synthesis of these phosphine dendron-stabilized PANPs involved the
reduction of Pd(acac), in THF with H, gas in the presence of the Fréchetpolyary! ether
Gpdendrimer (Figure 2). Examination by TEM showed the nanoparticles have core size from
5.0 nm to 3.2 nm with increasing ratio of dendron ligands. Fan tested the catalytic activity of
these PANPs for both the Suzuki coupling reaction and hydrogenation. The homogeneous
reaction afforded high isolated yields of coupling products, even with electron deficient
phenylboronic acids, and sterically hindered aryl bromides and aryl iodides. Although the
G,DenP-Pd nanoparticles provided high catalytic efficiency, Fan was able to conclude that
higher generational dendrons provided increased catalytic activity.

Pyridyl halides and phenylboronic acid also coupled successfully with conversion rates
higher than 84%. Fan postulated the higher activities of GzDenP-PdNPs could be attributed
to the higher fractions of surface palladium atoms that were hampered by the phosphine
dendrons. Many alkenes including styrene, phenylacetylene, and cyclohexene were also
easily hydrogenated in homogeneous conditions. As for the recyclability of these materials,
GnrDenP-PdNPs required precipitation with methanol to collect the catalysts. Nevertheless,
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ICP-XPF data showed no more than 1% palladium leaching after the second and third
cycles. The performance of the recycled catalyst showed no deficiency in activity.

Amine-capped Pd nanoparticle catalysts

Oleyamine is one of the most commonly used ligands for the stabilization of metal
nanoparticles.[9%] By using either the pure form or the combination of oleylamine and
alkylammonium alkylcarbamate (AAAC) during the reduction of palladium(Il)
acetylacetonate (Pd(acac),) with borane-tert-butylamine complex, amine-capped PdNPs
with different shapes such as spheres, tetrahedral, and multipods could be prepared.[100]
Cyclohexene hydrogenation results for different shaped PANPs suggested that the surface
structures (atomic steps, edges, etc) of the PANPs lead to differences in catalytic activities.
The multipods with many surface defects showed the highest catalytic activity and the
thermodynamically stable spherical PANPs exhibited the lowest activity during the catalytic
reaction.

Zamborini and his coworkers investigated the catalytic activity and selectivity of
alkylamine-stabilized Pd nanoparticles with different chain lengths (C8, C12, and
C16NH,).[191] Alkylamine-capped PANPs were synthesized using the modified Brust—
Schiffrin reaction using alkylamine instead of alkanethiol. The study showed that the
activity of these alkylamine-capped PdNPs for the catalytic conversion of allyl alcohol was
greater than that of alkanethiol-capped PdNPs, owing to the weaker coordination to the NP.
However, the selectivity of the reaction of allyl alcohol was only a 1:1 or 3:2 ratio towards
the hydrogenation/isomerization products. The TOF of the reaction increased with
increasing chain length of alkylamine, owing to the increased stability of PANPs.

The reduction of [PdCI(C3Hs)]» with LiBEt3H in the presence of PAMAM dendrons with a
pyridine core unit produced PdNPs stabilized by dendrons.[192] These dendron-stabilized
PdNPs exhibited good activity and selectivity for mono-hydrogenation of dienes and
alkynes. Increasing the dendron generation resulted in the increase in the catalytic activity
for the first hydrogenation, which was likely caused by the enhanced accessibility of the
substrate to the PANP active sites. It was also found that the structure of surrounding
dendron branches affected the competitive hydrogenation between 3-phenyl-2-propyn-1-ol
and 1-phenyl-1-propyne. The hydrogenation of an alkyne was promoted by the hydroxyl
group of the substrate, which forms hydrogen bonding with the amide groups within the
dendron.

Alkyl-capped Pd nanoparticle catalysts generated from alkyl azide

Chen synthesized toluene soluble, /2.3 nm, palladium nano-particles protected by
butylphenyl ligands.[193] Briefly, the synthesis of these materials involved the co-reduction
of H,PdCl, and butylphenyldiazonium in a toluene-THF solution by sodium borohydride.
Characterization of FTIR spectra led Chen to confirm the existence of a Pd-C linkage
implying butylphenyl ligands were directly imbedded to the palladium surface without the
presence of any nitrogen based functional group (Figure 3). Electrochemical studies
encompassed cyclic voltammograms in 0.1 v H,SO,4 by PANP-coated polished glassy carbon
electrodes (5 mm). The specific electrochemical surface area (ECSA) of the PANPs resulted
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in 122 m2g~1, which is 3.6 times larger than commercial palladium sources, such as
“palladium black”. Based on theoretical calculations, it was determined that 50% of the
PdNPs were available after the loading onto the glassy carbon electrode. Such a large ECSA
augmented the electro-catalytic properties of these nanoparticles; indeed, the mass activity
of these butylphenyl stabilized-PdNPs in the electro-oxidation of formic acid was discovered
to be 4.5 times larger than that of “palladium black”. Moreover, the PANP electrocatalysts
outperformed Pd black by maintaining mass current densities 2.7-4.8 times higher for 600
seconds.

Summary and Future Prospects

Unsupported palladium nanoparticles stabilized by small organic ligands provide a platform
for a variety of catalytic reactions, as shown above. These studies suggest that the
availability of various capping ligands enhances the overall scope of these nanoparticles for
catalysis applications. The activity and selectivity of Pd nanoparticle catalysts are highly
dependent upon the type and structure of surrounding organic ligands, because they control
the accessibility of incoming substrates to the reactive surface atoms and the selectivity for
substrates with specific interactions, much like the ligands in organometallic catalysts.
Additionally, the recyclability and efficiency of these materials as shown in Table 1
potentially denotes them of high technological impact in the future. For example, the rates of
hydrogenation of several Pd nanoparticle catalysts compare very well with Wilkinson’s
catalyst, a common homogeneous catalyst, and Lindlar’s catalyst, a popular heterogeneous
catalyst.[102.104]

Future studies should seek to enhance further understanding on critical structure-function
relationships for unsupported organic ligand-capped metal nanoparticle catalysts. Compared
to the plenty of attention placed on the metallic cores that determine the catalytic properties
of nanoparticles, the influence of surrounding organic ligands (or capping agents) is still
relatively less understood. Therefore, more systematic studies on the effect of the surface
ligands with controlled structure, functionality, and conformation will help us to establish a
greater understanding of the ligands’ role in the observed activity and selectivity of
nanocatalysts. In addition, the potential influence of organic ligands on electronic states of
metal nanoparticle surfaces or charge transfer phenomena between them would require more
in-depth studies.[3% The findings can be further applied to the development of optimized
metal nanoparticle catalysts with high regioselectivity, chemoselectivity, and/or
stereoselectivity in various organic reactions.

Considering their size, spherical shape, and versatile ligand characteristics, the synthesis of
well-designed organic ligand-capped metal nanoparticles will greatly benefit the
advancement in enzyme-mimic catalysis by serving as an excellent model system. For
example, by introducing different hydrophobic functional groups in the “tail” of
hydrocarbon chains of organic ligands, one can adjust non-covalent interactions in the near-
surface environment in a manner analogous to changing functional groups in an enzyme
binding pocket.[105] Therefore, this approach might allow the investigation of the ability of
surface immobilized ligands on precisely tuning catalytic selectivity through non-covalent
interactions.[80] The studies would be an important step towards the expansion of the simple
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model system for non-covalent interaction towards more complex ones that mimics the
binding pockets of enzymes. Besides their important roles in biology, catalysis also plays
critical roles in environmental applications such as waste decomposition, green catalysis,
and micellar catalysis, the continued investigations of small organic ligand-capped metal
nanoparticle catalysts will likely have a large impact on the broad field of research in
science and technology.
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Figure 1.
Proposed conformation of the ligands on Pd nanoparticles and the structure of Pd-alkyl

intermediates: a) MUA-PANP in water, b) MUA-PdANP in chloroform, ¢) MHA-PdANP in
water, and d) MHA-PANP in chloroform. Reproduced from Ref. [94] with permission from
The American Chemical Society.
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Figure2.
Synthesis and TEM images of G,DenP-Pd catalysts. Reproduced from Ref. [98] with

permission from The American Chemical Society.
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Figure 3.
FTIR spectra of a) the Pd-BP nanoparticles, b) n-butyl benzene, and c) 4-butylaniline.

Reproduced from Ref. [103] with permission from The Royal Society of Chemistry.
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Scheme 1.
Reaction for the Suzuki—-Miyaura coupling by dodecanethiolate-capped PdNPs.[83]
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Scheme 2.
Synthesis of MUA-Pd nanoparticles. Adapted from Ref. [78] with permission from The

American Chemical Society.
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Scheme 3.

1 RS,0,TOA

Two Phase System

Reaction for synthesis of palladium nanoparticles using sodium S-dodecy| thiosulfate.
Adapted from Ref. [92] with permission from The American Chemical Society.
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s
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Scheme 4.
The conversion of propargyl alcohols (R1=H or CHs; R2= H, CHjs, or Ph) to their carbonyl

analogues using PANP catalysts. Adapted from Ref. [95] with permission from The Royal
Society of Chemistry.
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Scheme 5.
Reaction for the Stille coupling by CgBINAP-Pd nanoparticle catalysts and the structure of

C8-BINAP. Reproduced from Ref. [97] with permission from The Royal Society of
Chemistry.
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