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Abstract Metal nanoparticles modified by chiral ligands or chiral polymers, called
as “chiral metal nanoparticles,” are promising catalysts for asymmetric organic
transformations. In this chapter, the class of chiral modifiers is focused to overview
advance in the field of metal nanoparticle-catalyzed asymmetric reactions.
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1 Introduction

Development of enantioselective catalysis is an important subject as it is an effective
process to synthesize target chiral molecules that are further led to useful compounds
such as medicines and pesticides [1, 2]. Research using small chiral molecules
including metal complexes and organocatalysts as catalysts is a current mainstream
in the field of asymmetric catalysis. Numerous homogeneous small molecule cata-
lysts were developed to date, and various transformations were achieved with
excellent enantioselectivity. On the other hand, use of chiral molecule-modified
surface of metal nanoparticles or supported metal species for asymmetric catalysis
was overwhelmingly less developed, though this strategy is attractive because
supported metal species are easily separated from a reaction mixture and reused.
Indeed, this concept was realized in the early stage of investigations for asymmetric
catalysis. In 1956, Akabori et al. reported a Pd catalyst immobilized on silk fibroin
fiber for asymmetric hydrogenation of imines as a first example of surface asym-
metric catalysis (Scheme 1) [3]. In this reaction, enantioselectivity was still low, and
the structure of a chiral modifier was not well-defined. Several years later, the same
group reported small chiral molecules such as amino acid- or tartaric acid-modified
Raney Ni-catalyzed asymmetric hydrogenations of carbonyl compounds achieving
high enantioselectivity (Scheme 1) [4-6]. These studies proved that highly
enantioselective catalysis by a chiral ligand-modified metal surface was possible.
In 1979, Orito et al. reported asymmetric hydrogenation of methyl pyruvate or
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Scheme 1 Early examples of asymmetric catalysis using supported metals and chiral modifiers
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Scheme 2 Proposed =
reaction mechanism of Orito
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methyl benzoylformate catalyzed by cinchonidine 1-modified Pt on carbon
(Scheme 1) [7, 8]. This reaction has attracted interests of many researchers in surface
chemistry as well as organic chemistry and catalytic chemistry and was extensively
studied even almost 40 years after the discovery to improve the catalyst system and
to clarify the reaction mechanism [9-15]. Since there are several excellent review
papers that summarize studies of Orito-type reactions and related reactions [16-20],
this chapter just briefly introduces it and does not explain more details.

Thanks to these pioneering studies, chiral ligand-modified nanoparticle catalysts,
called as chiral nanoparticles in this chapter, were gradually studied, and several
reactions including more challenging asymmetric C—C bond-forming reactions
could be achieved in high enantioselectivity. Undoubtedly, structures of chiral
modifiers are the most important factor, and their role is sometimes not just creation
of chiral environments. For example, it was suggested that a cinchonidine modifier
in Orito reaction chemisorbed on the metal surface through the interaction of an
aromatic moiety and interacted with a substrate on the metal surface to form the
individual 1:1 diastereomeric complex through hydrogen bonds (Scheme 2) [21-
23]. Therefore, in this chapter, we categorized a class of chiral modifier by structure
and overviewed advance of chiral nanoparticle catalysis. Several examples prove a
great potential of chiral metal nanoparticles as heterogeneous asymmetric catalyst
systems because of their robustness, activity, and unique selectivity. It should be
noted that although the true active species was difficult to identify in most cases,
several examples described the characteristic nature of chiral nanoparticle catalysts,
which show different behavior from the corresponding homogeneous metal complex
catalysts. On the other hand, catalytically active species should be carefully
discussed since it is possible that a leached homogeneous metal complex is an actual
active species. To examine it, several control experiments to evaluate heterogeneity
of each catalysis were suggested [24], and we also cover such discussions.

2 Chiral Amine-Modified Nanoparticle Catalysts

Inspired by Orito’s asymmetric hydrogenation reaction, cinchona alkaloids deriva-
tives or simpler amines such as 1-(1-naphthyl)ethylamine [25-28] were examined
for asymmetric hydrogenation of a-ketoesters [19]. By changing modifier structures,
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Scheme 3 Representative examples of suitable chiral modifier for Pt-catalyzed asymmetric hydro-
genation of various activated ketones

applicable activated ketones were also broaden to a wide variety of activated ketones
[29] including a-keto acetals [30], f-ketoesters [31], and trifluoromethyl-substituted
ketones [32] (Scheme 3). However, substrate generality in each catalyst system was
usually narrow. To expand the scope or develop new reactions, other types of chiral
amine modifiers such as chiral diamine and amino acid derivatives were studied for
chiral nanoparticle catalyst systems.

2.1 Cinchona Alkaloids and Their Derivatives Modified
Nanoparticle Catalysts

In 2015, Wang and Lu et al. reported an alkaloid adsorbed on Cu nanoparticles for
electrochemical asymmetric hydrogenation [33]. Cu nanoparticles were prepared by
chemical reduction of Cu salts and pressed into a coin to use it as a cathode. In the
presence of an alkaloid, cinchonidine 1 or cinchonine, asymmetric reduction of
a-ketoesters proceeded in high yields and moderate enantioselectivities (up to 63%
ee) under electrochemical conditions. Water was employed as a hydrogen source,
and the reaction could be performed under mild conditions. In 2016, the same group
improved the system to achieve the same reaction in good enantioselectivities
(Scheme 4) [34]. The entrapment of alkaloids within Cu nanoparticles was attempted
by the preparation of Cu nanoparticles in an aqueous solution of cinchonidine 1. The
average size of nanoparticles was 100 nm, and they were aggregated into a
macroporous solid. EDX spectra and powder XRD pattern indicated cinchonidine
1 was immobilized within small cages of aggregated nanocrystals. Cinchonidine
1 was not washed out in an MeCN/H,0 co-solvent system, and the alkaloid/Cu
composite (CD@Cu) could be reused for ten times without loss of activity and
selectivity. In 2017, the same group developed bimetallic Pr@Cu nanoparticle
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Scheme 4 Alkaloid@Cu nanoparticle composites for electrochemical asymmetric hydrogenation
of ketones
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Scheme 6 Bis-cinchona alkaloid-modified Os nanoparticles catalyzed asymmetric
dihydroxylation of olefins

cathodes prepared by chemical reduction of Pt salts on Cu nanoparticles for electro-
chemical asymmetric hydrogenation [35]. The reactions with unactivated ketones
were also performed in the presence of cinchonidine 1; however, poor yields and
moderate enantioselectivities were observed.

In 2018, Wu reported bis-cinchona alkaloid-modified Os nanoparticles catalyzed
asymmetric dihydroxylation of olefins [36]. Os nanoparticle catalysts were prepared
from a binaphthyl bis-diazonium salt as a precursor of stabilizer (Scheme 5). The
absence of the diazonium group in the prepared Os nanoparticles was confirmed by
FTIR analysis, and the formation of small nanoparticles (1.5-2.0 nm) was confirmed
by TEM analysis. Bis-cinchona alkaloid (DHQD),PHAL 2 was found to be the best
chiral modifier for asymmetric dihydroxylation. The ratio of Os loading and the
amount of binaphthyl-based stabilizer were critical for both catalytic activity and
enantioselectivity. Many substrates including styrene derivatives and unsaturated
carbonyl compounds could be converted to the corresponding diols in high to
excellent enantioselectivities (Scheme 6), while nitroolefin and unsaturated nitrile
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could not react. The heterogeneous nature of the catalysis was verified by a
Hg-poisoning experiment and a hot filtration experiment. And the catalyst could
be reused for five cycles without significant loss of activity and aggregation of
nanoparticles.

2.2 Chiral Diamine-Modified Nanoparticle Catalysts

Asymmetric hydrogenation of nonactivated aromatic ketones is an atom economical
process to prepare chiral alcohols. However, early attempts using chiral ligand-
modified heterogeneous catalysts, such as proline-modified Pd/C, cinchona-
modified Pt/C, and chiral organotin-modified Pt or Rh, could not achieve high
enantioselectivity (~20% ee) [37-40].

In 2007, Zhao et al. reported R,R-1,2-diphenylethylene diamine ((R,R)-DPEN)-
modified Ru on y-Al,O3-catalyzed asymmetric hydrogenation of acetophenone
[41]. A phosphine ligand was additionally employed to effect on the conversion
and enantioselectivity, and a relatively high ee (60.5%) was obtained. In the same
year, Chen et al. reported asymmetric hydrogenation of aromatic ketones in an ionic
liquid using a monophosphine TPPTS [P(m-C¢H4SOzNa)]-stabilized Ru catalyst
and chiral diamine 3 as a modifier [42]. RuCl;-3H,0 was reduced by H, in the
presence of TPPTS as a stabilizer to generate Ru nanoparticles whose size was about
5 nm. The reactions were performed in a co-solvent system with ionic liquid
[RMIM]Ts (1-alkyl-3-methylimidazolium p-methylphenylsulfonates, R = ethyl,
butyl, octyl, dodecyl, hexadecyl), and various aromatic ketones were hydrogenated
with high conversions and moderate to high enantioselectivities (Scheme 7). The
ionic liquid substituted with the longer alkyl chain decreased enantioselectivity
because the Ru catalyst modified with hydrophilic chiral diamine 3 was reduced
due to its high solubility in water. This Ru nanoparticle catalyst system was more
active than the corresponding metal complex (RuCl,(TPPTS),) under the same
conditions, although similar high enantioselectivities were obtained by the
metal complex. The chiral alcohol products could be separated by extraction with

TPPTS-Ru (Ru: 0.9 mol%)
(1R,2R)-DPENDS 3 (8 mol%) OH 8 examples

KOH L 48->99% conv.
Ar [RMIM[Ts-H,0, H (5.0 MPa), 30 °C Ar” "R 45.83% ce

NaO3S t—: SO3Na PN /N‘R

(1R2R DPENDS 3 [RMIM]Ts (R = Et)

[eXS }

Scheme 7 TPPTS-stabilized Ru in ionic liquids catalyzed asymmetric hydrogenation of aromatic
ketones
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Scheme 8 Chiral diamine-modified Ir/phosphine/SiO, catalyzed asymmetric hydrogenation of
various ketones

n-hexane, while the catalyst and diamine 4 remained in ionic liquid and water, and
they were reused several times.

In 2008, Chen et al. reported a SiO,-supported Ir catalyst for asymmetric hydro-
genation of aromatic ketones [43]. The catalyst was stabilized by an additional
phosphine and modified by cinchona alkaloid-derived chiral diamine 4 or 5 to
facilitate the reaction with good to excellent enantioselectivities (Scheme 8). Addi-
tion of the phosphine is essential for both conversion and enantioselectivity. The
corresponding  homogeneous  Ir/phosphine/diamine  catalyst gave low
enantioselectivity. The filtering test and mercury-poisoning test also supported the
heterogeneous nature of this catalyst system. This catalyst system was applicable for
asymmetric hydrogenation of an unsaturated ketone [44] and heteroaromatic methyl
ketones (Scheme 8) [45]. In the former reaction, the corresponding allylic alcohol
was obtained selectively with moderate enantioselectivity. In the latter reactions, the
desired chiral alcohols were obtained with moderate to high enantioselectivities. The
same group further investigated asymmetric hydrogenation of acetophenone
using the cinchonidine 1-stabilized Ir particles on SiO, with (1S,25)-
diphenylethylenediamine (DPEN) as a modifier [46]. The synergy between
cinchonidine 1 and DPEN improved the reaction rate and enantioselectivity (up to
79.8% ee), while poor results were obtained in the absence of one of them. In 2014,
they improved the Ir/PPh;/SiO, system by using monodispersed and silanol-rich
silica and 9-amino-(9-deoxy)epicinchonine as a chiral modifier [47]. They demon-
strated that silanols enhanced the activity and enantioselectivity via hydrogen
bonding between substrates and silanols in the heterogeneous asymmetric hydroge-
nation of aromatic ketones to achieve excellent enantioselectivities (up to 99.9% ee).

In 2010, Chen et al. reported phosphine-stabilized Ru on y-Al,O3 for asymmetric
hydrogenation of aromatic ketones in the presence of chiral diamine 4 as a modifier
(Scheme 9) [48]. Under the optimized conditions, various acetophenone and
propiophenone derivatives were reduced to the corresponding chiral alcohols with
high to excellent enantioselectivities, while low enantioselectivity was observed in
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Scheme 9 Chiral diamine-modified Ru/phosphine/Al,O5 catalyzed asymmetric hydrogenation of
aromatic ketones

COOH Q‘COOH

Pd/C
prollne

60% optical purity

Scheme 10 Pd on carbon with proline catalyzed asymmetric hydrogenation of isophorone

the case that R group was butyl. Control experiments using other modifiers such as
cinchonine, cinchonidine 1, and quinine indicated that the amine group in the
9-position of the modifier was essential.

2.3 Amino Acid-Modified Nanoparticle Catalysts

Direct use of amino acids for chiral induction is attractive because amino acids are
readily available chiral sources.

In 1989, Tungler et al. examined asymmetric hydrogenation of unsaturated
ketones in the presence of Pd on carbon (Pd/C) with a stoichiometric amount of
proline (Scheme 10) [49]. They found that dihydroisophorone can be obtained from
isophorone in good enantioselectivity (60% optical purity). Initially, they proposed
that enantioselectivity arise from the formation of a proline-/substrate-condensed
product that adsorbed on the Pd surface [49, 50]. However, in 2006, Lambert et al.
pointed out that this mechanism was not appropriate and the enantioselectivity was
resulted from kinetic resolution [51, 52]. In this revised mechanism, initially hydro-
genation on a heterogeneous catalyst affords a racemic product, and proline reacts
preferentially with one enantiomer to form an enamine, which is further reduced to
produce an amine, while an excess of the other enantiomer remains unreacted. Thus,
the heterogeneous process is not an enantioselection step in this reaction system. In
2009, Lambert et al. attempted to design surface-tethered chiral modifiers to achieve
a truly heterogeneous enantioselective process for the same reaction
[53]. Pyrrolidine-contained chiral sulfide ligands that can robustly anchor to Pd
nanoparticles were investigated, and the desired products were obtained in good
yields and low enantioselectivities (up to 15% ee) in the presence of a catalytic
amount of modifier.

In 2006, Torok et al. examined proline-modified base-supported Pd catalysts for
asymmetric hydrogenation of isophorone [54]. They found that the activity of
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Scheme 11 Proline- 0 5% PAMCO (50 mg) 0
modified, base-supported Pd 4@\ ( SO)-proline (31 equi\f; 4@\
catalyzed asymmetric

hydrogenation of Hz (5 atm), EtOH, t

isophorone 1.0 mmol ~50% yield, ~99% ee

M = Ba, Ca, Sr

alkaline earth metal carbonate-supported catalysts produced significant secondary
kinetic resolution with excellent enantioselectivity (Scheme 11). The use of basic
supports enhanced proline adsorption on the Pd catalyst through an ionic interaction,
and a modifier adsorption was a crucial factor in asymmetric hydrogenation. In 2015,
the same group investigated aminomethylated polystyrene-supported Pd catalysts
for asymmetric hydrogenation of isophorone [55]. In these catalyst systems, a direct
enantioselective proline-modified hydrogenation of isophorone occurred without the
contribution of a secondary kinetic resolution; however, enantioselectivity was
moderate (up to 51% ee).

In 2015, Meemken et al. studied the surface processes occurring at the methanol-
Pd catalyst interface using attenuated total reflection infrared spectroscopy to clarify
the role of the heterogeneous catalyst in asymmetric hydrogenation of isophorone
[56]. They revealed the existence of two competing reaction pathways that were
kinetic resolution and Pd-catalyzed stereoselective hydrogenation. The reaction was
controlled by these pathways depending on surface coverage of the Pd catalyst.

Use of catalytic amounts of amino acids as chiral modifiers for asymmetric
catalysis is also possible.

In 2013, Kunz et al. examined cysteine and its derivatives to functionalize Pt
nanoparticles, and asymmetric hydrogenation of 2-butanone was demonstrated
[57]. Chiral induction occurred in this system although enantioselectivity was very
low (up to 9% ee). In 2015, the same group studied proline-functionalized Pt
nanoparticles supported on alumina (PRO-Pt/Al,0O5) for asymmetric hydrogenation
of acetophenone [58]. Phenyl-1-ethanol was selectively obtained with low
enantioselectivity (14% ee), while unprotected Pt nanoparticles gave a mixture of
phenyl-1-ethanol and cyclohexyl-1-ethanol. An enhanced rate toward phenyl-1-
ethanol was found for proline-functionalized Pt nanoparticles in comparison with
unprotected ones. They also investigated the effect of particle size on the asymmetric
catalytic properties of supported proline-functionalized Pt nanoparticles [59]. An
asymmetric hydrogenation of ethylacetoacetate was chosen as a model, and moder-
ate enantioselectivity (up to 34% ee) was obtained. The enantioselectivity was not
altered by the particle size, suggesting that the selectivity was primarily determined
by the ligand-reactant interaction that worked between the carbonyl group of the
substrate and the N—H group of proline. On the other hand, the activity was
determined by the particle size.

In 2017, Kunz et al. applied PRO-Pt/Al,O3 for asymmetric hydrogenation of
B-ketoesters [60]. The effect of substituents was studied, and good enantioselectivity
(73% ee) was obtained when R' group was bulky fert-butyl group (Scheme 12). In
2018, the same group reported further examination of the effects of amino acids for
the same reaction system [61]. Various combinations of substrates and amino acids
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Scheme 12 PRO-Pt nanoparticles catalyzed asymmetric hydrogenation of p-ketoesters
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Scheme 14 Au@SAM/MCEF-17 catalyzed asymmetric intermolecular cyclopropanation

as chiral ligands for nanoparticles were screened to enhance enantioselectivity. High
enantioselectivity (up to 82% ee) was observed when bulky substituents were
introduced to both substrate and chiral ligand (Scheme 13). Experimental results
and simulations suggested that the NH group and the COOH group of the ligand
might interact with two carbonyl groups of the reactant.

In 2013, Toste and Somorjai et al. developed Au nanoparticle catalysts
immobilized on a chiral self-assembled monolayer (SAM) on the surface of a
mesoporous silica support for asymmetric cyclopropanation reactions [62]. Amino
acids were attached to the surface of the mesoporous silica (MCF-17) through the
OH functionalities to create a chiral SAM. Au ions were introduced to the support,
and the encapsulated Au ions were reduced to nanoparticles by exposure to H,
atmosphere. The obtained Au nanoparticles catalyst (Au@SAM/MCF) was
employed in the intermolecular cyclopropanation reaction of styrene with propargyl
pivalate (Scheme 14). In order to generate real active Au catalysts within the
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heterogeneous support, 0.1 equiv. of an oxidizer was used for the reaction. The
desired product 6 was obtained in good diastereoselectivity and moderate
enantioselectivity, when peptide 8 was immobilized on the surface of the
mesoporous silica. The corresponding homogeneous system using AuCl; and
unsupported diproline in the intermolecular reaction showed low yield and no
enantioselection. While no leaching of Au complexes to a solution phase was
confirmed by ICP analysis, in situ near-edge X-ray adsorption fine structure
(NEXAFS) measurements under the reaction conditions proved the formation of
Au(IIl) ions as active species, which were generated from Au(0) nanoparticles by
oxidation with an externally added oxidant, PhICl,. The same catalyst could be also
used for the asymmetric intramolecular cyclopropanation reactions, although mod-
erate conversion and enantioselectivity were observed (Scheme 15). Although the
enantioselectivity was not enough high, the advantages of the surrounding chiral
SAM for the formation of a mesoscale enantioselective catalyst were noted.

3 Chiral Phosphine-Modified Nanoparticle Catalysts

Chiral phosphorus ligands have played an important role in the development of
asymmetric catalysis. Since early investigations of asymmetric hydrogenation in the
period of 1970-1980, thousands of efficient chiral phosphine ligands with diverse
structures have been developed [63—65]. They have been extensively utilized in both
academic research and industry for not only asymmetric hydrogenation but also
asymmetric C—C bond-forming reactions. Inevitably, chiral phosphines were exam-
ined as a modifier for metal nanoparticles, and various asymmetric catalysis includ-
ing asymmetric C—C bond-forming reactions were developed. This section also
covered phosphine modifiers that contain amine or hydroxy group as a coordination
site. Since there are many types of chiral phosphine modifiers, subsections were
categorized by type of reactions.

3.1 Asymmetric Hydrogenation

In 2009, Morris et al. developed chiral Fe complex 9 with a PNNP-type tetradentate
ligand-catalyzed asymmetric transfer hydrogenation of ketones (Scheme 16)
[66]. They found that these Fe pre-catalysts showed an induction period during
catalysis [67], and in 2012, their further mechanistic investigations strongly
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Scheme 16 Chiral Fe nanoparticles as proposed active species catalyzed asymmetric transfer
hydrogenation of ketones
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Scheme 18 Chiral Fe species catalyzed asymmetric hydrogenation of p-ketoesters

suggested PNNP ligand-modified Fe(0) nanoparticles as the active species in the
reaction system [68, 69]. STEM analysis showed that Fe nanoparticles were approx-
imately 4.5 nm in diameter, SQUID analysis revealed that the catalytic mixture
contained a superparamagnetic species, and XPS analysis confirmed the formation
of Fe(0) species. Poisoning test using PMe; completely inhibited the reaction, and
the result of the reaction with a polymer-immobilized substrate also supported that
Fe nanoparticles were active species. This is a rare example of highly active chiral
zerovalent nanoparticles not based on precious metals. According to DFT studies,
the process, in which the pre-catalyst 9 loses its acetonitrile ligand and is reduced to
an Fe(0) species, is energetically favorable [70].

In 2014, Gao et al. reported asymmetric hydrogenation reactions catalyzed by
chiral Fe catalysts [71]. An iron carbonyl complex with chiral 22-membered mac-
rocyclic ligand 10 was found to be effective for asymmetric hydrogenation of aryl
ketones including heteroaromatics (Scheme 17) and f-ketoesters (Scheme 18) under
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Scheme 21 Bin-PdNPs catalyzed asymmetric hydrogenation of quinolines

basic conditions. Broad substrate generality was achieved with good to excellent
enantioselectivities. Several mechanistic observations indicated that active species in
the Fe catalyst system might be heterogeneous with 10-modified Fe particles. For
examples, dynamic light scattering confirmed the existence of Fe particles, and a
significant poisoning effect was observed.

In 2016, Leeuwen et al. reported a chiral secondary phosphine oxide-modified Ir
nanoparticle catalyst for asymmetric hydrogenation of ketones [72]. Ir nanoparticles
(IrNPs-11) were prepared by H, reduction of an Ir salt in the presence of 0.5 eq.
(based on Ir) of enantiopure phosphine oxide 11 (Scheme 19). The non-supported
IrNPs-11 could catalyze asymmetric hydrogenation of aromatic ketones and ethyl
pyruvate to afford the corresponding alcohols in low to moderate enantioselectivities
(Scheme 19). A mercury-poisoning experiment led to the complete inhibition of the
reaction, indicating that the nanoparticles were responsible for the catalysis.

In 2017, Wu et al. reported chiral diphosphine-modified Pd nanoparticle catalysts
for asymmetric hydrogenation of N-heteroaromatics [73]. Pd nanoparticle catalysts
were prepared from a binaphthyl bis-diazonium salt as a precursor of a stabilizer and
were modified by chiral ligands (Scheme 20). Chiral Pd nanoparticles modified by
2,2'-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP) 12 were effective for asym-
metric hydrogenation of quinolines in the presence of an acid, and the corresponding
tetrahydroquinolines were obtained in moderate to good enantioselectivities
(Scheme 21). When the chiral ligand was changed to 8H-BINAP 13, the catalyst
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Scheme 22 Bin-PdNPs catalyzed asymmetric hydrogenation of indoles
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Scheme 23 BINAP 12-Pd nanoparticles catalyzed asymmetric hydrosilylation of styrene

system could be applied to asymmetric hydrogenation of indoles with moderate
enantioselectivities (Scheme 22).

3.2 Asymmetric Hydrosilylation

Asymmetric hydrosilylation is a powerful method to synthesize chiral alcohols from
prochiral compounds such as ketones and olefins, because the C—Si bonds can be
easily oxidized and O-Si bonds can be easily hydrolyzed to afford the corresponding
alcohols [74]. In 2003, Fujihara et al. reported BINAP 12-modified Pd nanoparticles
catalyzed asymmetric hydrosilylation of styrene (Scheme 23) [75]. Chiral Pd
nanoparticles were prepared from K,PdCl, by the reduction with NaBH, in the
presence of BINAP 12, and a small size of nanoparticles with narrow dispersity
(2.0 &£ 0.5 nm) was confirmed by TEM analysis. The BINAP 12-stabilized Pd
nanoparticles could catalyze asymmetric hydrosilylation of styrene, and an excellent
enantioselectivity was observed, while the corresponding BINAP 12-Pd complex
could not catalyze this reaction under the same reaction conditions.

In 2007, Kantam et al. reported nanocrystalline copper oxide (nano-CuQO), which
possessed high surface area (136 m%g) and a small particle size (7-9 nm), catalyzed
asymmetric hydrosilylation of aromatic ketones [76]. In the presence of BINAP 12
as a chiral modifier, the reactions with phenylsilane proceeded well for various
aromatic ketones to afford the corresponding chiral alcohols in good to excellent
enantioselectivities after workup with TBAF (Scheme 24). The catalyst could be
reused for four times without significant loss of activity and selectivity. No reaction
occurred in the filtrate obtained after removal of the solid catalyst indicating that the
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Scheme 24 Nano-CuO with BINAP 12 catalyzed asymmetric hydrosilylation of aromatic ketones

CuFe,04@KIT-6 (Cu: 2 mol%)
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Scheme 25 CuFe,0,@KIT-6 with Xyl-P-Phos 14 catalyzed asymmetric hydrosilylation of aro-
matic ketones

active species were not leached out. XPS analysis revealed that both +2 and +1
oxidation states of Cu were observed after treatment with BINAP 12 and silane,
while the fresh catalyst and the used catalyst showed the peak corresponding to +2
oxidation state. In 2009, the same group reported copper ferrite nanoparticles
(CuFe,O4) for asymmetric hydrosilylation of aromatic ketones with
polymethylhydrosiloxane (PMHS) as an inexpensive, nontoxic, and air-stable
hydride source [77]. In the presence of the nanoparticles and BINAP 12, various
aromatic ketones and ketoesters were converted to the corresponding alcohols in
moderate to excellent enantioselectivities at room temperature. The Cu catalyst
could be magnetically separable and could be reused for three times without
significant loss of activity and selectivity.

In 2014, Wu and Shi et al. developed CuFe,O, nanoparticles supported on
mesoporous silica (KIT-6) matrix for asymmetric hydrosilylation of aromatic
ketones [78]. The reaction with PMHS proceeded in the presence of Xyl-P-Phos
14 as a chiral modifier at room temperature under air, and wide substrate generality
including halo-substituted alkyl aryl ketones was demonstrated with good to excel-
lent enantioselectivities (Scheme 25). The magnetically separated catalyst could be
reused for four cycles; however, the enantioselectivity decreased slightly. Nitrogen
sorption analysis indicated that the specific surface and the pore volume area
decreased after the catalytic reaction. TGA analysis showed that more than 8 wt%
organic species were recorded for the reused catalyst. These results indicated that the
chiral ligands were strongly bound to the nanoparticles, and they were difficult to
wash out.
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3.3 Asymmetric C—C Bond-Forming Reaction
3.3.1 Palladium Nanoparticle Catalysis

In 2001, Kobayashi et al. developed a Pd(0) catalyst encapsulated by polystyrene
(MC Pd(PPh3)), which was successfully used for a catalytic asymmetric allylation
reaction (Scheme 26) [79]. In the presence of chiral phosphine-oxazoline 15, the
allylated adduct was obtained in high yield with high enantioselectivity.

In 2004, G6émez, Philippot, and Chaudret et al. reported asymmetric allylic
alkylation reactions catalyzed by colloidal Pd nanoparticles stabilized with chiral
diphosphite 16 derived from a xylose backbone (Scheme 27) [80]. The catalytic
performance of a molecular Pd complex prepared in situ from [Pd(C3Hs)Cl], with 16
was compared with that of nanoparticles (Scheme 28). In the case of a nanoparticle
catalyst system, the reaction mainly proceeded with only one of the enantiomers of
substrate 20, and a very efficient kinetic resolution was demonstrated. On the other
hand, no kinetic resolution was observed in the presence of the molecular complex.

MC Pd(PPhs) (20 mol%) we0,c._CO,Me

/goiﬁ . <C02Me 15 (20 mol%) I/\
=
Ph Ph  CO,Me BSA, KOAc ph”

MeCN, reflux

; 87% yield, 83% ee
O

|

g/N PPh,
ipf 15

Scheme 26 Microencapsulated (MC) Pd-catalyzed asymmetric allylation

1/2 [Pdy(dba)s] + L [Pd(THF)yL.]
(0.2 equiv as Pd)

Hy (3 bar), THF, rt PdL, L = 16-19

070 19aR'=Ph, R? = SiMes, R® = H
19b R'=Ph, R2=R%=Bu
NYO 19c R' = Me, R? = R® = Bu

R119d R'=/Pr, R2=R3?=Bu
19e R' = Bu, R? = R®=Bu

Scheme 27 Preparation of chiral diphosphite ligands stabilized Pd nanoparticles
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Scheme 28 Chiral diphosphite ligand 16-based Pd catalysts for asymmetric allylic alkylation
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Scheme 29 Chiral phosphine-modified Pd/Al,O5 catalyzed asymmetric allylic alkylation

In 2007, the same group reported detailed studies of this reaction with different chiral
modifiers and substrates [81]. Three types of ligands 16-18 were examined, and
Pd-16 and Pd-18 could give the product in excellent enantioselectivities. On the
other hand, Pd-17 easily decomposed into metal complex species and could not
induce high enantioselectivity, while Pd-16 and Pd-18 did not decompose. Alkyl-
substituted allyl acetates were not alkylated by using Pd-16 or Pd-18, while the
corresponding metal complex catalyst systems gave high conversions. In 2008,
Diéguez, Gémez, and Leeuwen et al. reported chiral oxazolinyl-phosphite ligands
19a—19e- modified Pd nanoparticle systems for the same reaction [82]. The nature of
active species was studied using continuous-flow membrane reactor (CFMR), trans-
mission electron microscope (TEM) observations, classical poisoning experiments,
and kinetic measurements. Those studies proved the molecular nature of the truly
active species that was leached out from the catalyst.

Heterogeneous Pd nanoparticle catalysts with chiral modifiers were also exam-
ined for asymmetric allylic alkylation. In 2005, Felpin and Landais reported the
combination of Pd/C and (R)-BINAP 12 for the reaction of racemic 20 with
diethylmalonate in water, and high enantioselectivity (80% ee) was achieved,
while the yield was low (21%) [83]. In 2007, Baiker et al. reported BINAP 12-
modified Pd/Al,O; catalyst systems for the reaction of racemic 20 with the sodium
salt of dimethylmalonate (Scheme 29) [84]. Pd/Al,O5 treated under hydrogen gas
showed good chemoselectivity (94%) and moderate enantioselectivity (~60% ee) in
the presence of BINAP 12. The enantioselectivity of this system was independent on
reaction temperatures (60 and 120°C), while the corresponding homogeneous com-
plex catalyst showed poor enantioselectivity to give the opposite enantiomer of the
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Scheme 30 BINAP 12-modified Pd nanoparticles catalyzed asymmetric Suzuki-Miyaura coupling

product (R-21) at 60°C or above. In 2008, the same group improved the
enantioselectivity of this reaction to 82% ee by changing the chiral modifier to
ferrocenyl phosphine ligand 22 (Scheme 29) [85]. No temperature dependence on
the enantioselectivity was observed again (at 60 and 120°C). In the corresponding
homogeneous metal complex system, the same enantiomer of the product (S-21) was
produced; however, the enantioselectivity was decreased by increasing the reaction
temperature from 85% ee at 60°C to 55% ee at 120°C. In 2010, the same group
reported detailed studies of the nature of the active species in Pd/Al,O3;-BINAP 12
system and emphasized heterogeneity [86]. The oxidation state of Pd was elucidated
by in situ X-ray absorption near-edge structure (XANES) analysis in a reaction
mixture. Partially oxidized surface of Pd nanoparticles could be reduced by the
reaction components, such as the solvent and sodium dimethyl malonate to maintain
their reduced state during the reaction without Pd leaching. In contrast, the addition
of a chlorinated solvent, such as chloroform, favored dissolution of metallic Pd to
form homogeneous catalyst species.

In 2008, Fujihara et al. reported chiral bisphosphine-modified chiral Pd
nanoparticles and their application to asymmetric Suzuki-Miyaura coupling reac-
tions (Scheme 30) [87]. Pd nanoparticles were prepared by reduction of K,PdCl,
with NaBH, in the presence of a chiral phosphine. Several bisphosphine ligands
were tested for the coupling reactions, and (S)-BINAP 12 was found to be the best
chiral modifier in terms of activity, enantioselectivity, and stability of chiral Pd
nanoparticles to afford axially chiral biaryl compounds in good enantioselectivities
at low temperature (—7 to 25°C).

In 2009, Yamashita et al. reported that BINAP 12-modified bimetallic Fe/Pd
nanoparticles with core-shell structure catalyzed asymmetric Suzuki-Miyaura cou-
pling reaction [88]. The catalyst worked for the coupling reaction between 1-bromo-
2-methoxynaphthalene and  2-naphthyl boronic acid with moderate
enantioselectivity (up to 48% ee). The nanoparticles were easily recovered by
magnet and could be reused with keeping identical enantioselectivity without an
external addition of a chiral modifier. The hot leaching test was conducted, and the
reaction hardly occurred in the filtrate after removal of the catalyst.
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Scheme 31 Chiral Rh nanoparticles catalyzed asymmetric hydroformylation
3.3.2 Rh Nanoparticle Catalysis

Asymmetric hydroformylation of olefins using inexpensive syngas is a useful
method to synthesize optical active aldehydes. While a chiral Rh complex was
often used for this reaction [89] and Rh nanoparticles were also studied for
non-asymmetric hydroformylation [90], development of chiral Rh nanoparticle
systems for asymmetric hydroformylation is still a challenging topic (Scheme 31).

In 2000, Anderson et al. reported chiral diphosphine ligand-modified Rh/SiO, -
Al,O; catalyzed asymmetric hydroformylation of styrene although
enantioselectivity was low (up to 9% ee) [91]. In 2006, Li et al. reported asymmetric
hydroformylation of styrene or vinyl acetate catalyzed by BINAP 12-modified
Rh/SiO, [92]. A good enantioselectivity (up to 72% ee) and 100% selectivity of a
branched aldehyde for the hydroformylation was obtained; however, the conversion
was poor (<10%). In 2008, the same group reported a different method to prepare
modified Rh nanoparticles by one-pot chemical reduction of aqueous rhodium
chloride dispersed in toluene in the presence of amphiphilic tetraoctylammonium
bromide (TOAB) and (R)-BINAP 12 [93]. These BINAP 12-modified Rh
nanoparticles could be also immobilized on SiO, in vacuum by adsorption; however,
no significant improvement of catalytic performance was observed. In 2008, Axet,
Claver, and Philippot reported asymmetric hydroformylation of styrene using col-
loidal Rh nanoparticles modified with carbohydrate-derived diphosphite ligands
[94]. With the addition of an excess amount of the ligand, high conversion, high
regioselectivity, and moderate enantioselectivity (31% ee) were observed. In situ
high-pressure (HP) NMR spectroscopic studies under catalytic conditions in the
presence of chiral Rh nanoparticles led to detection of the hydridorhodium
diphosphite complex [RhH(CO),(L)]. These results indicated that metal complex
species generated from nanoparticles also worked as active species. Given that the
difference of enantioselectivity between the molecular complex system and the
nanoparticle system, a possibility that some activity comes from nanoparticles
cannot be excluded. In 2018, Trzeciak et al. reported DNA-stabilized Rh nanopar-
ticle catalysts for asymmetric hydroformylation [95]. In the presence of BINAP 12,
asymmetric hydroformylation of vinyl acetate proceeded to afford the corresponding
branched product in moderate yield (~30%) and moderate enantioselectivity (49%
ee). The analyses of the organic phase of the post-reaction mixtures by >'P NMR and
IR indicated that a hydridorhodium complex, HRh(CO),(BINAP 12), formed when
Rh nanoparticles were dissolved under hydroformylation conditions.

Another way to utilize carbon monoxide for organic synthesis is Pauson-Khand
reaction that is a [2 + 2 + 1] cycloaddition among an alkyne, an alkene, and carbon
monoxide to construct cyclopentenone skeleton. In 2005, Chung et al. reported
charcoal-immobilized Co/Rh heterobimetallic nanoparticles catalyzed asymmetric
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Scheme 32 Chiral diphosphine 23-modified Co/Rh on charcoal catalyzed asymmetric Pauson-
Khand reactions

Pauson-Khand-type reactions with a chiral diphosphine modifier [96]. Chiral
diphosphine 23-modified Co/Rh catalysts worked well for the reactions of several
enynes with crotonaldehyde as a source of carbon monoxide proceeded, and the
corresponding bicyclic cyclopentenones were obtained in high yields with moderate
to good enantioselectivities (Scheme 32). The catalyst could be reused with the
addition of a new chiral modifier in each run for five times without significant loss of
yield and enantioselectivity. ICP-AES analysis of the reaction mixture obtained after
three cycles detected 3.9 ppm of Co and 0.3 ppm of Rh species; however, the results
of mercury-poisoning test supported heterogeneous nature of active species as Hg
(0) completely eliminated further catalysis after the addition of Hg(0) to the reaction
mixture.

3.4 Miscellaneous

In 2018, Xu et al. reported chiral Cu nanoparticles catalyzed desymmetrization of
pyrazolone-derived bisalkynes through catalytic asymmetric Huisgen [3 + 2] cyclo-
addition [97]. CuF, was initially used for the screening of chiral ligands, and
Tao-Phos 24 was found to be the best ligand. Several Cu salts were then examined,
and Cu,0 whose particle size was ~20 nm gave also similar good performance with
that of CuF,. A Tao-Phos 24-Cu nanoparticle system worked for several aromatic
substrates with good to high enantioselectivities (Scheme 33). The nonlinear rela-
tionship between enantiopurity of the ligand and the product was observed. In
contrast to a CuF, system, ESI-MS analysis in the Cu,0 system could not detect
the corresponding Cu complex-derived peak indirectly suggesting that the formation
and absorption of Cu/Tao-Phos 24 complex on the surface of nano Cu,O could be
recognized. A hot filtration test also supported the stable adsorption of Tao-Phos 24
on nano Cu,O.
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Scheme 33 Tao-Phos 24-Cu nanoparticles catalyzed asymmetric Huisgen alkyne-azide cycload-
dition of bisalkynes

4 Chiral N-Heterocyclic Carbene-Modified Nanoparticle
Catalysts

N-Heterocyclic carbenes (NHCs) have been widely studied not only as ligands for
metal complexes and organocatalysts but also as stabilizers for metal nanoparticles
because of their strong surface binding [98, 99].

In 2010, Glorius et al. reported the first successful application of chiral NHC for
metal nanoparticle-catalyzed asymmetric reactions [100]. Chiral NHC 25 bearing
hydroxy groups was utilized to modify Pd nanoparticles supported on magnetite
(Fe304/Pd) (Scheme 34), and this system showed good catalytic performance for
asymmetric o-arylation of ketones with aryl halides (Scheme 35). Various types of
cyclic ketones and aryl halides could be employed to afford the corresponding
a-arylated ketones in moderate enantioselectivities. Intramolecular a-arylation reac-
tions of amide substrates could also proceed smoothly, and relatively high
enantioselectivities were observed (Scheme 36). In the latter reaction (when
X =Cl,R' = Bn, R?> = Et, Ar = Ph), the corresponding homogeneous Pd complex
catalyst system (Pd(allyl)Cl), and chiral NHC 25) gave a poor result (32% yield,
23% ee), indicating that an activity principle of the chiral nanoparticle system is
different from that of a homogeneous complex system. The heterogeneous nature of
the active species was further confirmed by a hot filtration test, a mercury-poisoning
test, and trace-metal analysis by ICP-OES. The paramagnetic catalyst could be
recovered using a magnet and reused for five cycles without significant loss of
activity and selectivity.

Several characterization of the obtained NHC-modified Pd catalyst (Fe;0,4/Pd/25)
was conducted. XPS analysis confirmed that zero valency of Pd was maintained
even after the surface modification. Attenuated total reflection infrared spectroscopy
(ATR-IR) analysis could detect the NHC-modified surface by comparison of the
spectra obtained from the free salt 25 and that of Fe;0,4/Pd/25, and marked differ-
ences were observed. Different BET surfaces were obtained for Fe;0,4, Fe;O4/Pd,
and Fe;0,/Pd/25.
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NHC*+HX 25
Scheme 34 Preparation of chiral NHC 25 modified Fe;04/Pd nanoparticles
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Scheme 35 Chiral NHC 25-Pd nanoparticle catalyzed asymmetric a-arylation of ketones with aryl
halides
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Scheme 36 Chiral NHC 25-Pd nanoparticle catalyzed intramolecular asymmetric a-arylation of
amides with aryl halides

The same group examined a combination of Fe;O,/Pd and quinine as a chiral
modifier for the asymmetric o-arylation reaction [101]. Good vyields and
enantioselectivities were obtained; however, a mercury-poisoning test and a filtra-
tion test indicated that the nature of the active species was not heterogeneous. These
results emphasized the important role of NHC as a modifier for both stability and
activity of the Pd nanoparticle catalysts.

In 2011, Glorius et al. developed Fe;0,4-supported chiral NHC-based catalysts
[102]. Molecular catalyst 27 was prepared by complexation of supported chiral NHC
26 with Pd(OAc),, while Pd nanoparticle catalyst 28 was prepared by the reduction
of K,PdCl, in the presence of the same supported NHC 26 (Scheme 37). The
oxidation states of Pd in these catalysts were determined by XPS analysis to confirm
the formation of a Pd complex or Pd(0) nanoparticles. These two heterogeneous Pd
catalysts were applied to the asymmetric allylation of 4-nitrobenzaldehyde with
allyltributyltin, and the results were compared (Scheme 38). The nanoparticle
catalyst 28 gave better results for both yield and enantioselectivity, and surprisingly,
the product was obtained with the opposite absolute configuration to that obtained
with the molecular catalyst 27.

In 2018, Toste and Somorjai et al. reported heterogeneous Au nanoparticle
catalysts with NHC ligands prepared by a strategy of supported dendrimer-
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Scheme 37 Preparation of a molecular catalyst and a Pd nanoparticle catalyst from Fe;Oy4-
supported chiral NHC 26

0] OH

H SnBu catalyst 27 or 28 * N
+ .
/\/ 3 THF, 1t
O,N OoN

molecular catalyst 27: 54% yield, 43% ee (R)
Pd nanoparticle catalyst 28: 82% yield, 64% ee (S)

Scheme 38 Chiral NHC-Pd nanoparticle catalyzed asymmetric allylation of 4-nitrobenzaldehyde
with allyltributyltin
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Scheme 39 Preparation of supported Au nanoparticles with NHC ligand 29

encapsulated metal clusters (DEMCs) [103]. L-Amino acid-derived chiral NHCs
with a hydroxyl group were chosen as a modifier. The hydroxy group was expected
to strengthen interactions of the NHC-ligated Au nanoparticle with SBA-15 and to
facilitate proto-deauration that had been postulated to be turnover-limiting step
[104]. Au nanoparticles were prepared from a chiral NHC-Au complex in the
presence of a dendrimer (G4OH) that enhances the stability of the nanoparticles to
aggregation, and they were further loaded on SBA-15 (Scheme 39). XPS, XANES,
and time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis revealed
that the Au nanoparticles prepared from the NHC complex were coated with mono-
layers of Au(I) species, presumably NHC-Au(I) complexes.
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Scheme 40 Chiral NHC NHC 29/Au(0*)/SBA-15 Me
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These chiral Au nanoparticle catalysts were applied to asymmetric lactonization
of allene-carboxylic acids (Scheme 40). Eleven types of chiral NHCs were screened,
and the desired products were obtained in quantitative yields and maximally 16%
ee. Although the enantioselectivity was low, the metal complex NHC 29-AuCl itself
could not catalyze the reaction, and the reaction using NHC 29-AuCl with AgBF,
afforded the product in only 2% ee, indicating that NHC anchoring at the nanopar-
ticle surface is crucial for enantioselectivity.

5 Chiral Diene-Modified Nanoparticle Catalysts

Chiral diene ligands were developed by Hayashi et al. for the first time and were
applied for Rh-catalyzed asymmetric reactions [105]. While they initially utilized a
bicyclo[2,2,1]heptadiene framework, Carreira et al. concurrently reported other
chiral diene ligands with a bicyclo[2,2,2]octadiene framework for Ir-catalyzed
asymmetric reactions [106]. Since higher activity of chiral diene-Rh complexes for
asymmetric arylation reactions than chiral phosphine Rh complexes was realized,
intensive researches of chiral dienes were promoted to develop new structures of
chiral dienes and new ligands with hybrid structures including olefins [107-109].

One of the representative applications of chiral diene ligands is asymmetric
1,4-addition of arylboronic acids to unsaturated carbonyl compounds
[110, 111]. Thanks to highly active chiral diene Rh complex catalysts, this type of
reaction was widely studied to achieve various substrates including not only o,-
B-unsaturated carbonyl compounds but also aldehydes, imines, strained alkenes, and
alkenyl arenes with excellent enantioselectivities [112]. Not only academic research
but also a large-scale (>20 kg) process was demonstrated [113, 114]. However,
active, reusable, and robust heterogeneous Rh catalysts for these reactions without
metal leaching are demanded because of the high cost of Rh.

In 2012, Kobayashi et al. reported Rh nanoparticle catalysts immobilized on a
composite of polystyrene-based copolymer with a cross-linking moiety and carbon
black (PI/CB Rh) for asymmetric 1,4-addition of boronic acids to «,B-unsaturated
ketones in the presence of a chiral modifier (Scheme 41) [115]. They initially
examined chiral phosphine, (S)-BINAP 12, as a chiral modifier for PI/CB Rh;
however, a significant amount of Rh leaching was observed during the reaction.
On the other hand, the use of a chiral diene as a modifier not only improved catalytic
activity and enantioselectivity but also suppress a metal leaching to the detection
limit of ICP-AES. Secondly, they examined bimetallic structures to achieve reac-
tions with less reactive acyclic substrates. A bimetallic catalyst consisting of Rh and
Ag (PI/CB Rh/Ag) was found to be the most active catalyst, and various enones were
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Scheme 41 Chiral diene-modified Rh nanoparticle catalysts for asymmetric 1,4-addition of
arylboronic acids to enones
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Scheme 42 Secondary amide-substituted chiral diene 32 modified Rh nanoparticle catalysts for
asymmetric 1,4-addition of arylboronic acids to unsaturated esters

coupled to the desired a-arylated ketones in high yields with high
enantioselectivities in the presence of a chiral modifier 30 or 31 without leaching
of the metals. STEM analysis and EDS mapping revealed that alloy nanoparticles
formed, and aggregation of Rh nanoparticles was not observed in PI/CB
Rh/Ag. PI/CB Rh/Ag could be reused while keeping high yields and high
enantioselectivities for 14 times.

In 2015, Kobayashi et al. improved their chiral Rh nanoparticle systems
by employing a bifunctional chiral diene bearing a secondary amide moiety (Scheme
42) [116]. The new modifier 32 was supposed to possess a diene part for coordina-
tion to metal and a secondary amide group to interact with carbonyl substrates
through hydrogen bonding. While the previous chiral diene 30 gave a low
enantioselectivity (33% ee) for an asymmetric 1,4-addition to an o,p-unsaturated
ester, chiral diene 32-modified Rh nanoparticle systems dramatically improve the
yield and enantioselectivity. Control studies using a tertiary amide-substituted chiral
diene that gave a lower enantioselectivity (66% ee) suggested that the secondary
amide moiety in diene 32 played an important role in achieving the excellent yield
and enantioselectivity. Moreover, the amount of a diene loading could be reduced to
0.05-0.1 mol%, and broad substrate scope including formal synthesis of biologically
important compounds was achieved with outstanding enantioselectivities. The Rh
catalyst could be reused with the addition of a new portion of the chiral ligand, and
no significant loss of the catalytic activity and enantioselectivity was observed over
six runs. No metal leaching was confirmed by ICP-AES analysis of the crude
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RNy PV/CB AuPd (Au: 0.25-1.0 mol%)
. K,CO; (3 equiv) \)i

, 0 0O toluene/H,0 = 1/2 RN 0R?
R30.1 0,,60°C,24h without isolation
R307 \)kORZ

ArB(OH), (2.0 equiv)
PI/CB Rh (Rh: 1.5 mol%) A O
chiral diene 32 (0.1-0.2 mol%) :\)k
toluene/H,0 = 1/2 R’ OR?
Ar, 100 °C, 16 h 11 examples

up to 84% yield, up to >99% ee

Scheme 43 One-pot oxidation/HWE reaction/asymmetric 1,4-addition reactions catalyzed by
Au/Pd nanoparticle and chiral Rh nanoparticle

mixture, and a hot-filtration test confirmed that no reaction proceeded in the filtrate
that was obtained in the middle of the reaction.

In this work, several unique natures of Rh nanoparticle systems that were
different from the nature of the corresponding homogeneous Rh(I)-diene 32 com-
plex were found. The comparison of the catalytic activity in a homogeneous Rh
(I) complex system and the chiral Rh nanoparticle system showed that superior
performance of the nanoparticle system in terms of activity and/or enantioselectivity
was observed for several substrates. Nonlinear effect analysis [117], which is a plot
of enantiopurity of a product against enantiopurity of a chiral ligand, was also
conducted in both systems. A positive nonlinear effect was observed in the hetero-
geneous nanoparticle system, whereas a linear relationship between enantiomeric
excess of a ligand and that of a product was observed in the homogeneous metal
complex system.

In 2015, Kobayashi et al. applied chiral diene 32-modified Rh nanoparticle
catalysts to an integrated process of oxidation-olefination-asymmetric 1,4-addition
reactions (Scheme 43) [118]. Polymer-incarcerated Au/Pd bimetallic catalyst (PI/CB
Au/Pd), developed by the authors [119], was used for a tandem process of aerobic
oxidation and Horner-Wadsworth-Emmons (HWE) olefination to convert primary
alcohols to the corresponding unsaturated esters. After the two-step reaction, PI/CB
Rh, arylboronic acid, and chiral diene 32 were added to perform the asymmetric
1,4-addition in the same pot. These three-step, one-pot sequential reactions catalyzed
by two different heterogeneous nanoparticle catalysts can produce p-arylated esters
in high yields with excellent enantioselectivities from readily available alcohols.
Such an integration of reactions has great advantages that can reduce the number of
purification steps, and unstable intermediates can be treated in situ.

In the same year, Kobayashi et al. also developed cellulose-supported Rh nano-
particle catalysts for asymmetric 1,4-addition reactions (Scheme 44) [120]. Unlike
PI/CB catalysts, Rh nanoparticles were well dispersed over the support without Ag,
and this monometallic catalyst showed high catalytic activity in the presence of
chiral diene 32 for the reaction with a,p-unsaturated ketones and esters. They
analyzed the catalyst with chiral diene 32 by solid-state NMR with the addition of
a solvent to swell the sample, so-called swollen-resin magic-angle spinning (SR—
MAS) NMR [121]. The pulse sequence consisting of a diffusion filter and isotropic
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Scheme 44 Cellulose-supported Rh nanoparticle catalysts for asymmetric 1,4-addition reactions

ArB(OH), (2.0 equiv)
P1/CB Rh/Ag (Rh: 0.25—-1 mol%)
o) chiral diene 32 (0.1-0.4 mol%) Ar O 15 |
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R2 Rz — o

Scheme 45 Cooperative catalyst system using chiral Rh nanoparticle and Lewis acid catalysts for
asymmetric 1,4-addition to unsaturated amides

ArB(OH), (2.0 equiv)
PI/CB Rh/Ag (Rh: 0.5-1 mol%) Ar
. X B 21 examples
chiral diene 32 (0.1-0.2 mol%) T8 19-96% yield

~, T8 R
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R™ °N

Scheme 46 Chiral Rh nanoparticle catalyzed asymmetric arylation of imines

mixing was used to suppress signals from chiral diene 32 in the solution phase and to
exchange the remaining magnetization of cellulose with nearby molecules that
would be anchored in the catalyst. The result suggested that the chiral diene 32
adsorbed on the Rh nanoparticles was observed selectively using this method.
Similar to the PI/CB Rh/Ag system, a positive nonlinear effect was observed in
this cellulose-supported Rh nanoparticle system.

In 2016, Kobayashi et al. reported a cooperative catalyst system using a chiral Rh
nanoparticle catalyst and a metal Lewis acid catalyst for asymmetric 1,4-additions to
a,p-unsaturated amides (Scheme 45) [122]. a,B-Unsaturated amides are significantly
less reactive substrates than o,fB-unsaturated ketones and esters because of their high
LUMO energy. They employed Sc(OTf); as a water-compatible Lewis acidic
co-catalyst to activate amide substrates for chiral Rh nanoparticle systems. The
reactions proceeded to afford the corresponding f-chiral amides with excellent
enantioselectivity without leaching of Rh. The role of Sc(OTf); was assumed to
lower the LUMO level of the amide substrate to accelerate a C—C bond-forming step
and/or accelerate a protonation (product release and catalyst regeneration) step by
inner-sphere water ligands of the water-compatible Lewis acid. In the presence of Sc
(OTY);, a higher yield in the heterogeneous nanoparticle catalyst system than that in
the corresponding homogeneous Rh-diene 32 complex system was observed, indi-
cating that the heterogeneous nanoparticle catalyst system enhanced the efficiency of
the cooperative catalysis.

In 2016, Kobayashi et al. expanded the applicability of chiral Rh nanoparticle
systems to asymmetric arylation of aldimines (Scheme 46) [123]. The ratio of
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Scheme 47 Chiral Rh nanoparticle catalyzed asymmetric arylation of nitroolefins

toluene and water was optimized to 8:1 to prevent hydrolysis of imines. Asymmetric
arylation of aromatic tosylimines proceeded smoothly to afford the corresponding
chiral (diarylmethyl)amines in high yields with excellent enantioselectivities in the
presence of PI/CB Rh/Ag and chiral diene 32. On the other hand, as aliphatic imines
are more sensitive to water than aromatic imines, the desired products of aliphatic
imines were obtained in moderate yields, while enantioselectivities were excellent.

In 2017, Kobayashi et al. further applied chiral Rh nanoparticle systems to
asymmetric arylation of nitroolefins (Scheme 47) [124]. The ratio of toluene and
water was crucial not only to achieve high yields and enantioselectivities but also to
prevent metal leaching. The system worked well even for heteroarene-substituted
nitroolefins and aliphatic olefins in excellent enantioselectivity. The nature of active
species was discussed in details. First of all, they denied the possibility of the leached
homogeneous species as an active species by hot filtration tests. The kinetic behavior
of the catalysts recovered at several timings was examined, and their XPS analysis
was conducted. These studies suggested a generation of an active species through a
redox process between phenyl boronic acid and metal nanoparticles. Considering the
similarity of the outcomes of enantioselectivities in homogeneous and heteroge-
neous systems, they concluded the scenario, in which the reaction proceeded on
metal complexes or on very small nanoclusters within the polymer phase, was more
likely than the scenario in which the reaction proceeded on the surface of the metal
nanoparticles.

6 Other Chiral Molecules as Modifiers

In 2016, Hosseini-Monfared developed magnetite nanoparticles stabilized by L-(+)-
tartaric acid (Fe;Oy/tart-NPs) for asymmetric oxidation of olefins, thioanisole, and
tetralin (Scheme 48) [125]. The catalyst was prepared by heating a diethylene glycol
solution of FeCl;-6H,0, tartaric acid, and urea at 200°C. Asymmetric oxidation of
olefins was performed under oxygen atmosphere in the presence of the catalyst and
isobutyl aldehyde as a reductant for the reduction of dioxygen at the beginning of the
reaction. Aliphatic substrates gave the corresponding chiral epoxides in moderate to
good yields with good to excellent enantioselectivities, while styrene derivatives
afforded the products in poor yields and low to moderate enantioselectivities. In the
latter case, aldehyde or ketone by-products were observed. The reactions of
thioanisole to give the sulfoxide and of tetralin to afford the alcohol also proceeded
under the same conditions. The catalysts could be collected by magnetic decantation
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Scheme 48 Asymmetric R2 8 examples
oxidation of olefins, R1J\/R3 JQ/R3 8-77% yield
thioanisole, and tetralin by or ':‘,9304/tart NPs (1 mg) 33-99% ee
Fe;0,/tart-NPs PrCHO (2.5 equiv)
s MeCN, O, (2 bar) 0«5/ 33% yield
Ph™ O r-40 °C, 7 h PN 78% ee
or OH 0 or oH
HO
NOH 16% yield
(0] OH 45% ee
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and reused five times with increasing catalytic activity after each use in the aerobic
oxidation of tetralin.

7 Chiral Polymer-Stabilized Nanoparticle Catalysts

Use of polymer with chiral functionality as a chiral modifier is an attractive subject,
as a chiral modifier is expected to be easily recovered. Although silk, as a chiral
polymer, supported Pd catalyst was found to be active in asymmetric hydrogenation
of benzylidene oxazolidone in the 1950s [3], no successful example of chiral
polymer-supported nanoparticle catalysts for asymmetric catalysis was reported
until recent studies.

In 2015, Moores et al. utilized cellulose nanocrystals (CNCs) as chiral inducers
[126]. Pd nanoparticles were deposited on highly crystalline and well-defined CNCs
via treatment of an aqueous mixture of a CNC suspension and a PdCl, solution under
mild H, pressure (Scheme 49). Several aromatic ketones were tested as substrates in
asymmetric hydrogenation by the Pd nanoparticles on CNCs, and maximally a 65%
ee could be obtained from the reaction with ortho-methoxy acetophenone (Scheme
50). The aqueous suspension could be recovered by simple phase separation and
reused up to three times with no loss of activity and enantioselectivity. The fourth
and fifth cycles did lead to a drop in activity, but the enantioselectivity was
preserved. Heterogeneity of the catalyst system was also confirmed by a poisoning
experiment with CS,. The 3D structure of the catalyst was studied by cryo-electron
microscopy, high-resolution transmission electron microscopy, and tomography. It
revealed that sub-nanometer-thick Pd patches are located at the surface of CNCs.

In 2016, Hua et al. reported chiral-substituted poly-N-vinylpyrrolidinones
(CSPVP 33) supported bimetallic Pd/Au and Cu/Au nanoparticle catalysts for
various asymmetric oxidation reactions [127]. Chiral pyrrolidinone monomers
were prepared from N-Boc L-(S)-amino acids, and the corresponding polymers
were used for deposition of bimetallic nanoparticles (Scheme 51). Various structures
of monomers were examined in asymmetric oxidation of 1,3-diol, and CSPVP 33
was found to be the best chiral inducer. Pd/Au bimetallic nanoparticle catalysts on
CSPVP 33 were applied to kinetic resolution of trans-1,2 and 1,3-diols and asym-
metric mono oxidation of cis-1,2 and 1,3-diols to produce the corresponding
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Cellulose nanocrystals (CNCs) + PdCl,

Pd nanoparticles@CNCs
H,0, H, (4 bar)
rt,2 h

Scheme 49 Preparation of cellulose nanocrystals supported Pd nanoparticles

Pd nanoparticles@CNCs
Q (Pd: 3.75 mol%) Ot'
A" R H,0,H, (4 bar), rt, 2 h Ar” R
OH OH OH OH OH
Br OMe
87%yield  90% yield 91% yield 89% yield 67% yield
7% ee 5% ee 6% ee 21% ee 65% ee

Scheme 50 Pd nanoparticles on CNCs catalyzed asymmetric hydrogenation of ketones

Ph— P
5

Na,PdCl, oﬂw/ Pd/Au (3:1)-CSPVP 33
or + HAuCl4*3H,0 + N* % or
CuCl ,[)\/}/n H20,25°C, 0.5 h Cu/Au (3:1)-CSPVP 33
MW = 106,000
CSPVP 33

Scheme 51 Preparation of chiral-substituted poly-N-vinylpyrrolidinones 33 supported bimetallic
catalysts

hydroxy ketones in excellent enantioselectivity (Scheme 52). The same catalyst was
also utilized for asymmetric oxidation of alkenes to afford diols with excellent
enantioselectivities (Scheme 53). Interestingly, resulting diols did not undergo
further oxidation even though benzylic alcohols were easily oxidized by Au nano-
particle catalysts [128]. Furthermore, Cu/Au bimetallic nanoparticle catalysts on
CSPVP 33 were applied to asymmetric C—H oxidation of cycloalkanes to produce
ketones with excellent enantioselectivities (Scheme 54).

In 2017, Chen and Dong et al. reported Pd nanoparticles loaded on a homochiral
covalent organic framework (COF) for asymmetric catalysis [129]. The chiral COF
support (CCOF-MPC) was synthesized from cyanuric chloride and S-(+)-2-
methylpiperazine at 90°C, and the Pd nanoparticles were loaded on CCOF-MPC
via sequential solution impregnation and reduction of a Pd salt by NaBH, to afford
the catalyst (Pd@CCOF-MPC) (Scheme 55). High-resolution transmission electron
microscopy (HRTEM) analysis of the catalyst showed highly dispersed Pd
nanoparticles with a particle size of 2—5 nm. The size of the Pd nanoparticles was
larger than that of the pore size (1.5 nm) in Pd@CCOF-MPC indicating that Pd
nanoparticles might be located between the 2D COF layers. An increase in the
interlayer spacing of COF was also demonstrated by the PXRD pattern of the
catalyst.
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OH O

n S n
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Scheme 52 Pd/Au-CSPVP 33 catalyzed asymmetric oxidation of 1,3-diols and 1,2-diols
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Scheme 53 Pd/Au-CSPVP 33 catalyzed asymmetric oxidation of alkenes
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Scheme 54 Cu/Au-CSPVP 33 catalyzed asymmetric oxidation of cycloalkanes

Cl Pd(NO3),
KZC 3 NaBH,
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dioxane, 90 °C MeOH/H,0

Scheme 55 Preparation of Pd@CCOF-MPC

Pd@CCOF-MPC was applied to asymmetric Henry reactions, and various aro-
matic aldehydes were converted to the corresponding B-nitro alcohols in high
enantioselectivity (Scheme 56). CCOF-MPC itself hardly catalyzed the reaction
indicating that Pd nanoparticles in the CCOF-MPC matrix are responsible for the
catalytic activity. The catalyst was also applied to asymmetric reductive Heck
reactions of 2-cyclohexen-1-one with aryl halides (Scheme 57). Although Pd
nanoparticles were aggregated and leached out after five runs in both reactions,
relatively high levels of yield and enantioselectivity were maintained.

In 2017, Sharma et al. reported Pt nanoparticles incorporated chiral polyamide for
asymmetric hydrogenation of an a-ketoester [130]. Chiral polyamides were synthe-
sized from camphoric dichloride and diamine monomers by interfacial condensation
reactions. A Pt(IV) salt was loaded on the polymer followed by reduction under
high-pressure hydrogen to afford the catalyst, Pt(0)/chiral polyamide (Scheme 58).
Several diamine linkers were examined, and the catalyst prepared from
hexamethylenediamine showed the best performance in asymmetric hydrogenation
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Scheme 57 Pd@CCOF-MPC catalyzed asymmetric reductive Heck reaction
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Scheme 58 Preparation of chiral polyamide supported Pt nanoparticle catalysts
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Scheme 59 Pt(0)/chiral polyamide catalyzed asymmetric hydrogenation of ethyl 2-oxo-4-
phenylbutanoate

of ethyl 2-oxo-4-phenylbutanoate with excellent enantioselectivity (Scheme 59).
The catalyst could be reused for ten cycles with slight loss of enantioselectivity.
This chiral polyamide supports have helical structure with molecular chirality
examined by the CD and UV-vis spectroscopies.

8 Conclusion

As introduced in this chapter, chiral nanoparticle catalytic systems have a potential
to construct robust asymmetric catalysts. Thanks to diverse choice of chiral modi-
fiers, which were originally used for homogeneous metal complex catalysis, appli-
cable reactions catalyzed by chiral metal nanoparticles were dramatically expanded
especially since 2000. Several reports proved that not only small molecules but also
chiral polymers would be good candidates of chiral modifiers for nanoparticles.
Some examples demonstrated excellent enantioselectivities with broad substrate
generality and reusability, and they must be useful heterogeneous catalysts. More-
over, chiral metal nanoparticles showed unique catalytic behaviors that are different
from the corresponding homogeneous metal complex systems. It indicates that the
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active species in nanoparticle catalysis are not leached molecular complexes
although true active species are unclear in most cases. This is an emerging area of
research, and we expect that further studies lead to achievement of more efficient and
unique chiral nanoparticle catalysis.
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