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Preface

Metal nanoparticle catalysts are of great interest in both academia and industry, not
only due to their large surface areas, producing high catalytic activity, but also for
their quantum size effect, showing high activity and unique selectivity. This volume
discusses the great potential of metal nanoparticle catalysts for complicated molec-
ular synthesis and reviews the current progress of this field. The development of
highly active and stable heterogeneous catalysts is a crucial subject in modern
science. However, the development of heterogeneous catalysts for fine chemical
synthesis has lagged far behind those for the bulk chemical process. Metal nanopar-
ticle catalysts are an excellent candidate for the active and robust heterogeneous
catalysts and this book overviews this possibility.

Recently, metal nanoparticle catalysts were widely studied and applied not
only to a bulk chemical synthesis but also to various types of organic reactions.
Many reviews or books about metal nanoparticles summarize their physical proper-
ties, surface structures, and/or catalytic behavior for relatively simple transforma-
tions as models and often categorized each topic by metal species. This volume
summarizes recent progress on nanoparticle catalysis for various organic transfor-
mations from simple redox reactions to asymmetric C—C bond-forming reactions and
also presents seminal studies on new technologies. In the chapters “Gold
Nanoparticles for Oxidation Reactions: Critical Role of Supports and Au Particle
Size” and “Metal Nanoparticles for Redox Reactions” of this volume, redox reac-
tions are introduced as an investigation of metal nanoparticle catalysis for organic
transformations. Several approaches to utilize earth-abundant metal nanoparticles
that were recently reported are introduced in the chapter “Earth-Abundant and
Precious Metal Nanoparticle Catalysis.” Precise synthesis of metal nanoclusters
and their catalytic behavior including some mechanistic aspects such as active
cites and effects of nanoparticle structure for catalytic activity are discussed in
the chapter “Precise Synthesis of Nanoparticles and Their Catalytic Behavior.”
Coupling reactions and C-H bond activations by metal nanoparticle catalysts are
described in the chapter “Pd Nanoparticles in C—H Activation and Cross-Coupling
Catalysis.” In the chapter “Nanoparticle Catalysts in Flow Systems,” the use of
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nanoparticle catalysts under flow conditions directed toward organic synthesis is
described. Finally, multidisciplinary fields such as biological applications (chapter
“Nanocatalysis Meets Biology”) and asymmetric catalysis (chapter “Chiral Metal
Nanoparticles for Asymmetric Catalysis”) are introduced. In those chapters, new
ideas and technologies for more green and sustainable processes are discussed.

This volume comprehensively summarizes advances in metal nanoparticle catal-
ysis across several aspects including reaction manners, mechanistic investigations,
and new synthetic methodologies to encourage the use of metal nanoparticle cata-
lysts for future organic synthesis. It can direct next-generation fine chemical
synthesis.

I would like to thank all the authors for their great contributions. Professor Pierre
Dixneuf (Rennes), who encouraged me strongly to make this volume, is greatly
acknowledged. I am also grateful to Dr. Charlotte Hollingworth and Ms. Alamelu
Damodharan (Springer Nature) for their continuous assistance to complete this
volume.

Finally, I hope that this volume will lead to new ideas and research efforts in this
field.

Tokyo, Japan Shii Kobayashi
July 2020
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Abstract Supported gold nanoparticles (Au NPs) exhibit unique catalytic proper-
ties for the oxidation of organic compounds. The catalytic activities and the selec-
tivities of the supported Au catalysts largely depend on the kind of support and the
particle size of Au. For oxidation of alcohols to aldehydes and ketones, the reduc-
ibility of metal oxide (MOy) supports plays a prominent role, while the basicity of
the supports or the size of Au particles are more important factors for non-reducible
MO,, non-oxides, and other supports. The size effect is more pronounced for
dehydrogenation than aerobic oxidation because dehydrogenation takes place
mainly on the low-coordinated edge and corner Au atoms. Oxidation of alkenes to
epoxides using O, as a sole oxidant has been achieved by supported Au clusters
having a diameter of 2 nm or less. For oxidation of cyclohexane using O, as a sole
oxidant, the presence of Brgnsted acid sites contributes to the production of K/A oil.
The size of Au particles also largely affects the reaction rate and product selectivity;
sub-nanometer Au clusters exhibited significantly higher catalytic activity and K/A
oil selectivity than Au NPs.

Keywords Alcohol oxidation - Alkane oxidation - Alkene oxidation - Gold
clusters - Gold nanoparticles - Oxidative coupling - Oxidative esterification

1 Introduction

Selective oxidation is of great importance in chemical industry, because oxidation
reactions occupy ca. 30% of chemical processes. In particular, aerobic oxidation using
O, or air as an oxidant is regarded as an environmentally benign reaction that can
avoid use of harmful stoichiometric oxidants and minimize wastes. Thus, development
of heterogeneous oxidation catalysts that have not only high catalytic activity but also
high selectivity to a specific functional group in the substrates is highly desired.
Since the discovery of catalysis by gold nanoparticles (Au NPs) in 1987 [1], Au has
attracted growing interest in the field of catalysis [2—4]. In the early studies, reducible
metal oxides (MOy) supported Au NPs were revealed to exhibit very high catalytic
activity for CO oxidation below room temperature, while supported Pd and Pt catalysts
generally required higher reaction temperature such as 100°C [1, 5]. Au also exhibits
unique catalysis for propylene oxidation to give propylene oxide directly and selec-
tively in the presence of H, and O, [6] and then O, and H,O [7]. Reducible MOy, such
as Fe;03, Co304, NiO, and MnO,, are defined as that the MOy have redox properties
or have semiconducting properties. The oxygen atoms in the reducible MOy, are easily
removed to form the oxygen vacancies on the surface. Because bare Au surface cannot
dissociate O, in contrast to Pd and Pt [8], the oxygen vacancies near the Au NPs play
an important role for O, activation in the gas-phase CO oxidation over Au catalysts.
Namely, CO is adsorbed on Au NPs, and O, is activated at the oxygen vacancies of the
reducible MO, so that the reaction of CO and O, takes place at the perimeter interface.
Therefore, the catalytic activity of Au is significantly affected by the kind of supports
in terms of O, storage-release capacity of the supports, and Au NPs on reducible MO,
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generally show superior catalytic activity to Au on non-reducible (inert) supports for
CO oxidation. In addition, the perimeter length of Au NPs is proportional to 1/ (r:
radius of Au particle), while the number of the surface Au atom is proportional to
1/r. Thus, the size of Au NPs markedly influences the catalytic activity of Au for CO
oxidation that takes place at the perimeter interface between Au and the supports. Au
on inert supports that do not have the oxygen vacancies is less reactive and requires
high reaction temperature. However, the presence of H,O in the reaction gas remark-
ably enhances the CO oxidation over Au on inert supports due to the fact that H,O can
assist the O, activation [9, 10]. It means that the key factors to show high catalytic
activity vary by the kind of supports.

In 1998, Prati and Rossi reported that supported Au NP catalysts could catalyze
alcohol oxidation in liquid phase [11]. Since then, the selective oxidation for
production of organic compounds in liquid phase has been intensively studied
because of unique catalytic features. As observed in Au-catalyzed gas-phase reac-
tions such as CO oxidation, Au-catalyzed reactions in liquid phase are markedly
influenced by the kind of supports, the size of Au NPs, and the oxidation states in
some cases. In this chapter, we chose several important oxidation reactions catalyzed
by Au and focused on the role of supports and size specificity of Au.

2 Ogxidation of Alcohols to Aldehydes and Ketones

Aerobic oxidation of alcohols is one of the most intensive research areas in liquid-
phase organic reactions catalyzed by heterogeneous Au [12—15]. Prati and Rossi
reported that Au/C and Au/Al,O;5 catalyzed the aerobic oxidation of 1,2-diols to
glycolic acids under basic aqueous conditions (Scheme 1a) [11]. They demonstrated
that these Au catalysts showed superior selectivity to supported Pd catalysts
[16]. Later, various supports for Au NPs have been exploited for the aerobic
oxidation of alcohols in the absence and presence of base. Corma et al. reported
that Au/CeO, catalyzed the aerobic oxidation of primary and secondary alcohols in
the absence of base and showed higher selectivity than did supported Pd catalysts for
the oxidation of unsaturated alcohols to the corresponding unsaturated ketones
(Scheme 1b) [17, 18].

(a) OH 02 (0.3 MPa) o Au/C  Au/AlO4
HO >~ J_on ;
Au catalyst NaO Conv. / % 80 80
NaOH, H,0O Selec. / % 93 68
70 °C
(b)
©/\/\OH (O} (0.1 MPa) ©/\AO Au/CeO, Pd/HAP
catalyst Conv. / % 99 74
toluene Selec./% 99 63
120 °C

Scheme 1 Oxidation of 1,2-ethylene glycol to glycolic acid (a) [11, 16] and of cinnamy] alcohol to
cinnamaldehyde (b) [17, 18]
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Table 1 Oxidation of alcohols to aldehydes and ketones catalyzed by Au in liquid phase

Support nm Key for high catalytic activity Ref.
1. Reducible Fe,03 5 Reducibility of supports [19-21]
MOy MnO,, NiO, 34 Cationic Au species, surface oxygen | [22-24]
CuO vacancies [25]
CeO, 2-5 Optimal surface acidity and redox [17, 18,
properties 26-28]
Single- | Lattice oxygen atoms and oxygen [29]
atom vacancies
TiO, 4-7 Size of Au, positively charged Au [30-37]
atoms
SnO,-Si0, 6 Low-coordinated Au active sites [38]
2. Al,O3 2 Size of Au [39]
Non-reducible | Ga,0; 4 High dehydrogenation activity of [40, 41]
MO, GazAl;09 GaOy
SiO, 5 Low coordinated sites on Au NPs [42]
MgO, 4-9 Basicity [43-46]
MgZnAl,0y,
MgF6204,
CusMgAlL,O
3. Non-oxides HT 2-3 Basicity, size of Au [47-49]
LDH 2-5 Defect-rich surface, basicity [50, 51]
HAP Basicity [52, 53]
Cs,CO3 30 Basicity [54]
4. Hybrids MOF 2-5 The selectivity can be tuned by the [55-60]
selection of supports
5. Organic Carbon 34 Base is indispensable. Size of Au [16, 61—
materials Polymer 64]
6. NPG Residual Ag in NPG [65]
Non-supported | [jgand- Negatively charged Au clusters. Sul- | [66-73]

Au

protected Au
clusters and NPs

fur and phosphine ligands poison the
catalytic activity of Au

In principle, the catalytic performance of Au NPs is determined by the kind of
supports and the size of Au NPs. We classified the supports as the following:
(1) reducible MOy, (2) non-reducible MOy, (3) non-oxides (metal hydroxides,
phosphates, and carbonates), (4) inorganic-organic hybrids (MOF), and (5) carbons
and polymers. Inert materials including (2)—(4) also appeared to be effective sup-
ports for Au in application to alcohol oxidation in liquid-phase, but in order to show
high catalytic activity, there are several key factors depending on the kind of
supports. The key factors are summarized in Table 1.
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2.1 Reducible MO,
2.1.1 Role of Supports

Initially, Galvagno et al. reported that Au/Fe,Oj; catalyzed the selective oxidation of
o-hydroxybenzyl alcohol in the absence of base to give o-hydroxybenzaldehyde
with 90% selectivity at a full conversion (Scheme 2a) [19]. The reducibility of
Au/Fe,O; prepared by CP influenced the catalytic activity of Au. Dai et al. examined
Au NPs on several FeO, (Fe;04, y-Fe,Os, and o-Fe,03) for the oxidation of
1,4-butanediol (Scheme 2b) [20, 21]. As calcination temperature increased, the
FeO, crystalline structure changed from Fe;O4 to y-Fe,O3 and then to o-Fe,Os,
while the size of Au NPs were almost similar for all the FeO,. Au/FeO, containing
v-Fe,O5 showed the highest activity, and Dai et al. explained that the presence of
Au® species was attributed to the high activity [20]. However, high Au® content on
v-Fe,05 and the presence of Au®* species on a-Fe,O5 also showed high catalytic
activity [21].

Scheme 2 Oxidation of
OH 0, (0.1 MPa)
alcohols over Au/Fe,O3 (;(\ 2 conv. 100%
Au/Fe203 selec. 90%

50 °C

®) o~ OH 2r(125MPg) & conv. 95%

HO Au/Fe,0, o S0 selec. 99%
140 °C

Manganese oxides (MnOy) are known as stoichiometric oxidants in organic
syntheses and have also been utilized as a support for metal catalysts [22—-24]. The
morphology of MnO, influenced the catalytic activity of Au NPs;
Au/B-MnO,_nanorod showed higher catalytic activity than Au/p-MnO,_sphere for
solvent-free benzyl alcohol oxidation (55% conversion, 97% benzaldehyde selec-
tivity, metal-time yield (MTY) of 264 h™') [23]. The difference in the activity was
ascribed to the presence of the higher amounts of positively charged Au and surface
oxygen. Au/CuO was also reported to be highly active for the benzyl alcohol
oxidation, and the redox cycles of Au’-Au®* and CuO—Cu,0 were considered to
participate in the reaction mechanism [25].

CeO, [17, 18, 26-29] is also known as reducible MO, due to facile redox
properties and rich oxygen vacancies. The formation of oxygen vacancies varies
by the size of CeO, particles, and Corma et al. reported that the deposition of small
Au NPs (2-5 nm) onto nanocrystalline CeO, (5 nm) resulted in high activity and
selectivity for the oxidation of alcohols to aldehydes and ketones under atmospheric
O, in the absence of base and solvent [17, 18, 26]. Wang et al. investigated the effect
of the crystalline plane of CeO, on the catalytic activity of Au/CeO, for the oxidation
of benzyl alcohol [28]. Among CeO, nanorods, nanocubes, and nano-octahedra, the
most active plane appeared to be (110) plane of nanorod CeO,. Raman spectroscopy
was used to elucidate the formation of the oxygen vacancies, and the peak at
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462 cm™ ! corresponding to the fluorite phase was red-shifted, indicating the surface
distortion caused by Au—CeQO, interaction. The peak-shift was pronounced for
nanorods rather than nano-octahedra and nanocube. Taking into account that the
nanorod was largely enclosed by (110) planes, the interaction between Au and CeO,
(110) plane would be stronger than (100) and (111) planes.

Recently, supported single Au atom catalysts have attracted growing interest
because of the maximized atom efficiency. Qiao and Li et al. reported that single
Au atoms on CeO, (Au,/Ce0,) exhibited higher activity and selectivity for the
solvent- and base-free benzyl alcohol oxidation (16% conversion, 98% selectivity,
MTY of 3,091 hfl) than Au NPs on CeO, (37% conversion, 72% selectivity, MTY
of 216 h™ 1) [29].

Au/TiO, has also been intensively studied for alcohol oxidations [30—
37]. Hutchings et al. reported that Au/TiO, promoted the benzyl alcohol oxidation
under solvent- and base-free conditions to give benzaldehyde in 55% selectivity at
68% conversion with TOF of 31,900 h™' [30].

Solvent-free selective oxidation of benzyl alcohol to benzaldehyde is usually
reported at low conversions, and an achievement of high selectivity at high conver-
sions is rather difficult. Corma et al. demonstrated the corresponding aldehydes was
obtained with excellent selectivity (98% conversion, 99% selectivity for
cinnamaldehyde) by the oxidation of primary alcohol oxidation over Au/TiO, and
Au/CeO, in organic solvents in the absence of base [34]. Baiker et al. screened
organic solvents for benzyl alcohol oxidation over Au/TiO,, and mesitylene [35] or
supercritical CO, was more suitable than toluene in terms of the selectivity of
benzaldehyde.

Deposition of reducible MOy onto inert supports has attempted to give highly
dispersed reducible MO, NPs, and Au NPs on reducible MO,/inert supports, such as
Au/Ce-Si0, [74], Au/SnO-SiO; [38], and Au/CeO,-g-C3N, [75], were reported.
Au/SnO,-Si0, showed superior catalytic activity (MTY of 15,248 h™") to those of
Au/Si0, and Au/MoOy-Si0; [38]. The high catalytic activity of Au/SnO,-SiO, was
due to the electron transfer between SnO, and Au and the lattice distortion of Au,
leading to more low-coordinated Au NPs. DFT calculation also suggested that the
deposition of SnOy onto Au would enhance the O, activation. On the other hand, no
positive effect was observed for Au/MoO,-SiO, due to weak interaction between
MoOy and Au.

2.1.2 Size Dependence

Rossi et al. studied the size effect of Au/TiO, and Au/Al,O; having 3.8, 4.4, and
6.8 nm of Au NPs on the oxidation of ethylene glycol to glycolic acid and found that
the catalytic activity increased as the size of Au NPs decreased [16]. Corma et al.
examined the size effect of Au/TiO, having different size of Au AuNP in the range
of 5-27 nm on the oxidation of cinnamyl alcohol to cinnamaldehyde [34]. The TOFs
increased exponentially as the Au NPs became smaller (Fig. 1a). TOFs plotted as a
function of the total number of surface Au atoms showed a linear relationship
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Fig. 1 Plots of TOFs as a function of the diameters of Au NPs (a) and the number of surface Au
atoms (NVy) (N4 Avogadro’s number) (b) for the oxidation of cinnamyl alcohol over Au/TiO,. Adpated
with permission from [34] Copyright 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

(Fig. 1b), indicating that the catalytic activity of each surface Au atoms did not alter
by the size of Au NPs. On the other hand, Baiker et al. reported different size
dependence on the oxidation of benzyl alcohol over Au/CeO, and Au/TiO, having
1.3,2.1,6.9, and 11.3 nm of Au NPs [35]. In their report, the medium size of Au NPs
(6.9 nm) gave the highest activity irrespective to the MOy, while the selectivity was
not significantly influenced by the size of Au.

2.1.3 Reaction Mechanism

Christensen et al. [37] and Corma et al. [34] performed kinetic studies to discuss the
reaction mechanism, respectively. Christensen et al. demonstrated a negative Ham-
mett plot for the oxidation of p-substituted benzyl alcohols over Au/TiO,, indicating
that the reaction proceeds via the formation of a carbocation intermediate [37]. The
same behavior was reported for Au/CeO, (Fig. 2) [28, 34]. According to the results
that the reaction rate increased with an increase in the cationic Au content in
Au/CeO,, Xu et al. suggested that the interaction between Au and the oxygen
vacancies gives Au® species at the perimeter interface, which might favor for the
formation of a carbocation-type intermediate, promoting the 3-H elimination [28].
Isotopic experiments were also performed and the oxidation of deuterated benzyl
alcohol-a,a-d, over Au/TiO, led to KIE (kg/kp) of 1.41 [37]. Corma et al. also
performed isotopic experiments using a-monodeuterated benzyl alcohol and calcu-
lated the KIE to be 1.7-2.0 [34], indicating that the C—H bond cleavage was the rate-
determining step (RDS). As shown in Fig. 3, the alcohol oxidation over Au/MOy
proceeds in the following order: (1) alkoxide formation on Au NPs or MO surface at
the basic site, (2) p-hydride elimination on Au NPs (RDS), and (3) the abstraction of
hydrogen atom or hydride from the Au NPs by O,. Given that Au/MOy catalyze
alcohol oxidation in the absence of base, the surface OH group may participate in the
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Fig. 2 Hammett plot for the oxidation of substituted benzyl alcohols over Au/CeO,_nanorod [28].
Adapted with permission from [28] Copyright 2014 Royal Society of Chemistry
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JCJ)\ Y R“&O p-hydride elimination
RER! Oh_
O/ A

M MO,

Fig. 3 A plausible reaction mechanism for alcohol oxidation over Au/MOy

deprotonation step. In another case, MO, provides positively charged Au atoms at
the perimeter interface, which leads to form Au—alkoxides as an intermediate and
accepting hydride species. The presence of the Au—H species was proved by spin
trapping experiments [76].
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Fig. 4 A plausible reaction mechanism of alcohol oxidation over Au;/CeO, [29]. Reproduced with
permission from [29] Copyright 2018 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

For highly reducible MO, O, is activated at the oxygen vacancies [17, 25, 26, 29,
34]; it is likely that the lattice oxygen was directly involved in the oxidation reaction.
The H atom on the Au NPs after the p—H elimination would be abstracted by the
lattice oxygen. The deposition of Au enhanced the formation of the oxygen vacan-
cies or activated the lattice oxygen on the MO, surface adjacent to the perimeter of
the Au NPs.

Qiao and Li et al. performed kinetic studies for ethanol oxidation over Au;/CeQO,
using '%0, and confirmed that H,'®0 was formed together with H,'®0 as a conse-
quence of the alcohol oxidation, suggesting that the lattice oxygen of CeO, was used
as an oxidant [29]. In addition, Au,/CeO, produced a higher amount of H2160 than
did Au NPs on CeO, which produced more H2180. The results indicated that the
lattice oxygen of CeO, was more activated by single Au atom and readily used for
the oxidation, while 0, was used directly over Au NPs on CeO,. Given that the
amount of the oxygen vacancies correlates to the catalytic activity of Au, Qiao and Li
et al. proposed the reaction mechanism in which the lattice oxygen of MO, may play
a key role in the reaction via Mars-van Krevelen-like mechanism as shown in
Fig. 4 [29].

2.2 Non-reducible MO,

SiO, and Al,Oj are classified as non-reducible MO,, because of the lack of redox
properties, and Au on mesoporous SiO, [42] and Au/Al,O5 [39] were reported to be



10 T. Ishida et al.

active for liquid-phase oxidations. In contrast to the Au/reducible MOy catalysts,
size of Au NPs and acid-base properties of MO, become more important for Au/non-
reducible MOy catalysts. Low-coordinated sites on the Au NPs would be the active
sites for O, activation and the adsorption sites of the substrate [77]. Au/y-Ga,O;
catalyzed base-free oxidation of benzyl alcohol in mesitylene to give benzaldehyde
with 99% selectivity at >99% conversion [40]. In addition, the catalytic activity of
Au/y-Ga,0O5 exceeded those of Au/TiO,, Au/CeO,, and Au/Fe,0;. The remarkable
high activity was speculated by dehydrogenation activity, and temperature-
programmed surface reaction (TPSR) of 2-propanol was examined for Au/y-Ga,Os.
As the temperature increased, 2-propanol adsorbed on the catalysts was converted to
acetone together with the formation of H,. Accordingly, more intense H, desorption
peak was observed for y-Ga,Os; itself than those observed for Au/CeO, (the H,
desorption was not observed for Au/TiO, and Au/Fe,05). In addition, H, desorption
peak for Au/y-Ga,O3; was shifted to lower temperature from that for y-Ga,05 itself,
indicating that y-Ga,O3 has high activity for the dehydrogenation and Au NPs
facilitate the reaction. Ga-Al mixed oxides were also examined and Au/GazAl;0q
showed the higher activity than Au/Ga,03 and other Au/Ga,Al,O, catalysts. The
catalytic activity order was consistent to the order of dehydrogenation activity which
was elucidated by the amount of desorbed H, from 2-propanol by TPSR [41]. Au
NPs supported on MgO [43], Mg,Al,O,, Cu-containing Mg,Al,O, spinel-type
oxides [44, 45], and MgFe,O, [46] also promoted the oxidation of alcohols in the
absence of base. For Cu-containing Mg,Al,O,, the introduction of redox-active Cu
might change the surface basicity, affect the electronic state of Au, and add the redox
properties of Cu in some extent, which led to the improved activity from
Au/Mg,Al,O, without Cu [44].

2.3 Non-oxides
2.3.1 Role of Supports

Metal hydroxides, phosphates, and carbonates are classified as non-oxides inorganic
supports. Au NPs on basic hydrotalcite (HT: MgsAl,(OH);4CO5-nH,0) exhibited
high catalytic activity for oxidation of various alcohols in the absence of base
[47, 48]. Au/HT exhibited superior activity and selectivity (99% at 99% conversion)
to Au/ALL,O5; and Au/MgO, reported by Kaneda et al. [47]. Au/MgCr-HT (Cr’*
substituted HT) improved the catalytic activity from Au/HT [49]. The oxidation of
a primary aliphatic alcohol, 1-octanol, did not proceed to give octanal over Au/HT in
the absence of base [47] but proceed over Au/MgCr-HT, whereas the conversion
was lower than those for aromatic alcohols. Au/MgCr-HT also recorded extremely
high TOF (81,000 h™") for solvent-free oxidation of 1-phenyl ethanol to give
acetophenone (Table 2).

A series of Au clusters (ca. 1.5 nm in diameters) on M3Al-LDH (M = Ni, Co,
Mg) exhibited high catalytic activity for base-free oxidation of 1-phenylethanol to
give TOF of 46,500 h~! over Au/N i3Al-LDH (Table 2) [50]. Both strong acidic and
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Table 2 The comparison of TOF:s for the solvent- and base-free oxidation of 1-phenylethanol over
supported Au catalysts

OH (0]
0, (0.1 MPa)
Au cat.
Catalyst Temp. (°C) TOF (h™") Ref.
Au/MnO, 140 15,760 [23]
Au/CeO, 140 12,500 [26]
Au/GazAl;09 160 25,000 [41]
Au/MgCr-HT 160 81,000 [49]
Au/Ni;Al-LDH 160 46,500 [50]
PI Au 160 20,000 [83]

basic sites on the LDH surface would contribute to the alcohol oxidation; the surface
basic sites (M—OH®") would promote deprotonation from the OH group of the
substrate alcohols, and the acidic sites would facilitate the removal of H species on
the Au NPs [78].

Given that the early studies revealed that base is required to promote the alcohol
oxidation for Au/C but not for Au/MO,, the basic sites of MO, and non-oxides are
more important for the deprotonation of alcohols in the initial step. Wang et al.
disclosed that Au/hydroxyapatite (HAP) showed the oxidative SMSI in which Au
NPs were partly covered by HAP thin layer under oxidative thermal treatment [52],
which is highly contrast to the conventional SMSI that occurs under reductive
thermal treatment. The another unique feature of the oxidative SMSI of Au/HAP
is to give positively charged Au species while the conventional SMSI leads to
negatively charged metal species. They exploited Au/HAP for solvent- and base-
free benzyl alcohol oxidation and evaluated the effect of SMSI [52]. Unfortunately,
Au/HAP with SMSI showed lower catalytic activity than did Au/HAP without SMSI
probably due to the decrease in the exposed Au surface. However, Au/HAP with
SMSI improved the selectivity to benzaldehyde and reusability from Au/HAP
without SMSI, and the catalytic activity of Au/HAP with SMSI exceeded the one
without SMSI after the second run in the recycling test.

2.3.2 Size Dependence

The size dependence of Au/HT (2.1-12 nm) [48] and Au/HAP (1.7-7.7 nm) [53]
were studied, and the catalytic activity increased with a decrease in the size of Au
NPs. Zhang and Wang et al. reported that Au/HT promoted the benzyl alcohol
oxidation not only under oxidative (O,) but also non-oxidative (Ar) conditions
[48]. The size dependence on the reaction rate was observed under both O, and Ar
atmosphere (Fig. 5), although the degree of changes in the reaction rate was different
between O, and Ar atmosphere due to much inferior activity under Ar. The size



12 T. Ishida et al.

Fig. 5 Conversion and
selectivity as a function of
Au particle size for the
benzyl alcohol oxidation
over Au/HT under oxidative
(O, 0.1 MPa, flow) and
non-oxidative (Ar 0.1 MPa,
flow) conditions [48]. Note
that 20 times amount of
AU/HT was used for the
non-oxidative reaction.
Adapted with permission
from [48] Copyright 2014
Wiley-VCH Verlag
GmbH&Co. KGaA,
Weinheim
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dependence was studied in the range of 2.1-12 nm, and the TOF increased 4.3 times
as the size of Au NPs decreased under Ar, whereas the TOF increased only 1.7 times
under O,, suggesting that the size dependence was pronounced for dehydrogenation.
Zhang and Wang et al. speculated the different active sites varying by the reaction
conditions. Given that the fractions of terrace, edge, and corner atoms alter by the Au
particle size as shown in Fig. 6a, the logarithm of the reaction rates proportionally
increased with the logarithm of the diameter of Au NPs as functions of 4~ "' and
a1 (d = dimeter of Au NPs (nm)) for oxidative and non-oxidative reactions,
respectively (Fig. 6b). These values were in accordance with the relationships
between d and the fraction of terrace Au atoms and edge Au atoms (together with
corner Au atoms) (Fig. 6a), respectively. Slight differences of the relationships in
Fig. 6a, b indicated that the multiple Au sites contributed to the benzyl alcohol
oxidation. These results suggest that the aerobic oxidation takes place mainly on the
terrace Au atoms while non-aerobic oxidation (dehydrogenation) takes place mainly
on the low-coordinated edge and corner Au atoms.

The KIEs for Au-/HT-catalyzed oxidation and dehydrogenation of benzyl alcohol
were reported to be 2.9 and 2.2, respectively, indicating that the RDS of both of the
reaction was the C—H bond cleavage [48].

2.4 Inorganic-Organic Hybrids

Metal-organic frameworks (MOFs) consisting of highly ordered nanometer-sized
porous structure are promising materials for applications into not only gas storage
materials but also supports for metal clusters. Au NPs could be deposited as NPs and
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Fig. 6 Dependence of the fraction of terrace (triangles), edge (circles), and corner Au atoms
(squares) on Au particle size in a truncated cuboctahedron (a) and dependence of the TOF for
benzyl alcohol oxidation under oxidative and non-oxidative conditions (b) [48]. Adapted with
permission from [48] Copyright 2014 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

clusters onto several kinds of MOFs (MOF-5: [Zn4O(bdc)s], (bdc = benzene-1,4-
dicarboxylate), Al-MIL-53: [AI(OH)(bdc)],, and CPL-2: [Cuy(pzdc),(bpy)l,
(pzdc = pyrazine-2,3-dicarboxylate, bpy = 4,4'-bipyridine)), and the resultant
Au/MOFs were examined for the oxidation of alcohols in methanol in the absence
of base [55]. The catalytic activity was much influenced on the kinds of MOFs rather
than the size of Au particles: the catalytic activity for 1-phenylethanol oxidation
increased in the order of Au/MOF-5 > Au/AI-MIL-5 > Au/CPL-2. The selectivity
also varied by the kind of MOFs. When Au/MOF-5 and Au/Al-MIL-53 were used,
methyl benzoate was selectively obtained, whereas benzaldehyde was obtained as a
major product by Au/CPL-2. The size dependence of Au on the same MOF was
studied for Au/MIL-101 prepared by different methods. The 2 nm of Au clusters on
MIL-101 exhibited TOF of 258 h™", although the Au NPs larger than 6 nm showed
very low TOF [56]. For Au/MOFs, the size of Au particles is more critically
important for hydrogenation reactions [79, 80]. Au/MIL-101 (Cr;(F,OH)O(bdc)3)
[56] and Au/UiO-66 (ZrgO4(OH)4(bdc)s) [57-59] also exhibited high activity for
oxidation of alcohols. Van der Voort et al. demonstrated the formation of oxygen
ad-atoms (Au—0O) and peroxo species (Au—00) on Au/UiO-66 in a stream of O, by
Raman spectroscopy [59]. It is also known that MOFs themselves work as hetero-
geneous acid catalysts. By combining the catalysis by Au and MOFs, Au/Cu(Il)-
MOF worked as a bifunctional catalyst to enable a one-pot reaction of benzyl alcohol
oxidation followed by Knoevenagel condensation with malononitrile to obtain
benzylidenemalononitrile (Scheme 3) [60].
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Scheme 3 Oxidation—Knoevenagel condensation of benzyl alcohol over Au/Cu(II)-MOF [60]

2.5 Carbonaceous and Organic Materials

In the early stage of research, the deposition of Au NPs and clusters onto inert
supports were difficult by conventional deposition-precipitation (DP) using HAuCl,
as a precursor due to electrostatic repulsion between [Au(OH)4]™ and negatively
charged inert support surface. Therefore, colloid immobilization (CI) using ligand-
or polymer-protected Au NPs had been usually exploited for the preparation of Au/
C, and other new deposition techniques have also been developed to prepare Au/C
and Au/polymers [81]. These Au catalysts have appeared to catalyze liquid-phase
oxidation. Whereas Au/MO, and Au on basic non-oxides promote alcohol oxida-
tions in the absence of base, base is often required for Au/C and Au/polymers under
mild conditions. In early studies, more than stoichiometric amount of base was
required for alcohol oxidations over Au/C [11].

Recently, Au on modified carbonaceous materials was reported to catalyze the
alcohol oxidation even in the absence of base. Wang et al. reported that nitrogen-
doped graphenes (NG) enable to deposit small Au NPs (ca. 3 nm), whereas the size
of Au on the undoped graphene was much larger (>20 nm), and the resultant Au/NG
promoted the base-free oxidation of alcohols [82].

Kobayashi et al. demonstrated that polymer-incarcerated Au cluster (1 nm) cat-
alysts (PI Au) (Fig. 7) catalyzed the oxidation of 1-phenylethanol at room temper-
ature in the presence of K,COj3 [83]. PI Au exhibited high catalytic activity (TOF of
20,000 h™") under solvent- and base-free oxidation of 1-phenylethanol at 160°C
[26]. They also fabricated PI carbon-stabilized Au catalysts (PI/CB-Au) and
performed the oxidation of various alcohols in the presence of base [84].

Recently, the rational design of organic materials enables Au/polymer catalysts to
apply for base-free oxidation of alcohols. Shaabani et al. designed a supramolecular
ionic liquid (IL)-grafted graphene in which Au NPs were stabilized in IL moiety

coacervation
“ \(\I/\}\ } + NaBH,
X l:: ¥ z THF AuCIPPh; hexane
@ cross-linking Pl A
L
|

5 { OH i O e 2a: 0.06-0.08 mmol g-'
0/\[:0 o~} 150°C,5h  2)wash 28: 006-0.08 munol g
s L o e
polymer 1 (x/y/z 28:34:38) 3) crush c: 0.16 mmol g
4) dry

Fig. 7 Synthetic route of PI Au [83]. Adapted with permission from [83] Copyright 2007 Wiley-
VCH Verlag GmbH&Co. KGaA, Weinheim
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Fig. 8 Schematic image of Au NPs@SIL-g-G [61]. A gray sheet and yellow circles represent
graphene and Au NPs, respectively. Adapted with permission from [61] Copyright 2013 Royal
Society of Chemistry

(Au NPs@SIL-g-G, Fig. 8) and used Au NPs@SIL-g-G as a bifunctional catalyst for
the base-free aerobic oxidation of various alcohols to the corresponding aldehydes
and ketones at room temperature. The counter anion (OH ™) of the imidazolium unit
in IL worked as a base to deprotonate the alcohol, and Au is responsible for the §-H
elimination to give aldehydes or ketones [61]. Au NPs on basic ion-exchange resins
also work as bifunctional catalysts in which the resin deprotonated the alcohol [85].

Nanoporous ionic organic networks (PIONs) having a high ionic density were
also designed to stabilize Au NPs with a mean diameter of 2.2 nm (Fig. 9) [62]. The
obtained Au/PION catalyzed the base-free oxidation of aliphatic secondary alcohols
and 1-octanol to obtain ketones and octanal, respectively. For solvent- and base-free
oxidation of cyclohexanol to cyclohexanone at 140°C, Au/PION showed compara-
ble TOF (2,064 hfl) to Au/TiO, (2,517 hfl) but much higher selectivity (95%) than
72% obtained by Au/TiO,. High selectivity of Au/PION was explained by the
suppression of O,  radical-induced over-oxidation according to the report that
pyridinium/imidazolium cation could stabilize O, radical [62, 86].

Dai et al. fabricated conjugated organic networks containing carbazole and
pyridine units followed by quaternalization of the pyridine and anion-exchange to
give P-CON-F and reported that the P-CON-F could stabilize small Au clusters
(1.3 nm), whereas P-CON and P-CON-I resulted large Au NPs such as 12.7 and
2.8 nm, respectively (Fig. 10) [63]. The AuNCs@P-CON-F exhibited high catalytic
activity for the base-free cyclohexanol oxidation (TOF 129 h™ ).
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Fig. 10 Schematic image of the preparation of AuNCs@P-CON-F [63]. P-CON was prepared by
FeCls-catalyzed polymerization. Reproduced with permission from [63] Copyright 2018 Royal
Society of Chemistry

The size dependence was studied for Au/C (3.4 and 8.9 nm) [87] and
Au/polymers (2.6-20 nm) [88, 89], and all the results suggested that the smaller
Au NPs showed higher catalytic activity.

The TOFs for the oxidation of 1-phenylethanol under solvent- and base-free
conditions are summarized in Table 2. Not only Au on highly reducible MOy but
also Au on non-reducible MO,, non-oxides, and polymers can exhibit high catalytic
activity by adding second metals into the supports or rational design of the supports.

2.6 Non-supported Au
2.6.1 Nanoporous Au

Nanoporous Au (NPG) has a three-dimensional having sponge-like morphology
consisting of the interconnecting ligament with diameters in the range of 10-50 nm
and is prepared by dealloying of Ag from the AuAg alloys. Asao et al. demonstrated
that NPG catalyzed the base-free oxidation of alcohols in both batch and flow
systems [65]. Ding et al. also reported that NPG catalyzed the glucose oxidation to
gluconic acid, although the catalytic activity was inferior to other supported Au NPs
[90]. They concluded that the corner and edge atoms of NPG might be the active
sites for glucose oxidation, but it should be noted that the residual Ag remained in
NPG, and the residual Ag were concentrated to the outer surface of NPG [91], and
the Ag,O on NPG surface should be taken into consideration. Wittstock et al.
investigated the effect of the residual Ag content on the oxidations of methanol
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and ethanol over NPG containing the residual Ag in the range of 1-10% [92, 93]. For
methanol oxidation to give methyl formate, the highest activity was achieved by
NPG containing Ag less than 1%, while the selectivity of methyl formate was always
100% irrespective to the Ag content. In contrast, for ethanol oxidation, acetaldehyde
was obtained as a major product by NPG in which more than 2.5% Ag was
contained, whereas ethyl acetate was obtained selectively by NPG in which less
than 2.5% Ag was contained. This result suggests that the residual Ag is a determi-
nant factor for the catalytic performance of NPG.

2.6.2 Polymer-Stabilized Au NPs and Clusters

The most intensively studied non-supported Au is ligand- or polymer-protected
pseudo-homogeneous Au clusters and NPs. Poly(vinyl alcohol)-stabilized Au NPs
have been also used to deposit carbons by colloid immobilization [11, 94]. Tsukuda
et al. prepared poly(N-vinyl-2-pyrrolidone)-protected Au clusters (Au:PVP) and
demonstrated the oxidation of benzylic alcohols in the presence of O, and K,CO3
at room temperature [66—68]. They performed several characterization and revealed
that Au was negatively charged by the electron donation from PVP [67], which was
also theoretically confirmed by Okumura et al. [95]. According to the behavior of Au
cluster anions in the gas phase, they proposed the reaction mechanism in which O, is
activated on the Au cluster by the electron transfer from anionic Au to O,, generating
superoxo- or peroxo-like species as shown in Fig. 11 [67, 68].

~ OCHzR
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° L/ (3 o J,t_(JTn
. o
RCHO

Fig. 11 A proposed reaction mechanism for the alcohol oxidation by Au:PVP [68]. Reproduced
with permission from [68] Copyright 2011 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim
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2.6.3 Atomically Precise Au Clusters Protected by Ligands

Conventional several preparation methods for heterogeneous Au catalysts such as
DP and coprecipitation can obtain nanometer-sized Au particles with bare Au
surfaces on metal oxide supports. However, the aggregation of Au during deposition
or calcination cannot be completely avoided and leads to size distribution of Au NPs.
On the other hand, phosphine- and thiolate-protected Au clusters consisting of
precise number of Au atoms have been synthesized in organometallic chemistry
and recently been focused on the catalytic performance of these atomically precise
Au clusters as themselves or after the deposition onto supports.

For example, Au,5(SR);g (R = alkyl or aryl) consists of a Au;; icosahedral core
and a Au,5(SR);g shell (Fig. 12) [69]. Li and Jin pointed out that the Au,, shell and
the Au; core are partly accessible to a substrate in catalytic reactions [69]. Indeed,
Au,5(SR);g clusters and their immobilized catalysts were reported to be catalytically
active for the selective hydrogenation of a,f-unsaturated aldehydes and ketones to
the corresponding unsaturated alcohols and oxidation of alkenes (discussed in the
following section) even though the thiolate ligands remained. However, these ligands
may poison the catalytic activity of Au for alcohol oxidations. In addition, the
Au,5(SR) 5 clusters have cationic characters because of the S—Au(I)-S bond at the
Au,; shell. Phosphine-protected Au clusters such as Aug(PPh3)s(NO5)s, Auy1(PPh3)sCl;
also possess counter anions (CI~ and NO3 "), resulting in the cationic Au characters.
Therefore, the oxidation states of Au should be considered for the evaluation of catalytic
properties of these ligand-protected atomically precise Au clusters.

For immobilized atomically precise Au cluster catalysts, various kinds of ligand-
protected Au clusters, such as Aug(PPh3)g(NO3);, Auy(PPh3)gCl;, and
Au,5(SPh);g, have been exploited. The protected Au clusters deposited on supports
are sometimes used as-prepared, but the protecting ligands are also removed by

A

Fig. 12 Structure of Au,s(SCH,CH,Ph);g clusters in ball-stick model (a) and space-filling model
(b) [69]. Magenta: Au of the Au,z core, cyan: Au of Auy, shell, yellow: sulfur. Reproduced from
[69]
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calcination in air or H, to obtain bare Au surface. Removal of the ligands is
performed at 200-400°C, which often causes aggregation of the Au clusters.
Golovko et al. reported that TiO, supported Aug(PPh3)g(NO3); and
Au;o;(PPh;3),,Cls was active for aerobic oxidation of benzyl alcohol, but the cata-
lysts calcined in O, or followed by H, reduction exhibited much higher catalytic
activity, whereas the size of Au particles of the calcined catalysts was significantly
larger (2.5-5.7 nm) than those of the protected Au clusters [70]. The improved
activity was ascribed to the change of the electronic state of Au, i.e., from cationic to
metallic Au, by removal of phosphine ligands. In addition, Au,y;(PPh3),,Cls/TiO,
exhibited higher catalytic activity than Aug(PPh3)3(NO3)3/TiO; in spite of larger Au
cluster size even after calcination, indicating that the nitrate poisoned the catalytic
activity of Au.

Protected Au clusters were also confined in the porous materials in order to avoid
the aggregation of Au clusters during calcination. Tuel et al. prepared Au,s(p-
aminobenzenethiolate);; immobilized on the mesoporous silica, SBA-15, and exam-
ined the catalytic activity for benzyl alcohol oxidation [71]. The catalytic activity of
Au,5/SBA-15 was markedly improved with calcination temperature owing to the
removal of thiolate ligands and the change of the electronic state of Au, S-Au(I)-S to
metallic Au, although the size of Au increased. Xie and Yang et al. attempted the
removal of alkyl thiolate ligands by oxidation using #-butyl hydroperoxide (TBHP)
under mild conditions [72]. The thiolate ligands of Au,s5(SCi,H;s5)s/HAP were
completely removed by TBHP at 50°C as sulfonic acid after 48 h while maintaining
the Au cluster size (1.2—1.5 nm). They demonstrated that the presence of sulfur, even
in a very small amount, significantly affected the catalytic activity of Au clusters.

Tsukuda et al. prepared Au,s5(SC,H;s) supported on carbon nanotubes (CNT)
(Au,5:SC;,/CNT) and examined the catalytic activity for the benzyl alcohol oxida-
tion in the presence of O, and K,COj; [73]. The calcination of Au,s:SC;,/CNT
successfully removed the thiolate ligand without the aggregation of the Au clusters
(Au,5/CNT). Although the Au,5:SC;,/CNT was inactive, Au,s/CNT appeared to be
active to produce benzaldehyde as a major product together with benzoic acid and
benzyl benzoate. The doping of Pd into Au,s/CNT catalyst (Pd;Au,s/CNT) signif-
icantly improved the catalytic activity, which was explained by the ligand effect in
which Pd atoms modulated the electronic structure of Au by electron transfer from
Pd to Au.

2.6.4 Size Dependence

Rossi et al. first reported the size dependence ‘“naked” colloidal Au without
protecting agents on the catalytic activity for the glucose oxidation (Scheme 4) in
the range of 3—10 nm [96]. Naked Au NPs became catalytically active from the 5 nm
of Au NPs, and the reaction rate increased with a decrease in the size of
Au. However, the TOF did not alter by the size of Au, indicating that the apparent
increase in the reaction rates was ascribed to an increase in the number of surface Au
atoms.
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DFT calculation of the alcohol oxidation over naked Aug clusters suggested that
the neutral Aug clusters did not activate O,, whereas the alkoxide or hydride
adsorbed Aug clusters could activate O, because of the electron donation from
anionic adsorbates to the Aug cluster [97].

Tsukuda et al. reported the size dependence of Au:PVP on the oxidation of
4-hydroxybenzyl alcohol [66, 67]. The rate constants per unit surface area of Au:
PVP increased with a decrease in their size in the range of 1-5 nm, while Au:PVP
consisting of Au NPs larger than 5 nm were poorly active and no size effect was
observed (Fig. 13) [67]. This result suggested that the catalytic activity of the surface
Au atoms changed depending on the size. XPS and IR using CO as a probe molecule
measurements revealed that Au clusters possessed more negatively charged charac-
ters than Au NPs.

3 Oxidation of Alcohols and Aldehydes to Carboxylic Acids

For the production of carboxylic acid in the absence of base, oxidation of aldehydes
proceeded to obtain the corresponding carboxylic acids in high yields (>90%) by
Au/CeO; [98] and Au/MgO [43]. Au/C also catalyzed the oxidation of aliphatic
aldehydes to carboxylic acid in water in the absence of base, whereas the catalytic
activity of Pt/C decreased rapidly by catalyst recycling due to Pt leaching [99].
The direct production of carboxylic acids from alcohols under base-free condi-
tions is also an important issue because the reaction step can be reduced by the direct
oxidation and the neutralization of the carboxylate salts after the reaction can be
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avoided. However, supported Au catalysts often require base for the oxidation of
alcohols to yield carboxylic acids irrespective to the kind of supports, and the reports
on base-free oxidation of aliphatic alcohols to the corresponding carboxylic acids are
still limited. Au/HT appeared to be highly active for 1-phenylethanol oxidation to
give acetophenone under base-free conditions, but Au/HT gave unsatisfactory
results for the oxidation of primary aliphatic alcohols, such as 1-octanol [47]. On
the other hand, ethanol oxidation to acetic acid was achieved by Christensen et al.
using Au/MgAl,O4 [100]. Au/MgAl,O4 gave acetic acid in 83% yield (86% selec-
tivity), while Pd/MgAl,0, and Pt/MgAl,O, gave acetic acid with worse selectivity,
65 and 20%, respectively, at similar conversions due to the formation of acetalde-
hyde as a by-product. Several Au/MOy, such as Au/TiO, [101], Au/ZnO [102],
Au/Si0, [77], and Au/NiCuO, [103], were also reported to be active and selective
for the base-free ethanol oxidation to give acetic acid.

The oxidation of aliphatic alcohols having a long alkyl chain is a more challeng-
ing research target because these alcohols are less reactive than ethanol and benzylic
alcohols. Au/NiO appeared to be active and selective for the base-free oxidation of
l-octanol to octanoic acid in aqueous solution, whereas Au/CeO, gave octyl
octanoate as a major product [104]. Under the optimized conditions, the selectivity
of octanoic acid reached to 97% at a full conversion. Due to the high hydrophilicity
of NiO, octanal was hydrated to form germinal diol, which was readily oxidized to
octanoic acid (Fig. 14), giving octanoic acid selectively. Au/Mg-doped ZnAl,O,
[45] and Au/NiTi-LDH [51] were also reported to give octanoic acid with 99% of
selectivity at 99% conversion. The strong basic sites of Mg-doped ZnAl,O, were
suggested to be responsible for high activity and selectivity [45]. Not only abundant
surface OH group of NiTi-LDH but also the defective Ti** species, forming the
oxygen vacancies, would play an important role by fixing the oxygen atom of the
substrate alcohol [51].

(A) (B) OH (D) o
O H,0 O
R OH R OH
R=n-CsHss geminal diol octanoic acid
/\(C] (E)
R OH R™ oH
OH (D) o)
e =
R OCH,R R OCH,R
hemiacetal octyl octanoate

Fig. 14 Possible reaction pathways for the oxidation of 1-octanol over Au/NiO [104]. Reproduced
with permission from [104] Copyright 2012 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim
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4 Okxidative Esterification of Alcohols and Aldehydes

Direct production of ester from alcohols or aldehydes is also important as well as
direct oxidation of alcohols to carboxylic acid, because esters are produced from
aldehydes by two steps: the oxidation of aldehyde to carboxylic acid followed by
acid-catalyzed esterification. Oxidative esterification to produce methyl esters has
been achieved by Au/TiO, [105-110], Au/Fe,O5 [111, 112], Au/Al,O5 [113, 114],
Au/Si0; [115-117], Au/polymers [118, 119], Au/graphene oxide (GO) [120, 121],
and Au/MOF [55, 122] in the presence of bases such as NaOMe, K,CO;, and
N32CO3.

Base-free oxidative esterification has been attempted by using basic supports;
Au/MgO [123, 124], Au/La,03 [125], Au/CeO, [126-129], and AuNiO,/SiO,-
Al,O53-MgO [130] catalyzed the oxidative esterification of aldehydes in methanol
to give the corresponding methyl esters in the absence of base. In particular,
AuNiO,/Si0,-Al,03-MgO produced methyl methacrylate selectively from
methacrolein, which has been operated in the industrial process since 2008 by
Asahi Kasei Corporation (Scheme 5). The oxidative esterification of biomass-
derived compounds, such as furfural and 5-hydroxymethyl furfural (HMF), was
performed over Au/ZrO, in the absence of base to obtain dimethyl furan-2,5-
dicarboxylate and methyl 2-furoate, respectively (Scheme 6) [129, 131-
137]. Au/B-Ga,0j; also exhibited high catalytic activity for the oxidative esterifica-
tion of various alcohols in methanol to produce the corresponding methyl esters
including benzyl alcohol [138]. Although the basic sites contribute to the activation
of alcohols, the acidic sites activate the carbonyl group, facilitating the reaction.

Oz
)\/0 + MeOH OMe
=
Z AUNIO,/SiO5-Al,05-MgO )Y

(o}

Scheme 5 Oxidative esterification of methacrolein with methanol to methyl methacrylate over
Au/NiO,/Si0,-Al,05-MgO [130]

O 7\
/\ + MeOH ———>
R/O\CHO ¢ Awzio, R o~ TCO:Me

O
R =H (furfural) R = H (methyl 2-furoate)
R = CH,OH (HMF) R = CO,Me (dimethyl furan-2,5-dicarboxylate)

Scheme 6 Oxidative esterification of furfural and HMF with methanol to give the corresponding
methyl esters

Compared to the oxidative esterification for the synthesis of methyl esters, the
production of ethyl esters is more challenging because of lower nucleophilicity of
ethanol than that of methanol and easy oxidation of ethanol, which make difficult the
selective oxidation of aldehydes or the substrate alcohols while ethanol is intact.
Au/NiO,/S10,-Al,03-MgO catalyzed the oxidative esterification of methacrolein in
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ethanol to obtain ethyl methacrylate, but the high selectivity (97%) was achieved at
only low conversion (ca. 10%) [130]. For the oxidative esterification of octanal in
ethanol, several Au/MO,, such as Au/ZnO, Au/Al,O5, and Au/SiO,, appeared to
produce ethyl octanoate selectively in the absence of base (Scheme 7) [139]. In
particular, Au/ZnO showed the highest selectivity (92%) at a full conversion.

EtOH

/\/\/\)I\ i /\/\/\)I\ )I\ )O\Et
Au cat. . "C7H1g OH " "C7H15 OEt
100°C, 5h )
conv. 100% Yield 92% 6% 1%

Scheme 7 Oxidative esterification of octanal with ethanol to give ethyl octanoate over Au/ZnO
[139]

Based on the NH;- and CO,-temperature programmed desorption (TPD) mea-
surements, ZnO possessed both acidic and basic sites on the surface. The basic sites
would facilitate the deprotonation of ethanol and the acidic sites would activate the
carbonyl group of octanal (Fig. 15). The presence of suitable amount and strength of
acidic and basic sites on ZnO surface resulted in the highest activity.

For the oxidative esterification to give ethyl octanoate from octanal [139] and to
give methyl glycolate from ethylene glycol [140], the TOF did not change by the size
of Au NPs in the range of 2-9 nm, which indicated that the reaction takes place on the
Au surface. Pinna et al. proposed the presence of Au clusters (1.5 nm) on ZrO, was
important because the O, dissociation on the Au clusters would be involved [132],
whereas larger Au NPs on CeO, showed high catalytic activity [128]. The different
size dependence between Au/ZrO, and Au/CeO, was explained by the different O,

o C7zH4s

n‘n H” ™o
activation of octanal

~OH

1/2 O, deprotonation of ethanol

reoxidation

O

7H15’H/—\_O//
ey G
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B-hydride elimination
' !
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M

Fig. 15 A plausible reaction mechanism of the oxidative esterification of octanal in ethanol over
Au/MOy
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activation mechanism. Namely, both O, is activated at the oxygen vacancies of CeO,
without Au, whereas O, activation takes place at the Au—ZrO, interface, of which
perimeter length is maximized by decreasing the size of Au particles.

Oxidative esterification of 1-octanol with methanol in the absence of a base has
been reported for Au/MgsAl-HT [141], Au/MgO [124], and Au/ZnO [139], and the
selectivities of methyl octanoate exceeded 94%. In contrast, the oxidative esterifi-
cation of 1-octanol with ethanol to give ethyl octanoate is very limited in the absence
of base [139] and even in the presence of base [142]. For the base-free oxidative
esterification of 1-octanol with ethanol, Au/ZnO produced ethyl octanoate with 51%
selectivity at 68% conversion. Although the oxidation of ethanol to form acetalde-
hyde could not be avoided to produce by-products such as ethyl acetate and octyl
acetate, Au/ZnO was selective to give ethyl octanoate as a major product [139]. It
should be noted that the Au/CeO, and Au/ZrO, showed 45 and 50% selectivity to
ethyl octanoate, respectively, at both 4% conversion even in the presence of
base [142].

5 Dehydrogenation of Alcohols in the Absence of O,

As mentioned in the Sect. 2.3.2, Zhang and Wang et al. reported that Au/HT
catalyzed the dehydrogenation of benzyl alcohol, although the catalytic activity
under inert atmosphere was much lower than that in the presence of O, [48]. In
their following study, a full conversion was achieved for the benzyl alcohol dehy-
drogenation to give benzaldehyde in >99% selectivity with TOF of up to 800 h™"
under Ar, while Au/Al,O3; and Au/HAP showed lower selectivity in spite of higher
selectivity than did Au/HT [78]. The TOFs were plotted as a function of the mean Au
particle size (Fig. 16a), which was in a good agreement with the plots of the fraction
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e
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g 60
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i
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Mean size of Au particles /nm Au particle size /nm

Fig. 16 TOF as a function of the mean diameter of Au NPs for the dehydrogenation of benzyl
alcohol over Au/HT under Ar (a) and the calculated fractions of edge and corner Au atoms (O and
@) and terrace Au atoms (O and M) on the surface of Au NPs as a function of the mean diameter of
Au NPs (b) [78]. O and O: icosahedron particles. ® and B: truncated octahedron particles. Adapted
with permission from [78] Copyright 2011 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim
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Fig. 17 A possible reaction mechanism for the dehydrogenation of benzyl alcohol over Au/HT
under Ar [78]. Reproduced with permission from [78] Copyright 2011 Wiley-VCH Verlag
GmbH&Co. KGaA, Weinheim

of edge and corner Au atoms as a function of the size of Au (Fig. 16b). This result
suggested that the coordinatively unsaturated Au sites, i.e., edge and corner sites,
were the active sites. The role of HT was also proposed in the reaction mechanism
(Fig. 17). The basic sites (Mg—OH®") on HT promoted the deprotonation of benzyl
alcohol to form a Mg—alkoxide intermediate. After B-H elimination takes place on
the corner and/or edge Au sites on the Au NPs to produce benzaldehyde, the
Brgnsted acid sites (AIO—H6+) on HT would react with Au—H species to form H,.

Dehydrogenation of alcohols to give aldehydes was applied to one-pot reactions
in the presence of a hydrogen acceptor, which is known as the hydrogen-borrowing
strategy [143—-148]. Cao et al. reported the one-pot reaction consisting of alcohol
dehydrogenation, aldol condensation, and transfer hydrogenation to form higher
ketones over Au/HT (Fig. 18) [143].

Imines formed in situ is also used as a hydrogen acceptor in one-pot N-alkylation,
which consists dehydrogenation of alcohol to give aldehyde, dehydration of the
aldehyde with primary amine to give imine, and reduction of the imine to secondary
amine using the Au—H species (Fig. 19a) [79, 145, 146]. Au on basic supports such
as CeO; proceeded the first dehydrogenation of benzyl alcohol smoothly, but further
dehydrogenation to benzyl benzoate also took place, whereas Au on acidic supports
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Fig. 18 One-pot reactions involving dehydrogenation of alcohols, aldol condensation, and transfer
hydrogenation [143]. Reproduced with permission from [143] Copyright 2013 Wiley-VCH Verlag
GmbH&Co. KGaA, Weinheim
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Fig. 19 One-pot reactions involving dehydrogenation of alcohols. N-Alkylation of primary amine
(a) [145] and isomerization of allylic alcohol (b) [147] Reproduced with permission from [147]
Copyright 2014 The Chemical Society of Japan & Wiley-VCH Verlag GmbH&Co. KGaA,
Weinheim
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such as WOj; did not promote the dehydrogenation. In contrast, Au on basic supports
gave worse results for the hydrogen transfer from imine to give secondary amine. As
a result, Au on amphoteric ZrO, exhibited the highest selectivity of the secondary
amine [145]. One-pot reaction using nitro group as a hydrogen acceptor was also
reported [148].

Isomerization of allylic alcohols using an intramolecular hydrogen-borrowing
strategy was achieved by Au/NiO and Au-/La-doped NiO (Fig. 19b) [147]. Doping
of La into NiO reduced the size of Au particles from 2.5 nm for Au/NiO to 0.9 nm for
Au-/La-doped NiO, resulting in a greatly improved catalytic activity. According to a
DFT calculation using a Aug cluster, the p-hydride elimination of allylic alcohol at
the C-1 position and the hydrogen transfer to the C-3 position would take place on
the Aug cluster with low activation energy [97], suggesting that the Au clusters play
a crucial role in hydrogen transfer, and the basicity of La-NiO would facilitate the
deprotonation of the alcohol.

6 Oxidation of Alkenes

Au/TiO, was first reported to catalyze the gas-phase epoxidation of propylene to
propylene oxide (PO) in the presence of H, and O, in 1998 [6], and then the presence
of Ti-isolated sites in Ti-containing SiO, supports improved the catalytic perfor-
mance of Au for the epoxidation [149]. Au is responsible for the formation of H,O,
in situ from H, and O,, and the Ti site is responsible for the epoxidation via the
formation of Ti~-OOH from H,O, formed on Au. Later, Au clusters deposited on
titanosilicalite-1 (TS-1) enable the propylene epoxidation by only O, in the presence
of H,O [150].

The epoxidation of alkenes, such as cyclohexene and styrene, has been also
studied in liquid phase. Early studies used radical initiators together with O,, but
recently, O, has been used as a sole oxidant. The comparison of Au-catalyzed
styrene oxidation using O, as a sole oxidant is shown in Table 3. Lambert et al.
reported that Auss(PPh;3),,Clg (1.5—-1.6 nm) supported on boron nitride (BN) and on

Table 3 Styrene oxidation using O, as a sole oxidant catalyzed by supported Au catalysts

o (0]
AN 0, CHO O)‘\
—_— + +
O/\ [Au] O/

styrene oxide  benzaldehyde acetophenone

Selectivity (%)
Catalyst Au size (nm) | Conv. (%) | Styrene oxide |PhCHO | Acetophenone | Ref.

Auss/BN 1.6 19 14 82 4 [151]
Auss/SiO, | 1.5 26 12 82 6 [151]
Au/HNS 1.9+0.3 46 69 23 8 [152]
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Fig. 20 A proposed reaction mechanism of the styrene oxidation over Au,s(SR);g clusters [153].
The thiolate ligands are omitted for clarity. Dark gray, Au;s core; light gray, Auj, shell. Adapted
with permission from [153] Copyright 2010 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim

Si0, promoted the oxidation of styrene to produce styrene oxide (14-27% selectiv-
ities) using O, as a sole oxidant, although benzaldehyde was obtained as a major
product (64-82% selectivities). In contrast, SiO,-supported Au NPs larger than 2 nm
were inactive [151]. XPS results revealed that the Auss clusters were positively
charged. Given that BN and SiO, were inert supports, they proposed that the Auss
clusters dissociatively adsorb O, to give O adatoms on Au, which is responsible for
the epoxidation of styrene. The Au clusters (<2 nm) deposited on silica hollow
nanosphere (HNS) also catalyzed the styrene epoxidation with O, as a sole oxidant
and recorded the 69% selectivity to styrene oxide at a moderate conversion [152].
Thiolate-protected Au,s, Auzg, and Aujyy clusters supported on HAP were
reported to be active for the styrene oxidation to produce benzaldehyde and styrene
oxide [153]. No obvious size effect was observed in the presence of TBHP, but the
conversions of cyclohexene increased as Au clusters became smaller,
Au,s > Ausg > Augyy in the presence of O, without TBHP. They proposed the
reaction mechanism depending on the oxidants as shown in Fig. 20. Au,5(SR);g
clusters have electron-rich Au,3 cores and positively charged Au,, shells due to S—
Au(I)-S bonds. O, activation would take place directly on the bare Au,3 cores in the
absence of TBHP (Fig. 20D), while the electron-rich C=C bond of styrene would be
activated on the Auy, shells (Fig. 20E). The activated C=C bond would react with
the activated O, on the Au;; core followed by O-O bond cleavage (Fig. 20F) to
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Table 4 Cyclohexene oxidation using O, as a sole oxidant catalyzed by supported Au catalysts

OH (0] OOH
O35>0 00
— 0 + ¥ +
[Au]
Cy-oxide Cy-ol Cy-one Cy-OOH
Selectivity (%)
Au size Conv. Cy- Cy- |Cy- Cy-

Catalyst (nm) (%) oxide ol one OOH Ref.
Au/OMS-2 10-20 40 3 36 52 - [156]
K-OMS-2 - 29 3 43 43 - [156]
Au/GaW ;- 69 5 57 29 - [157]
APTES @Si0,
GaW ;- - 62 59 - - - [157]
APTES @Si0O,
Augy/SiO, <1 43 7 12 19 51 [158, 159]
Auy0,/SiO, 1.59 £ 0.04 |39 7 11 17 54 [158, 159]
Aug/WO; <1 33 34 24 11 21 [158]
Au;p1/WO; 2.25+0.05 |36 35 23 12 18 [158]
WO; - 9 33 30 |4 32 [158]

finally produce benzaldehyde, styrene oxide, and acetophenone. No size effect in the
presence of TBHP was ascribed to the facile formation of peroxo species on the Au;s
core which leads to the intermediate B.

Hutchings et al. reported that Au/C containing ~5-50 nm Au NPs with the mean
diameter of ~25 nm catalyzed the aerobic oxidation of cyclohexene to give
cyclohexene oxide (Cy-oxide) as a major product with 50% selectivity at 30%
conversion in the presence of O, and TBHP in 1,2,3,5-trimethylbenzene
[154]. For cis-cyclooctene oxidation, Au/C produced cis-cyclooctene oxide with
81% selectivity at 8% conversion in the presence of O, and TBHP [154]. Au/Co-Al-
LDH (Au 4-70 nm) significantly improved the selectivity of cis-cyclooctene oxide
to 92% at 92% conversion [155].

The epoxidation of cyclohexene using O, without radical initiators is more
challenging, and cyclohexene hydroperoxide (Cy-OOH), cyclohex-2-en-1-o0l
(Cy-ol), and cyclohexenone (Cy-one) are usually obtained instead of cyclohexene
oxide (Cy-oxide). Table 4 summarizes the cyclohexene oxidation over heteroge-
neous Au catalysts using O, as a sole oxidant.

Zhu et al. reported that Cy-one was obtained as the major product together with
Cy-ol by Au NPs on manganese oxide octahedral molecular sieve (OMS-2)
[156]. K-OMS-2 produced Cy-one and Cy-ol without Au, and the deposition of
Au increased the catalytic activity while the selectivity was almost the same. Keggin-
type polyoxometalate (NagGaW;,039)-linked to nanometer-sized SiO, prepared
from 3-aminopropyl triethoxysilane (APTES) and tetraethyl orthosilicate (GaW -
APTES @Si0,) also appeared to be active for cyclohexene oxidation and selective to
Cy-oxide with high selectivity (59%) without Au. However, the selectivity of
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Fig. 21 Size dependence of Au on SiO, for the cyclohexene oxidation by O, [159]. Adapted with
permission from [159] Copyright 2013 American Chemical Society

Cy-oxide significantly decreased after the deposition of Au, resulting in Cy-ol as a
major product [157]. WO; also showed Cy-oxide selectivity without Au, and the
deposition of Au onto WO; remarkably improved the conversion while keeping the
Cy-oxide selectivity [158].

Golovko et al. also studied the size dependence on solvent-free cyclohexene
oxidation with O, in the absence of radical initiators using Aug(PPh3)g(NOs3); and
Aug,(PPh;3),Cls supported on SiO, and their phosphine-free Au clusters supported
on SiO; [159]. During the reaction, the Au clusters were gradually aggregated. They
disclosed that Au clusters smaller than 2 nm were catalytically inactive irrespective
to the presence or absence of the phosphine ligands, and Au® NPs larger than 2 nm
formed in situ appeared to be active, but further increase in the Au particle size
decreased the activity due to a decrease in the exposed surface Au atoms (Fig. 21).
The size dependence on cyclohexene oxidation was different from that on styrene
oxidation [151, 153]. The allylic C-H bond of cyclohexene is more reactive, and the

Oiﬁ

radical- chaln
mechanism HZO

O+ 557“ offe:

Scheme 8 Oxidation of cyclohexene
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cyclohexenyl radicals is formed to give cyclohexenyl hydroperoxide (Cy-OOH, A)
as a major product under solvent-free conditions (Scheme 8). Therefore, the active
sites for cyclohexene oxidation were the metallic Au particles, while the styrene
oxidation requires Au clusters where O, is dissociated [159].

7 Oxidation of Alkanes

Oxidation of cyclohexane into the mixture of cyclohexanone and cyclohexanol (K/A
oil) is an important reaction in chemical industry and currently produced by homo-
geneous catalysts such as Co salts under 1-2 MPa of O, at 150°C, affording ~4%
conversion and 70-85% selectivity of K/A oil. Au catalysts have been also reported
for the cyclohexane oxidation. For example, Au/Fe,O3 produced K/A oil in 14%
yield with the K/A ratio of 1/99 in the presence of H,O, as a radical initiator
[160]. Auzg(SCH,CH,Ph),, clusters supported on CeO, gave 39% conversion at
250°C with 79% K/A oil selectivity (K/A ratio of 57/22) but also produced
cyclohexanethiol in 15% selectivity in which the sulfur came from thiolate
ligands [161].

Tsukuda et al. investigated the size dependence of Au,, clusters (n = 10, 18, 25,
39) supported on HAP on the cyclohexane oxidation in the presence TBHP as a
radical initiator [162]. The size of Au clusters was maintained after calcination to
remove glutathione ligands from the Au surface. The Aus;o/HAP exhibited the
highest TOF as shown in Fig. 22, suggesting that the catalytic activity of Au
markedly change by the atomic size, while product selectivity did not change by
the particle size.
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Fig. 22 Size dependence of Au,/HAP for the oxidation of cyclohexane in the presence of TBHP
[162]. Reproduced with permission from [162] Copyright 2011 American Chemical Society
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As well as in alkene oxidation, alkane oxidation using O, as a sole oxidant is
more challenging (Table 5). Au/Al,O3, Au/mesoporous SiO,, and Au/zeolite have
been reported to be active for the cyclohexane oxidation with O, in the absence of
radical initiators. Au/Al,O5 showed cyclohexanol selectivity [163], whereas Au NPs
on mesoporous SiO, (MCM-41) [164] and on zeolite (ZSM-5) [163, 165] showed
cyclohexanone selectivity. Sivakumar et al. prepared Au NPs confined in the ZSM-5
shell (Au@ZSM-5) and demonstrated that Au@ZSM-5 gave ca. 40% conversion
with ca. 80% K/A oil selectivity, whereas ZSM-5 without Au also promoted the
oxidation with lower conversion and selectivity [166]. The radical-chain mechanism
for the cyclohexane oxidation involves (i) C—H bond cleavage to form cyclohexyl
radical, (i) reaction of the cyclohexyl radical with O, to form peroxyl radical, (iii)
chain propagation of the peroxyl radical with cyclohexane to form Cy-OOH and the
cyclohexyl radical, (iv) O-O bond cleavage of Cy-OOH to form cyclohexyloxy
radical and/or cyclohexanone, and (v) the chain propagation of the cyclohexyloxy
radical with cyclohexane to give cyclohexanol (Scheme 9) [166]. Given that ZSM-5
having strong acidic sites also catalyzed the cyclohexane oxidation to produce
cyclohexanone selectively (vi) and showed higher catalytic activity than commercial
ZSM-5, Sivakumar et al. concluded that both Au NPs and the Brgnsted acid sites of
ZSM-5 accelerated the O—O bond cleavage of Cy-OOH (step iv) and the Brgnsted
acid sites also promoted the Cy-one formation [166].
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(vi) Acid sites

OO O 088080
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Scheme 9 Radical-chain reaction mechanism for cyclohexane oxidation [166]

Corma et al. exploited MCM-22 to confine Au clusters inside the pore [167]. The
resultant Au@MCM-22-S (Au 0.025 wt%) and Au@MCM-22-L (Au 0.11 wt%)
contains sub-nanometer Au clusters and small Au NPs (1-2 nm) and exhibited
markedly improved catalytic activity and selectivity to KA-oil, whereas Au NPs
(1.2-2.5 nm) supported on MCM-22 showed much low catalytic activity and the
selectivity to Cy-OOH (Fig. 23) [167]. From these results, sub-nanometer Au
clusters would be responsible for the K/A oil production by means of O, activation
to form oxygen radical species on the Au species (Table 5).
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Fig. 23 Time-conversion curves for the cyclohexane oxidation over Au@MCM-22-S and -L (a)
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Table 5 Cyclohexane oxidation using O, as a sole oxidant catalyzed by supported Au catalysts

Selectivity (%)

Catalyst Au size (nm) | Conv. (%) |Cy-one |Cy-ol |Cy-OOH |K/A oil |Ref.

Au/AlO3 3-6 13 32 53 4 85 [163]
Au/ZSM-5 - 7 55 36 - 91 [163]
Au/ZSM-5 - 16 67 25 - 92 [165]
Au@ZSM-5 >20 ~42 - - - ~80 [166]
Au/MCM-41 4.4 13 68 27 - 95 [164]
Au@MCM-22-S | <2 13 ~40 ~35 ~10 ~75 [167]
Au@MCM-22-L. | <2 17 ~45 ~30 ~5 ~75 [167]
AuNP/MCM-22 <1 ~15 ~3 ~75 ~18 [167]

8 Oxidative C-H Coupling Reaction

Metal-catalyzed C—C bond coupling reactions have been one of the most important
research topics in organic chemistry. In particular, direct C—H bond functionalization
to transform into C—C bond has been rapidly growing interest owing to the high atom
efficiency and environmentally friendly reactions. Corma et al. reported the coupling
of electron-rich arene and propiolate over Au/C in the presence of O, (Scheme 10a)
[168]. They also reported a direct oxidative homocoupling of aryl C-H bonds to
produce biaryls (Scheme 10b) [169]. For these reactions, H,O is the only
by-product, and transformation of unreactive C—H bonds into reactive C—X (X = hal-
ogen) or C—M (M = transition metal) bonds in advance of the coupling reaction can
be avoided. However, the yield of biaryl is very low, and the regioselectivity could
not be controlled [169]. The oxidative C—H homocoupling to synthesize biaryls is
currently used in industry for the production of tetramethyl (1,1’-biphenyl)-3,3’,4,4-
'-tetracarboxylate (S-DM) which leads to high thermally stable polyimide resin using
homogenous Pd catalysts with Cu co-catalyst (Scheme 11). However, the conversion
is controlled to not exceed 10% to avoid trimerization, and a bulky ligand is required
to achieve high regioselectivity to S-DM. Au/MO,, such as Au/Co304, Au/ZrO,,
and Au/TiO, appeared to catalyze the oxidative C—H coupling of dimethy] phthalate
to produce S-DM with excellent regioselectivity in the absence of either co-catalysts
or ligands even at high conversions [170]. In particular, Au/Co3;04 showed 98%
dimer selectivity (total yield of S-DM and A-DM) and 94% regioselectivity to S-DM
at 49% conversion. Au/ZrO, showed 83% dimer selectivity and 95% regioselectivity
to S-DM at 88% conversion. It is worth to note that PdO/Co;0,4 showed almost
negligible catalytic activity. Pd(OH),/Co30, showed catalytic activity but was much
less active and low regioselectivity (67%).
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Scheme 10 Coupling of electron-rich arene and propiolate (a) [168] and homocoupling of arenes
to biaryls (b) [169]
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Scheme 11 Conventional Pd-catalyzed oxidative coupling of dimethyl phthalate to tetramethyl
(1,1-biphenyl)-3,3’ 4,4 -tetracarboxylate (S-DM) which is the intermediate for the production of
polyimide resin [170]. Reproduced with permission from [170] Copyright 2015 Wiley-VCH Verlag
GmbH&Co. KGaA

Given that Co(IlIl) species in Au/Co304 was reduced to Co(Il) after the C-H
homocoupling under N, to give the biaryls, the redox properties of Co;0, facilitate
the reaction. Kinetic studies suggested that the C—H homocoupling takes place by an
electrophilic aromatic substitution pathway (Fig. 24). The aromatic ring would react
with cationic Au sites located at the perimeter interface between Au and MO, to
make Au-C bond followed by C-H bond cleavage. After the second electrophilic
substitution takes place, the reductive elimination produces biaryl and the reduced
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Fig. 24 A plausible mechanism for the oxidative C—H/C—H homocoupling of aromatic compounds
over Au/Coz04 [170]. Reproduced with permission from [170] Copyright 2015 Wiley-VCH Verlag
GmbH&Co. KGaA

CoO species. The high regioselectivity was probably ascribed to that Au NPs that
acted as a bulky ligand and suppressed the C—H bond cleavage at sterically hindered
positions.

9 Conclusion

It is clear that the types of supports greatly influence the catalytic performance of Au
for many reactions. For aerobic alcohol oxidation, the redox properties of MO, and
the surface acid/base properties of support materials are the crucial factors to
determine the catalytic activity of Au. High reducibility of MOy contributes to
accelerate the alcohol oxidation via a Mars-van Krevelen-like mechanism. Basic
sites would facilitate the deprotonation of the OH group of the substrate alcohol, and
acidic sites would promote to remove the H-species on the Au particles. For alkene
oxidation, inert and acidic supports such as WOj3 led to high selectivity to epoxide.
Alkane oxidation required acidic supports such as zeolites of which the acidic sites
probably participate in the decomposition of hydroperoxy intermediate. The redox
properties of MO, also contribute to the oxidative C—H coupling of arenes to give biaryls.

The size of Au particles also affects the catalytic activity depending on the kinds
of reactions and supports. For aerobic alcohol oxidation, an obvious size effect in
terms of TOF was not observed for Au/MOy, suggesting that the surface Au atoms
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seem to be the active sites, whereas the presence of small Au particles becomes more
important to show high activity for Au on inert materials and ligand-protected Au
clusters. For dehydrogenation of alcohols under inert atmosphere, the TOF sharply
increased with a decrease in the size of Au, reflecting that the active site would
change to the edge and corner Au atoms. For the alkene oxidation, conflicting results
was reported; Au clusters were important for styrene oxidation but Au NPs larger
than 2 nm were active for cyclohexene oxidation. The difference was explained by
the substrate structure, i.e., allylic oxidation of cyclohexene readily takes place,
which do not need O, activation. Atomically precise Au clusters protected by
phosphine or thiolate ligands are one of the hot research topics due to small Au
particle size and narrow size distributions. For cyclohexane oxidation, a unique size
dependence was observed; Au;o/HAP exhibited the highest catalytic activity among
smaller or larger ones. However, the ligands remained on the Au clusters even after
calcination affected the catalytic properties of Au, which sometimes make difficult to
elucidate the true size effect of Au. For alkane oxidation, the presence of sub-
nanometer-sized Au clusters would be a crucial factor which is probably responsible
for the O, activation to form oxygen radical species on the sub-nano Au clusters.
To understand the role of supports and the size effect of Au more precisely for
each reaction will help us to design more efficient and sophisticated Au catalysts. In
order to discuss these effects, the developments of preparation method to deposit Au
as sub-nm clusters with narrow size distributions, new support materials, and of
characterization techniques including in situ measurements are highly demanded.
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Abstract Reduction and oxidation reactions (redox reactions) are fundamental and
important transformation of chemicals in both laboratory and industrial chemistries.
With regard to atom economy and the environmental demands, an ultimate goal of
these reactions is to employ molecular hydrogen (H,) or molecular oxygen (O,).
High-performance heterogeneous catalysts with high activity, selectivity, recover-
ability, and reusability are ideal for the development of green sustainable processes
using H, or O,. Moreover, the heterogeneous catalyst systems are the promising
approach to solve the disadvantage of homogeneous ones, such as short lifetimes
(low stability), risk of contaminating products with metals (low recoverability),
tedious workups for reuse (low reusability), and so on. For the design of high-
performance heterogeneous catalysts under liquid-phase redox reactions, metal
nanoparticles (NPs) is the most promising strategy because of their unusual proper-
ties compared to bulk metal. This review provides an overview of metal NP
heterogeneous catalysts developed for redox reactions using H, or O,. The state-
of-the-art metal NP catalysts show higher activity and selectivity for the
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chemoselective hydrogenations of carbonyl, nitro, and alkynyl compounds while
retaining C=C bonds, and the aerobic oxidation of alcohols and the Wacker type
oxidation of alkenes, which overcome the limitations of the conventional catalyst
systems. This improved catalytic performance is due to significant advances in the
precise fabrication of nanoscale metals, which has made it possible to explore novel
catalysis and design metal active centers.

Keywords Catalyst - Hydrogenation - Metal - Nanoparticle - Oxidation

1 Introduction

Reduction and oxidation reactions (redox reactions) are fundamental and important
transformations in both laboratory and industrial chemistries. In conventional redox
reaction systems, metal hydrides, such as NaBH, and LiAlH,, or heavy metal salts,
such as permanganate and dichromate, have been employed as reducing or oxidizing
agents. As these stoichiometric reagents have serious drawbacks, including high
costs, toxicity, and producing large amounts of waste, the development of promising
catalytic systems to replace these stoichiometric reactions has attracted much atten-
tion. With regard to atom economy and the environmental demands of chemical
reactions, an ultimate goal of redox reactions is to employ molecular hydrogen (H,)
or molecular oxygen (O,) [1-6]. These inexpensive reagents are abundant and can
avoid the use of harmful reagents. In this context, transition metal complexes have
traditionally been employed as catalysts, because they are dissolved in reaction
media, which makes all active sites accessible to substrates, leading to exhibit high
catalytic activities. Despite these advantages, homogeneous catalyst systems have
fundamental problems, including short lifetimes (low stability), risk of contaminat-
ing products with metals (low recoverability), and tedious workups for reuse (low
reusability). Although heterogeneous catalysts are the most promising approach to
solving the above issues, they generally show low activity and require harsh reaction
conditions and have mainly been applied in gas-phase reactions. Therefore, high-
performance heterogeneous catalysts with high activity, selectivity, recoverability,
and reusability would be ideal, leading to the development of green sustainable
redox reaction processes using H, or O,.

Using metal nanoparticles (NPs) is among the most promising strategies for the
design of high-performance heterogeneous catalysts because of their unusual prop-
erties compared to bulk metal. To date, metal NP catalysts have been employed to
refine petroleum, manufacture petrochemicals, clean exhaust gas, and produce
renewable clean energy, especially in gas-phase reactions [7-9]. Recently, the
advance of nanoengineering has enabled the precise construction of metal NP
catalysts. Sophisticated metal NP catalysts, obtained by controlling particle sizes
and shapes, tuning metal electronic states, and modulating metal-support
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interactions [10-14], have achieved high activity and selectivity in fine chemical
synthesis under mild conditions. Accordingly, this review provides an overview of
metal NP heterogeneous catalysts developed for redox reactions using H, or O,
under liquid-phase conditions. As many reviews and reports on heterogeneous
catalysts for hydrogenation [15-17] and aerobic oxidation [18-21] have been
published, herein we have focused on state-of-the-art metal NP catalysts, which
overcome the limitations of conventional catalysts in selective redox reactions.

2 Metal NP-Catalyzed Selective Reductions Using H,

Selective hydrogenations are important methods in fine chemical synthesis. How-
ever, the chemoselective hydrogenation of targeted functional groups in the presence
of other reducible groups is difficult. In particular, chemoselective hydrogenation in
the presence of easily reducible alkene groups represents a significant challenging.
To date, various approaches using metal NP catalysts to achieve high
chemoselectivity have been proposed through the design of metal size, surface,
shape, and components. In this section, rationally designed and developed novel
metal NP catalysts for the chemoselective hydrogenation of nitro, carbonyl, and
alkyne moieties while retaining easily reducible alkene groups are discussed.

2.1 Design of Core—Shell NPs

The hydrogenation of aromatic nitro compounds bearing other reducible groups is
important for the direct synthesis of functionalized aniline derivatives, which are
useful feedstocks in the chemical industry. In 2005, Corma et al. discovered that a
Au/TiO, catalyst promoted the chemoselective hydrogenation of 3-nitrostyrene to
give 3-aminostyrene with 98.5% conversion and 95.9% selectivity [22]. Since this
pioneering report, many catalysts have been developed for the chemoselective
hydrogenation of functionalized aromatic nitro compounds [23]. However, these
catalysts suffer from overhydrogenation of aminostyrene to ethylaniline at high
conversion levels. This is due to the chemoselectivity often being derived from
preferential adsorption of the nitro moiety over the alkene moiety, resulting in alkene
hydrogenation occurring prior to nitro hydrogenation at low nitro compound con-
centrations. Therefore, a new catalyst design strategy for the chemoselective hydro-
genation of nitro compounds is needed as an alternative to the preferential adsorption
method.

Au or Ag NPs and basic metal oxide support are known to cooperatively
dissociate H, into polar hydrogen species H>* and H>, which straddle the interfacial
perimeter sites [24, 25]. These polar hydrogen species show favorable reactivity with
nitro groups compared to that with alkene groups [26]. Mitsudome et al. developed a
novel core—shell nanostructured catalyst, Ag@CeQO,, for the chemoselective
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Fig. 1 Electron micrographs of Ag@CeO,: (a) SEM image of Ag@CeO,; (b) HRTEM image of
single Ag@CeO, particle
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Fig. 2 Time course of 3-nitrostyrene reduction with H, using (a) Ag@CeO, and (b) Ag/CeO,.
Reprinted with permission from [27]. Copyright 2012 Wiley-VCH

hydrogenation of nitrostyrene [27]. Ag@CeO, comprised a core of Ag NPs with a
mean diameter of 10 nm and a shell assembled from CeO, NPs with diameters of
3-5 nm. The shell had nanopores among the CeO, NPs that enabled the reactants to
access AgNPs in the core (Fig. 1).

The core—shell Ag@CeQO, catalyst structurally maximizes the interface area
between the AgNPs and basic metal oxide CeO, while simultaneously minimizing
the area of bare AgNPs. Therefore, Ag@CeO, is expected to enable the selective
formation of polar hydrogen species at the interface between AgNPs and the basic
sites of CeO, through heterolytic dissociation of H, while suppressing the unfavor-
able formation of nonpolar hydrogen species on bare AgNPs through homolytic
dissociation of H,, which react with alkene groups. This precise design strategy for
NP catalysts enabled the selective generation of polar hydrogen species that promote
complete chemoselective hydrogenation of nitro groups while retaining C=C bonds
(Fig. 2). Ag@CeO, catalyst exhibited excellent selectivity toward the nitro hydro-
genation of 3-nitrostyrene, affording 3-aminostyrene in 98% yield with >99%



Metal Nanoparticles for Redox Reactions 53

Fig. 3 Activities of B Ag catalyst
Au@CeO, and Ag/CeO, H, (6 atm)

toward styrene 110°C,3h
1) Ag@CeO, >99% recovery <1% yield
2) Ag/CeO, 70% conv. 70% yield
/2\ Ag@Ce0,
Ry Ry R R,

110 °C, H, (6 atm).
>99% selectivity

CIQ/\WOW

Yield 95% 96% 94% 95%

Fig. 4 Ag@CeO,-catalyzed deoxygenation of epoxides to give alkenes using H,

selectivity without alkene hydrogenation occurring. Interestingly, the C=C bond of
3-aminostyrene showed no hydrogenation when the reaction time was prolonged.

The efficiency of the Ag@CeO, core—shell structure was also demonstrated in the
hydrogenation of styrene. Styrene was not hydrogenated using this catalyst but was
hydrogenated using CeO,-supported Ag NPs without a core—shell structure
(Ag/Ce0,) (Fig. 3). Furthermore, the Ag@CeO, catalyst could be recovered through
simple filtration from the reaction mixture after the reaction and reused without any
loss of activity or selectivity [28].

Ag@CeO, also promoted the unique deoxygenation reaction of epoxides to give
the corresponding alkenes. Various epoxides, including aromatic, aliphatic, and
alicyclic epoxides, were smoothly converted into the corresponding alkenes with
>99% selectivity (Fig. 4). This represented the first reported Ag-catalyzed
chemoselective deoxygenation of epoxides to alkenes using H,.

The design strategy of Ag@CeO, for the exclusive hydrogenation of a polar
functional group while retaining alkene groups was further demonstrated by the
selective hydrogenation of unsaturated aldehydes to give the corresponding unsat-
urated alcohols, which are important intermediates in fragrances and pharmaceuti-
cals. Highly dispersed Ag@CeO, on a CeO, support (Ag@CeO,-D), which
represents a modified version of Ag@CeQ,, efficiently converted a wide range of
aldehydes, including not only terpenes and aliphatic and aromatic «,f-unsaturated
aldehydes but also unconjugated aldehydes, to the corresponding allylic alcohols
with high selectivity at high conversion levels (Fig. 5). Ag@CeO, also operated well
under gram-scale reaction conditions to produce unsaturated alcohols in high yields.

The semihydrogenation of alkynes is among the most important and fundamental
reactions for the synthesis of (Z)-alkenes, which are important building blocks of
fine chemicals, including bioactive molecules, flavors, and natural products
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Fig. 5 Chemoselective hydrogenations of unsaturated aldehydes using Ag@CeO,-D

[29, 30]. Although Lindlar catalyst (Pb(OAc),-treated Pd/CaCO5 with large amounts
of quinoline) has been widely used in these reactions [31], this method has serious
drawbacks, including requiring a toxic Pb salt and large amounts of quinoline to
suppress overhydrogenation of alkenes. Furthermore, when applied to terminal
alkynes, Lindlar catalyst causes rapid overhydrogenation of the terminal alkene
products. To establish more environmentally benign catalyst systems, a number of
Pb-free catalysts involving Pd [32, 33], Fe [34, 35], Ni [36-38], Cu [39], and Ru [40]
metals have been reported. Among the reported Pd NP catalysts, the addition of
dimethylsulfoxide (DMSO) is a simple and effective approach alternative to Lindlar
catalyst, in which DMSO drastically suppresses the overhydrogenation and isomer-
ization of the alkene products [41]. This is caused by the suitable coordination ability
of DMSO with Pd NPs, where DMSO adsorbed on the Pd NP surface inhibits the
coordination of alkenes to Pd NPs, while alkynes can adsorb onto the Pd NP surfaces
due to their higher coordination ability compared with that of DMSO.

Based on the above DMSO effect, Mitsudome et al. designed core—shell
nanocomposites of SiO,-supported Pd NPs covered with a DMSO-like matrix of
methyl-3-trimethoxysilylpropylsulfoxide (MPSO) (Pd@MPSO/Si0,)
[42]. PA@MPSO/SiO, had Pd NPs with a mean diameter of 17 nm covered by a
MPSO matrix shell with a thickness of 4 nm (Pd@MPSO/SiO,-1) or 19 nm
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Fig. 7 Semihydrogenation of internal and terminal alkynes using Pd@MPSO/SiO,. Reaction
conditions: (a) PdA@MPSO/SiO,-1 (Pd, 0.2 mol%), H, (1 atm); (b) Pd@MPSO/SiO,-2 (Pd,
0.2 mol%), H, (1 atm)

(Pd@MPSO/SiO,-2), which was controlled by the amount of MPSO. Energy-
dispersive X-ray spectroscopy (EDX) of Pd@MPSO/SiO, proved the existence of
sulfur and Si atoms in the shell matrix (Fig. 6). The Pd@MPSO/SiO; shell consisted
of an alkyl sulfoxide network that allowed the exclusive coordination of alkynes to
the Pd NP active center, promoting the selective semihydrogenation of various
terminal and internal alkynes (Fig. 7).

The design of bimetallic catalysts comprising a core of Pd NPs and a Ag
nanolayer shell provides another strategy for core—shell metal NP arrangement for
the selective semihydrogenation of alkynes. Unmodified Pd NP catalysts have
intrinsically high activity for alkyne hydrogenation but low selectivity for alkene
products owing to the overhydrogenation of alkenes to alkanes. Ag NP catalysts, in
contrast, exhibit low activity for hydrogenation despite having inherent high alkene
selectivity [43—45]. Mitsudome et al. envisioned that the design of core-Pd/shell-Ag
nanocomposite catalysts (Pd@Ag) could avoid the trade-off between activity and
selectivity for Pd and Ag NPs in semihydrogenation [46]. The construction of a
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Fig. 9 Compositional and structural analysis of Pd@Ag. (a) TEM image; (b, ¢) HAADF-STEM
images; (d, e) elemental mapping images of (d) Pd and (e) Ag; and (f) composite overlay image
formed from (d) and (e). Reprinted with permission from [46]. Copyright 2016 American Chemical
Society

core—shell nanocomposite would significantly improve the low activity of Ag NPs
owing to a ready supply of hydrogen from the core of Pd NPs to Ag nanolayer shell
in a synergistic manner. Meanwhile, coating the core Pd NPs with a Ag nanolayer
would suppress overhydrogenation of alkenes at the Pd surface (Fig. 8). This
cooperative catalysis between the Pd core and Ag shell was expected to lead to the
selective semihydrogenation of alkynes under mild reaction conditions.

According to the above catalyst design concept, PdA@Ag comprising of Pd NPs
with a mean diameter of 26.2 nm in the core and a Ag nanolayer with a thickness of
approx. 1 nm as the shell was synthesized (Fig. 9) and demonstrated excellent alkene
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selectivity for a wide range of alkynes under mild reaction conditions (room
temperature and 1 atm of H,) (Fig. 10). Notably, Pd@Ag successfully inhibited
the overhydrogenation of alkenes even after the full conversion of alkynes. This
result was quite different from those obtained using other previously reported
catalysts, in which rapid overhydrogenation of alkenes occurred at a high alkyne
conversion level (Fig. 11). Furthermore, Pd@Ag was separable from the reaction
mixture and reusable without a loss of catalytic activity or selectivity. Furthermore,
Pd@Ag was also suitable for use in a column flow reactor, demonstrating its
practical utility.
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2.2 Nitrogen or Sulfur Modification of Metal NP Surface

Although heterogeneous metal NP catalysts have many advantages over homoge-
neous catalysts, such as high stability and easy separation and reuse, fine-tuning the
active metal center remains difficult. Beller et al. reported the heterogenization of
well-defined organometallic complex catalysts via immobilization and pyrolysis on
activated carbon [47]. The synthetic scheme for novel cobalt oxide NPs is shown in
Fig. 12. The deposition of cobalt(II) acetate—phenanthroline complex onto commer-
cially available carbon followed by pyrolysis under inert conditions provided cobalt
oxide NPs coated with N-doped graphene (Co oxide—N/C).

The synthesized novel N-ligated Co oxide NPs showed high chemoselectivity for
nitroarenes bearing easily reducible moieties including alkenes, alkynes, aldehydes,
and ketones (Fig. 13). Furthermore, this heterogeneous Co catalyst was reusable
without a significant decrease in activity during the recycling experiments, although
an initial loss of activity was observed.

Beller et al. also showed that the convenient pyrolysis heterogenization method of
well-defined organometallic complex catalysts could be applied to the most earth-
abundant metal, iron [48], because the development of efficient and cost-effective
catalyst systems is greatly needed in current chemical research. The pyrolysis of
iron—phenanthroline complexes adsorbed on carbon at 800°C provided stable Fe,O;
NPs surrounded by a nitrogen-doped carbon layer (Fe-phen/C-800). The Fe-phen/C-
800 catalyst promoted more than 80 examples of structurally diverse nitroarenes,
giving the corresponding functionalized anilines in good to excellent yields under
industrially acceptable conditions (Fig. 14).

One rational design approach toward metal NP catalysts involves metal modifi-
cation with self-assembled monolayers (SAMs) to create a favorable surface envi-
ronment for selective formation of the desired products [49, 50]. SAMs are organic
assemblies of molecules containing a headgroup that noncovalently bind to the
metal, producing ordered and stable monolayer films on the metal surface. A unique
property of SAM modification is the formation of highly ordered assembly structures
on metal surfaces, where modifiers with different tail structures can finely tune the
metal surface environment to facilitate specific interactions between reactants and
metal NPs.

Medlin et al. showed that SAMs on metal NP surfaces can act as “molecular
recognition monolayers” to give the reactant a desirable orientation, which greatly
improves the catalytic performance for hydrogenation reactions [51]. For example,
in the hydrogenation of cinnamaldehyde, modification of a Pt NP catalyst with
3-phenylpropanethiol significantly improved the selectivity for cinnamyl alcohol
to over 95% compared with 25% selectivity using uncoated Pt catalysts [52]. This
high chemoselectivity was attributed to the favorable orientation of cinnamaldehyde
in the vertical configuration through aromatic stacking interactions between the
modifier and reactant. The proposed adsorption mechanism on SAMs is shown in
Fig. 15. This represents the first successful demonstration of using specific
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Fig. 13 Chemoselective hydrogenation of substituted nitroarenes using Co oxide—N/C
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Fig. 14 Fe-phen/C-800-catalyzed selective hydrogenation of substituted nitroarenes

noncovalent interactions to orient the reactant to promote aldehyde-selective
hydrogenation.

Pt catalysts are not chemoselective for the hydrogenation of nitro groups in nitro
aromatic compounds bearing other reducible groups. However, the thiol-
modification approach transforms nonchemoselective Pt catalysts into highly
chemoselective Pt catalysts for the hydrogenation of 4-nitrostyrene to
4-aminostyrene [53]. The TiO,-supported Pt NPs with a mean diameter of 1.4 nm
treated with some thiols, such as thioglycerol, 1,6-hexanedithiol, and a-lipoic acid,
gave 100% selectivity for aminostyrene at conversion levels close to 100%. In
contrast, an unmodified Pt/TiO, catalyst provided C=C bond-hydrogenated prod-
ucts, 4-ethylnitrobenzene, and 4-ethylaniline. Therefore, thiol modification pro-
duced a 100% switch in selectivity to 4-aminostyrene.

As shown above, surface modification through SAMs construction on the metal
NP surface is a powerful method to improve the selectivity of hydrogenations.
However, the modifiers often suppressed diffusion and the adsorption of reactants
and protected active sites, unavoidably resulting in the low activity of metal NPs.



Metal Nanoparticles for Redox Reactions 61

Fig. 15 Proposed
adsorption model depicting 7\
favorable orientation of =

cinnamaldehyde induced by \ D
3-phenylpropanethiol SAM o
modifiers. Reprinted with
permission from
[58]. Copyright 2014

/

H;
/)
o

American Chemical Society He
H
S
s H \ . Hy
Plati
Alumina Support
Fig. 16 Performance- _ Nicatayst NH;
boosting effect of SPhF H (10 atm)
modification on 2! 70 °C
chemoselective
hydrogenation SPhF-Ni,P Conv. 98.7 % Sel. 100 %
Ni,P Conv.12.5 % Sel. 21.3 %
@/\/%O Ni catalyst
H, (10 atm)
70 °C
SPhF-Ni,P Conv. 95.7 % Sel. 100 %
Ni,P Conv. 38.1 % Sel. 17.8 %

Therefore, high selectivity is usually achieved at the expense of activity, resulting in
a trade-off relationship between the activity and selectivity. Therefore, the develop-
ment of surface-modified metal NPs with both high selectivity and activity is a great
challenge in chemoselective hydrogenation.

Recently, Zou et al. succeeded in breaking the trade-off between activity and
selectivity in chemoselective hydrogenations using Ni NPs modified by p-
fluorothiophenol (SPhF) [54]. SPhF-chelated dinickel phosphide nanosheets
(SPh-Ni,P) with activity nearly 12-fold higher than that of unmodified Ni,P in the
hydrogenations of 3-nitrostyrene and cinnamaldehyde selectively gave
3-aminostyrene and cinnamyl alcohol, respectively. Furthermore, the selectivity
for desired products significantly improved from 38.1% and 21.3% to nearly
100%. Importantly, the effect of SPhF modification has broad applicability to
other metal catalysts, such as Pt, Pd, and commercially available metal catalysts.
For example, commercial catalysts like Raney Ni modified with SPhF exhibit twice
higher activity with enhanced selectivity from 21-23% to nearly 100% in the above
hydrogenations (Fig. 16). Experimental results and density functional theory calcu-
lations showed that both the steric and electronic effects of SPhF modification can
provide superior catalytic performance. Namely, the confined flat adsorption of
ordered SPhF-arrays onto the metal surface and downshifted d-band center of the
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catalysts lead to prohibited undesired hydrogenation of the alkene group and accel-
erative H, activation, respectively.

3 Metal NP-Catalyzed Selective Oxidations Using O,

The selective oxidation of organic compounds is a fundamental challenge in syn-
thetic chemistry. Although the economic and environmental advantages of molecu-
lar oxygen as a chemical oxidant are apparent, few reports on the selective
introduction of oxygen functions into organic compounds exist because oxygenation
often involves radical reactions that are difficult to control. The oxidation reactivity
of organic compounds greatly varies depending on their structures. For example, in
the oxidation of ethylene using silver catalyst, ethylene oxide is produced using
molecular oxygen through a silver-superoxo intermediate. In contrast, when the
substrate is changed from ethylene to propylene, propylene is not converted to
propylene oxide but completely oxidized to CO, and H,O. This is attributed to the
low bond dissociation energy of the allylic C—H bond. Preferential dissociation of
the allylic C—H bond in organic compounds generally induces unselective reactions
or combustion. Therefore, only limited compounds with tertiary or benzylic C-H
bonds can undergo selective oxygenation reactions.

The Wacker oxidation of alkenes is an important oxygenation reaction. The
Wacker oxidation is conducted under an oxygen atmosphere, but the carbonyl
oxygen introduced into the product is derived from water, not molecular oxygen.
Molecular oxygen reoxidizes the metal and is not added into the substrate. An
oxygen nucleophile from water attacks the positively charged C=C double bond
through coordination to the metal center to form methyl ketones. Alternatively, the
resulting metal-hydrogen species generated from the substrate through dehydroge-
nation is oxidized by molecular oxygen, completing the catalytic cycle. In this
reaction, high selectivity for methyl ketone products can be achieved because the
radical character of oxygen is not involved.

Some oxidation reactions that use molecular oxygen as an oxidant give low
selectivity for oxygenated compounds, while oxidations involving dehydrogenation
give high selectivity. In this section, we describe metal NP-catalyzed selective
oxidation reactions involving dehydrogenation, in which molecular oxygen acts as
an oxidant but is not incorporated into the substrate.

3.1 Aerobic Oxidation of Alcohols Using Pd NPs

There have been numerous reports on the catalytic oxidation of alcohols under an
oxygen atmosphere [55]. In particular, Pd had been used as a metal center both in
homogeneous and heterogeneous systems [56]. PAHAP, in which a mononuclear Pd
species is adsorbed to hydroxyapatite (HAP), was reduced to a Pd NP (~5 nm)
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during alcohol oxidation (Fig. 17), catalyzing the aerobic oxidation of a wide range
of alcohols without any need for additives [57, 58]. The use of HAP as catalyst
supports has the following advantages: (1) well-defined monomeric active species
can be immobilized on their surface owing to its high ion-exchange ability and
adsorption capacity; (2) the nonporous structure can help overcome the problems
regarding mass transfer limitations; and (3) weak acid—base properties prohibit side
reactions induced by the support itself.

Typically, PAHAP promoted well in the aerobic oxidation of 1-phenylethanol
under solvent-free conditions, showing a remarkably high TON of up to 236,000
with an excellent TOF of approximately 9,800 h™" (Fig. 18).

A possible reaction pathway is shown in Fig. 19. Initially, oxidative addition of an
alcohol O—H bond to the coordinately unsaturated Pd° species at the edge of the NP



64 K. Jitsukawa and T. Mitsudome

@ PAHAP-0 (Pd: 0.01 mol%) @K
N toluene, 110 °C, Ar, 7 h ~N >99 % yield

H H  TON =20,000
(20 mmol) (TOF =2,800 h™)

Fig. 20 PdHAP-catalyzed dehydrogenation of indoline

affords a Pd-alcoholate species, which undergoes p-hydride elimination to produce
the corresponding carbonyl compounds and Pd-hydride species. The hydride species
mediated on the Pd NPs was oxidized by O, along with the formation of O, and H,O
through H,O, as an intermediate. The kinetic isotope effect for the intramolecular
competitive oxidation of a-deuterio-p-methylbenzyl alcohol gave a ky/kp value of
2.0, indicating that the elimination of B-hydride from the Pd-alcoholate species
might be the rate-determining step.

Interestingly, the PAHAP catalyst also promoted dehydrogenation of various
indolines to indole, which serves as an important and versatile intermediate for the
synthesis of pharmaceuticals and agrochemicals [59]. The applicability of PAHAP
was demonstrated in a 20-mmol scale reaction of indole, as shown in Fig. 20.
Dehydrogenation was completed within 6 h to afford 2 in 99% yield, in which the
TON based on Pd approached up to 20,000 with an excellent TOF of approximately
2,800 h~'. These TON and TOF values were significantly higher than those reported
for other catalytic systems.

Pd NPs supported on inorganic materials often give undergo leaching from the
support or aggregate to generate inactive larger NPs during the reaction. Park et al.
found that small Pd NPs with a diameter of 2—3 nm entrapped into an aluminum
hydroxide matrix showed high catalytic activity and durability in the oxidation of
alcohols [60]. The oxidation of 1-phenylethanol under solvent-free conditions
proceeded smoothly in the presence of 0.005 mol% aluminum hydroxide-entrapped
Pd NPs at 150°C, giving acetophenone in 98% yield. This highly dispersed Pd NP
catalyst was also reusable at least ten times without activity loss.

Kantam et al. reported the aerobic oxidation of alcohols at room temperature
under aerobic conditions using nanocrystalline magnesium oxide-supported Pd NPs
(NAP-Mg-Pd(0)) [61]. Although most Pd NP catalysts require high temperatures
(65-150°C) for alcohol oxidation, these Pd NPs with a diameter of 57 nm highly
dispersed on the surface of NAP-Mg showed a wide substrate scope for alcohols
under mild conditions through a cooperative effect between the basic support and
active metal NPs. Benzylic, allylic, aliphatic, and alicyclic alcohols were oxidized at
room temperature under air, giving the corresponding carbonyl compounds from
good to excellent yields. This NAP-Mg-Pd(0) catalyst was able to be recycled four
times without loss of catalytic efficiency.

From both a practical and economic standpoint, using water in organic reactions
has significant advantages, including the low cost, abundance, safety (nonexplosive,
non-flammable, and nontoxic), easily controlled reaction temperatures owing to the
high heat capacity of water, and ease of phase separation [62—65]. Uozumi et al.
synthesized polymer-supported Pd NPs with a mean diameter of 9 nm (ARP-Pd) via
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the reduction of a polystyrene-polyethylene glycol (PS-PEG) resin-supported
bipyridyl palladium(II) complex, which efficiently promoted the aerobic oxidation
of alcohols in aqueous media (Fig. 21) [66]. ARP-Pd was used in aqueous media to
show that that alcohols as substrates would diffuse into the hydrophobic ARP-Pd
matrix to give a highly concentrated reaction field, where the active Pd NPs in the
polymer matrix would efficiently oxidize the trapped alcohols.

Pd NP catalysts generally show low chemoselectivity for the oxidation of allylic
alcohols to a,fB-unsaturated carbonyl compounds compared with Au NPs, which was
due to the formation of other byproducts arising from the isomerization and hydro-
genation of C=C bonds and/or polymerization (Fig. 22) [67]. The different stabil-
ities and steady-state concentrations of the metal hydrides (Au-H and Pd-H) are
probably the cause of such a result. The Au—H species generated during oxidation is
much more reactive with O, than the Pd—H species, preventing C=C bond hydro-
genation or isomerization.

3.2 Bimetallic NP-Catalyzed Alcohol Oxidation

A combined system composed of plural metal species exhibit interesting catalytic
activity compared with single metal species. Au—Pd/TiO, showed a wide substrate
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scope with high TOFs in the aerobic oxidation, in which the choice of metal oxide
support significantly influenced the product distribution in the oxidation of benzyl
alcohol [68]. The side reaction, involving disproportionation of two molecules of
benzyl alcohol to produce benzaldehyde and toluene, occurred when using TiO,-,
Nb,Os-, and activated carbon-supported Au-Pd NPs. In contrast, MgO- and
ZnO-supported Au—Pd NPs were superior to the above catalysts for the selective
oxidation of benzyl alcohol, giving benzaldehyde in more than 99% selectivity.
Similarly, Kobayashi et al. reported that polymer-incarcerated Au—Pt alloyed bime-
tallic NPs (PI Pt/Au) exhibited higher catalytic activity than single metal Au or Pt
NPs in the aerobic oxidation of alcohols [69]. PI Pt/Au worked well without
additional base in water at room temperature, although PI Au, as a single metal
species, required a large amount of K,CO;5 to promote oxidation, in which water
acted as a hydrogen transporter in the hydrophobic polystyrene surroundings,
therefore aiding a-hydrogen abstraction.

The same group also developed carbon black-stabilized polymer-incarcerated
bimetallic catalysts (PI-CB catalysts) [70]. Notably, PI-CB containing Au and Pt
NP catalysts (PI-CB/Au-Pt) showed high catalytic activity and selectivity in the
oxidation of primary aliphatic alcohols to the corresponding aldehydes under mild
reaction conditions. This high catalytic activity could not be obtained using mono-
metallic PI-CB catalysts, such as PI-CB/Au and PI-CB/Pt. The reactivity and
selectivity were strongly dependent on the combination of metals and solvent
system, with the overoxidation of 1-octanol to octanoic acid suppressed under
neutral conditions. Furthermore, PI-CB/Au-Pd showed completely different activity
and selectivity compared with PI-CB/Au-Pt, with direct oxidative methyl ester
formation catalyzed by PI-CB/Au-Pd proceeding in methanol/H,O in the presence
of K,COs;. The oxidation to carboxylic acids or esters is dependent on hydration of,
or hemiacetal formation from, the aldehyde (Fig. 23).

Au@NiOx NP catalyst with a core—shell structure was developed for the oxida-
tive esterification of aldehydes with alcohols [71]. The Au@NiOx NP catalyst, in
which 20 mol% Au in the core was covered by nickel oxide (NiOx) supported on
silica-alumina-magnesia, provided an environmentally benign method for ester
synthesis, because the side product was water and molecular oxygen is the ideal
oxidant. In this method, the reaction with various aldehydes and primary alcohols
gave the corresponding esters with good selectivity. Typically, this catalyst can
promote aerobic esterification of acrolein with methanol, providing methyl methac-
rylate as an important raw material for polymer chemistry.



Metal Nanoparticles for Redox Reactions 67
3.3 Base Metal NP-Catalyzed Alcohol Oxidation

From an economic efficiency standpoint, some non-noble transitional metals cata-
lysts, such as Co [72-75], Mn [76, 77], Fe [78-80], V [81], and Cu [82, 83], have
been explored in the aerobic oxidation of alcohols. Yingwei et al. reported that Co
NPs stabilized by N-doped carbon composite (Co/C—N) acted as highly efficient
heterogeneous catalysts for the synthesis of carbonyl compounds from the aerobic
oxidation of alcohols [84]. Co/C-N could be synthesized by the one-pot thermal
decomposition of Co-containing metal-organic frameworks (MOFs). Co NPs with a
particle size of 9.8 4= 2.6 nm were highly dispersed on N-doped carbon. Importantly,
N-doping into Co/C-N played a dual role, not only in enhancing the basic properties,
which is crucial for promoting the activity of the liquid-phase aerobic oxidation of
alcohols, but also in reducing the Co particle size. The Co/C—N catalyst showed a
broad substrate scope for both aryl and alkyl alcohols in water under an atmospheric
pressure of air and base-free conditions. Furthermore, the Co/C-N catalyst could be
separated from the reaction system using an external magnetic field and reused. The
Co NPs with surface-oxidized CoO species incorporated into N-doped carbon were
applicable to the esterification of primary alcohols under mild conditions with air or
1 bar of O, [85, 86]. A broad substrate scope was observed for aromatic and aliphatic
alcohols, as well as diols, giving their corresponding esters in good to excellent
yields (Fig. 24).

Based on the above results, a possible reaction mechanism for the oxidative
esterification of alcohols over Co—CoQO incorporated into N-doped carbon is illus-
trated in Fig. 25. Firstly, alcohols are oxidized to aldehydes by O, through the
abstraction of B-hydride from alcohols. Secondly, aldehydes and methanol undergo a
condensation reaction to give hemiacetal species. Finally, the hemiacetal intermedi-
ate is oxidized by Co catalyst giving an ester product.

Although heterogeneous catalysts of inexpensive and reusable transition metals
are attractive alternatives to homogeneous catalysts, the relatively low activity of
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transition metal NPs represents a hurdle to their practical application. Li et al.
reported that a nitrogen-rich carbon-coated cobalt NPs (Co@NC) catalyst, synthe-
sized by direct polycondensation in the presence of g-C;N,4 powder, exhibited a high
TOF of 8.12 for the direct base-free aerobic oxidation of benzyl alcohols to methyl
benzoate. This TOF was 30-fold higher than those of state-of-the-art transition
metal-based nanocatalysts previously reported [87].

Nitrogen-rich carbon, which has a higher band potential than that of metallic Co
materials, will accept electrons from Co NPs until their Fermi level reaches equilib-
rium, described as the Mott—Schottky effect. The resulting electron-poor Co NPs
sufficiently attract and activate O, for proton removal from the Co-H intermediates
to accelerate the whole reaction process. N-doped carbon could also act as a
strengthened Lewis base to accelerate the deprotonation process of alcohols. Con-
clusively, the Co@NC-x-based Mott—Schottky catalysts not only boosted the oxi-
dative power of the Co NPs but also enabled the reaction to proceed in the absence of
bases, constituting an overall mild and additive-free catalytic system.

Continuous flow technology has attracted much attention because it can maxi-
mize catalyst efficiency in the simple workup procedure. Heterogeneous catalysts
also have a significant advantage in the application to the use in column flow reactor.
Kappe et al. found that iron oxide NPs stabilized on a mesoporous aluminosilicate
support acted as highly efficient catalysts for the selective aerobic oxidation of a
primary alcohol in continuous flow reactor [88]. In a single pass of the reactor,
benzyl alcohol as a model substrate was selectively converted to benzaldehyde. This
catalyst was highly stable and did not leach from support under the investigated
conditions, providing solid evidence for the participation of a heterogeneous iron
species in the catalytic cycle.

3.4 Wacker-Type Oxidation Using Pd NPs

Ethylene and palladium chloride react in the presence of water under atmospheric
conditions to produce a stoichiometric amount of acetaldehyde with simultaneous
formation of the precipitates of Pd (0) (Pd black) [89]. When copper dichloride
(CuCly) is added to this system, in situ-formed Pd(0) species are reoxidized to Pd
(II) by Cu(Il), and then O, oxidizes the resulting Cu(I) back to Cu(Il), thereby
allowing this catalytic cycle. This method is called the Wacker process, which is
limited to the synthesis of acetaldehydes through ethylene oxidation [90]. Using N,
N-dimethylformamide (DMF) as a solvent in this process allowed the substrates to
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be extended to the terminal alkenes. This process, the Wacker—Tsuji reaction, is an
effective means of selective methyl ketone synthesis from a wide range of terminal
alkenes [91].

Recently, Mitsudome et al. found that colloidal Pd NPs in N,N-
dimethylacetamide (DMA) solution can be directly oxidized by O, as sole oxidant
to homogeneous Pd(II) species in the presence of hydrochloric acid (Fig. 26). Pd
K-edge XAFS analysis proved that the peak attributed to the Pd—Pd bond in the
Fourier transforms (FT) of k’-weighted EXAFS disappeared and that a new peak
derived from the Pd—Cl bond appeared after treating Pd NPs with DMA in the
presence of two equivalents of HCI at 80°C under O, at atmospheric pressure.

This unique phenomenon would be applicable to developing the Cu-free Wacker
oxidation system because in situ-generated Pd(0) species from the reaction of Pd
(II) with alkenes can be facilely reoxidized to Pd(Il) by O, without the necessity of
Cu [92]. In fact, the Cu-free Wacker oxidation of various terminal alkenes could
proceed using a PACl,/DMA catalyst system, affording the corresponding methyl
ketones under O, at atmospheric pressure without substrate isomerization (Fig. 27).

This PdCl,-DMA-O, system can be used for the oxidation of not only terminal
alkenes but also internal alkenes, where various internal alkenes were efficiently
converted to the corresponding ketones with 99% selectivity (Fig. 28) [93]. Although
the conventional Wacker oxidation suffers from limited reactivity toward internal
alkenes, this catalyst system overcame this limitation and provided a new and
efficient methodology for catalyzing the oxidation of internal alkenes to carbonyl
compounds.

The regioselective introduction of ketone oxygen functions was also possible
using substrates containing functional groups [94]. Various nonenyl acetates were
tested in this system, as shown in Fig. 29, and the ketone oxygen atom was
selectively introduced into the carbon distal from the acetoxy group.

This breakthrough in the limitations of the conventional Wacker oxidation was
attributed to the development of a Cu-free catalyst system because Cu strongly
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Fig. 30 Effect of CuCl, amounts on the oxidation of 4-octene. Reprinted with permission from
[93]. Copyright 2010 Wiley-VCH

suppresses the oxidation of internal alkenes. As shown in Fig. 30, the reactivity of
the internal alkene for oxidation was strongly suppressed by adding CuCl, to the
PdCl,-DMA-O, system, while that of the terminal alkene was not suppressed. This
was probably due to the formation of a bulky Pd/Cu complex [95], which is difficult
to coordinate to internal alkenes.

In the previous Wacker reaction, molecular oxygen acted to reoxidize palladium
through the redox cycle of Cu(I) and Cu(Il) and was not incorporated into the
substrate. In this PdCl,-DMA-O, system, '*0, was not incorporated into the product
ketones, and the oxygen atom introduced into the ketone was derived from water.
The selective oxygenation of alkenes to ketones was achieved using oxygen nucle-
ophiles derived from water. Interestingly, methanol can be used as a nucleophile
instead of water. In this case, using the PdCl,-DMA-O,-methanol system, the
oxidation of a,f-unsaturated carbonyl compounds gave -methoxy-a,B-unsaturated
compounds that were easily hydrolyzed to the corresponding f-carbonyl com-
pounds, as shown in Fig. 31 [96].

The PdCl,-DMA-O,-methanol-TsOH-H,O system realized the simple oxidation
process of converting o,p-unsaturated carbonyl compounds to p-carbonyl com-
pounds (Fig. 32). As described above, this reinvestigation of the Wacker process
provides a new and highly selective oxygenation method for converting various
internal alkenes to ketones.
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4 Summary

The selective transformation of organic compounds through reduction and/or oxi-
dation is a fundamental challenge in synthetic chemistry. This review focused on
recently developed high-performance metal NP catalysts for selective reduction and
oxidation under liquid-phase conditions using molecular hydrogen and molecular
oxygen, respectively. Traditional heterogeneous catalysts, including metal NP cat-
alysts, have significant intrinsic advantages of easy separation and robustness but
generally show lower catalytic performance (activity and selectivity) and require
harsh reaction conditions, such as high temperature, compared with homogeneous
catalysts. Compared with premodern heterogeneous catalysts, the state-of-the-art
metal NP catalysts introduced here have higher activity and selectivity for the
chemoselective hydrogenations of carbonyl, nitro, and alkynyl compounds while
retaining C=C bonds and the aerobic oxidation of alcohols and the Wacker oxida-
tion of alkenes. This improved catalytic performance is due to significant advances
in the precise fabrication of nanoscale metals, which has made it possible to explore
novel catalysis and design metal active centers. The rapid expansion of characteri-
zation methods for the nanostructured catalysts has also greatly contributed to
catalytic improvement. Spectroscopic analysis, especially operand analysis, enabled
deep understanding of the role of supports and the relationship between structure and
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activity, leading to the development of more sophisticated catalysts with high
performance. Although the catalytic performance of heterogeneous metal NP cata-
lysts has been greatly advanced in the last decade, research on heterogeneous
catalysts for fine chemistry is still in the development stage. The development of
more efficient metal NP catalysts that promote selective hydrogenation and aerobic
oxidation using lower amounts of active metals under milder reaction conditions
without any additives and solvents remains vital. We believe that advances in both
nanotechnology for the fine-tuning of metal NPs and a deep understanding of the
complicated structure of heterogeneous catalysts play key roles in the development
of next-generation metal NP catalysts for selective redox reactions in environmen-
tally friendly fine chemistry.
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Abstract This chapter is an overview focusing on the preparation and use of
transition metal-containing nanoparticles (NPs) described in the literature over
the past decade or so. It is organized according to the metal, including NPs that
feature catalysis based on Pd, Ni, Pt, Cu, Au, Rh, Ru, Co, and Fe. Nanoparticles
that involve metals on various supports are discussed, as are those derived solely
from precursor metals salts. Experimental procedures from these reports detailing
both the preparation and use of several of these NPs are also contained herein.
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Exciting developments associated with mixed metal NPs and their applications
that highlight synergistic effects of synthetic value offer a glimpse of what is likely
to be an increasingly important direction for catalysis in the near future.

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

1 Introduction

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

2 Palladium

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

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

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

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



80 M. Cortes-Clerget et al.

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

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

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

R@){ . R’\</:\>7[B] Fe/ppm Pd NPs, KzPO, R /—F
— — TPGS-750-M/H,0, 1t-45 °C —/ 7
X=ClBr,|  [B]=B(OH), Bpin,
BMIDA

N
Boc
CN
X = Br, B = B(OH), X =1, B =B(OH), X = Cl, B = BMIDA,
30 h, 60% 48h, 1t, 81% 40 h, 76%
F
/N‘ O
- NH NHC
\ S CFy N CFy O Y
N~ 0 v,
0oC
N__N S
FsC e CFs
o)
X = Br, B = Bpin X =1, B =BFK, X = Br, B = B(OH),
28 h, 86% 20 h, 1t, 91% 70 h, 88%

Fig. 2 Representative substrates synthesized using Fe/ppm Pd NPs
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Fig. 3 Fe/ppm-Pd NPs used in the synthesis of a ponatinib intermediate

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

During the screening of optimized reaction parameters for Fe/ppm Pd NP
catalyzed cross-couplings, it was noted that in the absence of a phosphine ligand
and with NaBH, serving as reductant, catalyst activity toward C-C bond formation
was retarded in favor of reduction of nitro groups within aromatic or heteroaromatic
substrates to their corresponding anilines [17]. Reductions of this functional
group proceed smoothly at room temperature and pressure with only 80 ppm
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Pd doped into these ligandless Fe/ppm Pd NPs. An extensive array of highly
functionalized educts readily participated, leading to the corresponding amines in
high yields (Fig. 4). Akin to other NPs of this type, optimal activity was realized
when used in conjunction with a 2 wt% solution of aqueous TPGS-750-M.
Classical methods for nitro group reductions (e.g., H, with Pd/C) typically require
high temperatures, pressures, and catalyst loadings, necessitating specialized
reaction vessels to mitigate potential safety hazards. Reductions using Fe/Pd NPs
in the presence of either NaBH,/KCl or KBH, can be accomplished without the
need for any specialized equipment, allowing for ready scalability of these reactions
from 0.5 mmol up to 100 mmol [18].

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

Fe/ppm Pd NPs

NO, NH,
©/ 1.5-4 equiv [MIBH, ©/
TPGS-750-M/H,0

electron-poor THF, rt >40 examples
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F NH, 2
(0] N~ o)
I3 E)
X )
Cl —
O><F \ﬁcl
o F F
2h,97% 2h,97%
N
Br. ‘ N NH, NH, | S\%NHZ
NX,—Cl
= Br
16 h, 80% 16 h, 88% 13 h, 93%

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

General Procedure for Reductions Iron-based nanomaterial (6 mg) was added
to an oven-dried 10 mL round-bottomed flask (RBF) containing a PTFE-coated
magnetic stir bar. An aqueous solution of 2 wt% TPGS-750-M (0.5 mL) was added
via syringe, and NaBH, (28.5-59.0 mg, 0.75—1.50 mmol) was added to the reaction
mixture. (Caution: NaBH, should be added slowly, especially for large-scale
reactions, i.e., >1 mmol.) During addition of NaBH,, the reaction mixture
turned black with evolution of hydrogen gas. The reaction flask was covered
with a rubber septum, and the mixture was stirred for 2 min at rt. The nitro
group-containing substrate (0.5 mmol, pre-dissolved or dispersed in mixture of
0.5 mL aqueous TPGS-750-M and 0.1 mL THF in advance) was then added
to the catalyst suspension via syringe (substrates which are not soluble in aqueous
TPGS solution were first dissolved in a minimum amount of THF (160 pL for
0.5 mmol of educt)). The RBF was filled with argon and covered again with a
rubber septum. Finally, the reaction mixture was vigorously stirred at rt. Progress
of the reaction was monitored by TLC or GCMS. After complete consumption of
starting material as monitored by TLC, the septum was removed, and argon was
bubbled through the mixture. Minimal amounts of an organic solvent (EtOAc,
i-PrOAc, Et,0, MTBE, etc.) were added, and the mixture was stirred gently for
2 min. Stirring was stopped, and the organic layer was then allowed to separate,
after which it was removed via pipette. The same extraction procedure was repeated,
and the combined organic extracts were dried over anhydrous Na,SO,4. Volatiles
were evaporated under reduced pressure, and semi-pure product was purified
by flash chromatography over silica gel. Caution: Never use acetone for TLC
monitoring or column chromatography. Occasionally during the progress of the
reaction, the reaction vial requires gentle shaking to avoid adherence of reaction
material to the glass. Always use fresh and good quality NaBHy.

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

In 2018, Ming Bao and co-workers reported that allylboronates can be used
as a carbon-based ligand for in situ generation of Pd NPs [20]. These have been
shown to be useful in carboxylative Suzuki-Miyaura coupling reactions of benzylic
chlorides with allylpinacolborate (Fig. 6). The reaction conditions were relatively
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Fig. 5 Second-generation Fe/ppm Pd + Ni NPs
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Fig. 6 Carboxylative Suzuki coupling reactions of benzylic chlorides with allyl borates catalyzed
by palladium NPs

mild with low pressures of CO, compared to previous methods. Halogen atoms
present on aromatic rings as part of the substrates were also unaffected, adding
credence to the selectivity as well as allowing products to undergo further
transformations. Electron-donating substituents on the benzene were also suitable.
Thiophenes, likewise, participated in this chemistry, affording satisfactory yields.
Z-Selective semi-hydrogenations of alkynes (i.e., Lindlar reductions) have
been reported using Pd NPs in water [21]. These time-honored reductions typically
rely on Pd that has been “poisoned” by toxic lead and quinoline, thereby preventing
over-reduction to the alkane. By contrast, this nanoparticle-nanomicelle system
requires no such manipulation of the Pd catalyst. Key to the efficacy of this
catalyst was the nature of both the Pd salt and the surfactant. Optimal results were
achieved with 1 mol% Pd(OAc),, a 2 wt% solution of TPGS-750-M in water, and
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pre-reduction of the Pd salt with 0.05 equivalents of NaBH, (followed by 0.35
equivalents for alkyne reduction). Cryo-TEM imaging of the catalyst solution
revealed Pd nanoparticles (Fig. 7 — dark particles) surrounded by micellar aggregates
(light gray particles). The catalyst could be generated in situ or stored for later use.
Replacement of Pd(OAc), with PdCl, and use of alternative surfactant Brij 30 with
Pd(OAc), both resulted in complete reduction to the alkane.

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

Fig. 7 Cryo-TEM image of

Pd nanoparticles aggregated

around nanomicelles in i P
water .

0.5 pm

1 mol % Pd NPs
NaBH, (0.5 equiv)

LiCl (2.0 equiv) R! R2
R'——R? \—/
2 wt % TPGS-750-M/H,0, rt

yield (Z:E)

< \/\/\/\/ /J\
CeHyg
98% (99:1) 99% (99:1) 90% (99:1)
Ph
CsH13

95% (99:1) 82% (N/A) 98% (N/A)

Fig. 8 Representative examples of Pd NP-catalyzed semi-hydrogenations



86 M. Cortes-Clerget et al.

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

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

SR* ' R3

R3MgBr +
g R1J\/R2

hindered substrate

Pd NPs

H
HO! \ Pda(dba)s (1 mol %) °©

MeMgBr (10 equiv)

THF, 80°C,9h

MPMO
79% aglycone of tiacumicin B

Fig. 9 Stereo-retentive cross-couplings of vinyl sulfides with Grignard reagents
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reactivity with aryl chlorides, and (b) no inhibitory effect was observed from
the addition of excess 7-BusP on the outcome of the cross-coupling products.
Both electron-poor and electron-rich substrates gave good yields with high
selectivities. The reaction proved to be selective toward aryl bromides, as aryl
and benzylic chlorides present within the substrate remained untouched. Sensitive
functional groups, including those bearing acidic protons, are unreactive, such
as phenols, epoxides, and silyl protected pyrroles. This method was applied to
time-sensitive reactions, such as synthesis of the [“C]—labeled PET tracer celecoxib
(Fig. 10). The expedient coupling of [''C]-methyllithium to the drug precursor
greatly increases the yield of the overall reaction, given the low half-life of the
alkyllithium reagent (¢, »(*'C)) = 20 min).

Wei and co-workers showcased the ability of Al(OH);-supported palladium
NPs, generated in situ, to facilitate ligand and copper-free Sonogashira and
Heck cross-coupling reactions (Fig. 11, left) [25]. In their studies, they noted
that nanoparticles generated in situ showed higher reactivity than catalysts prepared
via co-precipitation. For Sonogashira reactions, couplings proceeded best in DMSO
with the addition of TBAB (tetrabutylammonium bromide). The Pd loading was
quite low at 0.2 mol% (2,000 ppm). The base also played an important role in
this chemistry, as NaOAc yielded the best results over more common bases
such as K,CO; and K3;PO,. The reaction ran smoothly on a range of aryl and
heteroaryl bromides, including pyridines, thiophenes, and quinolines. The scope of
the alkyne, however, was limited to mostly phenylacetylenes among the examples
screened.

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

Br Pd(t-BusP),, O, R
toluene
rt, 5s -5 min
R = aryl, alkyl, multiple examples
Heteroaromatic high selectivity

["c1-mel
H,O,NS n-BuLi, THF, -78 °C | H,0O,NS
|G ¢ |G

N—CFy — 5 N—CFy
= toluene, rt, 2 min =
Br

*
celecoxib 91%

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

3 Nickel

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

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

Cai et al. introduced Ni-Co bimetallic nanoparticles (BMNPs) for chemoselective
transfer hydrogenation of nitroarenes (Fig. 12) [28]. Their BMNPs were prepared
in ethanol with a 1:1 mixture of nickel and cobalt salts and PVP as stabilizer.
They noted that this was the ratio that afforded the best results under optimized
conditions. Reduction of the metal salts to NPs with NaBH, under inert atmosphere
was sufficient to form well-dispersed BMNPs with an average diameter of 2.5 nm,
confirmed by TEM. The catalyst suspension was suitable for up to one week if stored
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under inert atmosphere. The bimetallic properties of these NPs also provided insight
regarding their reactivity. They noted that the BMNPs are of a smaller particle
size than the individual Ni and Co NPs, suggesting that greater surface area is
available on which the reactions take place.

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

Preparation of NisgCos9 BMNPs NiCl, 6H,O (0.5 mg), CoCl, (0.26 mg), and
PVP (160 mg, average molecule weight = 40,000) were dissolved in ethanol
(1.5 mL) and charged into a 10 mL reactor with a magnetic stirrer. Then, a freshly
prepared ethanol solution of NaBH, (0.8 mg, in 0.5 mL in ethanol) was added
into the reactor quickly under vigorous stirring (1,000 rpm) at rt. (25°C) under argon.
The color of the colloidal mixture turned to black immediately which indicates
that metal salts have been reduced to metal particles. The catalysts prepared were
directly used for reactions, as overexposure of catalysts containing Ni to air will
result in significantly decreased activity due to oxidation.

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

Although reductive amination via metal hydrides or catalytic hydrogenation
has long been reported [29], uses of hydrogen transfer to facilitate the reaction
are sparse in the literature and often employ hydrazine or borohydride as the
hydrogen source. However, Yus and co-workers reported that Ni NPs can
catalyze reductive amination of aldehydes by hydrogen transfer using a relatively
environmentally benign 2-propanol as both solvent and reductant in the absence
of base (Fig. 13) [30]. Their nanoparticles were prepared by mixing anhydrous
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Fig. 13 Nickel NP-catalyzed reductive aminations of aldehydes

nickel(IT) chloride with lithium powder and a catalytic amount of DTBB (5 mol%) in
THF, which yielded NPs with an average diameter of 2.5 nm.

Reactions of benzaldehydes with primary amines and anilines smoothly
afforded the desired benzylic amines under these conditions. N-Benzylamines,
as well as ortho-, meta-, and para-substituted anilines, were easily obtained.
Alkylamines also efficiently participated in this reaction, although phenethylamine
exhibited reduced reactivity affording the corresponding product in modest yield.
Substituted benzaldehydes, especially with an electron-donating component, also
led to diminished yields. Advantages of this methodology include the avoidance
of step-wise, preformation of the imine, as well as the source of hydrogen
being both inexpensive and environmentally friendly (i.e., isopropanol). Recently,
Jagadeesh and coworkers documented the scope of nickel NPs generated in situ for
reductive amination [31]. Their method also allows for a range of ketones to undergo
this transformation. Although their substrate scope is far more expansive in terms of
complexity, the reaction requires high pressures of hydrogen as the donor and
temperatures upward of 120°C.
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Adholeya et al. showcased a magnetically recoverable, silica-based nickel
catalyst, Ni-TC@ASMNPs, that could be used to catalyze Suzuki-Miyaura cross-
coupling reactions [32]. The NPs were prepared via co-precipitation; iron salts
were initially combined with ammonium hydroxide. Then, a coating of silica
was applied in order to inhibit the aggregation of the NPs. The silica-coated
NPs were then further functionalized with an NH, linker to provide the solid
support. Finally, the material was stirred in a solution of NiCl,*6H,0 to form the
Ni NPs which were easily separated using a magnet. Their analysis by TEM
indicated an average diameter of 10-12 nm.

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

Preparation of Catalyst Ni-TC@ASMNPs Fe,(SO,4); (6.0 g) and FeSO,4 (4.2 g)
were dissolved in 250 mL of water and stirred at 60°C to give a yellowish
orange solution. NH,OH solution (25%, 15 mL) was added into the solution with
vigorous stirring, and the color of the bulk solution turned black. Stirring was
continued for another 30 min, and the precipitated MNPs were separated using
an external magnet and washed several times with deionized water and ethanol.

Ni3* o NiZ

Ni Magnetic silica-based
% nickel nanoparticles

PPhg, dioxane, KzPO,4 100 °C

X=Cl,Br, |, 19 examples
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Fig. 14 Nickel-catalyzed Suzuki-Miyaura cross-couplings
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Silica coating over these MNPs was achieved via a sol-gel approach. A dispersed
solution of 5.0 g of activated MNPs with 0.1 M HCI (2.2 mL) in 200 mL of ethanol
and 50 mL of water was obtained via sonication. Then, 5 mL of 25% NH,OH
solution was added to the suspension at rt., followed by the addition of 1 mL
of TEOS, and the solution was kept under constant stirring at 60°C for 6 h.
The obtained SMNPs were magnetically separated, washed with ethanol, and
dried under vacuum. The obtained SMNPs were further functionalized using
APTES to afford ASMNPs. This was done by adding APTES to a dispersed
solution of 0.1 g of SMNP in 100 mL of ethanol under sonication, and the resulting
mixture was stirred at 50°C for 6 h. For covalent grafting of the ligand on SMNPs,
1 g of ASMNP was refluxed with TC in dried methanol along with molecular
sieves at 70°C for 3 h. The obtained product was washed with methanol and
dried under vacuum. Finally, 1 g of grafted TC@ASMNPs was stirred with a
solution of 4 mmol of NiCl,-6H,O in methanol for 3 h. The resulting
Ni-TC@ASMNPs were separated magnetically and thoroughly washed with
deionized water and dried under vacuum.

Representative Procedure for Cross-Couplings Catalyst Ni-TC@ASMNP
(15 mg) was placed into an oven-dried round-bottom flask, and PPh; (20 mol%),
aryl halide (0.5 mmol), and phenylboronic acid (0.6 mmol) were added. After
this, K;PO4 (0.75 mmol) was added, followed by the addition of 1 mL of dioxane.
The reaction mixture was kept under a N, atmosphere and was stirred at 100°C until
completion of the reaction. The catalyst was recovered using a permanent magnet.
The reaction was monitored by TLC, and the products were extracted using EtOAc,
dried over sodium sulfate, concentrated under reduced pressure, and analyzed by
GC-MS.

In 2015, Lipshutz et al. introduced a new nickel nanoparticle catalyst for
mild and efficient Suzuki-Miyaura couplings in micellar media. This catalyst
was formed by the addition of one equivalent of MeMgBr to NiCl, ligated by
either dppf or dipf [33]. Cryo-TEM imaging of the NPs revealed needle-like
particles situated in and around nanomicelles of TPGS-750-M (Fig. 15). It was
postulated that the efficacy of these particles under the mild reaction conditions
(22-45°C and 0.35 equiv. K3PO,) could be due to the close proximity of

LINiCl, or L2Nicl, ~ __MeMgBr (1 equiv) _
THF, rt

:l ~PR,
F‘e
=

L'R=iPr
L2R=Ph

Fig. 15 Synthesis of Ni nanoparticles (left). Rod-shaped Ni nanoparticles and spherical
TPGS-750-M nanomicelles (right)
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Fig. 16 Representative biaryl products prepared using Ni NPs

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

4 Platinum

Platinum is yet another metal that has played a crucial role in catalysis. Its use
in a wide array of hydrogenation reactions as well as its applications toward
various catalytic processes in the industrial setting cannot be overstated. Being
the rarest of the group 10 metals, reduction in the amount of platinum utilized
in chemical processes needs to be addressed. Hence, platinum nanoparticles may
play a major role in addressing both the cost and endangered metal status. Bimetallic
nanoparticles containing Pt have already been shown to have remarkable catalytic
activity in a wide array of transformations, and further investigation into the use of Pt
NPs in heterogeneous catalysis may advance their utility in organic synthesis [34].
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Fig. 17 Selective hydrogenation of enals

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

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

Like nickel, platinum, as one metal within a bimetallic NP, seems to exhibit
both higher reactivity and stability as compared to the reactivity of the monometal
nanoparticle counterpart. This was illustrated by work from Lee and co-workers
in which they performed silylations of aryl halides catalyzed by magnetically
recyclable bimetallic Pd/Pt Fe;O4 nanoparticles (Fig. 18) [36]. Classical introduction
of the silyl moiety into organic molecules typically relies on either organolithium
reagents or a Grignard reagent together with a silicon-based electrophile. This
approach can be of limited scope due to base-sensitive functional groups that
may be present in the molecule of interest [37, 38]. These bimetallic NPs
were synthesized through a solution phase reduction process [39] that is often
employed in the making of a wide array of NPs. In this case, the catalyst was
composed of 4.10 wt% Pd and 9.60 wt% Pt, determined via plasma atomic
emission spectroscopy.

Conditions for these silylations relied on NMP as solvent and
diisopropylethylamine as base at 70°C, yielding the best results after optimization.
Substrates well-suited for this method typically contained an electron-withdrawing
component, as electron-rich substrates tested on both aryl iodides and bromides gave
poor yields. Primarily alkylsilanes, such as triethyl- and trihexylsilane, converted
smoothly to silylated aromatics in most cases, while diphenylmethylsilane led to
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Fig. 19 Photocatalytic indole Diels-Alder cycloadditions

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

Photoredox catalysis used in tandem with bimetallic NPs was studied by
Tehshik et al., focused on radical cation Diels-Alder reactions of indoles [40].
Although photooxidation of indoles is well established, the common use
of harsh UV irradiation can limit the reaction’s scope due to functional group
compatibility issues. They postulated that the use of a heterogeneous catalytic
system might overcome some of these limitations, as well as introduce recyclability.
Thus, the combination of a Pt(0.2%)@TiO, NP system together with visible
light irradiation (with a 10 W blue LED) promoted generation of the desired
tetrahydrocarbazoles (Fig. 19).
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The presence of an acyl trapping agent was crucial, since the unprotected
cycloadduct can rapidly trigger oxidative fragmentation to undesired products.
Other protecting groups including Boc and Fmoc were examined, but they resulted
in diminished yields. The Pt in the system was proposed to inhibit back electron
transfer to the indole by acting as an electron sponge, resulting in a more efficient
catalytic system. The reaction tolerates a wide range of electron-donating or
electron-withdrawing functionality at the C5 and C6 positions of the indole ring.
Halides, as well as a pinacolboron group, were also unreactive, opening the
door to further functionalization of the cycloaddition product. It was observed
that nitro- and azaindoles did not participate in this reaction. Centrifugation could
be used to separate catalyst from reaction mixture, whereupon its drying under
vacuum allowed for reuse in subsequent reactions. However, loss in activity was
observed, most likely due to poisoning by the indole derivatives.

S Copper

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

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

Astruc et al. reported PEG-2000-stabilized copper NPs [51], the formation
of which required reduction of CuSO,4-5H,O using sodium naphthalenide in
acetonitrile, followed by an aqueous DCM extraction resulting in pure, stabilized
copper nanoparticles (designated as Cu(0)NP-PEG). Interestingly, UV detection
of the catalyst after brief exposure to air showed the formation of Cu,O on
the surface of the catalyst (designated Cu(I)NP-PEG). The activity of the three
catalysts, the unpurified catalyst (Cu(0)-PEG-1), Cu(0)-PEG, and Cu(I)NP-PEG,
was then used in water in a model reaction between phenylacetylene and benzyl
azide at room temperature. At 50 ppm copper, a significant increase in conversion
is seen using Cu(I)NP-PEG relative to that using purified Cu(0)-PEG (32%)
air-free catalyst, or relative to the conversion noted using oxidized Cu()NP-PEG
(75%). The unpurified catalyst afforded only traces of the product. Furthermore,
increasing the catalyst loading of Cu(I)NP-PEG from 50 to 100 ppm resulted
in 100% conversion and 97% isolated yield of the desired click product. By
immobilizing the optimal oxidized catalyst onto a mesoporous type of silica
(SBA-15) as solid support, syntheses of three bioactive molecules requiring
only 1,000 ppm of Cu catalyst could be accomplished (Fig. 21). No leaching was
detected at 50°C using a 1:1 H,O to +-BuOH mixture as solvent.

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

P
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CuNPs/Magsilica piperidine, THF, 66 °C, air
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Fig. 20 CuNPs/support applied to a three-component reaction (a), an alkyne homocoupling (b),
and a Cu-catalyzed AAC reaction (c)
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Preparation of Fe/ppm Cu Nanoparticles In a tared, flame-dried two-neck
round-bottomed flask, anhydrous pure FeCl; (121.7 mg, 0.75 mmol) and
CuOAc (1.839 mg, 0.015 mmol) were placed under an atmosphere of dry argon.
The flask was closed with a septum, and dry THF (10 mL) was added. The
reaction mixture was stirred for 10 min at rt. While maintaining a dry atmosphere
at rt., MeMgCl (2.25 mL, 1.125 mmol; 0.5 M solution) in THF was very
slowly (1 drop/2 s) added to the reaction mixture. After complete addition of the
Grignard reagent, the reaction mixture was stirred for an additional 30 min at rt.
An appearance of a dark brown coloration was indicative of generation of
nanomaterial. The stir bar was removed, and THF was evaporated under reduced
pressure at rt. followed by washing the mixture with dry pentane to provide a light
brown-colored nanopowder. The nanomaterial was dried under reduced pressure
at rt. for 10 min (603 mg) and could then be used directly for CuAAC reactions
under micellar conditions. Dividing the starting mass of CuOAc by the final
weight in the flask yields CuOAc concentration in the isolated catalyst: 1.839 mg
CuOAc/603 mg NPs = 0.305 mg CuOAc/100 mg NPs which equates to 0.061 mg
(1,000 ppm Cu for 0.5 mmol substrate)/20 mg NPs.

General Procedure for CuAAC Reactions In a flame-dried 10 mL microwave
reaction vial, FeCl; (4.1 mg, 5 mol%) was added under anhydrous conditions.
The reaction vial was closed with a rubber septum, and the mixture was evacuated
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and backfilled with argon three times. Dry THF (0.7 mL) and CuOAc in
THF (0.061 mL, 1,000 ppm; 1 g/L) were added to the vial, and the mixture was
stirred for 10 min at rt., after which MeMgCl in THF (0.75 mL, 7.5 mol%; 0.5 M)
was added to the reaction mixture. While maintaining an inert atmosphere,
THF was evaporated under reduced pressure. An aqueous solution of 2 wt%
TPGS-750-M (1.0 mL) was then added to the vial followed by sequential addition
of alkyne (0.5 mmol), azide (0.6 mmol, 1.2 equiv), and triethylamine (0.0349 mL,
0.25 mmol, 0.5 equiv). The mixture was stirred vigorously at rt. After complete
consumption of starting material, as monitored by TLC or GC-MS, EtOAc (1 mL)
was added to the reaction mixture, which was then stirred gently for 5 min
(NOTE: vigorous stirring or shaking in the reaction flask or in a separatory
funnel during the extraction process resulted in the formation of an intractable
emulsion with consequent reductions in isolated yields). Stirring was stopped,
and the organic layer was separated with the aid of a centrifuge. The organic
layer was removed, and the extraction process was repeated two additional times.
The combined organic layers were dried over anhydrous magnesium or sodium
sulfate or flushed through a plug of dried silica gel. The solvent was then evacuated
under reduced pressure to obtain crude material which was purified by flash
chromatography over silica gel using EtOAc/hexanes as eluent.

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

In that vein, Hosseini and co-workers reported the use of silica-coated Fe;04
NPs applied to click chemistry [53]. The surface of the stabilized NPs was
modified with a polymer [3-(trimethoxysilyl)propylmethacrylate/ILs] matrix for
immobilization of copper sulfate. The cycloaddition between azides and alkynes
was performed with only 0.2 mol% of catalyst, in water at room temperature
affording products with yields typically surpassing 82% (Fig. 23).
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Fig. 23 Copper-loaded polymeric magnetic nanocatalysts for CuAAc reactions
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Fig. 24 Rearrangement of a diketoenyne catalyzed by magnetic CuNPs

Further advancement of related NP technology has been pursued by Liu et al.
recently using magnetic, iron-supported cupric oxide nanoparticles for rearrangements
of a diketoenyne to substituted furans [54]. They began by testing an array of copper
(I) salts dispersed onto Fe;O,4 as support, finding that Cu,O led to the most active
catalyst for the formation of diketofuran 1. Further optimization using additives
such as L-proline and solvent such as THF resulted in formation of the intended
product 1, along with side product 2. Interestingly, they discovered that the atmosphere
of the reaction played a crucial role: running the reaction under air resulted in the
highest yield (88%) of 1, while using an inert atmosphere afforded the highest yield
of 2 (89%) (Fig. 24).

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

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

CuNPs have also been utilized for reduction processes. Notably, the original work
from Zamani et al. involved use of renewable and low-cost biomass containing
cellulose and lignin as the support. Indeed, crushed walnut shells have been used
to support and stabilize the metal (Fig. 26) [41].
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Fig. 27 C-Heteroatom bond formation with Cu-maghemite NPs

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

One-pot, multicomponent reactions (MCRs) are of great industrial importance,
offering expeditious routes toward complicated target molecules, as illustrated

by Ugi [57, 58], Passerini [59], Biginelli [60, 61],

and others. The processes

involved usually enjoy the benefits of environmental friendliness, as the number of
downstream processing and purification steps is typically significantly reduced.
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Fig. 29 Solvent-free synthesis of substituted benzofurans catalyzed by Cu(I) oxide NPs

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

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

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

6 Gold

Heterogeneous gold catalysts as used in organic synthesis have appeared in three
main forms (Fig. 30). These are not only different in appearance and reactivity
but also in their preparation. The first two, metal clusters and Au NPs on a
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support, are prepared from metal salts, while the third is prepared essentially
from bulk gold possessing silver or other less noble metal impurities [64, 65].

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

Suzuki-Miyaura (SM) coupling reactions are highly dominated by palladium
catalysts, attributed to the extensive work done on fine-tuning of ligands that
allows for couplings of even especially challenging reaction partners. On the other
hand, gold has only recently been introduced for this purpose by Guo et al. [73]
who reported the first gold nanoparticle-mediated SM couplings of aryl halides
(chlorides, bromides, and iodides) with boronic acids (Fig. 32). Nanoparticles
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of ca. 1 nm in size were supported or stabilized by polyaminothiophenol (PTAP)
and were easily prepared by mixing the appropriate precursors. Reactions could
be performed in water using only 500 ppm of gold catalyst, albeit at 80°C. Although
trace amounts of gold were leached into the solution leading to debate regarding
the homo- vs. heterogeneity of the reaction, the catalyst was recycled six times
without noticeable differences in chemical yield. The chemistry can be done
with electron-poor (3) or electron-rich (4) chlorides. The normal reactivity trend
of I > Br > CI was also followed to arrive at product 5. A bulky, di-ortho-halo-
substituted boronic acid also gave product (6), although in this case the yield
was modest. The size of gold NPs has considerable effect on the reactivity, where
5 nm gold particles led to only trace amounts (ca. 10%) of product.

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

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

Following this initial discovery, applications of Au NPs toward SM
couplings have gained attention from the synthetic community (Table 1). In
this context, Corma, Garcia, and co-workers [74] used Au-platelets grafted on
graphene (Au/fl-G) for SM couplings of aryl halides with phenylboronic acid in
water (entry 1). Interesting is the reactivity of aryl halides in the order of Cl1 > Br > I,
which is contrary to expectations based on C-X bond strength. DFT calculations
suggested that such reactivity could be observed due to a poisoning effect of
halide on gold, with iodide having a greater effect than bromide and much
higher than chloride. Thomas et al. [75] prepared a composite of gold NPs
with strontium, cross-linked alginate carboxymethyl cellulose, and graphene
oxide (Sr/Alg/CMC/GO/Au) and utilized 50 ppm of this catalyst for SM
couplings of chlorobenzene with phenylboronic acid in water at 80°C, leading
to a 76% yield of the desired product (entry 2). Nemygina et al. [76] have
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Table 1 Au NPs for Suzuki-Miyaura couplings

X ]
O /O Au NPs (. zppm) X 1\ )
' 0B N O A
X = Cl/Br/l
Entry | Au NPs (ppm) X/R'/R® | Base Solvent | Temperature (°C)/ | Yield
time (h) (%)
1 Au/fl-G (N/A) CI/H/H |NaOH |H,O 80724 65
2 Sr/Alg/CMC/GO/Au CI/H/H |NaOH |H,O 80/4 76
(50)
3 Au-Pd/HPS (N/A) Br/4- NaOH |EtOH/ | 60/3 71
Ome/H H,O
4 Fe;04-Au@SF-SBA- CI/HH |K,CO; |EtOH/ |80/1.3 95
15 (6400) H,O

Table 2 Au NPs used for Heck and Sonogashira couplings

‘ Au NPs (z ppm)
base solvent
R2 temperature, time

X= CI/Br/I
entry Au NPs (ppm) XR'R? base solvent temperature  yield (%)
(°C)/time (h)
1 Au-Pd NPs-1 (2000) }H " IIHH  K,CO3; H,0 80/8 94
eci
2 Au-Pd NPs-2 (2000) Br/iHH K,CO; H,0O 80/12 85
3 Au/SiO2 (30,000) I/H/H K,CO; DMF ~130/4 87
Sonogashira
4 Au/Pdy-Sn NRs (N/A) I/HH KOH  DMF 130/0.5 67

shown that bimetallic Au-Pd core-shell NPs stabilized with hyper-cross-linked
polystyrene (Au-Pd/HPS) could be used for SM couplings of 4-bromoanisole
with phenylboronic acid in an EtOH/water mixture at 60°C under light irradiation
using a 300 W filament lamp (entry 3). Very recently, Khodaei and Dehghan [77]
explored comparatively complex Fe;O4,-Au@SF-SBA-15 NPs for couplings of
chlorides, bromides, and iodides at 80°C in aqueous ethanol (entry 4). In this
case, recycling this catalyst seven times showed limited reduction in yield.

Gold catalysis using NPs is also applicable to both Heck and Sonogashira
reactions, which are alternative ways of preparing internal alkenes and alkynes,
respectively (Table 2). Nasrollahzadeh et al. [78] used 2,000 ppm Au-Pd
bimetallic nanoparticles (Au-PdNPs-1), prepared by reducing gold and palladium
salts using Euphorbia condylocarpa plant extract, for Heck couplings between aryl
iodides and styrene derivatives in water at 80°C (entry 1). The catalyst was
reused over four cycles, giving essentially the same chemical yields. Moreover
[79], they also prepared bimetallic Au-Pd nanoparticles (Au-PdNPs-2) by
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electrochemical reduction of the corresponding salts. Interestingly, 3,000 ppm of
metal within these NPs was sufficient to catalyze Heck couplings of bromides
under close to the same conditions as used for Au-PdNPs-1 (entry 2). The authors
did not perform control experiments with only Au NPs or Pd NPs; hence, the
need for a bimetallic system is still an open question. Experiments that test
the extent of leaching of metals, however, were carried out to establish the
heterogeneous nature of these reactions.

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

Three-component couplings that rely on gold NPs involve 1-pot, 2-bond (C-C/
C-N) formations leading to highly valued propargylamines [82]. As examples,
this reaction represents a key step in the synthesis of an intermediate toward the
naamine family of natural products [83], as well as a lactone intermediate used
to prepare other natural products (Fig. 33, left) [84]. The mechanism of this
reaction is believed to be similar to that of other metal-catalyzed A® couplings.
Aurophilic interaction of Au NPs with the alkyne leads to formation of a
Au-acetylide complex, which then attacks an iminium ion formed from the amine
and aldehyde to give the desired product, releasing the Au NPs. In the process,
a molecule of water is lost (Fig. 33, right).

' 1—CHO Rs\ /R4
1 ] + N
R I H

R2 1 ¢
HJ ,,,,,, ~ Naamine family ‘
\\\©\ natural products - AuNPs
OCH;

Au NPs

N :
e - lactone i 2 \
TBDPSO\/\H;\\ intermediate | ” M ‘AuNPs
\/OMOM : ~ N .

A
7
R \RZ

Fig. 33 Targeted products using Au NPs (left) and a proposed mechanism of A3-couplings (right)
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Although the mechanism is not fully established, considerable research has
been done in this regard on heterogeneous gold catalysts following the first
report by Kidwai and co-workers [85]. In this work, gold NPs of varying sizes
(10-70 nm) were prepared. It was then observed that Au NPs of size 10 nm
showed the best activity. The only drawback anticipated was the need for excessive
amounts of these NPs (10 mol%), used in methanol at 75-80°C. Nevertheless,
a wide variety of substrates was studied (Fig. 34; e.g., 7), most affording
excellent chemical yields. Following this discovery, Huang et al. [86] used robust
gold NPs supported on thiol-modified cellulose nanocrystallite Au/HS-CNC
(4.4 mol%) for this same reaction type but under solvent-free conditions to
arrive at a wide variety of propargylamines (e.g., 8) in good-to-moderate yields.
In 2016, Haruta’s [87] group prepared phosphine-/phenylacetylide-protected gold
clusters on TiO, (Au,s(PPhs3),o(PA)sX,)/TiO, and applied these to A’ couplings
in water at 100°C to give the desired product in 90% yield (see 9). Yields were
similar for the first (90%) and second (88%) recycles. This catalyst has been applied
to several substrates leading to products in good-to-excellent yields, although in the
case of aliphatic aldehydes, yields dropped significantly (~30%). Recently, Veisi and
co-workers [88] described an eco-friendly method to prepare Au NPs by reducing
gold salts with Stachys lavandulifolia (Au/S. lavandulifolia). Such nanoparticles
were utilized for similar A*-couplings to give a variety of products (e.g., 10).

Corma and Hashmi [89] reported that gold nanoparticles supported on CeO,
(Au/CeO,) could be utilized for alkyne activation of w-alkynylfurans, leading
to the cyclized phenols in high yields (Fig. 35). Analysis of the extent of
leaching showed that 25 ppm of gold had been released into solution, questioning
heterogeneity of the reaction.

R3 R3
\N/
RI-CHO . Rz , R} R® _AuNPs .,
// \H/ solvent RV}-‘J\
TCo) M) e
8 ) 8 )
N N N N
X ;HJ\ rﬁJ\ Ph/\:’f\ G/&r'f\
A A A A
\_s§ \F’h /j/K\Ph \Ph \_0 \Ph
1 2 3 4
10 mol % Au NPs 4.4 mol % Au/HS-CNC Auzs(PPh3)10(PA)sCl2)/TiO2 10 mol % Au/S.
96% in CH3CN, 5 h 56% solvent free, 24 h 90% in water, 18 h lavandulifolia

90% in toluene, 8 h

Fig. 34 Representative examples of A*-coupling using different Au NPs

Fig. 35 Cyclization of A .

alkynylfuran to phenol /Ec>/\NTs 1.8% Au/CeO, NTs

using Au NPs = 7/ CD3CN, 60 °C o
100%
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Oh and Han [90] described spherical monodispersed Au(Ill) NPs for use in a
cascade-type cyclization, leading to an interesting polycyclic ring system (Fig. 36).
The mechanism proposed is akin to that characteristic of homogeneous gold
catalysis. Alkyne activation with gold leads to a zwitterionic intermediate, which
further undergoes [3 + 2] cyclization with the tethered allene to give the final
oxabicyclic product.

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

CHO TBSO
N __Au(l)NPs e
(CH Cl),, 1t, 12 h 9’

oTBS
63%
CHO

OTBS Au  OTBS
Auilly %

— of \—

OTBS - / LS
l H,0
TBSO TBSO

Pf ji Ha 9 e AuO

Fig. 36 Cascade intramolecular cyclization of an alkynyl benzaldehyde + allene using Au NPs
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Fig. 37 Cycloaddition of enynes using Au NPs
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7 Rhodium

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

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

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

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

XX A
(@ R IRZ ) — R-f )7R2
~
N NN
R’ = -Me, -OH, -COOMe 10 examples
60-85¢
-F, -NHz, -CHO %
R? = -Me, N-CO

H, (30 bar)

R? 9 R?
(b) R1—@§ 1 mol % Rh NP RI_L N s
Z =0 Z =0

[bmim]Cl-¢ZnClz-[bmim][BF]

including visnagin 80-120 °C, 15-48 h 5 examples
8-methoxypsoralen, khellin 67-95%
RI_E Y R1—/j
Y L
(© = B L N
H
R' = -2-Me, 4-Me 3 examples

60-90%

Fig. 38 Rh NP/[bmim]Cl-yZnCl,-[bmim][BF,] (¢ = 0.67) catalyzed hydrogenation of quinolines
(a), pyridine derivatives (b), and benzofuran derivatives (c)
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arylboronic acids to enones has been reported [98]. A bifunctional chiral diene
ligand was used to simultaneously bind the metal and activate the substrate through
Brgnsted acid activation. While (S)-BINAP was initially investigated, a significant
amount of Rh leaching was observed, ultimately suppressed by the use of this diene
ligand (Fig. 39) [99]. The proximity of the substrate to the metal and the bulkiness of
the chiral ligand allowed the reaction to proceed with high yields and
stereoselectivities. Compared to homogeneous systems, the heterogeneous NPs
showed superior performance, even with a lesser amount of ligand (0.05 mol
% vs. 0.11 mol%). Use of a bimetallic system impacted greatly the surface distribu-
tion of Rh. Indeed, STEM analysis and EDS mapping revealed aggregation of Rh
within the monometallic Rh NPs, while rhodium was more dispersed in the bime-
tallic Rh/Ag system.

Several examples, including three biologically important molecules, were
prepared using this approach. Recycling of the NPs (up to six times) showed
no significant loss of reactivity or selectivity. Comparison between heterogeneous
and homogeneous catalysis showed that, despite a long induction period for
the NP version, they are stable and ultimately lead to completion even at lower
concentrations, while use of homogeneous catalysis plateaued, leading to lower
yields. The mechanism is postulated to follow a redox process between the
arylboronic acid and the surface of the NPs, as the induction period was reduced
by incubation with the NPs. Coordination of the ligand to the reduced surface
may then follow different pathways. In the case of hydrogenation, the reaction
would happen directly at those sites, but in the case of C-C bond formation,
the mechanism is more controversial. A smaller entity could detach from the NPs
as a form of an active metal cluster or complex, which could reaggregate as NPs
after the reaction. The second theory suggests that some degree of homogeneous
metal complex leached into solution. As no leaching was detected by inductively
coupled plasma (ICP) or a hot-filtration test, the latter hypothesis is unlikely [100].
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The same system has been applied to asymmetric arylations of imines (Fig. 40)
[101]. Aryl tosylimines substituted by electron-withdrawing or electron-donating
groups can be arylated in high yields and stereoselectivities. In the case of aliphatic
imines, being more prone to hydrolysis, an induction period to activate the catalyst
at 100°C in the presence of the arylboronic acid (reductant) helped to diminish
this side reaction and led to the desired products with 99% ee’s despite low yields.
The NPs could be recovered by simple filtration and reused, along with ligand
addition and reactivation at 150°C, up to five cycles.

Use of heterobimetallic NPs is also of high interest as they usually show
improved performances compared to the monometallic NPs, alone, or combined.
The same group recently reported Rh/Pt NPs, supported on alumina and polysilane
(DMPSi), for hydrogenation of arenes (Fig. 41) [102]. The NPs have been used
both in batch and under flow conditions. Very high activity was observed in
the batch system, under mild conditions (0.00625 mol%, 30-50°C, 1 atm H,).
These Rh-Pt/(DMPSi-Al,03) NPs could be recycled via simple filtration and
reused ten times. In the case of decreased activity, drying the NPs under argon
was sufficient to reactivate them. Even greater activity was noted when applied
to flow processes, especially for highly coordinating substrates.

Prof. Chung and co-workers have extensively studied the application of
Co/Rh heterobimetallic nanoparticles in carbonylation-related reactions (Fig. 42)
[103, 104]. These NPs were prepared by mixing Co,Rh,(CO);, and CozRh(CO);,
clusters in a solution of o-dichlorobenzene, oleic acid, and trioctylphosphine
oxide at 180°C, over 2 h. After removal of solvent, the resulting NPs were
suspended in THF and either used directly or immobilized by refluxing them in
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Fig. 41 Arene hydrogenation catalyzed by Rh-Pt NPs under batch and flow conditions
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Fig. 42 Co,Rh, NPs as catalysts for carbonylation-type reactions: (a) Pauson-Khand-type reaction
using an olefinic aldehyde as CO source; (b) carbonylation cycloaddition of 2-alynylanilines to
oxindoles

THF in the presence of flame-dried charcoal for 12 h, followed by filtration and
then drying. As determined by ICP-AES, the ratios of Co:Rh were 1.09:1 and 2.93:1,
respectively [105].

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

8 Ruthenium

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

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

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

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

9 Cobalt

Hydroquinolines are present in many pharmaceuticals and agrochemicals. While
rhodium NPs can selectively hydrogenate N-heterocyclic compounds, an alternative
approach using an earth-abundant metal under mild conditions is desirable. Beller
et al. have developed cobalt oxide-derived NPs featuring nitrogen-doped (e.g.,
phenanthroline) graphene layers on alumina [112]. While reduction of quinoline
failed using the homogeneous catalyst Co(OAc),.4H,0/1,10-phenantroline, these
NPs, obtained via pyrolysis, led to reduction of the heterocyclic ring in good-to-
excellent yields (Fig. 45). The NPs have been reused six times with only a slight loss
in reactivity. Hydrogenation of indoles to indolines was also reported.
Semi-hydrogenation of alkynes in the presence of hydrogen gas is an attractive
route to access alkenes, for both economic and environmental reasons. Cobalt NPs
have also proven to be efficient for selective semi-hydrogenation of alkynes without
over-reduction to the corresponding alkanes (Fig. 46) [113]. Computational studies
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Fig. 45 Semi-hydrogenation of heteroarenes by Co NPs
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Fig. 46 Semi-hydrogenation of alkynes catalyzed by Co NPs

show that over-reduction of the alkene to the alkane is forbidden. After alkene
insertion to form the alkylcobalt(I) intermediate, f-H elimination is energetically
favored over protonation of the Co-C bond [114].

10 Iron

Iron, the fourth most abundant element on Earth, is attractive not only as an
economical choice of metal but for its magnetic and catalytic properties. Fe(0)
and iron oxides, namely, maghemite (y-Fe,O5) and magnetite (Fe;0,), are the two
dominant forms of iron NPs encountered in the literature (Fig. 47). Use of the
reduced, less stable form in synthesis is still very early in its development. Indeed,
Fe(0) NPs are pyrophoric upon contact with oxidizing agents; hence, working
with a pre-oxidized form is far more convenient. Surprisingly, while iron is
commonly used on large scale for catalytic hydrogenation (e.g., the Haber-Bosch
process), its applications to pharmaceuticals and fine chemical synthesis are
still minimal and should be investigated further for obvious environmental and
economic reasons.

A sustainable iron-catalyzed (Z)-selective alkyne semi-hydrogenation in ionic
liquids has been reported by Gieshoff et al. [116]. To avoid use of expensive
and endangered Pd, or other platinoids or group ten metals, as well as toxic
Pb(OAc),, Lindlar-type catalysts involving Fe NPs, stabilized by ionic liquids
and a suitable ligand, acetonitrile, have been developed. The nanoparticles
were prepared by reduction of FeCl; with EtMgCl. The presence of a nitrile function
in, e.g., CH;CN, either directly involved with the ILs or as an additive, was required
to control the reactivity of the catalyst and to avoid over-reduction to the alkane.
The solvent plays a crucial role here, as the ILs allow not only for catalyst recycling
but also stabilization of the NPs. Indeed, the catalyst lost activity after 48 h in the
absence of ILs (Fig. 48). Transmission electron microscopy (TEM) of the Fe NPs
in ILs showed that their initial diameter of 4-5 nm enlarged to 8-20 nm under
hydrogenation conditions. Optimized conditions were applied to numerous
alkynes and are well tolerated by numerous functional groups, including free
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Fig. 47 Crystal structure of magnetite (Fe30,) and maghemite (y-Fe,O3;) — reproduction
from ref. [115]

amines, esters, halides, and alkenes. Terminal alkynes gave a mixture of alkanes and
alkenes. Finally, after extraction, the catalyst layer could be reused without loss of
reactivity for up to seven cycles.

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

Hydrogenation of Alkynes with [Fe(0)]/IL-1/MeCN A 4 mL vial with screw
cap and PTFE septum was charged with [BMIM][NTf,] (IL-1) (150 pL) and
0.50 mL of the freshly prepared catalyst solution in a glove box and the mixture
was stirred for 2 min before THF was evaporated under reduced pressure (oil pump).
The vial was transferred back into the glove box, charged with an alkyne
(0.50 mmol), dry acetonitrile (0.50 mmol), and dry n-heptane (0.50 mL), and
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Fig. 48 Stereoselective Fe-catalyzed alkyne semi-hydrogenation in ionic liquids

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

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

In 2014, Rawat et al. reported the regioselective borylation of alkynes to access
E-vinylboronates (Fig. 50) [118]. Aryl, heteroaryl, as well as internal and external
alkynes afforded good-to-excellent yields, while moderate yields were obtained
with aliphatic substrates. The Fe;O4 NPs that perform this reaction could be isolated
with an external magnetic field and reused without loss of reactivity (six recycles).

Magnetic silica-supported iron oxide (Fe304/SiO,) NPs have also been employed
for multicomponent syntheses of diazepines-2-carboxamides (Fig. 51) [119].
The reaction performed on model substrates showed significant improvement by
using these NPs compared to non-supported Fe;O4 (92 vs. 35% yield, respectively).
Yields ranged from 86 to 98% on 15 examples. After completion, the catalyst
could be magnetically re-isolated, allowing its recycling for six cycles without
loss of activity.
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Fig. 51 Multicomponent diazepine-2-carboxamide synthesis catalyzed by Fe;04/SiO, NPs
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Fig. 52 Aminolysis of epoxides in presence of magnetic Fe;0, NPs

A green route to access (-amino-alcohols, by ring-opening of epoxides with
amines, has been reported by Kumar and co-workers [120]. Magnetically separable
Fe;O, NPs, under solvent-free and ambient conditions, catalyzed the reaction
with high trans-selectivity. The NPs were recycled ten times with only a slight
decrease in activity. In the case of chiral epoxides, a total inversion of the
stereochemistry was noted, indicative of an Sy2-type mechanism (Fig. 52).

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

Iron oxide-containing NPs have also been developed as recoverable, magnetically
supported materials for asymmetric organocatalysis, such as those derived from
L-proline, but are outside the scope of this chapter [122].
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Fig. 54 Fe;O4 NPs applied to syntheses of benzoxazinones and benzthioxazinones

Common methods to prepare iron oxide-based NPs rely on toxic and,
usually, reactive reductants such as NaBHy or hydrazine hydrate. Thus, more
environmentally sound and safe routes are important to explore. Basavegowda
et al. described a greener method for magnetite NP preparation using dried
powder derived from naturally occurring A. annua leaves. A 5 mL aqueous
filtrated infusion of the plant extract, rich in hydroxylated bioactive molecules,
was mixed with 50 mL of a 2 mM aqueous solution of iron(Ill) chloride (FeCly),
turning immediately into a black solution presumably forming Fe;O, NPs [123],
as the mechanism of NP formation by plant extracts remains unclear. A combination
of several phytochemicals with redox properties (polyphenols, flavonoids, tannic
acids, terpenoids, sugars, etc.) may be responsible for these reductions. Moreover,
they can also act as capping agents that stabilize the particles [124]. These magnetite
NPs have been tested in multicomponent syntheses of benzoxazinones and
benzthioxazinones, compounds of interest given the variety of their biological
activities. In one example, reaction of 2-naphthol with benzaldehyde derivatives
and (thio)urea in the presence of 5 mol% of Fe;O0, NPs in refluxing toluene led
to the desired products in good-to-excellent yields (Fig. 54).
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11 Summary

This review highlights some of the advances in metal nanoparticle technology that
have been made of late. Clearly, several of both the precious and base types of metals
show considerable promise for inclusion into various NP formations, whether as
their derived clusters or embedded on a solid support. Examples of mixed metal NPs
are particularly exciting, as new synergistic activities have been uncovered leading
to NP catalysts that show enhanced activities, suggestive of many more discoveries
to come along these lines. Several reaction parameters addressed by the examples
discussed herein, such as use of alternative reaction media (e.g., water, ILs, etc.),
minimization of precious metals (e.g., platinoids), and attention to residual metals in
products formed, all point to the potential for these catalysts to provide solutions to
modern-day needs in catalysis. Indeed, based on these studies, the lines between
homogeneous and heterogeneous catalysis have already begun to blur. And when
considered together with environmental considerations taken into account in many
of these reports, the future for NP technologies is not only very bright, but may figure
prominently from the sustainability perspective of organic synthesis.
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Abstract This review provides a summary of the main concepts employed to
prepare nanoparticles (NPs) and clusters encapsulated by dendrimers, their catalytic
applications, and interesting research and trends in this field. Dendrimers not only
serve as synthesis templates for the preparation of NPs but also stabilize the NPs
against leaching and aggregation, which makes it possible to tune the functionality
of the peripheral groups and bridge the gap between homogeneous and heteroge-
neous catalyses. In particular, nt-conjugated dendrimers, referred to as dendritic poly
(phenylazomethine)s (DPA), are regarded as reactors for synthesizing sub-nanoscale
clusters with atomic-level precision, even using different elements. This new syn-
thesis technology has significant potentials for enabling enhanced activity, selectiv-
ity, and stability of catalysts.
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Abbreviations

AAC Alkyne-azide cycloaddition

CNT Carbon nanotube

DEN Dendrimer-encapsulated nanoparticles
DPA Dendritic poly(phenylazomethine)
DSN Dendrimer-stabilized nanoparticles
EDS Energy-dispersive X-ray spectroscopy
EWG Electron-withdrawing groups

GCE Glassy carbon electrodes

GMC Graphitized mesoporous carbon

NCD Nanoparticle-cored dendrimers

NPs Nanoparticles

ORR Oxygen reduction reaction

PAMAM Poly(amidoamine)

PPI Poly(propyleneimine)

PyTPM Pyridoxine(triphenylene)methane
STEM Scanning transmission electron microscope
TEG Triethylene glycol

TOF Turnover frequency

TON Turnover number

TPM Tetraphenylmethane

1 Introduction

The advanced science and technology of catalysis is particularly important for
overcoming the economic and environmental issues in our present society. Research
in the 1990s, which revealed the surprising activity of Au nanoparticles (NPs),
largely investigated novel catalytic materials on the nanoscale with properties
different from their bulk counterparts [1]. Nanotechnology has since fascinated
many researchers in fields of science such as catalysis, organic chemistry, surface
science, molecular biology, semiconductor physics, etc. Interesting catalytic features
of NPs have been revealed year by year, so that the number of publications on
catalysis using NPs has exponentially increased.

The NPs used in catalysis have been synthesized with thermodynamic stability as
a driving force, i.e., the particles are surrounded by organic ligands such as thiols,
amines, carbonyls, or solvent molecules. These stabilized particles normally show
low catalytic performance, because dissociation of the ligands takes place to gener-
ate the reactive surface sites. In contrast, metastable NPs and clusters composed of a
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small number of metal atoms have been focused on as highly reactive catalysts in
both homogeneous and heterogeneous systems. However, conventional synthesis of
precisely size-controlled NPs is extremely difficult in solution.

The molecular complex composed of metal-organic hybrid components has
widely been known as one of the conventional methods for the size-specified NPs
(Fig. 1a). Synthetic macromolecules have a straight-chain structure, a distributed
molecular weight, and a flexible backbone. Metal accumulation on the linear poly-
mer exhibits a statistical distribution depending on the macromolecular structure.
The synthesis of size-selected NPs or atom-specified clusters demands precise
control of the higher-order structures of macromolecules as a synthesis template.

Dendrimers are nanosized, branched three-dimensional macromolecular frame-
works, which are regularly repeated from the center, known as the core, with the
number of branching repetitions referred to as the generation (Fig. 1b). In 1985, the
first demonstration of the concept and synthesis of a dendrimer with a poly
(amidoamine) (PAMAM) skeleton was published by Tomalia [2]. Starburst
dendrimers were recognized as a new class polymer and expected to play a key
role of a new emerging science of nanotechnology [3-6]. The following unique
properties of dendrimers are suitable for a nanosized reactor.

1. Monodisperse nature: The number of coordination sites is determined by the size
of the well-defined dendrimer structure.

2. Encapsulation effect: An inner nanospace within the dendrimer is produced by
increasing the number of branching chains exponentially. The capsule-like nature
is also referred to as “shell effect.”

The first synthesis of Cu NPs encapsulated by dendrimers within a cavity was
reported independently by Crooks [7] and Tomalia [8] in 1998. Since these two
pioneering papers were published, NPs stabilized by dendrimers have attracted
attention in various research fields such as catalysis, magnetics, and chemical
sensing. The synthesis procedure was thus demonstrated to be a large number of
the preparation for NPs with well-defined sizes, compositions, and structures.
Figure 2 shows a schematic of the general procedure. Lewis acidic metal ions
(or halides) are added to a solution of the dendrimer. These metal species combine
with the Lewis basic coordination sites, e.g., P, N, and S atoms, in the dendrimers to
form metal-dendrimer complexes. The average number of metal ions in the
dendrimer is determined by the molar ratio of metal ions to dendrimer. It should
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Fig.3 Various metallodendritic structures of metal NPs for catalytic reactions with (a) interior, (b)
exterior, and (c) core types

be noted that the average numbers represent a statistical distribution of the metal ions
coordinated to the dendrimers. Chemical reduction of the metal ions to zero-valent
metals by reducing agents (e.g., NaBH,) provokes the agglomeration of metal atoms
to form monodisperse NPs inside the dendrimer. Esumi reported a reagent-free
photochemical reduction to form Au NPs in the same year [9], which had an
advantage with the respect to the purification processes.

A great variety of dendritic nanocatalysts has been developed over the 20 years
since the first discovery of metal NPs stabilized within dendrimers. The advantages
of dendritic nanocatalysts include the following:

1. The most important role of the dendrimer is to act as a synthesis template for
precisely controlled synthesis of NPs, whereby the number of atoms in the
particles and the blending ratio of the different atoms are controlled. These factors
significantly affect the catalytic activity and selectivity for catalysis.

2. The encapsulation effect provides catalytic stability to prevent the metastable NPs
from aggregation, leaching, and passivation of metals during reactions. The
dendrimer is functionalized as a size-selective molecular nanofilter of the
reactants.

3. Dendrimer-encapsulated NPs can immobilize to organic polymer solids or inor-
ganic solids on supports for heterogeneous applications. These heterogenized
homogeneous catalysts are expected to surpass the catalytic performance of
homogeneous catalysts and classical solid-state catalysts.

The catalytic properties of the dendritic NPs influent strongly on relationship
between the particles and the dendrimers. Figure 3 summarizes the frequently
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encountered locations (interior, exterior, or core) of NPs (or clusters) for catalysis in
the dendrimer molecule.

(a) Dendrimer-encapsulated NPs (DENs) — Encapsulation of NPs within a single
dendrimer. DENSs are the most popular location of NPs with an inner nanospace
and are suitable for generation of the large dendrimers.

(b) Dendrimer-stabilized NPs (DSNs) — Surrounding NPs with peripheral groups of
several dendrimers. The formation of DSNs favors the generation of small
dendrimers, followed by self-assembly of the dendrimer around the NP core.
Therefore, the diameters of DSNs are slightly larger than those of DENS.

(c) NP-cored dendrimers (NCDs) — NPs located in the core by the self-assembly of
dendrons: The coordinating sites (e.g., P, N, and S atoms) at the focal point of the
dendron are required as capping ligands for stabilization of the NPs. As the
dendron size increases from G1 to G5, the number of dendritic units connected
to the core decreases.

In this review, homogeneous and heterogeneous catalysis using NPs and clusters
encapsulated by a series of dendrimers are presented. This review focuses on the
unique catalytic activity, selectivity, and reusability of NPs, which are dependent on
the size and location of the NPs in the dendrimer, as well as multimetallic NP
materials, where the number of atoms and blend ratio of different elements has
been precisely controlled.

2 Poly(amidoamine) (PAMAM) Dendrimers

The PAMAM dendrimers, prepared by Tomalia [10-12], are the most common
dendrimers used to encapsulate NPs; they contain interior amido and amino groups
and hydroxyl or amine groups at the peripheral position. The fourth-generation
hydroxyl-terminated PAMAM dendrimer (G4-OH) are approximately 4.5 nm in
diameter and contain 64 terminal OH groups and 62 tertiary amine groups
(Fig. 4). The molecular weight becomes more than 14,000. The PAMAM dendrimer
families with various generations are commercially available.

Crooks’ group [13-16] pioneered catalysis using Pd DENs (1.3 £+ 0.3 nm,
Fig. 3a) within a hydroxyl-terminated PAMAMGn-OH dendrimer (where Gn rep-
resents the nth generation), which possessed high catalytic activity for hydrogena-
tion of unbranched alkene (allyl alcohol) and branched alkene (N-isopropyl
acrylamide) in water [17]. The size-selective catalytic activity during hydrogenation
was dependent on dendrimer size and the reactants. The Pd,, catalysts within
dendrimers of lower generation (G4-OH), prepared from the ratio of Pd complex
to dendrimer, exhibited the highest activities for the both reactants. Steric crowding
on higher-generation dendrimers (G6-OH, G8-OH) hindered substrate penetration of
the branched alkene, leading to only 10% and 5%, respectively. These results are
possible to control reaction rates and do selective catalysis, which functioned as an
adjustable-mesh “nanofilter” (Fig. 5) [18]. Incorporation of bulky groups
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Fig. 4 Structure of a PAMAMG4-OH dendrimer
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Fig. 5 Turnover frequencies for hydrogenation of alkenes obtained in water using Pd DENs.

Adapted with permission from [13]. Copyright 2001 American Chemical Society
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Fig. 6 Observed rate constants (k.,s) normalized by atoms of palladium in reaction of
Pd,@PAMAMG4-OH (M: x = 10-50) and Pd,@PAMAMG6-OH (O: y = 50-200) for reduction
of p-nitrophenol. Adapted with permission from [24]. Copyright 2013 American Chemical Society

functionalized various epoxide termini to the dendrimer end groups also influenced
the catalytic activity of the Pd NPs [19]. These results suggest that more steric
crowding on the dendrimer periphery resulted in lower activity for catalytic conver-
sions. Amine-terminated PAMAM-NH, dendrimers are suitable to covalently link
the dendrimer to the electrode surface because of the low reactivity of the peripheral
hydroxyl groups [20]. Hydrogenation reactions catalyzed by a series of Pd NPs
encapsulated by dendrimer derivatives are also available for organic [21], biphasic
fluorous/organic systems [22], and supercritical CO, solvents [23].

Stevenson et al. investigated the size dependence of the catalytic activity of
Pd@PAMAMGn-OH dendrimers for two different fourth and sixth generations
(G4-OH, G6-OH) over a range of 10-200 atoms per nanoparticle using reduction
of p-nitrophenol as a model reaction [24]. The rate constant normalized on a
per-atom basis for NPs containing between 10 and 50 Pd atoms was relatively
constant (Fig. 6), suggesting that all of the atoms in the particles were catalytically
active and located on the surface of these small particles. However, for particles
containing more than 50 Pd atoms, a decrease in rate of per-atom activity occurred
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Fig. 7 Conversions (red)
and TOF values (green) for
hydrogenation of
2-hexanone as a function of
the molar ratio of [Cu>*}/
[PAMAM—OH(G6)].
Adapted with permission
from [26]. Copyright 2013
American Chemical Society
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with increasing particle size, suggesting that some atoms were located in the
catalytically inactive core. Similar size effect of Pd NPs on catalytic hydrogenation
of allyl alcohol is sensitive to the electronic properties of the Pd NPs with a
diameter < 1.5 nm, because the hydrogenation rates were not relative to any specific
category of defect or face atom [25].

Tsukuda et al. provided size-specific Cu catalysts for hydrogenation of olefin and
carbonyl groups in water which were performed by a series of Cu NPs within a sixth-
generation PAMAM dendrimer, Cu,, @PAMAMG6-OH (n = 10, 20, 30, 40, 50, and
60) [26], As shown in Fig. 7, an estimated turnover frequency (TOF) of 2-hexanone
per the molar ratio of Cu to the dendrimer is plotted, producing a volcano-shaped
plot. Note that the Cu NPs were oxidized into Cu®* ions under aerobic conditions but
could be regenerated by reduction with NaBH, for catalytic application. The redox
behavior of the Cu cluster could be repeated quantitatively. The coinage metal (Cu,
Ag, Au) NPs [27] and Ru NPs [28] encapsulated by PAMAM dendrimers catalyzed
the hydrogenation of 4-nitrophenol with NaBH,.

El-Sayed et al. investigated the stability of the Pd NPs within various generations
of PAMAMGn-OH dendrimers (n = 2, 3, 4) and poly(N-vinyl-2-pyrrolidone) that
performed as catalysts in the Suzuki-Miyaura reactions in an aqueous medium
(Fig. 8) [29]. The PA@PAMAMG4-OH (1.3 £ 0.1 nm) is found to be the best
catalyst because the dendrimer stabilizes the Pd particles by preventing the formation
of Pd black, but it does not fully passivate the metal surface. The mechanism for
increasing the Pd particle in size involves the adsorption of phenylboronic acid to the
NPs surface [30]. Christensen et al. examined Mizoroki-Heck [31] and Suzuki-
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Miyaura [32] reactions in the presence of Pd catalysts encapsulated by PAMAMG4-
OH dendrimers. The catalytic system is a very efficient catalyst giving good yields
with 100400 times less Pd than usual. Astruc et al. reported the Suzuki-Miyaura
coupling reaction using Pd@PAMAMG4-NH, catalysts [33]. Crooks et al. report
that PA@PAMAM-OH dendrimers are catalytically active for Stille reactions. The
reaction takes place under mild conditions (water, room temperature) and with good
yields [34]. de Jesus suggested a possible mechanism for the Pd NPs within the
nanospace of a PAMAM-OH dendrimer in the Stille reaction in water [35]. The
plausible mechanism would involve small sizes of Pd species leached from the initial
nanoparticle, which coordinated to the dendritic interior.

Esumi et al. reported that Au NPs within PAMAM dendrimer were prepared with
different generations, resulting in the formation of the size-controlled particles of
3.0-4.1 nm [36]. The Au particles catalyzed the elimination of hydroxyl radicals in
an H,0,/FeSO, system for biological applications, which exhibit 85 times greater
catalytic activity than that of ascorbic acid. In contrast, Ag NPs assisted by photo-
chemical reduction underwent aggregation of the particles with average size of about
7 nm in diameter [37].

Kaneda et al. reported preparation of Pd NCDs (Fig. 3c) by the self-assembly of
PAMAM dendrons with different generations and alkyl chain lengths at the termini
(Fig. 9). The largest third generation with longer alkyl chain (C12) became the
smallest Pd NPs with a narrow size distribution (3.5 £+ 1.3 nm), which provided
highly selective performance for cyclic diene hydrogenations [38].

The development of methods for making heterogeneous catalysts is of interest
because of the advantages of both homogeneous and heterogeneous catalysis.
Although heterogeneous catalysts are often more easily recycled than their homo-
geneous counterparts, they are significantly less reactive and selective than homo-
geneous catalysts. Therefore, the immobilization of catalysts to organic polymer
solids or inorganic materials has been widely studied. This strategy to incorporate
dendritic structures into the “heterogenizing” homogeneous catalysts was expected
to overcome these limitations. Conventional approach to supported dendritic cata-
lysts was developed by Chandler’s group (Fig. 10) [39]. The PAMAM dendrimer-
encapsulated Pt NPs were deposited onto the commercial silica support SBA-15.
Gas-phase catalytic reactions using the encapsulated NPs usually proceeded slowly
due to collapse of the flexible dendrimer without solvent. Calcination under O, and
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Adapted with permission from [38]. Copyright 2008 The Royal Society of Chemistry
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Fig. 11 Adsorption of Pt NPs (a) onto GCE and (b) onto CNT supports. Adapted with permission
from [44, 46]. Copyright 2005 and 2007 American Chemical Society

H, flow at 300°C was used to remove the organic dendrimer without any significant
aggregation. The Pt NP catalysts on the silica surface were more active for CO
oxidation and toluene hydrogenation than a classic Pt/SiO, catalyst.

Amiridis et al. prepared Pt@PAMAM-OH dendrimer on porous silica support
and removed the template for CO oxidation [40]. Later on, the Pt NPs provided the
trans-cis conversion of 2-butene by Zaera group [41]. Size-controlled Ru NPs within
PAMAM dendrimer were impregnated similarly on Al,O3; and maintained average
particle size below 2.5 nm [42]. Li et al. reported preparation of hollow capsule-
stabilized Au NPs through the encapsulation from the grafted dendrimers on the
surface of the silica microspheres. The capsule-stabilized Au NPs catalyzed the
reduction reaction of 4-nitrophenol to 4-aminophenol [43].

Platinum is considered the most effective catalyst for the oxygen reduction
reaction (ORR), which is the cathode reaction in hydrogen-based fuel cells. How-
ever, Pt is not optimal in this application because of its scarcity and its high
overpotential for the ORR. As the particle size is reduced, the efficiency of each
atom in the particle is increased. However, it has been difficult to associate with
synthesis and characterization of Pt particles in the <2 nm size range. The correla-
tion between Pt particles and ORR kinetics is not well understood. The Pt NPs
immobilized on glassy carbon electrodes (GCE, 1.4 + 0.3 nm) [44, 45] and on
N-doped carbon nanotubes (CNT, 2.2 £ 0.3 nm) [46] were electrochemically active
in oxygen reduction reactions (Fig. 11). The Pt NPs were robust and retained their
electrocatalytic activity within the dendrimers after consecutive scans. During elec-
trochemical CO, reduction at —0.8 V in water, Au NPs stabilized with citrate of
low-generation dendrimers (PAMAMGO6-OH) rapidly grow up from the size of
~2 nm to 67 nm. The higher-generation G8-OH analogue stabilizes the Au NPs
under the same condition. The initial size of 1.7 nm slightly increases to only 2.2 nm
because of the encapsulation effect. The smaller, more stable Au NPs within G8-OH
dendrimer exhibit higher activity and favor formation of H, over CO [47].

Somorjai et al. [48] have researched a series of heterogeneous metallic NPs (Au,
Pd, Pt, Rh) supported on mesoporous silica (SBA-15), with sizes ranging from 1 to
2.7 nm, depending on the metal-to-dendrimer molar ratio. The “heterogenizing”
homogeneous catalysts were prepared in three steps: complexation of the metallic
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on mesoporous support. (b) Catalytic reactions using “heterogenizing” homogeneous catalysts.
Adapted with permission from [48, 49] Copyright 2008 and 2017 American Chemical Society,
respectively

ions to a fourth-generation PAMAM dendrimer, chemical reduction of the metallic
ions to the NPs (e.g., NaBH,), and finally adsorption of the NPs onto the mesoporous
SBA-15 support (Fig. 12). The reductive catalysts were efficient in promoting
hydrogenation of ethylene and pyrrole (Rh, Pt) [49, 50], ring-opening C-C bond
activation of strained three-membered rings (Rh) [51], reversible dehydrogenation/
hydrogenation of N-heterocycles (Pd, Pt) [52], enhanced activity and selectivity in
Hayashi-Ito aldol reaction of aldehydes and methyl isocyanoacetate (Au) compared
to the homogenous analogues [53], and ring-opening hydrogenative isomerization of
methylcyclopentane (Rh, Pt) [54]. These metal NPs were oxidized by the
hypervalent iodine species PhICl,, and the electrophilic catalysts obtained,
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Fig. 13 Schematic outline of the preparation of microporous network polymers that contain Pd
NPs. Adapted with permission from [60]. Copyright 2010 American Chemical Society

composed of Pt(Il) and Pt(IV) chlorides and metallic Pt(0) as a mixture [55], were
suitable for hydroalkoxylation via n-bond activation (Pt and Pd) [56, 57] and cascade
cyclopropanation reactions and multistep formation of dihydropyrans
(Au) [58, 59]. They also demonstrated advantages to use a flow reactor in the
heterogeneous system to establish cascade reactions with the precise control of
different temperatures and separation of the catalysts from reaction medium.

Kato et al. developed that Pd NPs in microporous network polymer, as shown in
Fig. 13, exhibited great catalytic performance for a heterogeneous Suzuki-Miyaura
reaction in water with a high turnover number (TON = 8.5 x 104, 85%) [60]. Fab-
rication of the heterogeneous Pd catalysts was used by a traditional polymerization-
induced phase separation (PIPS) techniques involving the Pd-PAMAM dendrimer
complex. The resultant polymer has a mesoporous catalyst with a very high specific
surface area and very small with a diameter of mainly around 2.0 nm.

Giacalone et al. reported the synthesis of single-walled carbon nanotubes and
PAMAM dendrimers through straightforward convergent protocols [61]. The
CNT-PAMAM dendrimers were used as a platform for the construction of Pd NPs
with mean diameters of 1.6 & 0.4 nm. The catalytic activity of the Pd NPs was best
toward Suzuki-Miyaura and Mizoroki-Heck reactions. A low loading of the Pd
catalyst (0.002 mol%) achieved a remarkable turnover frequency (TOF) of
546,000 h_l, which is the highest reported for Pd NPs on nanocarbons. A “release
and catch” mechanism of the Pd NPs was suggested during the catalytic cycle based
on the experimental data. The single atoms or tiny clusters dissociated from the
heterogeneous Pd particles would be highly active in heterogeneous cross-coupling
reactions (Fig. 14).

3 Poly(propyleneimine) (PPI) Dendrimers

The first synthesis of poly(propyleneimine) (PPI) dendrimers was reported by Vogtle
et al. in 1978 [62], which is one of common dendrimers used to encapsulate NPs
(Fig. 15). PPI dendrimers do not contain internal amido groups and have been shown
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Figure 14 ‘“Release and catch” mechanism of Pd NPs immobilized on CNT-PAMAM in Suzuki-
Miyaura coupling reactions. Adapted with permission from [61]. Copyright 2016 American
Chemical Society

to be stable at high temperature up to 470°C [63]. In contrast, thermal stability of
PAMAM dendrimer is limited, because the retro-Michael reaction occurs at temper-
ature beyond 100°C. As a result, PPI dendrimer allows the NPs to be used as high-
temperature catalysts.

The first example of C-C coupling reactions using Pd NPs involved PPI
dendrimers having perfluorinated polyether chains on their periphery to dissolve
the dendrimers in a fluorocarbon/hydrocarbon solvent mixture [64]. The Pd NPs
were effective for Mizorogi-Heck coupling in organic solvents. Although the Pd
catalysts could be recovered fully after each reaction, catalytic activity decreased
significantly with recovery/catalysis cycles. The PPI dendrimers functionalized by
alkyl groups are soluble for organic solvents [65]. The Pd NPs within the PPI
dendrimer are catalytically active for hydrogenation of 1-hexene, but they are less
stable than those prepared by other routes.

Esumi et al. compared the catalytic activity of Au NPs within two different
PAMAM and PPI dendrimers with surface amino groups in the reduction of
4-nitrophenol in an aqueous solution [66]. The diameters of Au NPs within two
kinds of dendrimers, prepared using laser irradiation, are not different to each other
to form the dendrimer-Au nanocomposites. A distinct difference in the catalytic
activity was observed that the Au NPs within PPI dendrimers show higher activity
for the chemical reduction of nitrophenol than those covered by PAMAM
dendrimers (Fig. 16) [67]. This result was suggested that the rate constant is
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Fig. 16 Plots of In A versus time for the reduction of 4-nitrophenol by Au NPs: (a) [PAMAM
G3]/[Au3+] =3 and (b) [PPI G3]/[Au3+] = 3. Adapted with permission from [67]. Copyright 2003

American Chemical Society
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G5-Pd;¢ 0.97 91 3.1
G5-Pdy 0.76 52 1.7
G5-Pd,° 0.50 35 0.7

Reaction conditions: catalyst (Pd: 2.5 pmol), allyl methyl carbonate =
0.1 mmol, benzoic acid = 0.5 mmol, solvent2 mL,80 °C, Ar, 24 h.

Fig. 17 Catalytic allylation in the presence of G5-Pd,” (n = 4, 8, 16). Adapted with permission
from [72]. Copyright 2013 Royal Society Chemistry

attributed to the diffusion of 4-nitrophnenol in the different sizes of two dendrimers.
Three different metal NPs (Ag, Pt, and Pd) within PPI dendrimers were also
conducted, resulting in the Pd-dendrimer nanocomposite which is the highest cata-
Iytic reduction [68].

Kaneda et al. investigated the catalytic properties of Pd NPs encapsulated within a
fifth-generation PPI dendrimer functionalized with triethoxybenzamide on the ter-
mini. The dendrimer-encapsulated Pd NPs with a diameter of 2-3 nm are unique
catalysts for substrate-specific hydrogenation of polar olefins, due to the strong
interactions between the substrates and amino groups of the dendrimer [69]. The
Pd,, NPs encapsulated within the PPI dendrimers (GS-PdOH) [70], prepared from the
ratio of Pd complex to dendrimer, also exhibited catalytic activity for hydrogenation
of hydrocarbons [71] and allylic substitution reactions [72]. The smallest Pd particle
decreased the yield (35%) and initial turnover frequency (TOF = 0.7 h™ ") for
allylation (Fig. 17).

. i:: Pd NPs cat, H; \
U - benzene, 70 °C \_Q

P substrate/Pd  conv. selectivity on
entry (MPa) ¢ (h) (mol/mol ) (%) SA(h')  styrene (%)
1 1 1 1350 100 3350 52
2 1 025 31350 7.5 11730 915
3 1 025 6700 il 13675 7l
4 i 025 6700 95 26 680 705
5 1 028 13405 2.5 17 430 9%
& L) 025 13405 a8 52 550 87
7 L) 025 20 100 a1 77 265 «0
] L] 028 11 840 76 96 T B95
9 L) 02% 60 300 0.5 103 160 9%6.5

“The reaction conditions are 1 mL of substrate, 1.5 mL benzene, at 70
C.

Fig. 18 Structure of Pd NPs encapsulated in a PPI dendrimer grafted to a silica surface modified
with polyamine. Selective hydrogenation of phenylacetylene catalyzed by Pd NPs. Adapted with
permission from [73]. Copyright 2014 American Chemical Society
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New heterogeneous dendritic catalysts were tested using a combination of a silica
polyamine composite with PPI dendrimers containing Pd NPs (1.95 £ 0.02 nm,
Fig. 18) [73]. The Pd NPs were effective for catalytic hydrogenation of styrene,
phenylacetylene, and dienes; their specific activities exceeded 100,000 h™' with the
aid of nitrogen coordination of the PPI dendrimers. Optimal conditions for selective
hydrogenation of phenylacetylene were at a substrate/Pd ratio equal to 20,100,
which resulted in a conversion up to 91% and selectivity for styrene of 90%
(Fig. 18, entry 7). The hybrid materials based on the Pd NPs effectively prevented
metal leaching and could be used for several cycles. As a result, these catalyst
systems possessed greater activity than Pd NPs combined with PPI dendrimers
alone or Lindlar catalysts.

4 Click (Triazolyl) Dendrimers

Astruc et al. [74-81] prepared a series of “click” dendrimers composed of interior
1,2,3-triazolyl units and ferrocenyl, sulfonate or triethylene glycol (TEG) terminus,
and so on. They investigated the encapsulation properties of the functionalized
dendrimers containing hydrophobic and hydrophilic units. The functionalized click
dendrimers are much interested in electrochemical, photochemical, and also catalytic
performances.

Figure 19 shows two examples of “click” dendrimers, which contain tripodal
branched with 9, 27, and 81 termini and 9, 36, and 117 triazole units, referred to as
GO, G1, and G2, respectively. After reduction of Pd(Il) complex in the dendrimer
with ferrocenyl termini, dendrimers G1 and G2 gave small Pd DENs (Gl,
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Fig. 19 Structures of “click” dendrimers with first generation (G1) with (a) hydrophobic ferrocenyl
and (b) hydrophilic sulfonate terminus. Adapted with permission from [83, 86]. Copyright 2007
The Royal Society of Chemistry and 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 20 (a) Proposed structures of Cu-DENs and Cu-DSNs. (b) Cu NPs-catalyzed AAC reaction.
Adapted with permission from [92]. Copyright 2016 Macmillan Publishers Limited, part of
Springer Nature

1.2 £0.2 nm; G2. 1.6 £ 0.3 nm). In contrast, the smallest dendrimer GO formed a Pd
DSN (1.2 + 0.2 nm) due to its small size, with an open structure (Fig. 3b). The Pd
NPs were stabilized by seven dendrimers [82, 83]. The interdendritic Pd DSNs were
highly efficient, stable, and size-selective hydrogenation catalysts for various olefins
in organic solvents [84] and Suzuki-Miyaura coupling reactions with 1 ppm of the
Pd atom [85]. A water-soluble “click” dendrimer was achieved by incorporation of
hydrophilic sulfonate. The Pd DSNs (2.3 4+ 0.2 nm), formed by the smallest
dendrimer (GO), were highly stable in air and were catalytically active for olefin
hydrogenation and coupling reactions using a low amount of palladium (0.01 mol%
Pd) [86].

Triethylene glycol (TEG) termini in the click dendrimer provide interdendritic
assembly of DSNs, which protects the Pd NPs better than a single dendrimer [87—
89]. The very small Pd NPs (1.4 + 0.7 nm) were active in water/ethanol and
catalyzed various cross-coupling reactions, such as Suzuki-Miyaura, Heck, and
Sonogashira. The catalytic efficiency of Cu catalysts strongly depended on the
location of the metal NPs inside or outside of the dendrimers (Fig. 20a)
[90, 91]. In contrast, the inner Cu NPs (2.0 &= 0.1 nm), encapsulated by a dendrimer
containing a triazole group (DEN), were protected from aerobic oxidation and
catalyzed Huisgen-type alkyne-azide cycloaddition (AAC) quantitatively
(Fig. 20b). The intradendritic Cu NPs (4.3 4+ 0.1 nm) stabilized outside by a
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Fig. 21 (a) Impregnation of Pd NPs. (b) Fixation of the Pd NPs via hydrogen-bonding interactions
of click dendrimers with the silica surface. Adapted with permission from [93]. Copyright 2015
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

triazole-free dendrimer (DSN) were very rapidly oxidized at their surface, resulting
in very poor catalytic conversion [92]. Therefore, the dendrimer ligands play a
crucial role, which prevents aggregation of the NPs or air oxidation.

Magnetic dendritic catalysts have received attention because they can be recov-
ered easily from reaction mixtures by exposure to an external magnetic field.
Classical fixation of NPs on supports has been done mainly for the reduction of
metal salts in the presence of the support. However, this process can cause aggre-
gation of the NPs. Simple impregnation of SiO,-coated y-Fe,O; NPs with Pd NPs
was succeeded by Astruc’s group and produced stable, efficient, and recyclable
heterogeneous catalysts for a variety of cross-coupling reactions at a low level of Pd
loading (Fig. 21a) [93-95]. The very small Pd NPs (1.4 4+ 0.7 nm) surrounded by
triazolyl dendrimers with TEG termini immobilized onto the silica surface of
v-Fe,O5; NPs produced Pd NPs-located magnetic particles. The driving force for
the strong Pd fixation onto the silica shell likely is provided by multiple supramo-
lecular H-bonding interactions between the TEG termini and surface OH groups of
the silica shell (Fig. 21b). In addition, the magnetic catalysts are so robust that the
selective oxidation of benzylic alcohol by O, was quantitative in water, because the
non-impregnated Pd NPs underwent immediate aggregation of Pd NPs in the
presence of O,.
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5 Polybenzyl Ethers (Fréchet-Type) Dendrimer

Fréchet-type dendrimer is based on polybenzyl ether hyperbranched skelton based
on 3,5-dihydroxybenzyl alcohol as the monomer unit (Fig. 22) [96]. The terminal
groups act as good anchoring points for further functionalization. Fréchet-type
dendrimers containing O atom have no coordination sites for metal ions. The
dendron ligands with functionalized P or N atoms at the focal point form
NP-cored dendrimers (NCDs), Fig. 3¢ which is easily prepared from the reduction
of metal salts in the presence of the dendron ligands. The NCDs are effective
catalysts in organic coupling reactions for readily approach of the reactants to the
metal NPs.

Whitesell and Fox reported the first preparation of the Pd NCDs, surrounded by
Fréchet-type polyaryl ether third-generation dendrons, had an average diameter of
2.0 nm composed of approximately 300 Pd atoms (Fig. 23) [97]. The Pd NPs surface
was unpassivated and available for efficient phosphine-free Suzuki-Miyaura
(TOF = 2,175) and Mizoroki-Heck (TOF = 1,738) reactions. Similar Pd NCDs
stabilized by Fréchet-type phosphine dendrons of generations 1-3 were more active
catalysts for Suzuki-Miyaura (TON = 65,000) and Stille coupling reaction, com-
pared to the commonly used catalyst [Pd(PPhjs),] [98, 99]. The Pt analogues
(2.0-2.5 nm) with third generation are an active and reusable catalyst for the
hydrogenation of nitrobenzenes [100].

-y
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Fig. 22 Structures of Fréchet-type dendrimer
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Fig. 23 (a) Structure of Fréchet-type polyaryl ether dendrons with a phosphine ligand. (b)
Formation of Pd NCDs by self-assembly. Adapted with permission from [98]. Copyright 2006
American Chemical Society

6 Dendritic Poly(phenylazomethnine) (DPA)

As described above, the dendrimers containing aliphatic chains possess the
polydentate coordination sites with the same basicity. Precise accumulation of the
metal halides is not possible even by specifying the loading ratio of the dendrimer
and metal salts, resulting in statically distribution of the particle size. When accom-
modation of a metal ion to the N or P atoms of the common dendrimers was random,
the number of metals accumulated in one dendrimer should be a Poisson distribution
[101]. For example, in the case of random accumulation of the common monomer,
the molar ratio of [metal ions]/[dendrimer] = 5 coexists not only with 5 but also with
3, 4, 6, and 7, resulting in a slightly broader distribution (Fig. 24). To obtain more
narrow distribution of the accumulated numbers, the enthalpic driving force making
the accumulation of metal ions should be used to reduce the distribution. Electronic
gradient properties of the dendrimers can coordinate the metal ion to the suitable N
sites in a regular order. In this case, the metal ion starts a stepwise assembly from the
inner parts. The accumulated number of the metal leads to special numbers of
5, similar to the molar ratio at the calculated values (25/5 = 5).

To achieve an atomically monodispersed assembly of metals with a dendrimer,
metal complexation to dendrimers should proceed in a stepwise, not random,
fashion, which was developed by Yamamoto and co-workers [102-106]. Each
imine nitrogen in the fourth-generation phenylazomethine dendrimer with para-
phenylene unit (DPAG4-pPh) formed a stepwise complex with SnCl, via a Lewis
acid-base interaction (Fig. 25a) [107, 108]. Systematic analysis of this complexation
revealed that SnCl, binds to imines of each generation of the dendrimer with
different complexation constants. The fourth-generation dendrimer had four types
of azomethines with slightly different basicity. This gradient enabled the stepwise
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Fig. 25 Structures of dendritic poly(phenylazomethine) (DPA) with (a) a p-phenylene core ( pPh,
two dendrons) and (b) a tetraphenylmethane core (TPM, four dendrons)

controlled assembly of multiple metals. Lewis acidic Sn halide starts a stepwise
coordination to the imines with stronger basicity from the inner layer of the DPAG4-
pPh, to the adjacent outer layer. Fine-controlled metal assembly was established for
various metal salts such as FeCl; and PtCly, VCl;, TiCls(acac), and PtCly
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[109]. After the accumulating metal salt, the following chemical reduction produced
monodisperse metal clusters at the atomic level utilizing this principle [110]. A
similar procedure of obtaining metal NPs was reported by using the PAMAM
dendrimer containing amines and amides to undergo multidentate coordination or
random accumulation of metal ions to the dendrimer. In contrast, the programmed
clusters with the precise number of atoms can be established by stepwise accumu-
lation of metal ions to the n-conjugated DPA dendrimers. This is only one example
of the ability to control the precious number of atoms by changing the number of
equivalents of dendrimer and metal salt. The DPAG4-pPh with 2 dendrons consists
of special magic numbers of 2, 6, 14, and 40 to assemble the metal ion with much
narrow distribution. The DPAG4-TPM with 4 dendrons (Fig. 25b) involves similar
magic numbers of 4, 12, 28, and 60, estimated as the sum of the number of N atom
(Fig. 26).

A series of subnanosized Pt clusters with different atomicity values of 12, 28, and
60 using a DPAG4-TPM template and performed a fundamental electrochemical
study dependent on the particle size of Pt for ORR [111]. When the particle size was
decreased to the subnanometer scale, the resultant Pt clusters with ultrasmall sizes
(<1 nm) exhibited molecule-like chemical properties derived from discrete elec-
tronic levels (Fig. 27). A comparison of the ORR activity of Pt;,, Ptyg, and Pty
showed greater activity for the smallest Pt;, cluster than for Pt,g and Ptgy, which
exhibited 13 times higher catalytic activity than a conventional commercial carbon-
supported Pt NPs (particle sizes 2—4 nm).

The Pt;, @DPAG4-TPM cluster also was a highly efficient catalyst for hydroge-
nation of low-reactive olefins that have an electron-withdrawing group [112] or
steric hindrance and reductive amination of aldehydes with amines (Fig. 28)
[113]. The catalytic performance of the Pt;, cluster was attributed to the geometric
and electronic properties of the atom-specific cluster, compared to commercially
available Pt catalysts supported on activated carbon (2.2 £ 0.8 nm). Moreover, these
subnanosized Pt, clusters (n = 12, 28, and 60) catalyzed aerobic oxidation of
aromatic alcohols in the presence of organic peroxidant (fert-butyl hydroperoxide,
TBHP) as room temperature (Fig. 29) [114].

DPAG4-TPM

Fig. 26 Schematic representation of stepwise accumulation of metal ion in DPAG4-TPM
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Fig. 27 (a) Dependence of kinetic current density on the weight of platinum modified on a glassy
carbon electrode for Pt,@DPAG4-TPM (n = 12, 28, or 60) and for commercially available Pt
catalyst. (b) Comparison of catalytic performances normalized by the weight of Pt,, clusters and the
Pt/C catalysts. Adapted with permission from [111]. Copyright 2014 American Chemical Society
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Fig. 28 Hydrogenation of low-reactive olefins and reductive amination of aldehydes catalyzed by
Pt;, @DPAG4-TPM/GMC

Size-controlled tin oxide clusters, Sn, O, (n = 12-60), were prepared using
accumulation of SnCl, to a DPA-TPM dendrimer, loaded into mesoporous silica,
followed by chemical reduction and calcination under air to remove the dendritic
template. The Sn, O, clusters are catalytically active for CO oxidation reactions
(Fig. 30) [115-117]. The synthesized clusters contained not only stable Sn(IV) but
also metastable divalent Sn(II) species, which act as an active site for CO adsorption.
The increased ratio of Sn(I[)/Sn(IV) that decreased the particle size enhanced CO
oxidation reactivity.
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Fig. 29 Aerobic oxidation of aromatic alcohol as a function of the number of the Pt, clusters
(n = 12, 28, 60). Adapted with permission from [114]. Copyright 2015 The Royal Society of
Chemistry
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Fig. 30 CO oxidation reactivity relative to size-selected Sn,Oy clusters. Adapted with permission
from [115]. Copyright 2018 American Chemical Society

(a)

Fig. 31 (a) Structure of a DPAG4-PyTPM dendrimer and (b) unsymmetrical stepwise complexion
of the metal ion to the dendrimer. Adapted with permission from [118]. Copyright 2012 The
Chemical Society of Japan
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In order to investigate the ORR catalytic performance dependent on the atomicity
of the Pt, (n = 12-28) cluster, a special dendrimer, DPAG4-PyTPM [118], was
prepared by incorporation of a pyridoxine(triphenylene)methane core (Fig. 31).
Unsymmetrical structure of the dendrimer increases the magic numbers of 1, 2,
5,7,13,17,29, 37, and 61 to coordinate the metal ion with narrow distribution. One
incorporated pyridine changed the basicity of the imines on one dendron and
increased coordinating sites having different basicities.

The Pt;, possessed significantly greater activity than that expected from the
difference in the surface area. In contrast, the Pt;3 cluster resulted in 2.5 times
lower catalytic activity than Pt;,, which is no less than nonscalable physical prop-
erties which greatly differ depending on the atom number [119]. While the atomicity
of Pt,3 is the geometrically defined magic number, the shortage of one atom from the
magic number of Pt;3 was proposed to affect the exceptional activity of Pt;, through
structural defects. Finally, experiments concluded that Pt;o cluster is the greatest
oxygen reduction activity in the subnanometer region (Fig. 32) [120]. The ORR
performance of the Pt NPs synthesized by PAMAM dendrimer did not reveal any
difference on atomicity. In the case of DPA-PyTPM, however, a clear difference in
ORR activity was observed for clusters with different numbers of Pt atoms. The
atomicity dependence of catalytic activity revealed a big difference in scalability,
which is attributed to “quantum effects” of the ultrasmall clusters. Thus, the accuracy
of the cluster obtained by each dendrimer is different at the atomic level.

Selective oxidation of hydrocarbons is an important chemical reaction in both
academic research and industry, because it can convert raw materials into value-
added products in the fields of pharmaceutics, polymers, and specialty chemicals.
The Pt;o@DPAG4-PyTPM with a narrow particle size distribution exhibits the
highest catalytic performance with a turnover frequency of 3,238 atom ' h™',
which is 1,700 times greater than that obtained by commercial Pt/C catalysts

Fig. 32 Catalytic activity
for electrochemical oxygen
reduction on platinum
clusters with different

atomicity. Clusters were O,+4H " +4¢e 2H,0

synthesized using PAMAM w2504 - —

or DPA-PyTPM dendrimers = - -

as the template. Adapted 3 00- i P 19

with permission from o i 17, N
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(Fig. 33) [121, 122]. A size-dependent oxygen activation pathway was proposed on
the basis of the extended surface areas and irregular electron distributions, involving
the formation of a hydroperoxide species on the surface. Similar characteristics were
observed not only for oxygen reduction but also for aerobic oxidation of toluene, for
which Pt;¢ was reported to be the best catalyst.

7 Bimetallic and Multimetallic Catalysts Within
Dendrimers

Bimetallic NPs and clusters have attracted the interest of scientists because of the
synergic effects that emerge from the compositional ratio between two distinct
metals. These novel alloy materials provide catalytic selectivity, activity, and stabil-
ity that are different from those for monometallic NPs. Three different approaches
(co-complexation, sequential loading, and partial displacement methods) to prepare
dendrimer-stabilized NPs are shown in Fig. 34. (1) The co-complexation method
involves coordination of two metals in the dendrimer, followed by simultaneously
chemical reduction to form alloy NPs. The composite ratios can be controlled by the
amounts of the two metal ions added. This method is suitable for synthesizing
multinuclear NPs composed of more than three metals. (2) The sequential loading
method is effective for the preparation of core@shell NPs. Core @shell NPs are also
interesting because their electronic and catalytic properties can be tuned by manip-
ulating their structure. (3) The particle sizes in the partial displacement method are
increased after the second reduction step. The partial displacement methods are
dependent on the properties of transition metals. Cu NPs undergo galvanic exchange
with less than a stoichiometric amount of Ag*, Au**, Pt**, and Pd** to give
bimetallic NPs composed of Cu and these noble metals.
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Fig. 34 Major synthesis schemes for bimetallic NPs (clusters) in a dendrimer

Crooks et al. reported the preparation of bimetallic PdPt alloys with sizes of
<2 nm via a co-complexation method using K,PdCl, and K,PtCl; with the
PAMAM-OH dendrimer as a synthesis template, and the product was characterized
using energy-dispersive X-ray spectroscopy (EDS) [123]. The catalytic performance
of these bimetallic alloys shows a synergistic effect in the hydrogenation of allyl
alcohol, compared to physical mixtures containing Pd-only and Au-only catalysts.
Both alloy and core/shell PdAu NPs of 1-3 nm in diameter were prepared by the
co-complexation and sequential loading methods [124]. The hydrogenation rates
with the PdAu alloys are enhanced compared to physical mixtures of the single-atom
catalysts (Fig. 35). Rhee reported synergistic effects for the hydrogenation of
cyclohexane over PdPt alloys [125] and the partial hydrogenation of
1,3-cyclooctadiene over PdRh alloys [126]. The highest activities for bimetallic
PdPt and PdRh catalysts were achieved at ratios of 4:1 and 1:2, respectively.

Heterogeneous bimetallic systems have also been prepared by the immobilization
of dendrimer-stabilized NPs on solid materials. Chandler et al. reported that
dendrimer-stabilized PtAu NPs were adsorbed onto a high surface area SiO, support
and thermally activated to remove the dendrimer (300°C) under O, atmosphere and
the following H, treatment (Fig. 36) [127]. The supported alloy NPs remained small
at less than 3 nm, while monometallic Au particles readily form very large particles
under such thermal conditions. The prepared Pt;cAu;q NPs obtained from the
intradendrimer exchange [128] of Cu with Pt and Au in a 1:1 stoichiometry
enhanced the reaction rate for the catalysis of CO oxidation compared to that for
single-metal Pt3, and Aus, particles and that for a physical mixture of Pty + Aus,.
The same authors investigated the effects of the support for PtAu dendrimer-
encapsulated NPs and found that a TiO,-supported catalyst showed resistance to
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deactivation during an extended high-temperature oxidation treatment [129]. The
TiO,-supported PdAu bimetallic catalyst also exhibited a synergetic catalytic effect
toward CO oxidation compared to the supported Pd-only and Au-only
catalysts [130].

PtAu and PdAu random alloy dendrimer-encapsulated NPs with an average size
of about 1.6 nm exhibit different catalytic activity trends for alloy alcohol hydroge-
nation [131]. PtAu NPs exhibited a linear increase in activity with Pt content,
whereas PdAu dendrimer-encapsulated NPs showed a maximum activity at a Pd
content of about 60% (Fig. 37). Experimental and theoretical results suggested that
this trend is caused by different positions of the H atoms on the PtAu and PdAu
surfaces. H atoms are restricted to Pt-only surface sites on the PtAu NP surfaces,
while H atoms interact with both Pd and Au atoms on the PdAu NP surfaces.

Qian et al. reported a novel AuPt bimetallic flower-shape nanostructure fabricated
on a PAMAM dendrimer on an indium tin oxide support by electrochemical
deposition [132]. Crooks investigated electrochemical reactions using bimetallic
catalysts encapsulated by PAMAM dendrimers. Bimetallic PtPd NPs with 2:1 and
3:1 ratios and with an average of 180 atoms exhibited superior activity compared to
monometallic Pt catalysts [133]. Au@Pt core/shell NPs were prepared via electro-
chemical underpotential deposition of Cu to an Au core on a glassy carbon electrode,
followed by galvanic exchange of the Cu shell with Pt [134]. The electrocatalytic
activity of Au4;@Pt, NPs (n = 102, full shell, and 54, part shell) was found to be
similar [135], whereas the same bimetallic NPs showed efficient electrocatalytic
oxidation of HCOOH [136]. This is due to deformation of the small particles, which
resulted in the enhanced catalytic activity. The unique nanostructure contributed to
the electrocatalytic activity toward the oxygen reduction reaction (ORR). In addi-
tion, trimetallic alloy-core-shaped AuPd @Pt NPs covered with an atomically thin Pt
surface layer were stable [137]. Electrochemical measurements of the ORR activity
of the AuPd@Pt NPs revealed a volcano-shaped trend with the peak top for a 28%
Au/72% Pd alloy core, which is in a good agreement with the theoretical prediction
(Fig. 38).
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Bimetallic NPs composed of noble and base metal alloys are expected to exhibit
interesting physical and chemical properties. Astruc et al. investigated the catalytic
performance of AgCu and AuCu alloys that were prepared by the partial displace-
ment method in G1 click dendrimer with a TEG termini [138]. Exposure of the
AgCu alloy to air led only to Cu(0) oxidation to Cu(I), whereas Cu(0) was not
oxidized in AuCu alloyed NPs. The AgCu catalyst underwent an almost quantitative
reaction during the catalytic ACC reaction due to the efficient formation of Cu
(I) species under air (Fig. 39). The PtCo nanoalloys in a 1:1 ratio stabilized by the
same click dendrimer are much more efficient for hydrolysis of ammonia borane
than either the dendrimer-stabilized Co or Pt analogue alone [139]. The synergy
effect of the alloy is suggested to involve its intradendritic triazole ligands that
activate the NP surface.

Incorporation of Cu into Pt NPs in the bimetallic NPs caused a CO absorption
peak that was red-shifted by 10-15 cm™' from the original Pt;s-CO peak at
2075 cm™ ! (Fig. 40) [140]. The peak shift is attributed to weak donation from Cu,
which is more electropositive than Pt. The bimetallic CuPt catalysts enhanced the
CO oxidation rate and decreased the activation energy due to the fluxional nature of
the CO ligand. A possible explanation is that surface Cu atoms provide new sites that
bind CO more weakly than monometallic Pt sites. In contrast, toluene hydrogenation
was suppressed by Cu addition, and the catalysis was effectively shut off at a 2:1
Cu/Pt ratio. TiO,-supported bimetallic AuNi NPs with sizes of approximately 2 nm,
which were prepared using PAMAM dendrimer templates, enhanced oxygen acti-
vation for CO oxidation [141]. Incorporation of Ni into Au resulted in stronger
adsorption of O and CO on the Au surfaces, as estimated by theoretical calculations.
At the same time, the introduction of Ni reduced the relative number of catalytically
active sites. Pt,@Cu core@shell NPs (average n of 55, 147, and 255) encapsulated
by PAMAMG6-OH were prepared via underpotential deposition of a Cu monolayer
on a Pt core, which was immobilized on glassy carbon [142]. A small amount of Cu
(only 2%) on Pt NPs accelerated the CO oxidation rate, compared to that for Cu-free
Pt NPs. The isolated Cu atoms on Pt surface possess OH groups and act as binding
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sites for CO. This suggests that a trace amount of a cocatalytic metal leads to a
significant improvement in catalytic performance [143].

Yamamoto et al. successfully prepared an atom-specified bimetallic Rhs,Fe,g
cluster using a fourth-generation phenylazomethine dendrimer derivative (DPAG4)
[144]. The DPA enables the number and composition of different metals to be
defined at the atomic level thorough layer-by-layer stepwise complexation of
imine sites with metal ions (Fig. 41). The Rhj3,Feyg cluster showed synergistic
catalysis toward the hydrogenation of olefins and nitroarenes and demonstrated
enhanced activity that surpassed that of a single Rh catalyst [145] and Wilkinson
catalysts.

Multimetallic hybrid clusters with three elements were also prepared using a
DPAG4-TPM template. Heterometal assemblies of AuCl;, PtCl,, and CuCl, in an
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order were produced from the inner imines to the outer imines of the dendrimer,
which was dominated by the Lewis acidity of the metal halide and the gradient Lewis
basicity of the imine sites on each layer. The trimetallic CuPtAu cluster supported on
carbon materials, obtained after chemical reduction, possessed greater catalytic
activity than those of the single or bimetallic catalysts for the solvent-free aerobic
oxidation of aromatic hydrocarbons [146]. Hybridization of copper atoms into the
multimetallic clusters resulted in enhancement of the catalytic performance, which
was 24 greater times than that for a commercially available Pt/C catalyst (Fig. 42).

Multimetallic sub-nanoclusters were successfully synthesized using a
DPA-PyTPM template [147]. Precisely controlled multimetallic accumulation of
five metal salts with different Lewis acidities: GaCl; > InBr; > AuCl; > BiCl; > SnBr,,
provided the location to coordinate five metal halides with a narrow distribution
(Fig. 43). The multimetallic clusters, formed by chemical reduction of the complex,
were confirmed using scanning transmission electron microscopy (STEM) and EDS,
which revealed the spectral peaks of the five elements. This synthesis technique for
multimetallic sub-nanoclusters could also be utilized for other metal species such as
Fe, Pd, Rh, Sb, Cu, and Pt and is referred to as “atom hybridization.”
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8 Conclusion

This article has provided an overview of the precisely controlled synthesis of NPs
encapsulated by dendrimers and their catalytic applications. Since the first prepara-
tion of size-controlled NPs in the 1990s by Crooks, the use of dendritic nanocatalysts
has increased rapidly and has provided a variety of catalytic reactions such as
hydrogenation, C-C bond forming reactions, the oxidation of hydrocarbons and
alcohols, and the ORR. Monometallic and bimetallic NPs stabilized by various
dendrimers have been widely investigated with respect to catalytic application in
both homogeneous and heterogeneous systems. Catalysis generally proceeds in the
dendritic interior; therefore, the dendrimer plays a role as a nanoreactor to prevent
aggregation of the NPs. Functionalized dendrimers containing triazolyl units, devel-
oped by Astruc, led to the achievement of sub-parts per million levels of metal
loading catalysts and immobilization on magnetic NPs in pursuit of practical green
chemistry. Precise control of the atom-specified clusters has been achieved with
n-conjugated DPA derivatives. The sub-nanoclusters enhanced catalytic perfor-
mance for electrochemical and organic reactions because of the reactive
amorphous structure and irregular electronic distribution of the cluster surface
[148]. Although recent enthusiasm with regard to multimetallic NPs leads to effec-
tive synergetic effects in catalysis, the synthesis technique for control of the size and
components has been difficult at the sub-nanometer scale. The approach to synthe-
size heteroatom clusters using the DPA template is much expected to develop the
uncultivated field for sophisticated catalysis [149, 150].
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Abstract This chapter reviews the state of the art in the use of nanoparticles in
cross-coupling catalysis, with a focus on C—H activation chemistry. Current under-
standing of the mechanistic role of heterogeneous catalyst sources as applied to
classic cross-coupling process is discussed. Understanding of the factors that influ-
ence speciation of catalysts under conditions commonly employed in C-H activa-
tion/functionalisation chemistry is highlighted. An overview of the tests that an
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experimentalist can perform to gain insights on whether a reaction is heteroge-
neously or homogeneously catalysed is given, along with their respective caveats.
Six detailed case studies are presented, aimed at introducing the reader to the breadth
and variety of recent developments of both synthetic utility and mechanistic under-
standing of nanoparticles applied to the field of C—H activation/functionalisation
chemistry.

Keywords C-H bond activation - Catalysis - Cross-coupling catalysis -
Heterogeneous C—H functionalisation catalysis - Mechanism - Nanoparticles -
Palladium - Pd nanoparticles - Pd speciation - Quasi-heterogeneous catalysis

1 Introduction: Background to Cross-Coupling and C-H
Bond Activation and Functionalisation Chemistry

The activation of C—H bonds by transition metals has been of interest to organome-
tallic chemists for many years [1]. Indeed, the intimate involvement of various
transition metals with C—H bonds, with carbon centres of varying hybridisation,
has been well studied over the past 30 years or so [2-3]. The advantage of this
approach is that a functional group is not necessarily required for functionalisation
through successive reaction(s). Indeed, over the last 10-15 years, the field of
transition metal-catalysed C—H bond functionalisation has emerged with great vig-
our and application [4-7]. Researchers in catalysis and chemical synthesis have gone
on to explore well beyond proof-of-concept transformations, seemingly making the
impossible quite possible [8§—10]. It is clear that a true paradigm shift in chemical
synthesis, through explicit use of C—H bond functionalisation reactions, has been
seen. A guiding example is in the field of catalytic cross-coupling chemistry
(Scheme 1).

A typical (textbook) transformation involves reaction of an organometallic
reagent “C—M” with an organohalide/pseudohalide “C—X" species, unifying two
carbon-containing organic components (usually organic, but not limited to) to bring

[CI-M fci—x =3

—> [C]—=IC]
base, additives
(oxidant)

[C]_H .......... [C]-—H Avoiding:
[C]I—IC] er ([C]——IC]

[C] = sp?, sp, sp°- hybridised carbon center
X = halide (-I, -Br, -Cl) or pseudohalide (eg. -SO;CFj3, -N;)

Scheme 1 Showing a range of cross-coupling possibilities which can be used to forge C—C bonds
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about the formation of a carbon—carbon bond. Such a transformation relies on the
prefunctionalisation of the starting reagents, leading to the generation of waste
(usually metal salt by-products). Such reactions need to avoid formation of
homocoupled products, deriving from each starting reagent. It should be noted that
coupling of two different organohalide partners has also been reported and has been
practically examined by Lipshutz et al. [11-12]. During the mid-2000s [13-16],
building on initial work reported in 1993 [17], more direct approaches were devel-
oped, as potential replacements for classical cross-coupling reactions. An example is
the reaction of a suitable substrate containing a suitable C-H bond with an
organohalide, generating a carbon—carbon bond, by the so-called direct approach.
A variant of this process involves oxidative reaction of an organometallic reagent,
again with a reagent possessing a suitable reactive C—H bond. Generally speaking,
an oxidant is required for such a process. The “holy grail” in such chemistry is to
bring together the oxidative cross-coupling reaction of two different C—H bonds,
with metal salts such as AgX or CuX, being obvious oxidants, or more ideally
oxygen (0O,). The disadvantage of using metal salts is the generation of stoichio-
metric by-products (e.g. either Ag metal or CuX) [18].

Site (regio)selectivity is of paramount importance in the context of C—H bond
functionalisation reactions, which is often implicit, but usually guided by principles
of underlying reactivity, be that of an intrinsic nature or through metal (catalyst)
proximity (i.e. through a directed orientation of a metal centre to the C—H bond of
interest, for functionalisation) [19-21]. While the obvious metal catalyst for such
reactions processes is Pd-containing, many other metals can mediate formation of
new carbon-carbon bonds [4], either by classical coupling, direct coupling or
oxidative coupling strategies.

Many methodologies have been developed for C(sp)-H, C(sp®)-H and C(sp”)-H
bond functionalisation reactions; indeed, the most promising examples have been
discussed in recent comprehensive reviews, which are beyond the scope and focus of
the current discussion described herein, but add great value in terms of an under-
standing and appreciation of the field as a whole. Without doubt the most challeng-
ing reactions are selective C(sp”)-H cross-coupling reactions, noting several
remarkable methodologies that have been developed in recent years, for which
further progress in terms of application, over the next 10 years or so, is likely.

By far and away the best studied catalysts for the functionalisation of C—H bonds
are based on homogeneous systems, i.e. starting with a fully soluble metal catalyst
system, either preformed or generated in situ. It is straightforward to come up with
appropriate catalysts that fit the homogeneous regime; however the true nature of the
active metal catalysts remains hotly debated [22-24]. In this context, quasi-
homogeneous—heterogeneous catalyst systems are likely involved in many reactions,
especially those involving Pd, but by no means limited to. When heterogeneous
catalyst species are involved, inevitably there is the question can the catalyst be
immobilised and recycled, minimising loss of catalytic activity and loss of metal
(e.g. through leaching processes, leading also to non-desirable product contamina-
tion). With elemental sustainability in mind, and the pragmatic consideration that
precious metals are likely to be used in chemical processes for at least the next
25 years, then it is incumbent on the scientific community to develop heterogeneous
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catalyst systems for C—H bond functionalisation reactions. Gomez et al. wrote a
critical review a few years ago [25], defining the new field of study as “molecular
transformation of unactivated C—H bonds present in feedstock and readily available
hydrocarbons into valuable chemicals by nanoparticle-leveraged C—H activation”.

2 Evidence for Catalytically Active Heterogeneous Species
in Classic Cross-Coupling Processes

From a green and sustainable chemistry perspective, there is a clear benefit of direct
C-H activation, over the classic C—X/C-M cross-coupling regime. This book
chapter will focus on heterogeneous C—H cross-coupling processes. There is how-
ever still limited mechanistic understanding of how heterogeneous cross-coupling
reactions occur, particularly regarding C—H bond activation and functionalisation
processes. Understanding heterogeneous catalysis in classical cross-coupling sys-
tems is broader and may hence allow to inform an approach to mechanistic under-
standing in heterogeneous C-H bond activation systems. This section discusses
literature evidence for a heterogeneous catalytic activity in classic cross-coupling
reactions.

Direct Evidence for Surface-Catalysed Cross-Coupling

Fairlamb and Lee closely studied the competence of heterogeneous Pd nanoparticles
stabilised by the polymer polyvinylpyrrolidone (PVP-PANPs) as a catalyst in
the Suzuki-Miyaura cross-coupling of 4-iodoanisole with phenylboronic acid
(Scheme 2) [26-27].

Deploying a colloidal seeding synthetic method, PVP-supported PANPs of four
distinct sizes (average sized from 1.8 to 4 nm; truncated cuboctahedra, confirmed by
TEM imaging) could be selectively prepared. The catalytic efficacy in the model
reaction showed a decreasing activity based on turnover frequency (TOF) as particle
size was increased. If, however, particle size was normalised to the total number of
Pd atoms on defect sites of the truncated cuboctahedra nanoparticles, a linear
correlation was observed between particle size and TOF (Fig. 1). Hence surface
reactivity is governed by the number of low coordination number defect sites on the
particle. This however does not answer the question of whether the reaction is
occurring on the surface, as defect sites may simply be sites at which leached Pd
atoms may be more soluble and therefore more prone to leaching, thereafter oper-
ating homogeneously. The authors thus employed in operando X-ray absorption

Scheme 2 Model reagents
and conditions employed in ©\
the study of the PVP-PANP- BOH:  \eo
catalysed Suzuki-Miyaura MeO PVP-PdNPs O
cross-coupling \©\ —
Br KOMe, MeOH O
60°C.3h



Pd Nanoparticles in C—H Activation and Cross-coupling Catalysis 175

(a)

34

o
—
s

L
o
L
-9
ok
@
o |

Defect atom loss
3.0 1 ¥

-~ @

285 1

Overall
&

221 Defects g

Relative TOF

Edge site

Mean CN1p, »y of PANPs & soluble Pd

400 500

% am o 100

200 300
Binding energy | eV

O = N W B @

1 2 3 4 5 o 20 40 60 80 100 120 140 160 180
Nanoparticle diameter / nm Reaction time / min

Fig. 1 (a) Showing the size dependence of TOF in a Suzuki—-Miyaura cross-coupling, normalised
to either total surface Pd atoms (*) or defect surface Pd atoms (O) (b) Figure showing that no
significant change in surface Pd coordination number as the model Suzuki—-Miyaura cross-coupling
reaction proceeds. Reproduced with permission from Angew. Chem., Int. Ed., 2010, 49, 1820.
Copyright 2019 Wiley-VCH Verlag GmbH & Co

spectroscopy (XAS) method to monitor the coordination environment of the surface
Pd (Fig. 1). These measurements showed that no significant change in coordination
environment occurred on the surface Pd throughout the entire reaction process.
These findings agree with XAFS, XPS and TEM measurements which, taken
together, showed no evidence for leaching under the reaction conditions.

Kinetic analysis of the reaction showed no presence of an induction period,
indicating that the PVP-PdNPs were not simply acting as a pre-catalyst or a reservoir
for a true active species. Immediate, complete inhibition of catalyst activity was
observed upon adding elemental mercury, further supporting a heterogeneous cata-
lytic manifold in this reaction. This study provides significant evidence that cross-
coupling can occur on the surface of a heterogeneous catalyst.

Xie et al. presented further compelling evidence for surface-mediated cross-
coupling catalysis in Suzuki—-Miyaura cross-coupling reactions [28]. Au-Pd core-
satellite superstructures: structures featuring an inner core of AuNPs and an outer
layer of PANPs, separated by an ultrathin layer of silica (Fig. 2a, b) were fabricated.
PdNP outer layer was decorated with 4-bromothiophenol which was chemisorbed to
the Pd surface via disulfide linkages. The chemisorbed bromobenzene was found to
be able to cross-couple with phenylboronic acid introduced via a K,CO5; aqueous
solution (Fig. 2¢). Surface-enhanced Raman spectroscopy (SERS) was used to track
the depletion of reactants and concomitant formation of products, both of which
remained anchored to the surface over time (Fig. 2d). Kinetic profiles of the reactions
could be made, which indicated that independently synthesised smaller
nanoparticles (5 nm) reacted faster than larger nanoparticles (15 nm), which was
rationalised to be a result of increased exposure of surface Pd. Additionally, it was
found that the reaction was faster when the C—Br bond of the aryl bromide was closer
to the Pd surface. It was postulated that, in this case, the aryl halides can meet the
catalyst by “swinging” or “rolling” around their sulphide anchor, and therefore the
shorter the distance of the C—Br bond is to the surface, the more likely an interaction
with the surface will occur.
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Fig. 2 Showing (a) A TEM image of Au-Pd core-satellite superstructures (b) High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) image showing distribu-
tion of different elements on Au—Pd core-satellite superstructures (¢) Reaction scheme for proposed
surface-catalysed Suzuki—-Miyaura cross-coupling, showing chemisorbed aryl bromide reacting
with in the presence of aqueous phenylboronic acid in the presence of K,CO; (d) Surface-enhanced
Raman spectroscopy (SERS) showing conversion of chemisorbed aryl bromide to chemisorbed
biaryl. J. Phys. Chem. Lett. 2019, 10, 1286—1291. Copyright [2019] American Chemical Society

Intensity (a.u.) =

The reaction was attempted exclusively employing Au in absence of Pd as the
surface metal, with anchored 4-bromothiophenol starting material as the substrate in
the presence of a solution known to contain Pd (~200 pgL~' determined by
ICP-AES) leached from a standard Au—Pd-catalysed post-reaction solution. As no
conversion was observed under these control conditions, the authors ruled out the
notion that leached Pd species were responsible for this cross-coupling. These results
provide another strand of evidence to indicate that a Pd surface can activate an aryl
halide to react heterogeneously with boronic acid to form the biaryl product.

Not only particle size, but the morphology of heterogeneous Pd can have an
important influence on catalyst activity in Suzuki—Miyaura cross-coupling reactiv-
ity. McGlacken et al. compared the performance of Pd nanocubes (PdNCs), octahe-
dra (PdOCTs) and cuboctahedra (PdCUOCs), which could be selectively
synthesised (Fig. 3) [29]. In this study, the numbers of defect sites did not relate to
the catalyst efficacy. Correlation between efficacy and the number of (100) facets
present was however evident. Similar reaction profiles were observed with the
different catalyst systems, where the Pd concentration controlled for the number of
surface Pd atoms. It was thereby reasoned that the difference in reactivity observed
was due to the number of (100) facets, which allowed Pd to be leached through
oxidative etching by O, present under the reaction conditions (Fig. 3).



Pd Nanoparticles in C—H Activation and Cross-coupling Catalysis 177

100 T T T T T T

% Conversion

—s— cubes
—+— octahedra 1 |
—e— cuboctahedra

+— cubes (10 nm)

o

-1
1 1

0 10 20 30 0
t (h)

O a1y
@ (00

Increasing reactivity

Fig. 3 Showing how morphology of PANPs affect catalytic outcome. The number of 100 facets
directly correlates with the catalytic activity of PANPs copyright permission required [Angew.
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This work, taken with that reported by Fairlamb et al. (vide supra), shows that the
specific system employed has significant bearing on whether or not a reaction is
surface-catalysed. The change in morphology of heterogeneous catalyst resulted in
an apparent switch from a fully heterogeneous to a quasi-heterogeneous catalytic
manifold (i.e. a leached active species stemming from a heterogeneous source). This
observation has ramifications for heterogeneous manifolds which stem from homo-
geneous sources, where particle morphology is not well controlled. Under these
regimes there may be multiple sizes and morphologies of PANP, each potentially
having its own mode of activity: fully heterogeneous or quasi-heterogeneous. The
picture (summarised in Fig. 4) is further complicated when there may additionally be
competing homogeneous components to catalytic activity. Ananikov and Eremin
have written a comprehensive review which discusses the complexity of such
speciation dynamics in cross-coupling catalytic processes [23].

Qualitative Evidence for Surface-Catalysed Cross-Coupling

Several studies have pointed towards inverse correlations (negative-order depen-
dence on loading) between catalyst concentration and efficacy. A study by DSM
Pharma Chemicals found that the optimal loading of Pd(OAc), for the Mizoroki—
Heck cross-coupling of bromobenzene and n-butyl acrylate was 0.08 mol%
(39 ppm) [31]. It was found that either increasing or decreasing the catalyst concen-
tration resulted in reduced activity. Fairlamb et al. came across a similar finding in a
Sonogashira cross-coupling of 4-bromoacetopheneone and phenylacetylene using a
variety of different succinimide-containing palladacycles as catalysts (Fig. 5).
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Optimal catalyst performance was found at a loading of 0.01 mol% (92 ppm), and
increasing the catalyst loading acted to reduce the activity. It is of significance that in
both of these highly activated systems (featuring markedly different reactions and
conditions), optimal Pd concentration is very low (< 100 ppm).

These results show that incredibly low concentrations of Pd can enable cross-
coupling. Indeed, catalytically active concentrations of Pd metal, dubbed
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“homeopathic”, have been shown to be able to catalyse cross-coupling processes, for
example, employing activated aryl halide substrates under microwave conditions
[32]. Moreover, it has been demonstrated that higher Pd concentrations can lead to
catalyst deactivation, most likely due to aggregation to inactive Pd particles.

Evidence for Leaching of Metal from Heterogeneous Sources

When aggregated, Pd is not necessarily irreversibly bound to the aggregated mate-
rial. Clear evidence of leaching of catalytically active material from heterogeneous
sources into the solution phase has been documented. Common heterogeneous
catalytic sources have been proven to operate via leached species (e.g. Pd/C,
Pd/SiO, and Pd/Si0,) [33-35]. In some cases, such as that reported by Arai et al.,
leaching can be followed by redeposition at the surface, upon completion of the
reaction, allowing for efficient recycling of the heterogeneous catalyst [33]. Reac-
tions that follow this regime can be said to operate via a leaching—redeposition
catalytic mechanism (see Sect. 5.1, for an example in C-H functionalising
chemistry).

Dupont et al. found that PdNPs, generated from a palladacyclic, homogeneous
source could be stabilised and conveniently analysed in imidazolium ionic liquids
[36]. These PANPs, after successful mediation of a Mizoroki—Heck cross-coupling
reaction, were shown to have released significant amount of Pd in the reaction
solution, due to leaching brought about via oxidative addition on a particle surface.

Rothenberg et al. utilised UV/visible spectroscopic methods to track dynamics of
reduction and concomitant aggregation of heterogeneous Pd from homogeneous
sources [37]. The same group were able to demonstrate leaching of catalytically
active material from relatively large nanoparticles (~ 15 nm) [38]. By design of a
special reactor containing a porous membrane which would only allow passage of
smaller particles, they proved that leached species can be active in cross-coupling
processes. This does not however confirm that the leached species are operating as
homogeneous catalysts, since nanoparticles of this size could theoretically contain
several thousand Pd atoms, and thus, the reaction could still be occurring on a
surface. Baiker et al. used X-ray absorption spectroscopic methods to track, in
situ, the leaching of Pd from a heterogeneous source (Pd/Al,O3) under Mizoroki—
Heck reaction conditions. In situ probing also revealed the presence of solution-
suspended, colloidal, PANPs as well as molecular species [PdBr,)*~ and [Pd,Bre]* ",
leached into the liquid phase. These results implied that Pd colloids are involved in
catalysis and not merely a catalytic reservoir.

A key message which can be derived from these examples is the evidence that
particulate metal can act as reservoirs, from which leaching of catalytically compe-
tent active species can arise.

Additionally, irreversible catalyst leaching can result in loss of expensive metal
catalyst, to either waste streams or contamination of products. The problem of
leaching is of further significance for the pharmaceutical sector, which sets stringent
limits (<10 ppm for oral consumption) on the trace levels of Pd which can contam-
inate drug products. Thus, there is significant research drive to develop scavenger
systems which can efficiently reclaim Pd lost to reaction solutions [39-40].
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Obora et al. have synthesised and characterised highly catalytically active
DMF-stabilised PANPs and Cu/PdNPs; these catalysts can be prepared in a facile
manner by simply refluxing PdCl, in DMF [41-43]. As palladaphilic solvents such
as DMF along with high-temperature conditions are commonly employed in C—H
activation processes, a role for DMF-stabilised PANPs (either as a catalyst reservoir)
for catalytically active leached catalyst species or as a directly acting heterogeneous
should not be dismissed. Generally speaking, solvents do play an important role in
cross-coupling chemistry — a recent review discusses these roles in detail [44].

Given the evidence that metal particles can mediate cross-coupling processes via
surface catalysis, highly active Pd particles (/clusters) forming en route to the
inactive Pd black are likely strong contenders for being the active catalytic species
in these cases.

3 The Case for Quasi-Heterogeneous Catalysis in C-H
Activation: Importance of Reaction Conditions
in the Evolution of Heterogeneous Species from
Homogeneous Sources

Common, soluble metal salts, e.g. Pd(OAc), (which is most often derived from its
trimer; Pd3(OAc)e) [45], have long been the “go-to” catalysts for homogeneous
catalytic processes, including C—H activation, due to their relative cheapness and
activity as simple Pd" salts. It is important to note that soluble (homogeneous)
species like Pd(OAc), may be acting as a reservoir for the formation of higher-
order species such as Pd° clusters or nanoparticles (PdNPs), which may be the true
active species in a given process.

The prevalence of such PANPs (and whether they are indeed catalytically active)
can vary as a function of the reaction conditions. For example, Fairlamb et al.
investigated a site-selective Pd/Cu-mediated direct C—H arylation reaction of the
nucleotide 2'-deoxyadenosine (Scheme 3) [46-48].

It was initially found that the trace impurity in DMF, dimethylamine, was critical
for synthetically significant yields. Another secondary amine, piperidine, which was
observed to bring about a similar activity, was investigated closely. Direct reaction
of Pd3(OAc)¢ with an excess of piperidine resulted in the formation of trans-Pd
(OAc),(N-piperidyl), which was found to degrade via a hypothesised DMF-ligated
intermediate to well-defined DMF-stabilised PANPs (around 1.7 nm, analysed by
TEM) under the C—H arylation reaction conditions (80°C). Thus, the presence of
amines was found to be able to promote the reduction of Pd" to catalytically active
Pd°NPs. Alami et al. showed that the heterogeneous source Pd(OH),/C could be
employed in the C—H arylation of unprotected 8-adenenines using aryl halides in
polar aprotic solvents DMF and NMP [49-50].

The Role of Polar Solvents in Pd Speciation and Propagation
Polar solvents such as DMF, DMAc, NMP (polar aprotic) and H,O are commonly
employed as solvents in catalytic C—H bond functionalising processes. There is
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significant evidence that such polar solvents can have influence on stabilisation and
propagation of nanoparticles in cross-coupling processes. Obora et al. have
synthesised and characterised highly catalytically active DMF-stabilised PANPs
and Cu/PdNPs; these catalysts can be produced in a facile manner by simply
refluxing PdCl, in DMF [41]. Since palladaphilic solvents, such as DMF, along
with high-temperature conditions are commonly employed in C—H bond activation
process, a role for DMF-stabilised PANPs for catalytically active leached species or
as directly acting heterogeneous surfaces should not be dismissed. PANPs in DMF
have additionally been observed in direct arylations of benzothiazole [51]. Choi et al.
have developed a HPLC-MS-based method to analyse DMF-PdNPs, which may be
too small (and thus perhaps highly active) to be visualised by TEM imaging
[52]. Building on results from Dupont et al. (vide supra), highly polar ionic liquids
have additionally been used to stabilise catalytically competent PANPs of a narrow
size-distribution (around 2 nm), generated from both Pd, (dba); and Pd(OAc),
[36, 53].

An important study by Hii et al. discovered a link between polar solvent and Pd’
proliferation from Pd(OAc), under ligand-free Suzuki—Miyaura cross-coupling con-
ditions [54]. It was found that a water-mediated dissociation of Pd;(OAc)e occurred
prior to reduction to Pd® by arylboronic acid. Thus stoichiometry (relative to Pd) of
water present has a direct bearing on the amount of catalytically available Pd’. The
bulk solvent present additionally constitutes a factor, with the nuclearity of Pd
(OAc), being correlated to the dipole moment of the tested solvent. These results
marry with structural studies subsequently carried out by Bedford et al. who found
that alcohols and H»O induce facile dissociation of the Pd;(OAc)g trimer [55]. A
direct effect of trace levels of H,O on frans-Pd(OAc),(piperidyl), active catalyst
speciation has also been so observed in Pd-catalysed arylcyanation reactions [56].

y-Valerolactone (GVL), a lignocellulose-derived solvent, has been put forth as a
green alternative to toxic and less environmentally friendly polar aprotic solvents
such as DMF and NMP [57] (Fig. 6).

Computational analysis (DFT) has indicated that GVL had a similar co-ordination
affinity to Pd as DMAc and thus is likely to behave similarly in activation and
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Fig. 6 The chemical structure of y-valerolactone, a biomass-derived polar aprotic solvent
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propagation of PdNPs (see Sect. 5.3 for an example of an application in heteroge-
neous C—H functionalisation chemistry). If appropriate to a process of interest, GVL
should be considered as a green, non-toxic alternative to other polar aprotic
solvents [58].

Given the importance of polar solvents (e.g. DMF DMAc, NMP, H,O, alcohols)
in the proliferation and stabilisation of PANPs, in reactions involving the degradation
of metal catalyst precursors and concomitant growth of catalytically active Pd
particles, interaction of polar solvents must be considered intrinsic to Pd speciation
mechanisms in C—H bond functionalising reactions (Scheme 4).

Fairlamb et al. explored the site-selective direct C—H arylation of the C2-position
of indole-containing compounds (N-methyl indole and tryptophan derivatives, using
boronic acid as an arylating agent (Scheme 4) [59]. In all cases, employing a
homogeneous Pd(OAc), precursor, PANPs were shown to form quickly upon reac-
tion initiation. For these processes, both homogeneous Pd(OAc), and heterogeneous
PVP-PdANPs pre-catalyst sources demonstrated good catalyst activity.

An optimised C—H bond arylation of tryptophan derivatives, using aryldiazonium
salt as the arylating coupling partner, was probed in detail (Scheme 5) [60]. A
sigmoidal kinetic profile indicated an autocatalytic catalyst activation indicative of
a quasi-heterogeneous mechanism. Again, small nanoparticles (~1 nm, analysed by
TEM) formed under working conditions; however the mercury-poisoning test (Sect.
4) tentatively indicated that these were not participatory in the catalytic cycle.

It should be emphasised that the presence of heterogeneous species under the
working reaction conditions does not necessarily mean the reaction is occurring on a

Scheme 5 Reaction CO,Me CO,Me
conditions employed for the AcHN'™ AcHN'
direct C.—H arylation of N- Pd(OAC), (5 mol%)
methyl indole and a N—H O A\ O
tryptophan derivative, N [PhNZ][BF ] N

H EtOAc, rt, 80 min H

catalysed by Pd(OAc),
quantitative yields
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surface. In some cases, although small nanoparticles form under reaction conditions,
evidence points towards such species not being catalytically active. An example of
which is the direct C—H bond activation of tryptophan derivatives with aryl boronic
acids, in the presence of both Cu' and Pd° [60]. The fact that both PVP-supported
PdNPs and Pd(OAc), can catalyse these reactions is indicative of leached Pd
catalysing the process from a higher-order catalyst reservoir, which does not directly
participate as a catalyst species itself, i.e. by surface catalysis.

The examples above demonstrate that under working reaction conditions,
employing Pd(OAc), can lead to the generation of catalytically viable PdNPs
forming under the reaction conditions. The activity of such nanoparticles most likely
varies according to the specific reaction conditions employed.

Kinetic analysis of catalyst performance can be valuable in comparison of
catalysts, rather than simply assessing performance as a function of yield. Fairlamb
et al. compared a variety of distinct heterogeneous: Pd/C, PVP-PANPs and homo-
geneous Pd(OAc), and Pd,(dba);.CHCI; catalyst precursors in a direct C—H
arylation at various heterocycles, including the site-selective C3 arylation of
2-butylthiophene [61] (Fig. 7; Scheme 6; Table 1).
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Fig. 7 Showing similarity of kinetic profiles stemming from distinct Pd catalytic sources observe
in the direct arylation of 2-n-Bu-thiophene. © Georg Thieme Verlag
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Scheme 6 Showing conditions employed for the direct C-H arylation of n-butyl thiophene

Table 1 Showing the observed rate constants (k,p,s) determined from exponential fit of kinetic data
for a range of different catalysts in a C—H bond functionalising reaction

Pd/C PVP-Pd Pd(OAc), Pd,(dba)s
6.1 £0.6) x 107° (1.6 £02) x 107° (1.9 +£0.3) x 10°° (2.6 £03) x 107°

The remarkable similarity of the kinetic profiles and initial rates observed indi-
cates a comparable active catalyst manifold, accessed from these quite different
catalyst precursors. This could imply that a similar active species is settled upon,
whether a homogeneous or heterogeneous precursor is used.

4 A Practical Guide for Confirming Heterogeneity
in Cross-Coupling Reactions

In order to be able to fully optimise a given process, it is critical to know the
fundamental nature of the catalytically active species. Several reviews have
addressed the challenge of determining the extent of a heterogeneous component
in a given reaction [62—-63]. The picture is complicated because, in a guasi-hetero-
geneous process, a homogeneous pre-catalyst can aggregate to a heterogeneous
active species. Conversely, a heterogeneous pre-catalyst may operate by leaching
of the catalytically active species into the solution phase. There is no absolute
empirical test for catalytic heterogeneity, and, generally, each test which can be
employed carries caveats. An investigator must therefore carry out as many of the
tests available for heterogeneity as possible, with appropriate controls, to gain the
best possible assurance of catalytic homogeneity vs. heterogeneity.

Catalyst recyclability studies can be useful in determining whether leaching is
occurring. If a catalyst’s activity changes upon recycling, leaching may be indicated.
Characterisation (e.g. by TEM, XPS, XRD) of prepared catalyst before and after use
can show whether morphological changes occur during the catalytic process. If
morphological changes do occur, this may be indicative of leaching of metal.
Analysis of the metal content of the post-reaction mixture can additionally determine
whether leaching has occurred. However further tests are needed to confirm whether
it is the leached species which is responsible for observed activity.

A test that can shed light on the activity of leached Pd species is the hot-filtration
test. This test involves filtering the entire reaction through a pre-heated Celite™
(or other diatomaceous earth) pad during catalyst turnover. This removes (large)
particulate metal from the reaction mixture while allowing homogeneous species to
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Fig. 8 XPS
characterisation of Pd/Hg
heterometallic nanoparticles
formed upon performing a
Hg-poisoning test
Reproduced from Ref. [27]
with permission from The
Royal Society of Chemistry
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pass through. The filtrate is swiftly reintroduced to the reaction conditions (reaction
temperature, reaction recharged with other insoluble components, e.g. bases or
oxidants), and analysis of the filtrate will indicate whether the reaction has continued
post-filtration. If turnover is inhibited by the filtration, it can be said that the
particulates have a direct role in catalysis.

The Hg-poisoning test (aka Hg-drop test) involves spiking a reaction mixture of
interest with elemental Hg at initiation, or more often during catalytic turnover.
Elemental Hg has been shown to be able bind selectively to heterogeneous metal
surfaces to produce an inactive amalgam [64]. Thus if turnover is inhibited by Hg
addition, then heterogeneous catalysis is indicated [65]. The inactive heterometallic
particulate product of the reaction between PANPs and elemental Hg was
characterised using X-ray photoelectron spectroscopy (XPS) by Fairlamb et al.
(Fig. 8) [27].

Recently, some work has pointed towards certain homogeneous species
(palladacycles) being able to react directly with elemental Hg [66—67]. As a conse-
quence, extreme caution and appropriate controls are advised when interpreting the
result of the Hg-poisoning test. The impact of this finding against typical Pd"
oxidative addition/transmetallation intermediates from a classical cross-coupling
has not yet been confirmed (at the time of writing in 2019).

The three-phase test makes use of a solid-supported substrate, the majority of
which would only be accessible to a homogeneous species, not a heterogeneous
species. The solid support could be an inert polymer, e.g. Wang resin. Thus, if
analysis of the solid support and the reaction solution indicates product formation,
then a homogeneous active species is indicated. It is possible that the active catalyst
could have formed via leaching of a metal catalysis species from a heterogeneous
source. An appropriate control involves the analysis of the solution for metal
leaching (e.g. using ICP-MS). The support’s permeability is a factor in the three-
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phase test validity and does not determine whether the active species is mononuclear
species or small metal nanoparticles (i.e. has the ability to penetrate the resin). For
example, Fagnou et al. showed that the pore size of a Wang resin is sufficient to
allow seeding and propagation of small nanoparticles [68].

5 Case Studies Involving Supported
Nanoparticle-Catalysed C-H Bond Functionalising
Reactions

C-H bond functionalisation by heterogeneous catalysis is a currently burgeoning
field, and there is a wealth of diversity in reactivity being uncovered. With a view to
facilitate the reader to gain a strong foothold on the field, six case studies of
published examples of representative, cutting-edge heterogeneously catalysed C—H
bond functionalisation reactions have been specially selected and will be discussed
in detail herein. In each case study, emphasis will be placed on (1) exhibiting the
variety of reactivity of such systems and thus the broadness of their synthetic utility;
(2) detailing what is known about the mechanism of reactivity, with emphasis on
what is known about active catalyst speciation in order to prime the reader for
reactivity trends, where possible the reader’s attention will be drawn to the variety
of techniques that can be employed to characterise the catalyst and probe its mode of
activity; and (3) detailing and critiquing the overall greenness of each process
(e.g. catalyst recyclability, solvents and reagents, overall efficiency, etc.). With
each case study taken together, we aim to illustrate the power and diversity of
heterogeneous C—H functionalisation chemistry.

We have found that most examples of supported heterogeneous catalysts for use
in C—H functionalisation fall under four broad categories:

1. Metal-metal frameworks

2. Metal-organic frameworks

3. Silica and alumina-based frameworks

4. Carbon-based frameworks (including Pd/C)

5.1 Case Study I) Reusable, Site-Selective Direct C—H
Arylation of Heteroarenes Enabled by CuO/Fe3;0
Nanoparticles

In an example of a metal-metal framework, Glorius et al. employed CuO
nanoparticles supported on Fe;O, (magnetite) as a catalyst in direct arylations of a
variety of heterocycles [69]. A fascinating and rigorous mechanistic study was
carried out, which, taken together, pointed towards a soluble (homogeneous)
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Scheme 7 Showing generalised conditions used for the CuO/Fe;O4-catalysed C-H
functionalisation of heteroaromatics
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Fig. 9 Kinetic profile of a reaction under standard conditions (3a = product), showing a ~2 h
induction period and sigmoidal reaction profile. The figure also shows the results of a positive “hot-
filtration” test. Vasquez-Céspedes, S.; Chepiga, K. M.; Moller, N.; Schifer, A. H.; Glorius, ACS
Catalysis 2016, 6, 5954-5961. Copyright [2019] American Chemical Society

species, generated from a heterogeneous source, being the catalytically active
species. Employing the conditions detailed in Scheme 7, a variety of electron-rich
heterocycles could be arylated, using diaryliodonium salts as an arylating source, to
bring about highly site-selective, direct arylation of some common heterocycles.

The aromatic heterocycles reported were electron-rich thiophenes, furans and
benzofurans, as well as indoles (both Me-protected and unprotected). Both electron-
withdrawing and electron-donating para- and meta-substituted diaryliodonium salts
were well tolerated; however yields were higher with electron-poor aryl groups.

The CuO/Fe;0,4, composed of earth-abundant materials, could be easily prepared
by heating CuCl, with Fe;0,4 under basic conditions, albeit in a low 17% yield. The
superparamagnetic nature of the Fe;0,4 support allowed for the use of a magnet to
remove the spent catalyst from the post-reaction mixture.

A Kkinetic analysis of some standard reaction conditions showed the reaction to
follow a sigmoidal reaction profile featuring an induction period of 2 h (Fig. 9). The
hot-filtration test was administered and did not significantly alter the kinetic profile.
This indicated that, under the reaction conditions, the heterogeneous catalyst forms a
soluble active catalyst.

Additionally, it was observed that the later the hot-filtration test was employed in
the reaction process, the higher the conversion subsequent to filtration. Kinetic
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Fig. 10 TEM images of a sample of reaction mixture showing (a) aggregates before and (b) bright-
field and (c) dark-field images after visualisation by EFTEM; showing the electron beam to have
destroyed the amorphous material in the outer layer, revealing small CuO nanoparticles beneath.
Vasquez-Céspedes, S.; Chepiga, K. M.; Moller, N.; Schifer, A. H.; Glorius, ACS Catalysis 2016,
6, 5954-5961. Copyright [2019] American Chemical Society [69]

tracking of the reaction post-filtration showed the absence of an induction period,
confirming that the active catalyst had already formed prior to the filtration.

TEM and XFTEM images taken from samples of the reaction mixture at 40%
conversion showed that aggregates of CuO nanoparticles (~<5 nm) were present in
the reaction mixture (Fig. 10); this was further confirmed by X-ray diffraction.

These mechanistic results, taken together, indicate that small CuO nanopatrticles,
leached from the original heterogeneous source, are the active species in this process.
This constitutes somewhat rare strong evidence of a release—catch catalytic mani-
fold, where the active catalyst is leached from the heterogeneous source before
returning to the heterogeneous source by the end of the process. This hypothesis
was corroborated by measurement of the metal concentration in solution (using
TXRF) which was seen to increase during the reaction and decrease towards the
end of the reaction. A “release—catch” mechanism was further supported by the fact
that, post reaction, the heterogeneous catalyst could be recycled and reused effec-
tively five times before loss of activity. Intriguingly, experiments indicated that
reaction between CuO and diaryliodonium cation may be responsible for the
leaching of negatively charged CuONPs from the heterogeneous source during the
reaction process.
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This study shows that a highly recyclable catalyst, composed of earth-abundant
materials, can be employed in a relatively mild, operationally straightforward C-H
bond arylation reaction involving industrially relevant aromatic heterocycles. This
work includes somewhat rare evidence of a release—capture catalytic manifold.

5.2 Case Study II) Direct C—H Acetoxylations,
Methoxylations, Halogenations and Arylations
of Heterocycles Catalysed by Pd"/MWCNT Carbon
Nanotubes

Ellis et al. have worked extensively on Pd" nanoparticles supported on a multiwalled
carbon nanotube system (Pd"/MWCNT) (Fig. 11) for application in various directed
C(sp)-H bond functionalisation reactions. Acetoxylations, etherifications
(e.g. methoxylations, ethoxylations) halogenations [70] and arylations [71], directed
by ortho-substituted N-containing arene substrates (e.g. phenylpyridines and benzo
[h]quinolines), were successfully carried out using the Pd"/MWOCNT catalyst
(Scheme 8). Such transformations have been proposed to occur via a Pd"/Pd"
catalytic cycle [72]. Fine control of synthesis of PA/MWCNT by a ball mill-mediated
process allowed for selective embedding of Pd" (over Pd® onto a multiwalled
carbon nanotube structure, thus allowing for a supported heterogeneous catalytic
system that could carry out these transformations [73].

Some differing reactivity from the Pd"/MWOCNT catalyst preparation was
observed when compared to Pd(OAc), deployed under the same conditions.
Increased yields but lower substrate tolerance was observed in some acetoxylation
reactions. Reduced rates were observed in some alkoxylation reactions. However,

Fig. 11 TEM image
showing Pd"NPs embedded
in a multiwalled carbon
nanotube (MWCNT)
structure, a supported
heterogeneous catalyst
which can be employed in a
range of synthetically useful
functionalisation reactions.
Reproduced from Ref. [73]
with permission from The
Royal Society of Chemistry
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employing Pd"/MWCNT, markedly increased yields were observed in halogena-
tions employing N-bromo- and N-chlorosuccinimide as the X* source.

For arylations of a range of N-directing substrates, the Pd"/MWCNT catalyst
performed to an equivalent level or was poorer than Pd(OAc),. On a model substrate,
2-phenyl-3-methylpyridine and para-substituted electron-withdrawing and donating
as well as neutral aromatic substituents were well tolerated, with good yields (aryl
group being transferred from the diaryliodonium salt derivative).

Catalyst recycling studies in a specific reaction, methoxylation of
8-methylquinoline showed a minimal loss of activity, with a remarkable drop of
only 8% conversion after 16 recycles. ICP-MS showed extremely low levels
of leached Pd (<250 ppb) into the reaction solution post-reaction. No further
conversion was observed after hot-filtration tests were administered. Taken together,
these experiments constitute some evidence of a heterogeneous catalytic manifold
being responsible for this transformation.

Recycling studies were additionally carried out with a model arylation reaction
where reactivity was conserved for the first three cycles but found to drop signifi-
cantly after the third. ICP-MS analysis of the reaction mixture showed 38.4 ppm of
leached Pd, significantly higher than that with the model methoxylation reaction. It is
worthy to note that the catalytic recyclability and the amount of leaching of catalytic
metal vary significantly depending on the type of reaction carried out, thus
underlining that the supported catalysts can behave differently, depending on the
reaction conditions deployed.

This work constitutes a supported heterogeneous analogue of synthetically useful
C-H functionalisation reactions, previously carried out with Pd(OAc),. While gen-
erally not performing better than the homogeneous catalyst precursor per reaction,
this system does exhibit the benefit of being able to be recycled and reused multiple
times.

5.3 Case Study III) Pd/C-Catalysed C-H Alkenylations
in Continuous Flow, Using y-Valerolactone as a Green
Reaction Medium

Vaccaro and Ackermann et al. have focused on boosting the sustainability of a direct
C-H alkenylation process, namely, in the Fujiwara—Moritani reaction [74]. The
simple, widely available heterogeneous supported catalyst Pd/C was deployed.
Acetanilides were functionalised in a site-selective manner at the ortho-C—H posi-
tion, with activated alkenes in the presence of an acid and oxidant additives. In
optimised reaction conditions, substrates were deployed alongside a polymer-
supported tosic acid, which allowed for more efficient recycling. y-Valerolactone
(GVL), a biomass-derived reaction medium, was used as the solvent (Scheme 9).
All reactions reported showed good to excellent yields. Meta- and para-
substituted acetanilides were well tolerated in addition to a variety of different
electron-withdrawing substituents on the alkene coupling partner.
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Pd/C (2.5 mol%)

)k . /\R1 BQ, PS-TsOH o
Me NH o
H GVL, 85°C, 24 h Me)kNH R = H, p-OMe, p-Me,
TsOH, Pd/C 4 Mm-Cl, p-Br, m-CF3, p-F
Rg j BQ @/\/R R! = CO,Me, CO,Et,
GVL >\ g@z} CO,"Bu, CN.,
continuous flow R

Scheme 9 Showing reaction conditions, including scope of substrates tested in a Pd/C-catalysed
Fujiwara—Moritani C-H activation reaction. The process was compatible in both batch and flow

Table 2 Showing modest improvements in yield when the Pd/C-catalysed Fujiwara—Moritani
alkenylation reactions were carried out under continuous-flow conditions

Substrates used Yield/% (batch) Yield/% (continuous flow)
R =H,R' = CO,nBu 95 97
R = H, R! = CO,Et 97 99
R = m-ClL, R! = CO,"Bu 80 89
R = p-F, R' = CO,"Bu 82 87

The process showed good recyclability of both the Pd/C catalyst and the polymer-
supported tosic acid additive, both of which could be reused with the same activity
four times, with some loss of activity on a fifth run. The quantity of Pd released into
the reaction medium was assessed to be low: ~4 ppm (using ICP-OES).
Hot-filtration and the Hg-poisoning tests both pointed towards a heterogeneous
mechanism in this case.

The efficiency of the process led was improved when placed under continuous-
flow conditions which gave a production rate of 4 gh~' with a 97% overall yield
(Table 2). ICP-AES analysis of the GVL reaction solution, as with the batch process,
indicated minimal leaching (~4 ppm), the level of which remained remarkably
constant throughout the process. Under flow conditions, the GVL solvent proved
to be less prone to the leaching of Pd than more toxic less safe and environmentally
friendly solvents tested: DMF and NMP (GVL/DMF/NMP = 4/80/31 ppm).

Several aspects of this process, such as the use of the plant-derived GVL, exhibit
strong green credentials. Additionally, Pd/C which is relatively cheap and widely
commercially available employed with a polymer-supported acid, both of which
could be recycled, contributes towards a highly sustainable process. Furthermore,
the efficiency and yields were improved through use of continuous-flow conditions,
with low levels of leaching of contaminant metal to the reaction solution observed.

5.4 Case Study 1V) A Pd-Polypyrrole
Nanocomposite-Catalyst for Direct C-H Activation
of Heteroaromatics

Hierso et al. developed and honed an organic polymer-supported heterogeneous
catalytic system: a Pd—polypyrrole (Pd@PPy) enabling arylation at a variety of
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Fig. 12 [Left] Showing (above) SEM image of PPy spherical support; (below) showing concordant
DLS/SEM results in determination of PPy-support particle size. [Right] Showing (top) TEM image
of PANPs embedded on spherical pPy support (bottom) showing size distribution of PANPs < per-
mission not obtained here (very expensive)

5-membered heteroarenes [75—77]. The catalyst was easily prepared in water by
reduction of PdH(NH3)4C12 in the presence of excess pyrrole (a reductant), with
sonication. This procedure affords a highly nanoparticulate, high Pd loading material
(35 wt%, determined by ICP-AES), with PANPs (1.8-2.2 nm, determined by TEM)
embedded on and within polypyrrole spheres (50-90 nm, determined by SEM) with
a high ratio of surface to bulk Pd (measured using XPS analysis). DLS (dynamic
light scattering) was additionally used to characterise the spherical polypyrrole
support; these results were in good agreement with that gained by SEM (Fig. 12).

The nanocomposite was applied to the C—H arylation of furans and thiophenes
using a fairly wide range of bromoarene as the aryl-donating coupling partner, albeit
under relatively harsh conditions (Scheme 10). Notably, heterocyclic
bromopyridines could couple efficiently in good yields, without significant catalyst
poisoning.

In a subsequent development, 2-carboxy-aldehyde and ketone-substituted N-Me-
pyrroles could be directly arylated in good to excellent yields and site-selectively for
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Scheme 10 showing conditions used C-H arylation of oxazoles, thiophenes and pyrroles, enabled

by a Pd@PPy nanocomposite
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Scheme 11 Showing generalised conditions used for controlling the site-selectivity in direct C-H
arylation of N-Me-imidazole by Pd@PPy nanocomposite

the S-position [77]. N-Me-imidazoles could additionally be coupled with both
electron-rich and electron-poor bromoarenes (Scheme 11). Site-selectivity (C2 vs.
C4 position) was found to be governed by the para-substituent on bromoarene
substrate, type of base and additive. However, a narrower scope of bromoarenes
was tested in this case, and thus no significant structure—activity correlations could
be fully made.

The performances of C—H arylations at N-Me-pyrroles and imidazoles enabled by
Pd@PPy nanocomposites were compared with and observed to be equal if not more
effective than that catalysed by either the homogeneous catalyst precursor Pd(OAc),
and the ubiquitous heterogeneous catalyst Pd/C.

Catalyst recycling experiments in this case yielded inconsistent results, which
were found to vary depending on the specific substrates used. For example, the
coupling of 2-n-butylfuran and 4-bromobenzonitrile could be repeated after
recycling of the catalyst, with no loss of activity; however the analogous process
failed when deploying 4-bromoacetophenone as the bromoarene and a similarly
recycled catalyst. This observation underlines the fact that recycling studies should
not be limited to a model reaction, as different substrates can have vastly different
effects on potential for catalyst recyclability. It was observed that growth of PANPs
(measured by TEM) from 4 to 7 nm occurred during the course of a reaction, without
any change in morphology of the polypyrrole support (measured by SEM). This was
taken to indicate that catalytically relevant PANPs are not merely superficial to the
polypyrrole support and the reaction solution likely penetrates into the depths of the
support to access buried catalytically active PANPs, resulting in concomitant Ost-
wald ripening of PANPs. ICP-AES analysis of a filtrate post-reaction 260 ppm
(2.7%/Pd) indicated that a not insignificant amount of Pd is leached into the reaction
mixture during the reaction. No hot-filtration experiment was reported in this case;
thus it is unclear whether the leached Pd is catalytically competent.
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Scheme 12 Reaction conditions and reagents used for the direct cross-dehydrogenative coupling
(CDC) of 2-arylpyridines with alkylbenzenes, catalysed by y-Al,O3

This study demonstrates the catalyst efficacy of PANPs on a well-characterised
organic framework which could effectively catalyse direct C—H arylations in a range
of pharmaceutically relevant substrates.

5.5 Case Study V) 2-Arylpyridine Coupling with Alkylbenzene
PdNPs on a y-Al,O3 Support

Bao and Zhaorigetu et al. found that PANPs supported on y-Al,O5 (y-alumina) were
able to mediate C—H/C-H cross-dehydrogenative coupling (CDC) of 2-arylpyridines
with alkylbenzenes [78]. This report builds on reactivity uncovered by Patel
et al. [79].

Three different types of ortho-directing arylpyridine moiety were found to be able
to be coupled with alkylbenzenes to afford aromatic ketones (Scheme 12).

A tert-butyl-peroxybenzoate oxidant was required, and the reactions were
performed neatly, with a high excess of the alkylbenzene substrate as the reaction
solvent. It was found that either increasing or decreasing the catalyst loading resulted
in a reduction of catalyst activity.' Employing different supports (Sm,Os3 and CeO,)
resulted in reduced activity; this was rationalised to be a result of the superior
porosity and increased surface of the y-Al,O; compared to the alternative oxide
superstructures tested.

'See Sect. 2 for a discussion of the inverse relationships between catalyst loading and performance
in heterogeneous cross-coupling reactions.
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Fig. 13 Characterisation evidence for y-Al,O5-supported PdNPs; [Left] (a) XPS spectrum (b)
XRD spectrum. Right (a) and (b) TEM images of supported PdANPs before and after one use
(respectively). (¢) and (d) Size distribution of supported PANPs before and after one use (respec-
tively), (determined by TEM). Reproduced from Ref. [78] with permission from the Royal Society
of Chemistry

The catalyst system was prepared by NaBH, reduction of PdCl, in the presence
v-Al,O5 powder (from an “impregnation-reduction” method). XPS (X-ray photo-
electron spectroscopy) indicated that Pd° was the dominant oxidation state, with the
signal significantly reduced after one catalytic use (left (a) Fig. 13). XRD (X-ray
diffraction) showed no distinct signal from the Pd, which implied that the
nanoparticles were small and well-dispersed (left (b) Fig. 13). TEM analysis con-
firmed a mean Pd particle diameter of 3.21 and 3.89 nm for fresh and used catalyst,
respectively (right (a) and (b) Fig. 13). The recyclability of the catalyst was assessed
in a model reaction between 2-phenylpyridine and toluene. The catalyst could be
reused three times without loss of activity, with a drop of a mere 13% on the fifth use.
The radical inhibitor TEMPO attenuated the model reaction, giving indication that
the oxidant may have a dual radical initiator/oxidiser role. A Pd°/Pd"/Pd" catalytic
cycle was proposed.

In summary, this report constitutes a good example of the use of a well
characterised, easily prepared and recyclable supported heterogeneous catalyst for
application in C—H/C-H bond functionalisation, introducing significant molecular
complexity from simple starting materials, in good yields. A similar approach to
reaction screening and catalyst characterisation was employed when the same group
investigated the Pd/y-Al,Os-catalysed amidation of esters and another C—H bond
functionalising process [80].
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Scheme 13 Showing the conditions employed for the C3 site-selective direct C—H arylation of
benzo[b]thiophenes

5.6 Case Study VI) Development and Optimisation
of Conditions for Pd/C-Catalysed Site-Selective C—-H
Activation Reactions

It is well-established that Pd/C can be used as a heterogeneous hydrogenation
catalyst, but only relatively recently has Pd/C seen application in cross-couplings
involving C—H bond functionalisation. To this end, Glorius et al. have recently led
the way. Methodologies for direct C—H arylation at benzothiophenes were discov-
ered and later developed and optimised, expanding the scope to a wider variety of
heterocyclic coupling partners. These conditions were later adapted for the C—H
arylation of polyaromatic hydrocarbon compounds.

In the first example, aryl chlorides could be used as an arylating coupling partner,
and a dual catalytic system of Pd/C and CuCl (a proposed Lewis acidic co-catalyst)
was employed, with Cs,COj as a base (Scheme 13) [81]. Most intriguingly, C3 site-
selectivity was achieved in each case, in stark contrast to the nominal homogeneous
catalysts [e.g. Pd(PPh;3), and PdCl,(PPh;),], which afford the C2 product. This
constitutes an unprecedented example of homogeneous to heterogeneous switch in
site-selectivity.

Broader employment of this methodology required higher temperatures and long
reaction times for synthetically useful substrate conversions. In spite of these harsher
conditions, which could be expected to give rise to a leached active species, both the
hot-filtration test and the three-phase test pointed towards a heterogeneous catalytic
manifold. Additionally, leaching was determined to be minimal, using TXRF (total
reflection X-ray fluorescence) spectroscopy.

Changing the coupling partner to a diaryliodonium salt allowed for the reactions
to proceed under significantly milder conditions, in alcoholic solvent (Scheme 14)
[82]. This change of substrate allowed the reaction to work in absence of additive
CuCl and base. Using this methodology, efficient C3 site-selective arylation of
thiophenes and benzothiophenes was possible.

Site-selective coupling using wider scope of aromatic heterocyclic substrate was
also possible under these reaction conditions, with furans, benzofurans and unpro-
tected indoles additionally being able to undergo arylation at the C2 position. In spite
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Scheme 15 Showing the conditions employed for the C—H arylation of a variety polyaromatic
hydrocarbon compounds

of the highly oxidising reaction conditions employed (which may be expected to
result in oxidative leaching of metal), standard heterogeneity tests (Hg-poisoning
test, the three-phase test and the hot-filtration test) all point towards a heterogeneous
active catalyst. After each catalyst use, yields dropped by 41%, indicating a severe
change in catalyst morphology after a single cycle.

This method was subsequently modified for the efficient direct arylation of
naphthalene triphenylene and related polyaromatic hydrocarbons (PAHs) (Scheme
15) [83]. In these examples, arylation was seen to proceed with good site-selectivity
at the most sterically hindered position (albeit the more acidic position). A range of
electron-deficient and electron-donating substituents on the aromatic coupling part-
ner were well tolerated under reaction conditions. However, tuning of the substituent
electronics on the model PAH (naphthalene) resulted in significantly reduced reac-
tion efficiency. In all cases polyarylated aromatics arose as undesired by-products
under the reaction conditions. Pd/Al,O5 additionally was shown to be an active
catalyst in this process, but not as active as Pd/C.

The reaction was determined to be first order in Pd, with an induction period that
decreases in length as a function of higher catalyst loading. This finding indicates
that the active catalyst is formed over time from an inactive pre-catalyst. Critically,
employing standard tests (e.g. Hg-poisoning test, three-phase test and hot-filtration),
a heterogeneous catalytic manifold was indicated. Also, reactivity was attenuated by
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addition of radical inhibitors; TEMPO, BHT and BQ indicating a radical aryl species
are involved in the catalytic cycle. With these mechanistic studies in mind, the
authors concluded that a heterogeneous species is formed either by leaching and
re-aggregation or by breaking off from the heterogeneous source.

An important observation to note is that the Pd/C source (i.e. the manufacturer)
had a significant bearing on reactivity, indicating variability in activity of the catalyst
samples. This case study demonstrates how a set of reaction conditions can be tuned
and adapted and then applied to a variety of different aromatic substituents. It also
gives indication of the ability for the widely accessible catalyst, Pd/C, to be
employed in an operationally simple manner to carry out cross-coupling reactions
for the synthesis of valuable chemicals, thus bypassing the need to prepare complex
Pd catalyst scaffolds.

6 Future Perspectives and Conclusions

In this review we have highlighted the importance of heterogeneous/quasi-
heterogeneous—homogeneous metal-catalysed cross-coupling reactions, with many
important breakthroughs being made in synthetic chemistry. Considerably more
mechanistic work has been completed on classical cross-coupling reactions, such
as Suzuki—Miyaura cross-coupling and Heck alkenylation reactions. We decided to
set out this groundwork for classical cross-coupling reactions to assist researchers in
building and assessing more fully the potential of metal surfaces and aggregated
metal species in functionalising C—H bonds, in suitable substrates. Numerous prom-
ising synthetic methodologies have been reported over the last few years, and some
preliminary mechanistic work are completed. However, for the field to move to the
next step, it is necessary to conduct more detailed and comprehensive studies using
techniques such as XAS (XANES/EXAFS) on reactions conducted in operando,
particularly if higher oxidation state Pd" species are proposed. Such studies argu-
ably require access to synchrotron facilities and specific expertise, which is difficult
for most research groups working in this field to conduct. In this context collabora-
tion with surface scientists can be highly beneficial.

From our point view we have benefited as a synthetic organic and organometallic
chemistry group by collaborating with physical chemists working in surface catal-
ysis. This has helped gained valuable mechanistic insight in cross-coupling catalysis,
which can also inform future directions in terms of catalyst design. Critically, it is
necessary for the catalysis community at large to seriously consider the role of
aggregated metal catalyst species in frontier-leading C—H bond functionalisation
reactions. Typically, many groups will assess this with a few tests, but the closer one
looks, evidence will usually emerge showing that aggregated metal species form
from homogeneous metal catalyst species. Whether such aggregated species are
active in their own right, a reservoir of catalytically active species or a moribund
form needs to be assessed fully. The increasing evidence showing a role for metal
catalyst surfaces and aggregated species (i.e. nanoparticles) in catalytic cross-
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coupling reactions, of a myriad of substrates containing C—H bonds, highlights that
the field ought to be fully examining homogeneous, heterogeneous and quasi-
heterogeneous—homogeneous behaviour. Having more developed and definite tests
will aid the catalysis and synthetic chemistry community at large in this respect.

At the time of writing, it is clear that the future is a very bright one for catalytic
cross-coupling chemistry, and there are many benefits and opportunities for the
employment of heterogeneous catalyst-type species. It remains to be seen whether
such catalysts will be more broadly applied in target-orientated synthesis, such as in
complex natural product synthesis. Hydrogenation on Pd/C is a mainstream reaction
in chemical synthesis, and it is the opinion of the authors that a step-change would be
seen in the broader adoption of similar catalysts in tricky synthetic transformations
(i.e. substrates containing a plethora of functionality and stereochemical informa-
tion). Of particular note is that Pd/C is a preferred catalyst used in process chemistry.
The pioneering work by Glorius et al. has highlighted that conditions can be tuned to
grant Pd/C the ability to mediate complex C—H bond functionalisations. Thus, there
are many opportunities for this fascinating field going forwards, which can addi-
tionally be exploited in the synthesis of agrochemicals, pharmaceuticals and
advanced materials.
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Abstract By taking advantage of the high catalytic activity and high turnover
frequency (TOF) of heterogeneous metal nanoparticle catalysts, continuous-flow
systems, in which introduced reactants are converted into the desired product in
high yield, can be realized. These continuous-flow reactors possess high compati-
bility with sequential continuous-flow systems, which enable multistep flow
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synthesis of biologically active compounds such as active pharmaceutical ingredi-
ents (APIs) and natural products.

Keywords Continuous-flow reaction - Heterogeneous catalyst - Packed-bed reactor

1 Introduction: Nanoparticles as Heterogeneous Catalysts
in Flow “Fine’” Synthesis

Modern organic synthesis, the so-called fine organic synthesis, is used for the
synthesis of a wide range of useful compounds, and many synthetic reactions can
be used to achieve high yields and selectivities. These chemical syntheses are mainly
carried out using either a batch or a flow method. Batch methods, in which all
starting components, substrates, catalysts, additives, solvents, etc. are charged into a
flask before starting the reaction (Fig. la), are currently the most commonly used
approach in most laboratories of organic chemistry and synthetic organic chemistry;
the production of fine chemicals such as active pharmaceutical ingredients (APIs),
agrochemicals, electronic chemicals, fragrances, etc. is generally performed by
repeating batch methods. In contrast, in flow methods, materials are simultaneously
charged and discharged. Starting materials are continuously introduced at one end of
a column or a hollow loop, and the product is continuously eluted from the other end
of the column or loop (Fig. 1b). Flow methods have been used in the large-scale
synthesis of basic chemicals by reactions of gas molecules; the synthesis of ammonia
through the Haber—Bosch process is a typical example. However, it has been
considered that flow methods are difficult to apply to the synthesis of complex
molecules such as APIs. Nevertheless, since Kobayashi proposed the concept of

=] B A—~—B
A AA B
B AB
A B v
B 06 AB
(a) (b)

Fig. 1 Batch reaction (a) and continuous-flow reaction (b)
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flow “fine” synthesis in 2016 [1], increasing numbers of syntheses and reactions that
attain high yields and high selectivities for complex molecules using flow methods
have been reported. Flow “fine” synthesis can be defined as “reaction and synthesis
that attain high yields and high selectivities by a flow method.” Furthermore,
because a characteristic of the flow method is that it is continuous, flow “fine”
synthesis should construct multistep flow systems by combining individual flow
reactions to synthesize structurally complex molecules. Flow “fine” synthesis has
several advantages over conventional organic synthesis. (1) High-energy productiv-
ity and energy saving compared with batch methods can be realized. (2) The
compact nature of a reactor means that space saving can be realized in addition to
energy saving. (3) The low-volume reaction space means that the risk of out-of-
control reactions can be minimized by rapid heat exchange and it is possible to
suppress damage caused in the event of leakage even when high-risk substances are
used; therefore, flow “fine” synthesis ensures high safety. (4) It is possible to adjust
the quantity of production by controlling the rate of introduction of starting mate-
rials; such “just-in-time” production can reduce the amount of waste generated,
which can lead to reduced costs. (5) Automation is easier, and it is possible to
minimize the exposure of operators to hazardous chemicals. (6) Using columns
packed with a suitable catalyst (fixed-bed reactor), the separation of catalyst from
the product is not required.

Kobayashi divided reactions of flow “fine” synthesis into types I-IV (Fig. 2).

Type I: Substrates (A and B) are passed through a column or hollow loop, etc.
during which reactions occur. Although the product is obtained continuously,
unreacted A and B, as well as by-products, are also eluted as contaminants.

Type II: One of the substrates (B) is supported in a column. If an excess amount of
B is used, the second substrate (A) is consumed. Although contamination of the

B No Catalyst

e aeo—{ [ — s
B Supported Reagent

o - —{ ..

Supported B
B Homogeneous Catalyst

A+B
Type Il Catalyst—{:ﬁ]}_’ Cajt\a-f:rst

B Heterogeneous Catalyst

Catalyst

Fig. 2 Four types of continuous-flow systems
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product by unreacted A or B may be avoided, overreactions may occur. In addition,
once supported B is consumed, the column must be changed.

Type III: Substrate A reacts with B in the presence of a homogeneous catalyst.
Although catalysis proceeds smoothly, the catalyst cannot be easily separated, and it
elutes as a contaminant in the product.

Type IV: Substrate A reacts with B in the presence of a heterogeneous catalyst. If
catalysis proceeds smoothly, no separation of the catalyst from the product is
required.

Considering the recent guidelines on green sustainable chemistry, synthesis with
catalysts is preferred to synthesis without catalysts because the former can lead to
energy saving and waste reduction. From this viewpoint, flow systems of types II
and IV are recommended. Furthermore, whereas the products are contaminated by
homogeneous catalysts in type III flow systems, no contamination of catalysts is
expected under ideal conditions of type IV systems. If multistep continuous-flow
systems are designed for the synthesis of complex molecules, the generation of
by-products and contamination of catalysts may be problematic for downstream flow
reactions. Therefore, type IV flow systems may have some advantages over other
types of flow reactions, and type IV flow systems that produce no by-products or
only by-products that can be easily removed by phase separation, such as gas or
water, are ideal. For example, Scheme 1 shows two different methods (a and b) to
obtain the same secondary amine from starting materials at the same oxidation
levels. The reaction shown in Scheme la is a one-step process that uses type I
flow, which generates salt as a by-product. On the other hand, the sequential reaction
shown in Scheme 1b is a two-step process combining type IV flow systems of
aerobic oxidation and hydrogenation, and only water is generated as a by-product.
From the viewpoint of flow “fine” synthesis, (b) is preferred over (a) because water
can be easily removed by phase separation and it can be potentially connected to
other downstream flow systems without any concerns.

Heterogeneous catalysts used in type IV flow are required to be robust over long
periods of reaction time, to exhibit high tolerance against various functional groups,
and to have appropriate physical properties for the construction of flow reactors. In
this chapter, heterogeneous metal nanoparticle catalysts that can be used in type IV
flow systems for flow “fine” synthesis are introduced and discussed.

@ H Type | flow .
RX+ Rz/N‘Rs + base W R‘/\N;R + base-HX
R
/H\ +H
(b) Type IV flow R R ’ Type IV flow
R"OH + 120, E R‘%O + Hy,0 \:§—> FP/\I}I’RZ + 2H,0

R3

Scheme 1 Two methods to obtain secondary amine under continuous-flow conditions
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2 Metal Nanoparticle Catalysts Immobilized
in Microchannels and Microreactors

Redox reactions are key for flow “fine” synthesis. Especially, type IV flow reactors
for aerobic oxidation and hydrogenation are useful and ideal to flow “fine” synthesis
as discussed above. However, multi-interfacial reaction environments involving
gas-liquid—solid multiphase reaction conditions are needed for continuous-flow
systems. Microchannels and microreactors are ideal devices for such purpose
because they can maximize the specific surface area. Therefore, methods that can
be applied to immobilize heterogeneous metal nanoparticle catalysts in such
microfluidic devices are crucial for success.

2.1 Polymer-Incarcerated Palladium Nanoparticles
Immobilized in Microchannels for Hydrogenation

In 2004, Kobayashi and co-workers designed a microchannel reactor that has a very
large specific interfacial area per unit of volume (10,000-50,000 m?/m?®), in which
Pd nanoparticles stabilized by cross-linking polymer (1), the so-called polymer-
incarcerated catalysts [2], were immobilized on the wall of the surface-modified
microchannel (2) through covalent bonds (Fig. 3, Scheme 2) [3]. A hydrogenation
reaction was conducted under continuous-flow conditions at ambient temperature by
introducing a tetrahydrofuran solution of a benzalacetone (0.1 M) through one inlet
and introducing H, through the other inlet via a mass-flow controller (Scheme 2).
When the flow rate of H, was relatively slow, alternate slugs of the liquid and gas
were observed, and the yield was insufficient [63% yield with a flow rate of the
liquid substrate of 0.8 mL/h and a flow rate of H, of 0.15 mL/min]. On the other
hand, with increased flow rate of H, (1.0 mL/min) and a decreased flow rate of
substrate (0.1 mL/h), as the desired flow conditions, the liquid flowed close to the
channel surface where the catalyst was immobilized, and the gas flowed through the
center (Fig. 4).

Fig. 3 Polymer- Solid Catalyst
incarcerated catalysts SiO, ./
immobized on the vall o Seesseseeevseee

the surface-modified
microchannel

—_— Gas

esessesssdpeseee

Si0g Liquid
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Scheme 2 Preparation of Pd-immobilized microchannel for continuous-flow hydrogenation

2.2 Polysilane-Supported Palladium Nanoparticles
Immobilized in Microchannels for Hydrogenation

In 2006, Kobayashi and co-workers developed a poly(methylphenylsilane)-
encapsulated Pd nanoparticle catalyst for hydrogenation reactions as well as cross-
coupling reactions [4]. Polysilane is a polymer with particular electronic properties
that derive from the o-conjugated electrons of the silicon backbone. c-Conjugated
electrons show reduction ability to generate metal nanoparticles from metal salts and
stabilize metal nanoparticles by multiple, weak interactions as well as those of
aromatic m-electrons. Polysilane is also commercially available and inexpensive. In
addition, polysilane is a highly stable and safe material that does not swell with
organic solvents. Polysilane operated not only as a backbone for the immobilized
catalysts but also as a connecting material between the surface of the glass wall and
catalyst via silicon—oxygen networks. To improve the activity and stability, a range
of metal oxides were used as a second support to construct polysilane-metal oxide
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Fig. 4 Photographic image of the Pd-immobilized microchannel reactor under pipe-flow
conditions

composite materials. In 2008, Kobayashi and co-workers developed Pd
nanoparticle-immobilized capillary reactors based on polysilane encapsulation tech-
niques [5]. Palladium(II) acetate was added to a THF solution of polysilane followed
by the addition of metal oxide, and the mixture was stirred for 1 h. Capillaries
(530 pm i.d.) were filled with the catalyst solution, and the solvent was removed in a
dry over (50°C, 5 h). After cross-linking (120°C, 12 h), Pd/PSi-MOx immobilized
capillary was obtained (Scheme 3). Substrate solution and hydrogen gas were
directly passed through the capillary to conduct hydrogenation. When TiO, was
employed as a second support, 2,4-diphenyl-4-methyl-1-pentanone was hydroge-
nated quantitatively; 11 substrates were also hydrogenated in good to excellent
yields. The Pd/PSi-MOx immobilized capillary was reused 12 times without loss
of activity after simple treatment (Scheme 4).
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Scheme 3 Preparation of capillary-immobilized Pd nanoparticle catalyst
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Scheme 4 Hydrogenation reaction using capillary-immobilized Pd nanoparticle catalyst

2.3 Gold Nanoparticles Immobilized in a Capillary
Jor Aerobic Oxidation

In 2007, Kobayashi and co-workers developed Au nanoparticle catalysts
immobilized on polystyrene-based copolymer with a cross-linking moiety (4)
(Fig. 5), the so-called polymer-incarcerated Au nanoparticle catalyst (PI-Au)
[6]. In 2009, the same group developed Au nanoparticle-immobilized capillary
reactors for aerobic oxidation of alcohols to the corresponding carbonyl compounds
[7]. In general, aerobic oxidation of alcohols using heterogeneous catalysts is slower
than hydrogenation of olefins, and a reaction environment with a large gas—liquid—
solid interfacial surface area is required to complete the reaction within the limited
length of the reaction channel under continuous-flow conditions. Commercially
available polysiloxane-coated capillary (3) (50 cm length, 250 pm i.d.) that
contained 50% phenyl and 50% n-cyanopropyl functionalities on silicon atoms
with a film thickness of 0.25 pm on the walls was employed as the base of the
reactors (Fig. 6). The cyanopropyl group was reduced to the corresponding primary
amine group using lithium aluminum hydride (Scheme 5a). Microencapsulated
gold nanoparticles (MC-Au), which were prepared by reduction of
chlorotriphenylphosphine gold using sodium borohydride in the presence of copol-
ymer with alcohol and epoxide moieties as a stabilizer (4), were used for the
immobilization (Scheme 5b). The colloidal solution of the MC-Au was slowly
pumped into the modified capillary, and the capillary was heated at 170°C for 5 h.
Cross-linking and covalent bond formation between the copolymer and the capillary
surface occurred to afford the Au nanoparticle-immobilized capillary (Scheme 5c).
The prepared Au nanoparticle-immobilized capillary was attached to a T-shaped
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connector, which was connected to another T-shaped connector by a Teflon tube.
Solutions of substrates in 1,2-dichloroethane and an aqueous solution of potassium
carbonate were introduced at a flow rate of 0.1 mL/h and 0.03 mL/h, respectively
(Fig. 7). Oxygen gas was introduced through a mass-flow controller at a flow rate of
1.5 mL/min. When 1-phenylethanol was used as the substrate, quantitative conver-
sion to acetophenone was maintained over 4 days. Nine other substrates were
successfully oxidized in good to excellent yields using the same capillary reactors.

2.4 Polymeric Palladium Nanoparticle Membrane-Installed
Microflow Devices for Hydrodehalogenation

In 1999, Whitesides and co-workers found that polymer deposition resulted from the
acid—base reaction at the laminar interface of two flows: polymeric sulfonate salt and
a polymeric ammonium salt [8]. In 2006, Uozumi and co-workers developed a
microchannel reactor with a catalytic membrane containing a Pd complex based
on the strategy of polymeric deposition at a laminar interface [9]. A polymer
membrane of a Pd complex was formed inside a microchannel reactor through
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Fig. 7 Continuous oxidation using capillary-immobilized Au nanoparticle catalyst

self-assembling complexation of a polymeric phosphine ligand and a Pd species at
the interface of two parallel laminar layers flowing through the microchannel. The
developed microchannel with a polymeric membrane containing an immobilized Pd
complex could be successfully used to perform a Suzuki—-Miyaura coupling reaction.
In 2012, the same group found that a Pd complex immobilized on a polymeric
membrane in a microchannel could be reduced to form Pd nanoparticles
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[10]. Polymeric laminar membranes of composites 5a—5c in the microchannel were
prepared by complexation of PdCl, salts with poly(4-vinylpyridine), poly[(N-
isopropylacrylamide)s-co-(4-diphenylstyrylphosphine)], and pyridinium polymer,
respectively (Fig. 8). A saturated aqueous solution of HCO,Na was streamed into
these microchannels at 50°C for 30 min at a flow rate of 0.5 pL/min. Black-colored
polymeric palladium nanoparticle membrane-installed microchannel devices were
prepared from composites 5a and 5c with average Pd nanoparticle sizes of 6 and
12 nm, respectively (Fig. 9). On the other hand, neither color change nor formation
of Pd nanoparticles was observed from composite 5b. Thermal decomposition of
composites 5a—5c¢ in microchannel devices at 250-300°C led to the formation of Pd
nanoparticles in all cases (Fig. 10). The thickness of the membrane in the
microchannel device under dry and wet (iPrOH/H,0O) conditions was 14.3 and
17.1 pm, respectively. These microchannel devices containing Pd nanoparticle
membranes were subjected to hydrodehalogenation of aryl halides. A solution of
1-chloro-3,5-dimethoxybenzene in iPrOH and an aqueous solution of HCO,Na
were streamed into the microchannel devices 6a—6f at 50°C from two separate
inlets, with both flow rates of 0.5 pL/min and a residence time of 8 s (Scheme 6).
Microchannel devices prepared from composite membrane 5a through either
HCO;,Na reduction or thermal decomposition gave quantitative conversions.
Although devices derived from composite Sc¢ gave moderate conversions, devices
derived from 5b gave poor conversions. Not only aryl chloride but also bromide,
iodide, and triflate were successfully dehalogenated using the microchannel device
derived from composite 5a.
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Fig. 9 Preparation of Pd nanoparticle membrane in a microflow reactor

3 Continuous-Flow Reactions Using Metal Nanoparticles
Packed in Columns (Fixed-Bed Reactors)

Microreactors have advantages of high interfacial specific surface area for
multiphase reactions; however, the productivity of a single microreactor is low.
Although increasing the number of single microreactors increases the productivity,
this approach is expensive. The most straightforward and cost-efficient method for
continuous-flow reactors using a heterogeneous catalyst on a lab to industrial scale is
using a column packed with appropriate heterogeneous catalyst as the reactor. When
finely powdered heterogeneous catalysts are packed into a column and both gas and
liquid are streamed, the heterogeneous catalyst itself can work as a “mixer” of the
two phases, and efficient mixing and large interfacial surface area can be expected.
The speed of each stream, the physical properties of the solid catalyst, and the design
of the inlet of the column can be very important to achieve both efficient mixing and
smooth streams of both phases.
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Fig. 10 Preparation of Pd nanoparticle membrane in a microflow reactor
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3.1 Continuous-Flow Hydrogenation Using
Polysilane-Supported Palladium Catalysts

In 2008, Kobayashi and co-workers developed poly(methylphenylsilane)-supported
palladium nanoparticles on metal oxide hybrid catalysts (Pd/(PSi-MOx)), and they
worked as hydrogenation catalysts without leaching of palladium (Scheme 7)
[11]. The hybrid catalysts were insoluble, did not swell in any solvent, and were
predicted to be applicable to continuous-flow reactors. In 2011, Kobayashi and
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Me Pd(OAc)2 Aly04
é <} (10 mmol) (500 g) coacervation MC Pd/(PSi-Al,03)
THF (800 mL) rt, 1h MeOH (4 L) 1) filtration (Pd 0.0143 mmol/g)
0 °C 1h 2) washing (MeOH) 581g
3) drying
100 g
under Ar

Pl Pd/(PSi-Al203)
decane (40 mL) 1) filtration (Pd 0.0152 mmol/g)
120°C,2h  2)washing
(hot THF, MeOH)
3) drying

Scheme 7 Preparation of polysilane-immobilized Pd nanoparticle catalyst

co-workers designed a continuous-flow reactor for hydrogenation reaction using
heterogeneous polysilane-supported palladium/alumina hybrid catalysts [12]. The
efficient mixing of gas and liquid before the catalyst region might be important for
efficient reaction. A high-performance liquid chromatography (HPLC) pump was
used to feed the substrate into the central hole in the top of the column, which was
filled with the Pd/(PSi-Al,O5) catalyst (Fig. 11). Hydrogen gas was introduced into
the six holes surrounding the central hole using a mass-flow controller. The column
was heated in a water bath as required. The substrate reacted with H, gas inside the
column, and the product was collected downstream of the column. Hydrogenation
reaction of ethyl cinnamate was performed with this continuous-flow reactor under
neat conditions, and the hydrogenated product was collected for 8 h without con-
tamination of the starting material. The catalyst retained high activity for at least 8 h,
and the turnover number (TON) reached 8,700 (Scheme 8). Seven other liquid
substrates were hydrogenated quantitatively under neat conditions with this
continuous-flow reactor, and solid substrates were also applicable after dissolving
in an appropriate solvent.

Hz 0as - 3“'3,:20“ column top
A Tia substrate enters center hole
T ’ and gas enters around 6 holes
glans fer HPLC b e H, Substrate
te Pd/(PSi-Al,03) PUMP | leontroller
in
glass column fc I tA
for HPLC .
et suction H
10 @ = 50 mm filter gEZS
glass filter substrate | | cylinder
product | | |__] A SUS tube :
— B : PEEK tube Pdi(PSI-A10,)
B water bath C : teflon tube

Fig. 11 Continuous-flow hydrogenation using polysilane-immobilized Pd nanoparticle catalyst in
column
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Pd/(PSi-Al,03) (Pd: 65 pmol)
o} H, (0.15 MPa) 0

Ph/‘\')LOEt neat, 0.2 mL/min, rt, 8 h Ph/\')j\OEt

quant. (101 g)
TON = 8700

Scheme 8 Reactivity of continuous-flow hydrogenation

3.2 Poly(dimethyl)silane-Supported Palladium Nanoparticles
for Continuous-Flow Hydrogenation

In 2015, Kobayashi and co-workers developed a poly(dimethyl)silane-supported
palladium/alumina hybrid catalyst [Pd/(DMPSi-Al,03)] [13]. Poly(dimethyl)silane
is readily available and inexpensive, although poly(methylphenyl)silane is relatively
limited and expensive. The catalysts were prepared from poly(methylphenyl)silane
and palladium acetate without the use of external reductant (Scheme 9). Pd
nanoparticles with an average size of (6.4 £+ 3.4) nm were found using scanning
transmission electron microscopy (STEM) and energy-dispersive X-ray spectros-
copy (EDS) to exist on silicon-rich areas rather than on aluminum- or oxygen-rich
areas. This observation suggested that these nanoparticles were formed through
reduction by the polysilane support and were simultaneously immobilized on the
polymer through electronic interactions. Approximately 900 mg of the catalyst was
packed in a SUS column (5 mm diameter, 50 mm length), which was then placed in
an aluminum heating block to control the reaction temperature (Fig. 12). The
substrate, either neat or in solution, was introduced into the SUS column packed
with the catalyst using a peristaltic pump, and, simultaneously, H, gas was intro-
duced at atmospheric pressure into the catalyst column through a mass-flow

Me
| Al>0O3 (900 g) Pd(OAc)2 (60.0 mmol) MeOH
\Lsf'%n toluene, 0 °C, Ar 0°C,50min _ 0°C, 70 min
Me
100 g
1) filtration

2) wash (MeOH, H>0, acetone)

Pd/(DMPSi-Al203)

1.0 kg
Pd loading: 56.6 pmol/g

dry under vacuum, 80 °C

Scheme 9 Preparation of Pd nanoparticles immobilized on a composite support of poly(dimethyl)
silane and alumina
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peristaltic substrate
pump (neat or solution)

—GI-:m aluminum heating block
LY ",

I Pd/(DMPSi-Al,05)

sus column (5 ¢x 50 mm)

temperature controller

A
mass-flow A: teflon tube A

H2 gas controller B: sUStube _'_
1 C: PEEK tube product

Fig. 12 Continuous-flow hydrogenation using Pd nanoparticles immobilized on a composite
support of poly(dimethyl)silane and alumina

controller. H, gas and substrate solution were mixed in a SUS mesh filter placed at
the inlet of the column. The product was collected downstream of the column.
Various substrates were hydrogenated quantitatively, and 5-100 g scale production
was achieved for a 5 h reaction period. The catalytic turnover frequency (TOF)
exceeded 3,000 h™!, and TON reached more than 16,000 (Table 1, entries 1 and 2).
Furthermore, a selection of vegetable oils (olive oil, macadamia nut oil, castor oil,
and jojoba oil) was successfully hydrogenated to afford the desired saturated oils,
which are commercial products, with high efficiency, using a SUS column (10 mm
diameter, 150 mm length). One of the advantages of continuous-flow systems with a
catalyst-packed column is the ease with which the systems can be scaled up. The
production of castor oil could be increased to 1.5 kg/h using a large SUS column
(100 mm diameter, 1,000 mm length), and the system was found to be stable for
more than 1 month.

In addition, the same group developed other poly(dimethyl)silane-supported
palladium hybrid catalysts [Pd/(DMPSi-bone charcoal-Celite) and Pd/(DMPSi-
Si0,)] that were successfully used for hydrogenation of nitro compounds [14, 15]
and nitriles [16], respectively, under continuous-flow conditions.

In 2015, Kobayashi and co-workers achieved the synthesis of (§)-Rolipram (12)
using a multistep continuous-flow system including an eight-step sequence of
chemical transformations (Scheme 10) [17]. Commercially available starting mate-
rials were successively passed through the columns containing achiral and chiral
catalysts to produce the drug directly with high enantioselectivity. All four columns
packed with heterogeneous catalysts were type IV flow systems (Fig. 13). The flow
synthesis of intermediate 8 from 9 and nitromethane was conducted with a SUS
column I (10 mm i.d., 300 mm length) packed with a silica-supported amine
(Chromatorex DM1020; Fuji Silysia; 4.5 g, 0.73 mmol/g) and finely crushed
anhydrous calcium chloride (13.5 g). A toluene solution of 9 and nitromethane was
introduced from the bottom of the column, and the desired product 8 was obtained in
>90% yield over at least 1 week. The next flow synthesis of intermediate 10 was
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Fig. 13 Sequential continuous-flow synthesis of chiral Rolipram

conducted with a sequence of three columns; column X was filled with MS4A, and
columns II-1 and II-2 were filled with polymer-supported chiral calcium catalyst
(PS-(S)-pybox-calcium chloride, where pybox is pyridinebisoxazoline). The reac-
tion was conducted at 0°C, introducing a solution of nitroalkene 8 synthesized in
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column I, a toluene solution of malonate 7, and triethylamine into a sequence of
column X and column II. The desired y-nitro ester 10 was obtained in 84% yield with
94% enantiomeric excess at this step after workup. The crude solution of 10 eluted
from column I and atmospheric pressure H, was passed through column III, which
was packed with poly(dimethyl)silane-supported palladium/carbon, to afford
y-lactam 11 in 74% yield with 94% enantiomeric excess. The final stage in the
synthesis of Rolipram involved the hydrolysis and decarboxylation of the ester part
of 11. This flow synthesis was conducted with column IV, which was packed with
silica-supported carboxylic acid (Chromatorex ACD, Fuji Silysia), passing through
the mixture of crude solution of 11 after separation of H, gas, water, and o-xylene,
from the top down at 120°C. Finally, (S)-Rolipram (12) was obtained in 50% yield
from 9 (997.8 mg/h, 96% enantiomeric excess). In this sequential continuous-flow
system, the hydrogenation step using a palladium nanoparticle catalyst was placed at
a later stage of the sequential transformation. This means that the crude mixture that
was introduced to the heterogeneous catalyst was potentially a mixture of various
compounds including remaining starting materials and small amounts of side-
products. Therefore, robust catalysts that were not poisoned by other compounds
were required for this purpose. During the screening of the hydrogenation catalyst,
neither several commercially available Ni and Pd catalysts nor poly
(methylphenylsilane)-supported palladium/alumina catalyst worked at all.

3.3 Reductive Amination Through Hydrogenation Using
Metal Nanoparticle Catalysts Under Continuous-Flow
Conditions

C-N bond-formation reactions are among the most important transformations for the
synthesis of APIs and other biologically important compounds. Substitution reac-
tions with alkyl halides are a common approach for this purpose; however, in
addition to overreaction issues, this reaction is not suitable from a green organic
synthesis point of view because of the massive amount of inorganic salts that are
generated as waste (Scheme 11a). On the other hand, reductive amination of
carbonyl compounds using H, is a promising approach because only water is
generated (Scheme 11b). This approach is not only recommended from a green
organic synthesis point of view but also offers the potential of application to
sequential continuous-flow systems because water is readily removed by phase
separation during flow. However, problems often arise due to reversibility, com-
pound/functional group incompatibility, and overreduction. In particular, the reduc-
tion of aryl imines often gives secondary amines that are contaminated with the
corresponding primary amine, derived from overreduction and debenzylation of the
desired product. In 2005, Ley and co-workers realized continuous-flow hydrogena-
tion of imines to the corresponding amines using a commercially available H-Cube®™
flow hydrogenator (Scheme 12) [18]. H-Cube® mixes hydrogen gas with a flowing
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substrate stream in a T-piece mixer that contains a titanium frit to ensure efficient gas
dispersion (Fig. 14). The hydrogen is generated internally on demand by the
electrolysis of water and the gas—liquid mixture is pumped through a suitable
catalyst contained in an interchangeable metal cartridge. An integral Peltier heater
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HO HO

10% Pd/C, THF

MeODAN 25 °C, H,, (20 bar) L Meog”
MeO MeO

0.05 M, 1 mL/min

>95% purity, 1.0 g for 70 min
Scheme 13 Continuous-flow reductive amination using H-Cube®

enables the cartridge to be heated to 100°C, and a responsive back-pressure regulator
allows flow hydrogenation to be performed up to 100 bar. Reductive amination
reaction was systematically optimized using varying solvents, concentration, flow
rate, pressure, and temperature. As a result of optimization, the authors found that
1.0 g of analytically pure secondary amine could be obtained under the conditions
10% Pd/C packed in 30 mm x 4 mm cartridge, 0.05 M THF solution, 25°C, 20 bar
H,, and 10 mL/min flow rate for 70 min (Scheme 13).

For the synthesis of secondary amines through reductive amination, isolated
imines can be available. However, isolation of some aliphatic imines and iminium
intermediates for the preparation of tertiary amines is sometimes difficult. Direct
reductive amination, in which imine or iminium intermediates generated in situ from
carbonyl compounds and amines, is more efficient and ideal, although problems of
side-reactions, such as reduction of carbonyl compounds, are expected. In 2018,
Kobayashi and co-workers found that platinum nanoparticles on carbon (Pt/C) had
high activity, selectivity, and durability for direct reductive amination under
continuous-flow conditions [19]. Secondary amine 13 and benzaldehyde 14 in
toluene solution (0.1 M) were pumped at the same flow rate and mixed using a
Y-shaped mixer. A stream of 15 mL/min of hydrogen regulated by a mass-flow
controller was connected to the system through a T-shaped mixer fixed at an inlet of
a flow reactor (SUS column, 4.8 mm diameter X 100 mm length) (Scheme 14). The
bed reactor was packed with 0.05 mmol of a catalyst premixed with 0.4 g of
activated carbon as a diluting agent and heated at 80°C with an aluminum heating
block. Benzylated amine 15, which is an intermediate of donepezil, could be
synthesized continuously in quantitative yield over 20 h, and the Pt/C catalyst
exhibited a TOF of 24 h™"', and the system had a high space-time yield of 3.9 kg/
L/day. In addition, the stereoselective direct reductive amination of a carbonyl
compound with hydrogen gas, which had been reported only in a batch method,
was achieved under continuous-flow conditions. Flowing the chiral amine 17 with a
ketone 16 at 60°C promoted a quantitative yield of the corresponding chiral amine
18 in an 85% diastereomeric ratio in favor of the anti-conformation. Telescoping this
transformation with a stereoretentive chiral auxiliary removal catalyzed by Pd/C in
the same column reactor afforded chiral amine 19, which is the direct precursor of
two commercialized drugs: arformoterol and tamsulosin (Scheme 14).
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Scheme 14 Continuous-flow reductive amination for the synthesis of APIs

3.4 Hydrogenation of Arenes and Heteroarenes Using Metal
Nanoparticle Catalysts Under Continuous-Flow
Conditions

Hydrogenation of arenes and heteroarenes is an important reaction in a variety of
fields of organic synthesis, including drug and natural product synthesis, and
petroleum chemistry, as well as for the transition to a hydrogen-based society. In
addition, selective hydrogenation of arene and heteroarene moieties in more com-
plex compounds bearing various functionalities is a challenge that must be overcome
for the synthesis of biologically active compounds such as APIs.

The selective and efficient partial and full hydrogenation of pyridine derivatives
to provide valuable intermediates of APIs is particularly interesting (Scheme 15).
Hydrogenation of 3-nicotinate is one of the most challenging tasks. The partial
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Scheme 16 Continuous-flow hydrogenation of 3-nicotinate

hydrogenation product of 3-nicotinate is the vinylogous carbamate, which is stabi-
lized by conjugation of the lone pair of electrons on the nitrogen atom with the C=C
bond and carbonyl group. This conjugation allows the hydrogenation to be stopped
at this stage. In 2009, Kappe and co-workers developed continuous-flow hydroge-
nation of 3-nicotinate using the commercially available H-Cube® Flow
Hydrogenator [20]. Using ethanol as the solvent and a Pd/C catalyst, the partially
hydrogenated product was selectively formed at room temperature with 30 bar of H,
(Scheme 16). To achieve full hydrogenation of partially hydrogenated vinylogous
carbamate, harsh conditions using Pt/C instead of Pd/C were required: acetic acid as
solvent, 100 bar of H,, 100°C (Scheme 16).

In 2014, Ley and co-workers improved the productivity of this process using the
commercially available HEL FlowCAT reactor [21]. This reactor is a compact,
benchtop unit that is run under fixed-bed, trickle-flow conditions. This reactor is
more suitable for scale-up and process intensification studies than the H-Cube
reactor because the capacity of the trickle bed reactor is larger: reactor column
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1 (RC1), 6 mm i.d., 3 mL internal volume, charge of 4 g of catalyst; reactor column
2 (RC2), 12 mL internal volume, charge of 13 g of catalyst (Fig. 15). The hydroge-
nation of 3-ethylnicotinate was conducted using a HEL FlowCAT reactor with 13 g
of Pd/Al,05 packed in RC2 under the reaction conditions: 1.0 M EtOAc, 7 mL/min
flow rate of substrate solution at 160°C, 0.6 L/min of 100 bar H,. Analytically pure
fully hydrogenated product was obtained with a throughput of 1,524 g/day for 3.75 h
(Scheme 17). When Rh/Al,O3; was used instead of Pd/Al,Os, a throughput of
1959 g/day was realized with less catalyst; 4 g of Rh/Al,O3 in RC1 (Scheme 18).
In 2018, Kobayashi and co-workers developed a poly(dimethyl)silane-supported
Rh-Pt/alumina bimetallic nanoparticle catalyst [Rh—Pt/(DMPSi-Al,05)] for arene
hydrogenation reaction [22]. The catalyst could be used in both batch and
continuous-flow systems with high performance under mild conditions, 50-70°C,
neat, and atmospheric (1 atm) H,, and showed wide substrate generality to demon-
strate its high tolerance for various functionalities. In addition, the high durability of

i -

1. Liquid/gas mixing zone 5. Mass-flow controller
2. Heating jacket 6. Presure-release valve
3. Trickle bed 7. Collection vessel

4. Liquid/gas separator 8. H, Venting

Fig. 15 HEL FlowCAT reactor
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(1.0 M AcOEY) 5% Pd/Al,O3 (13 g) N

throughput 1524 g/da 160 °C, 0.6 L/min H, (100 bar
ghp glday 2 ) 454molin3.75h (242 g)

Scheme 17 Continuous-flow hydrogenation of 3-nicotinate using the RC2 column
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Scheme 18 Continuous-flow hydrogenation of 3-nicotinate using the RC1 column
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Fig. 16 Continuous-flow hydrogenation of arene using Rh—Pt bimetallic nanoparticle immobilized
on a composite support of poly(dimethyl)silane and alumina

the catalyst under continuous-flow conditions over 50 days was demonstrated
(Fig. 16). Substrate and hydrogen, as liquid and gas substrates, respectively, were
simultaneously passed through a column containing Rh—Pt/(DMPSi-Al,O3) without
a back-pressure controller at the outlet. The inlet of the column was constructed as a
double-layered structure with a metallic mesh through which both the liquid and gas
components pass and intermix well before entering the catalyst-packed region.
When the liquid substrate was delivered with a flow rate of 0.05 mL/min together
with 63 mL/min hydrogen (corresponding to 1.86 equiv. of the amount theoretically
required for quantitative conversion) through Rh-Pt/(DMPSi-Al,O3) (666 mg),
packed in a stainless steel column maintained at 70°C, using an aluminum heating
block, the substrate, toluene, was fully converted, and analytically pure
methylcyclohexane was obtained quantitatively. The conversion ratio of the flow
reaction, which was analyzed at regular intervals, was maintained quantitatively
throughout a run of >50 days; a total TON of 347,149 (9,981,553 reacted H,/active
site) was achieved (Fig. 16). Kinetic studies both in batch and flow systems revealed
that the reaction followed zero-order kinetics with respect to the substrate. Catalytic
TOFs for four types of substrates were compared in batch systems and continuous-
flow systems (Table 2). TOFs of flow systems were much greater than those of batch
systems for all substrates, and a limited amount of hydrogen was used in the flow
system. For N-methylaniline and pyrrole, TOFs were 27 times greater in flow than in
batch systems. Enhanced catalytic activity in flow systems can be explained by the
difference in the pathway of hydrogen access to the surface of the nanoparticles from
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Table 2 Rate acceleration of arene hydrogenation under continuous-flow conditions compared

with a batch system

Conditions (for both batch and flow): 50 °C, neat, H; (1 atm)

Substrate Product TOF (Batch) TOF (Flow) TOF (Flow)/TOF (Batch)
©/ O/ 604 h! 3390 h 5.6
q C( 90 h' 681 h' 7.6

) L) 41 h 1118 h 27
N N
H H
NHMe NHMe
©’ O’ 43 1507 h 25

the gas phase (steps A and B vs C in Fig. 17). In the batch system, a catalyst exists
with a liquid substrate, and only dissolved hydrogen in the solution has access to the
surface of the nanoparticles (steps A and B). On the other hand, in the flow system,
hydrogen gas and liquid substrate are directly introduced to the column packed with
solid catalyst, and hydrogen can access the surface of the nanoparticles from the
gas-phase hydrogen directly (step C). In the cases of N-methylaniline and pyrrole,
stronger adsorption of substrates and products to the surface of the catalyst is
expected than with the case of toluene because of the influence of the heteroatom.
The efficiency of hydrogen adsorption that is competing with substrate/product
adsorption has a greater impact on the reaction rate, and a much higher catalytic
enhancement in the flow system is observed. The catalyst worked for the full

in batch system

rate-limiting step of catalyst

loading: 0.1-0.3 mol%

rate-limiting step of catalyst
loading: <0.0125 mol%

v = a (constant

. Step B
H, (solution) ————

1
v = o [cat.] .

H, (on catalyst)

in flow system

Step C :

hydrogenation

Fig. 17 Mechanism of reaction acceleration under continuous-flow conditions
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Scheme 19 Hydrogenation of 3-nicotinate using Rh—Pt bimetallic nanoparticle immobilized on a
composite support of poly(dimethyl)silane and alumina

hydrogenation of 3-ethyl nicotinate at 100°C with 10 atm H, under both batch
systems and flow systems. In this case, continuous-flow conditions showed superior
performance (almost quantitative conversion) to the batch system (79% conversion)
(Scheme 19).

3.5 Aerobic Oxidation of Alcohols Under Continuous-Flow
Conditions Using Metal Nanoparticle Catalysts

Selective oxidation of alcohols is one of the most important transformations in
organic synthesis. This is because the resulting carbonyl compounds possess higher
energy and reactivity, allowing many types of carbon—carbon and other bond-
forming reactions. Aerobic oxidation of alcohol using heterogeneous catalysts is
one of the most ideal processes. However, because aerobic oxidation of alcohols
catalyzed by metal nanoparticle catalysts under mild conditions is a slower process
than hydrogenation reactions, it is challenging to complete oxidation reactions
within the limited space of a column packed with the catalyst under continuous-
flow conditions. In 2010, Hii and co-workers developed aerobic oxidation of
alcohols to aldehydes or ketones using a commercially available X-Cube flow
reactor with a catalyst cartridge packed with Ru/Al,O3 catalyst [23]. Reactions
were conducted in continuous recirculating mode rather than continuous-flow con-
ditions because the single-pass reactions are not enough to complete the oxidation in
most cases (Fig. 18). In 2010, Kobayashi and co-workers developed Au—Pt and Au—
Pd bimetallic nanoparticle catalysts stabilized by the composite support of cross-
linking polymer and spherical carbon black (PI-CB/Au-Pt and PI-CB/Au-Pd) for
aerobic oxidation of alcohols to aldehydes/ketones and methyl esters, respectively,
based on the polymer incarceration technique [24]. In 2012, the same group applied
these catalysts to continuous-flow systems [25]. In these reactions, both organic
phase (substrate in organic solvents) and aqueous phase (water or aqueous base
solution) are used for high catalytic turnover, and gas-liquid—solid multiphase
reaction conditions are required for the continuous-flow reactors. The catalysts
were packed with a certain amount of Celite in the glass column to prevent
obstruction of the column by swelling of the catalysts (Fig. 19). The reaction
temperature was controlled with an aluminum heating block, molecular oxygen
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Fig. 18 Continuous-flow

aerobic oxidation system ) < N:‘ 0, or air (pressured)
1
?
@(— alcohol 8
A
e product
stream

1. pressure valve 5. bubble detector
2.gas check valve 6. catalyst cartridge(s)
3. gas mixer 7. pressure sensor

4. pump 8. pressure valve

(1 atm) was regulated with a mass-flow controller, and the organic and aqueous
phases were regulated using conventional HPLC pumps and introduced simulta-
neously. The column had a head with three inlets. All the components were passed
through the downflow column only once. Under trifluorotoluene/water biphasic
conditions using PI-CB/Au-Pt as catalyst, 3-phenyl-1-propanol was selectively
oxidized to the corresponding aldehyde constantly over a long period (81% yield
for 4 days) (Fig. 19). On the other hand, under methanol/aqueous potassium
carbonate solvent conditions, direct methyl ester formation proceeded using

mass-flow controller

1 atm
I PI-CB Catalysts
HPLC - g with Celite
® ®
temperature
controller
0 [ |
]

organic aqueous l 1

hase hase
e e aluminum

heating block

Fig. 19 Continuous-flow aerobic oxidation system using polymer-incarcerated metal nanoparticle
catalysts
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columun: PI-CB/Pt-Au (100 mg), 60 °C

) org. phase: 0.21 mL/h
0.108 M in ag. phase: pure water, 0.21 mL/h 81-82% yield over 216 h
benzotrifluoride  0,: 60 mL/h
columun: PI-CB/Pd-Au (100 mg), 60 °C o
CgHq7~ - . ’ -
817 OH _ C7H15AOMG
) org. phase: 0.42 mL/h
0.108 Miin ag. phase: 0.324 M K,COg, 0.14 mL/h 87-89% vyield over 246 h
methanol O,: 120 mL/h

Scheme 20 Aerobic oxidation of alcohols under continuous-flow conditions

1-octanol as the substrate to afford the corresponding ester constantly for a long
period (89% for 11 days) (Scheme 20).

In 2017, Root, Stahl, and co-workers found that PdBi,Te,/C multicomponent
heterogeneous catalysts showed high activity and selectivity for direct aerobic
oxidative methyl esterification with alcohols [26]. The identification of possible
catalysts for oxidative methyl ester formation was initiated by the screening of
simple binary and ternary admixtures of Pd/C in combination with one or two
metal and/or metalloid components as catalysts. The authors established the opti-
mized catalyst components by examining over 400 admixture combinations rapidly
using this method. Two very effective catalysts, PdBij47Tep0o/C (PBT-1) and
PdBij 35Tep23/C (PBT-2), were found, and they were applied to the continuous-
flow process by incorporating the catalyst into a packed-bed reactor (Fig. 20). A
solution of the primary alcohol was mixed with a diluted O,/N, gas stream at a
T-junction, and the gas-liquid mixture was fed into a packed-bed reactor. The
catalytic activities were evaluated by weight hourly space velocity (WHSV) for
the long-term assessment of oxidation of benzyl alcohol to the corresponding methyl
ester (Fig. 21). The activity of PBT-1 steadily decreased over 33 h under continuous-

Fig. 20 Reactor for [
continuous-flow aerobic v 4
oxidation ] L —\ A
2
i
9% 0,in N,
D.q_) N
¥ >
1. liquid feed liquid

2. packed-bed reactor product
3. vapor-liquid separator
4. vapor outlet
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PBT-1 (WHSV = 760 /h)

or (0]
PBT-2 (WHSV = 700 /h)
0.5M 25 mol% K,COg, MeOH  PBT-1: 50-78% yield for 35 h
60 °C, O, (0.54 bar) PBT-2: 85-92% vield for 43 h

8:1 mol O, : mol substrate

Fig. 21 Comparison of PBT-1 and PBT-2 under continuous-flow aerobic oxidation system

flow conditions. In contrast, the PBT-2 catalyst showed excellent long-term stability
over 43 h at a WHSV of 700 h™'. Analysis of the reaction rate at different
temperatures (50-80°C) under continuous-flow conditions provided the basis for
Arrhenius analysis of PBT-2-catalyzed oxidation of benzyl alcohol, which revealed
that the reaction exhibits an activation energy of 79 kJ/mol and pre-exponential
factor of 1.1 x 10'? 5! (Fig. 22). These values correspond to a TOF of 1,600 h™" at
a reaction temperature of 60°C.

OH OMe
PBT-2 (4.6 mg)

05M 25 mol% KQCOS, MeOH
T°C, O, (0.54 bar)
8:1 mol O : mol substrate
WHSV = 3500 /h

In(K)(/h)

1000/T (/K)

Fig. 22 Arrhenius analysis of continuous-flow aerobic oxidation
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3.6 Control of Selectivity in Heterogeneous Gold Catalysis
Under Flow Conditions

In 2012, Toste, Somorjai, and co-workers developed heterogeneous Au nanoparticle
catalysts in which highly active species were generated by the reversible oxidation of
metal nanoparticles to ions, which were stabilized by both the encapsulating
dendrimer and the mesoporous silica support [27]. Au nanoparticles
(2.0 &£ 0.3 nm) were encapsulated in a fourth-generation (G4) polyamidoamine
(PAMAM) dendrimer and loaded on SBA-15 (Au-G40OH/SBA-15), a mesoporous
SiO, support with a surface area of 790 m?/g (Fig. 23). The catalytic activity of
Au-G40H/SBA-15 was tested for cyclopropanation reactions using propargyl
pivalate 20 and styrene as reactants for the formation of cis- and frans-diastereomers
of cyclopropane 21. After the addition of PhICI, to the reaction mixture, which
generates catalytically active species via oxidation, high catalytic reactivity of the
catalyst was achieved with more than 99% conversion in toluene within 12 h at room
temperature. The formation of undesired 3-methyl-2-butenal was minimized, and

n%
(3) Laadingl

|

N

N’r HN\LN’\)OLN/\/OH
53 v =

NH

oH OH
([ —
4th generation PAMAM dendrimer G4OH N A I,/"_'"“‘
k\-‘.,___;/’ l—
\
SBA-15 —

Fig. 23 Au nanoparticles immobilized on SBA-15 with dendrimer as a stabilizer
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Table 3 Activity of Au catalysts in cyclopropanation reactions

OPiv catalyst
/(Me /\© Ph|C|2 toluene VO P|voj\ Ph Ve O
Me +
z Me Me H

20 cis-21 trans-21 22
Selectivity (cis/ Au in
Conversion | trans-21:aldehyde| Diastereoselectivity (cis- | solution
Entry| Catalyst (%) 22) (%/%) 21:trans-21) (ppm)
1 2.0+ 0.3 nm >99 95:5 17:1 0.1
Au-G40OH/SBA-15
AuCl; >99 95:5 3.5:1 80
3 22 £+ 0.4 nm >99 93:7 6:1 0.1
Au-PAG4/SBA-15
4 2.1 £0.3 nm >99 80:20 4:1 15
Au@OA/SBA-15
5 AuCl; @G4/SBA-15 5 93:7 17:1 0.8
2.0 £ 0.3 nm 58 100:0 18:1 NA
Au-G40OH/SBA-15
(flow)
7 2.1 +£0.3 nm >99 87:13 3.5:1 NA
Au@OA/SBA-15
(flow)

high cis-diastereoselectivity was observed under the conditions (Table 3, entry 1).
XPS measurements indicated that, with the addition of PhICl,, Au nanoparticles
were oxidized to Au(IIl) species that interacted with chloride ions. No leaching of
Au ions to the solution phase was detected by inductively coupled plasma-mass
spectrometry measurements (<0.1 ppm). In a comparison between homogeneous
and heterogeneous systems, the diastereomeric cis/trans ratio of the heterogeneous
system (Au-G4OH/SBA-15) was increased by fivefold from that of the homoge-
neous system (AuCl;) (entries 1 vs 3). In the heterogeneous system, the support
would produce enhanced steric effects around the Au centers, which results in the
observed improvement in diastereoselectivity.

To take full advantage of the heterogeneous nature and high catalytic activity and
selectivity of the dendrimer-encapsulated Au nanoparticles, the catalyst was tested in
a flow reactor. The high yield and diastereoselectivity of the Au-G4OH/SBA-15
catalyst were maintained when the catalytic reaction was transferred from the batch
to the flow mode. Using Au-G4OH/SBA-15 as the catalyst in a fixed-bed plug-flow
reactor, in a given injection the maximum yield of cyclopropane 21 was 58% with a
cis/trans ratio of 18:1 (entry 6). The catalyst was deactivated after 6 h through the
reduction of the oxidized Au nanoparticles back to their metallic state; however, the
active catalyst could be regenerated by a flow of PhICl, (Fig. 24). Using the
regenerated catalyst, the conversion was increased to 90%, and the catalyst stayed
active for 9 h. The percentage of highly oxidized metal ions increased considerably
with reoxidation of the dendrimer-encapsulated metal nanoparticles, which
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Fig. 24 Catalytic activity of 1004
Au-G40OH/SBA-15 during fe)
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produced the observed increase in reactivity. The enhancement in the catalytic yield
and activity after reoxidation of the catalyst proves the reversibility of the active
oxidation state of the metal without any leaching of Au ions to the solution phase. In
addition, the high diastereoselectivity in the batch mode can be maintained in the
flow system, which further highlights the truly heterogeneous nature of the
dendrimer-encapsulated Au nanoparticles.

The highly stereoselective Au-G4OH/SBA-15 catalyst was employed for the
sequential cyclopropanation rearrangement of propargyl pivalate 21 and enyne
23 (Table 4). In this reaction, the primary product, cis-cyclopropane 24, is reported

Table 4 Activity of Au catalysts in cyclopropanation reactions under continuous-flow conditions

OPiv Ph Au catalyst Me Me
Me I toluene P OPiv /A ., OPiv 25
—_— + “
/ Me * P e /‘[ ' Me
Me Me Me Me Me O.
20 23 cis-24 trans-24 Me
26 Me
Total Secondary
conversion Cyclopropane 24 (%) | products (%)
Entry | Catalyst (%) (cis-24:trans-24) (25:26)
1 AuCl; 50 40 (3:1) 10 (3:2)
2 2.0 £ 0.3 nm Au-G40H | 40 38 (12:1) 2(1:1)
(batch)
3 2.0 £ 0.3 nm Au-G40OH |20 18 (100:0) 2 (100:0)
(flow) (5 mL/h)
4 2.0 £ 0.3 nm Au-G4OH |72 0 72 (100:0)
(flow) (0.1 mL/h)
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Fig. 25 Effect of residence time on selectivity and conversion

to rearrange catalytically into two secondary products, styrene 25 and fluorene 26.
When using a homogeneous AuClj catalyst at room temperature, a 40% yield of
cyclopropane 24 was obtained, with a cis/trans ratio of 3:1, accompanied by a 10%
yield of products 25 and 26 (in a 3:2 ratio) formed by the rearrangement of the
product cis-24. Switching to the heterogeneous Au-G4OH/SBA-15 catalyst in the
batch mode led to a better selectivity, with a cis/trans ratio of 12:1 for 24 and only a
small amount of the rearrangement products 25 and 26 (1% each). The same catalyst
was employed in the flow system. An interesting correlation of product distribution
with the reactant’s residence time was observed. With a flow rate of 5 mL/h, 18%
yield of cis-cyclopropane 24 was measured (cis/trans ratio of 100:0), along with 2%
of secondary products. By reducing the flow rate to 0.1 mL/h and thereby increasing
the residence time, the conversion was increased by more than threefold to 72%, and
an exclusive selectivity for the rearrangement product 25 was obtained. By system-
atically changing the residence time of the reactants, a linear increase in the reactivity
coupled with a linear enhancement in the selectivity toward the rearrangement
product 25 was observed (Fig. 25). In this reaction, the reaction residence time
thus played an important role in achieving better selectivity and reactivity with the
heterogeneous catalyst.

4 Summary

By taking advantage of the high catalytic activity and high TOF of heterogeneous
metal nanoparticle catalysts, continuous-flow systems, in which the introduced
reactants are converted into the desired product in high yield, can be realized. For
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example, in gas-liquid—solid multiphase reactions, continuous-flow systems
employing microchannel and fixed-bed reactors provide high specific interfacial
surface area to afford efficient reaction environments. These continuous-flow reac-
tors possess high compatibility with sequential continuous-flow systems, which
enables multistep flow synthesis of biologically active compounds such as APIs
and natural products. In addition, these continuous-flow systems are easily scaled up
by increasing either the size of the column or the number of reactors. Moreover,
continuous-flow systems can be used to realize unique chemoselectivities that
cannot be achieved in batch reactors, by controlling the residence time of reactants
in the catalyst column.
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Abstract This chapter will review the currently available strategies for interfacing
transition metal nanoparticles with enzymes and other more complex biological
systems, as well as the applications of such biometal hybrids in the areas of catalysis,
energy production, environmental remediation, and medicine. In the first part of this
chapter, the focus will be on the many nanometal-enzyme hybrids that have been
developed for applications in organic synthesis. Within the field of organic chemis-
try, nanometal-enzyme hybrids are often used as bifunctional catalysts to mediate
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different multistep transformations, as for example the dynamic kinetic resolution of
alcohols and amines. The second part of this chapter will offer an overview of
nanometal-enzyme hybrids that are used as bioelectrodes in biofuel cells. This area
of research has grown significantly during the past decades, much because of the
many potential future applications of such devices for medical purposes. Here,
nanometal-enzyme hybrid based biofuel cells hold particular promise for biosensing
applications, as well as for replacing battery-based solutions in actuator devices such
as mechanical valves and pacemakers. In the final part of this chapter, the different
strategies to use bacteria to synthesize metal nanoparticles will be reviewed. As will
be shown by the many examples in this part, biologically synthesized and supported
transition metal nanoparticles constitute interesting catalytic systems that could for
example be used for energy production, pollutant degradation, and small molecule
synthesis.

Keywords catalysis - nanoparticles - nanometal-enzyme hybrids - biofuel cells -
biosynthesis

1 Introduction

With the rapid progress of the nanotechnology field in the past decades, there has
been an explosion in the number of available methods for interfacing nanomaterials
with biocatalysts or other more complex biological systems. When it comes to the
interfacing of nanocatalysts with enzymes, it has been shown to be a very powerful
strategy for creating efficient hybrid catalytic systems, which display functions that
are more than the sum of their parts [1-3]. Nanoparticles (NPs) or other nanometal
species have, for example, been used to modify the functions of enzymes or stabilize
their structures, which have opened the door to new and more efficient biocatalytic
processes. Conversely, enzymes can be utilized to tailor the structure and catalytic
properties of nanometal species. For instance, enzymes can provide a coordinative
environment that stabilizes nanocatalysts, preventing them from agglomerating.
Because of this intriguing synergy between nanometal species and enzymes, such
hybrid systems have found a wide range of applications related to biosensing,
catalysis, energy production, environmental monitoring, and medicine [2]. However,
researchers in these fields have continued to push the boundaries for the creation
of advanced hybrid systems, and today there also exists a number of examples where
nanomaterials have even been interfaced with complex biological systems such
as living bacteria [4].

The aim of this chapter is to review some selected research topics at the
intersection of nanotechnology and biology. The first part of this chapter will give
an overview of those nanometal-enzyme hybrids that have been used as catalysts
for different organic transformations, and here our intention is to showcase the
current state of the art of the field and outline future research directions. The second
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part of this chapter will be devoted to bioelectrodes based on the combination
of nanometal species and enzymes, which are devices that are expected to have
many future applications within the field of medicine. These bioelectrodes could,
for example, be integrated into biofuel cells that are supposed to power different
medical implants or biosensors [5, 6]. The final part of this chapter will be dedicated
to bacteria that are able to reduce metal salts into metal NPs, and here we will give
examples on how these bacteria can be exploited for the design of biometallic
whole cell systems. The research in such “living bioinorganic hybrids” constitutes
a very exciting frontier in catalysis, and as we will show in this part, they could very
well be harnessed for applications in the fields of organic synthesis, environmental
remediation, and energy research [7].

2 Nano Meets Bio in Organic Synthesis

Nature has always been a major source of inspiration and fascination to chemists.
Despite the impressive progress that has been made within the field of organic
chemistry during the past century, we are still in many regards far behind Nature.
For example, when it comes to the practice of executing synthetic sequences, we
still have a lot to learn from the natural systems. In contrast to our synthetic
sequences that are often done in a stepwise fashion, and which require isolation
and purification of each chemical intermediate, Nature makes use of well-organized
multienzymatic systems in which each chemical step is coupled to the next, to
enable more efficient and selective cascade processes [8]. Furthermore, many of
the enzymes involved in these intricate cascades are equipped with metal-containing
cofactors that help them to carry out chemical transformations that are not possible
to achieve with the chemistry of the amino acids. Thus, these so-called
metalloenzymes are often used by biological systems in highly challenging chemical
processes, such as photosynthesis, respiration, and nitrogen fixation [9-11].

With the ambition to construct reaction sequences that are as well-orchestrated
as those seen in Nature, chemists have explored many different strategies for
combining different kinds of catalytic processes, in order to create more efficient
cascade reactions. One approach that has proven to be particularly fruitful has
been the combination of transition metal catalysis and enzyme catalysis [12].
Here, the rapidly developing nanotechnology field has been one the most important
driving forces, as it has continuously provided chemists with new and intriguing
ways of bringing metal nanocatalysts and enzymes together. Especially interesting
are those approaches that allow for the conservation of the catalytic functions of
both entities. This is in many cases not possible to achieve with the conventional
“artificial metalloenzyme” design approach [3, 13], where insertion of a catalytically
active metal center into the active site of the enzyme often abolishes the native
catalytic function of the latter.

In this part, different strategies for bringing metal NPs and enzymes together
for applications in organic synthesis will be highlighted. These examples generally
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fall within two main categories, which is either the so-called co-immobilization
approach where the nanocatalyst and the enzyme are attached next to one another
on a support material or the more challenging bioconjugation approach where
the two catalytic species are directly merged together. The overall goal of this
part is not only to review the applications of such hybrid systems but also to shine
light on their respective advantages and shortcomings. By doing so, we aim to
outline future research directions that would be helpful for the development of
even more efficient and intricate coupled catalytic systems for organic chemistry
applications.

2.1 Dynamic Kinetic Resolution: A Major Driver
Jor the Development of Nanometal-Enzyme Hybrids

In organic synthesis, the transformation that has perhaps benefitted the most
from coupled catalytic systems involving both transition metals and enzymes is
the dynamic kinetic resolution (DKR) of alcohols and amines [14, 15]. In these
so-called chemoenzymatic DKR processes, enzymatic resolution that occurs via a
transacylation reaction is coupled to transition metal-catalyzed racemization, to
allow for complete conversion of a racemic starting material into an enantiomerically
pure product (Scheme 1). With this approach, one elegantly overcomes the major
limitation of a classical kinetic resolution (KR), where the maximum yield of the
enantiomerically pure product never can exceed 50%, as one of the substrate
enantiomers will ideally remain unreacted.

The first efficient procedure for DKR of alcohols involved the use of a
heterogeneously immobilized lipase together with a homogeneous ruthenium
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Scheme 1 General depiction of a (R)-selective chemoenzymatic DKR of secondary alcohols and
primary amines (Verho et al. [14]. Reprinted with permission of American Chemical Society)
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cyclopentadienyl complex [16]. In a related study about the same time, Rhy(OAc),
had been used as racemization catalyst leading to a less efficient DKR [17]
[For a DKR of allylic acetates using a lipase and PdCl,(MeCN),, see 18]. Following
these early studies, a great portion of the recent research in alcohol and amine
DKR has focused on catalytic systems that combine heterogeneously immobilized
hydrolases with homogeneous Ru cyclopentadienyl complexes, because of their
high efficiency and broad substrate scope [14, 19-22]. However, with the recent
increasing interest in more green and efficient catalytic processes, there has
been a push to develop fully heterogeneous DKR systems that are easier to
separate and recycle. Thus, significant efforts have lately been dedicated toward
the development of more efficient heterogeneous racemization catalysts [14, 23].

Of the heterogeneous racemization catalysts developed so far, those based on
Pd NPs that operate through a transfer hydrogenation mechanism have been the
most successful, both in terms of efficiency and substrate scope. Following
the seminal discovery by the Reetz group already in 1996 [24], that commercial
Pd/C could be used as a racemization catalyst in a DKR, a number of research
groups started to evaluate and develop different kinds of nanopalladium-based
racemization catalysts. This work has yielded a wide range of Pd-based racemization
catalysts for amine DKR, in which the Pd NPs have been immobilized on different
support materials, such as alkaline earth salts [25, 26], aluminum oxyhydroxide [27-
29], sulfate-anion modified layered double hydroxide [30], and mesoporous silicas
[31-34].

Following the success of these fully heterogeneous DKR systems with separately
immobilized Pd NPs and enzymes, researchers soon became interested in studying if
it was possible to further improve the performance of such DKR systems by bringing
the two catalytic components closer together into so-called nanometal-enzyme
hybrids. The groups of Filice and Palomo were the first to create such a
nanometal-enzyme hybrid for DKR purposes, and they did so by simply mixing
Candida antarctica lipase B (CalB) with Pd(OAc), in an aqueous media [35].
Here, the enzyme worked as the reducing agent for the Pd(Il) ions, which mainly
produced small Pd NPs with an average diameter of 1.3 nm. Once formed, these
Pd NPs got entrapped within the enzyme structure, generating a heterogeneous
nanometal-enzyme hybrid composite that could be separated by centrifugation.
This Pd/CalB hybrid allowed for a quite effective DKR of 1-phenylethylamine
with 6 equiv. ethyl acetate as the acyl donor, resulting in 98% yield and >99%
ee of the corresponding (R)-amide within 4 h. Although this DKR was carried out
at a very small scale and under dilute conditions, it constituted the first proof of
concept that a single bifunctional hybrid catalyst could be used to mediate
both reactions of a DKR. Apart from showing the DKR application of this Pd/CalB
hybrid, the authors also demonstrated that it could be used as a catalyst for cross-
coupling reactions and an ester hydrolysis/nitro reduction cascade of 4-nitrophenyl
butyrate as well.

A more practical Pd/CalB hybrid was subsequently reported by the group
of Bickvall, where the Pd NPs and the enzyme were co-immobilized on
the same support material [36]. The Béckvall group had previously developed
a heterogeneous catalyst based on Pd NPs immobilized on aminopropyl-
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Scheme 2 DKR of 1-phenylethylamine by a bifunctional Pd/CalB hybrid catalyst developed by
the Béckvall group

functionalized siliceous mesocellular foam (Pd(0)-AmP-MCF) and shown that
it could be used to efficiently racemize amines under a H, atmosphere [34].
Apart from being able to racemize amines, this versatile Pd(0) nanocatalyst has
also been used for a number of other transformations, as, for example, oxidations
[37, 38], reductions [39—41], oxidative cyclizations [42, 43], and cross-couplings
[41, 44]. The authors had noted that not all of the aminopropyl groups
on the support surface of this Pd(0)-AmP-MCF nanocatalyst was involved in
the coordination of the Pd NPs, and thus they hypothesized that these free
aminopropyl groups could be exploited for co-immobilization of CalB. The
anchoring of the enzyme to the Pd(0)-AmP-MCF nanocatalyst was achieved by
first reacting the free aminopropyl groups with a dialdehyde linker (glutaraldehyde)
and then covalently attaching the enzyme to the free aldehyde group of the linker
via a Schiff-base forming reaction.

This Pd/CalB hybrid allowed for an efficient DKR of 1-phenylethylamine with
2 equiv. ethyl methoxy acetate as the acyl donor at 70°C under 1 atm H,, giving the
corresponding (R)-amide product in 99% yield and 99% ee after 20 h (Scheme 2).
Interestingly, when compared to the corresponding separate components systems,
i.e., Pd NPs and CalB, separately immobilized on the MCF to give Pd-Amp-MCF
and CALB-AmP-MCF (which was mixed), the Pd-CALB hybrid catalyst displayed
superior efficiency for this DKR reaction. The hybrid catalyst could be recycled;
however, already at the third recycling, the enzyme component was found to be
deactivated, which led to a much slower reaction.
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To develop a hybrid catalyst with improved recyclability, the Béckvall group
later explored an alternative way of interfacing CalB with Pd NPs, which omitted
the need of a support material [45, 46]. In this synthetic approach, CalB was
first converted into a cross-linked enzyme aggregate (CLEA) [For a review of
cross-linked enzyme aggregates, please see 47] by the use of glutaraldehyde and
Na(CN)BH;. Then, the formed CLEA was treated with Pd(OAc), followed by
Na(CN)BH; to allow for the generation of Pd NPs within the enzyme matrix
(Scheme 3a). Characterization by transmission electron microscopy (TEM) revealed
that Pd NPs in the size range 2—4 nm were well-dispersed within the heterogeneous
enzyme composite, and from elemental analysis, the authors could show that the Pd
loading was quite high (4.7 wt%).

This Pd/CalB-CLEA hybrid was successfully used for the DKR of seven different
benzylic amines, where it produced the corresponding (R)-amides in 71-92% yield
and 86-98% ee (Scheme 3b) [45]. These DKR reactions were performed at 90°C for
16-24 h under a H, atmosphere, with 2 equiv. ethyl methoxy acetate as the acyl
donor. Gratifyingly, this support-less Pd/CalB-CLEA displayed considerably better
reusability than their previous hybrid [36], as shown by a recycling study in which it
could be reused five times for the DKR of 1-phenylethylamine with only a minor
decrease in performance over each cycle.

Apart from the DKR of amines, this bifunctional Pd/CalB-CLEA hybrid has also
been used to synthesize (R)-1-phenylethyl 4-oxopentaoate derivatives via one-pot
cascades (Scheme 3c) [46]. In these cascades, the Pd NPs first catalyzed the
cycloisomerization of 4-pentynoic acid into a lactone, which served as an in situ
generated acyl donor for the CalB-catalyzed KR of the secondary alcohol.

Later, Zhang et al. reported on the development of another Pd/CalB hybrid
for the DKR of 1-phenylethylamine, which involved a hierarchical yolk-shell/shell
nanoreactor assembly in which the two catalytic species were spatially positioned
in separate domains [48]. Similar to the preparation method used by the group of
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Béckvall for their first hybrid catalyst, the authors started from a pre-synthesized
Pd nanocatalyst to which the enzyme was incorporated in the final step of the
synthetic sequence. However, in this system the CalB was not covalently
attached, but directly absorbed on the outer surface of the support particles. In DKR
experiments with 2 equiv. ethyl methoxy acetate as the acyl donor, this catalyst
showed good activity and enantioselectivity, although the chemoselectivity toward
the desired product was modest (98% conv, 63% yield, >99% ee after 8 h at 70°C
under 1 atm H,). Also, the recyclability of this hybrid was found to be limited, which
was most likely due to the non-covalent enzyme immobilization method used.

A series of Pd/CalB-CLEA hybrids with a remarkably high activity in the DKR
of amines was also very recently described by Li et al. [49]. These hybrids were
prepared in analogous manner to the Pd/CalB-CLEA developed by the group
of Bickvall, but instead of glutaraldehyde as the cross-linking agent, the authors
of this study used the aldehyde-functionalized triblock polymer of propylene
oxide to covalently link CalB together. The protein-polymer conjugate that
formed was then treated with different amounts of Pd(OAc), and reduced, to give
Pd/CalB hybrids of varying Pd loadings and NP sizes. These hybrids allowed for
a highly efficient DKR of three benzylic amines at 55-65°C with 3 equiv. ethyl
acetate as the acyl donor, furnishing the corresponding (R)-amides in 60-99% yield
and in perfect ee. A noteworthy feature of this Pd/CalB hybrid catalyst was
that it enabled the racemization of amines in the absence of a H, atmosphere.
Furthermore, it exhibited a remarkable recyclability and allowed for the DKR of
1-phenylethylamine to be carried out ten times, giving >80% yield and 99% ee in
each cycle.

A conceptually different bifunctional hybrid catalyst for the DKR of amines
and alcohols was also recently described by the group of Chen [50]. This hybrid
catalyst was obtained by co-encapsulating Shvo’s dimeric Ru complex and CalB
into a soft nanocomposite consisting of 2-methylimidazole, Co ions, and the
biosurfactant sodium deoxycholate. Shvo’s dimeric Ru complex is a commonly
employed transfer hydrogen catalyst that has been used for a wide range of
oxidation and reduction reactions in organic synthesis [51], and in this hybrid
this complex was responsible for racemizing the alcohol and amine substrates.
Although this hybrid catalyst showed modest performance in the DKR of
1-phenylethylamine, the DKR of 1-phenylethanol worked fairly well and gave the
corresponding (R)-acetate product in 98% yield and 99% ee after 4 h at 70°C.
However, the recyclability of this Ru/CalB DKR hybrid catalyst was modest, and
over five cycles it was found to continuously lose activity.

2.2 The Application of Nanometal-Enzyme Hybrids for Other
Organic Transformations

Nanometal-enzyme hybrids have not only been applied for DKR reactions,
but they have also been used as catalysts for other organic transformations as
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well. For example, one of the earlier examples was developed for the use in Suzuki-
Miyaura reactions by the group of Cacchi [52]. This hybrid, which had been
constructed via the conjugation approach, consisted of Pd NPs that had
been immobilized in the protein Dps, isolated from the thermophilic bacterium
Thermosynechococcus elongatus. Although this hybrid catalyst did not make use
of any catalytic activity from the protein component, it was still important for
controlling the size of the NPs and enabling the cross-coupling reaction to be
performed in water. Furthermore, because of the possibility to run the Suzuki
reactions in water, the authors were also able to design chemoenzymatic one-pot
cascades for the synthesis of chiral biraryl alcohols, by pairing this hybrid with
an alcohol dehydrogenase from Lactobacillus brevis.

Another elegant example of a nanometal-enzyme assembly prepared via
the conjugation approach was the Pt/aminopeptidase hybrid reported by Kim et al.
[53]. Unlike the hybrid previously developed by the group of Cacchi, this
Pt/aminopeptidase hybrid made use of both the nanometal and the enzyme
components for coupled tandem catalysis. For the synthesis of their hybrid, the
authors deliberately chose an aminopeptidase from Streptococcus pneumonia that
is known to self-assemble into well-defined tetrahedral dodecameric superstructures.
On the inside of these aminopeptidase superstructures, there is a cavity with
a diameter of ca 6 nm that can be exploited for the entrapping of metal NPs.
To incorporate the Pt NPs into the interior of these aminopeptidase superstructures,
the authors simply exposed them to an aqueous solution of K,PtCl, and then
slowly reduced the Pt(Il) with NaBHy. The Pt NPs that formed on the inside of
aminopeptidase superstructures were found to be crystalline and have an average
diameter of ca 2 nm, as determined by TEM analysis. To demonstrate the dual
functions of their hybrid, the authors chose a cascade reaction involving the
substrate glutamic acid p-nitroanilide. In this two-step reaction, the aminopeptidase
catalyzed the hydrolysis of the amide bond, and the Pt NPs catalyzed the
hydrogenation of the nitro group in the liberated p-nitroanilide leaving group
(Scheme 4).

Ganai et al. subsequently reported on another interesting approach for interfacing
enzymes with metals, in which Au NPs with a mesoporous coating of SiO, were
employed as the support for a glucosidase [54]. The anchoring of the glucosidase
to the surface of these Au/SiO, support particles was done covalently, using a
grafted epoxide linker that reacted with the exposed lysine residues of the enzyme.
Although the Au NPs are buried in the core of the support particle, the mesoporous
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Scheme 4 Cascade reaction catalyzed by a Pt/aminopeptidase hybrid (San et al. [53]. Reprinted
with permission of John Wiley and Sons)
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nature of the SiO, shell made it possible for the reactants to reach the nanoparticles,
which enabled this hybrid catalyst to be used in a relay sequence where its dual
modes of reactivity could be showcased. For their demonstration, the authors used
4-nitrophenyl-f-glucopyranoside as the substrate, which was first hydrolyzed by
the glucosidase into glucose and 4-nitrophenol. Once the hydrolysis reaction was
complete, NaBH, was added to the reaction mixture, and then the Au NPs catalyzed
the reduction of the 4-nitrophenol into 4-hydroxyaniline.

The interfacing of Cu NPs and CalB for tandem catalysis purposes has also been
recently described by Ge and coworkers [55]. In their study, the authors demon-
strated that the addition of copper sulfate to a phosphate buffer saline (PBS) solution
containing CalB led to the self-assembly of a three-dimensional copper phosphate-
enzyme composite. The driving force for this assembly process was the Cu(Il) ions
that created a well-ordered enzyme-metal ion network. Interestingly, the authors
found that it was possible to re-assemble this copper phosphate-enzyme composite
into well-defined Cu/CalB NPs, by reducing the Cu(Il) with NaBH,. Furthermore,
they showed that polyvinyl pyrrolidone (PVP) could be used as an additive in
this re-assembly process to control the degree of aggregation, which allowed
them to prepare smaller and more active Cu/CalB NPs. The dual catalytic function
of this Cu/CalB hybrid was demonstrated in a two-step chemoenzymatic cascade,
involving CalB-catalyzed hydrolysis of p-nitrophenyl butyrate and Cu-catalyzed
nitro-group reduction of the liberated 4-nitrophenol.

Very recently, Wang et al. reported on the design of another Pd/CalB hybrid [56],
which was obtained by co-immobilizing the two catalytic species within separate
compartments of the metal-organic framework (MOF) UiO-66-NH,. This particular
MOF can be conveniently synthesized by mixing ZrCl,, 2-aminoterephthalic
acid, and benzoic acid in DMF, and allowing the reaction mixture to incubate for
24 h at 120°C. A useful feature of this MOF is that the benzoic acid ligands are
exchangeable, which makes it a flexible platform for interfacing different catalysts
since its structure and chemical properties can be sequentially tuned to fit each
catalytic species that is being immobilized. In their synthesis of this Pd/CalB hybrid,
the authors started from the unmodified MOF UiO-66-NH, and generated Pd NPs
within its inner pores. Next, the authors performed a ligand exchange of the benzoic
acid for lauric acid, which dramatically changed the polarity of the MOF and made
it significantly more hydrophobic. The increase in the hydrophobic nature of the
MOF was not only of benefit for its catalytic applications in organic solvents,
but it also allowed for more efficient immobilization of the CalB. The authors
carried out this enzyme immobilization by simply stirring the Pd@UiO with CalB
at room temperature for 1 h. The CalB enzyme was too large to enter the pores of
the MOF, and instead it deposited on the outer surface of the support particles,
well-separated from the Pd NPs. The authors prepared two different Pd/CalB
hybrids that differed in the amount of lauric acid, and the most efficient one
named CalB-Pd@-UiO-LAS50 exhibited good activity in a one-pot hydrogenation/
esterification cascade (Scheme 5). In this cascade, benzaldehyde could be efficiently
converted into benzyl hexanoate in >99% yield within 8 h at room temperature.
The recyclability of this hybrid also proved to be good, and it could be reused three
times with only a minor loss in activity of the CalB component.
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2.3 Future Outlook on the Applications
of Nanometal-Enzyme Hybrids in Organic Synthesis

During the past decade, there has been an emerging interest in the organic
chemistry community of novel nanometal-enzyme hybrids because of their
potential as multifunctional catalysts in complex cascade sequences. Although
some very impressive contributions have already been made in this area, as,
for example, the many bifunctional Pd/CalB hybrids developed for the DKR of
amines [36, 45, 48, 49], there is still significant room for further developments
in terms of both hybrid design and the cascades they are used in. So far, only
very few enzymes have been used to construct nanometal-enzyme hybrids, and
simply expanding the portfolio of enzymes used would open up new opportunities
to broaden the potential catalytic applications of these hybrids. Some enzymes
that would be exciting to study in interfaces with different transition metal
NPs would, for example, be different aldolases, decarboxylases, dehydrogenases,
oxidases, proteases, pyrophosphatases, and transferases. In terms of the transition
metals to be integrated into future hybrids, it would be interesting to study the
performance of NPs based on the first row transition metals Fe, Mn, Co, and Ni,
as they are attractive from both an economical and environmental point of view.
Moreover, it would be exciting to see how far this hybrid catalyst concept could
be pushed in terms of the maximum number of catalytic species that could be
co-immobilized on the same support. So far, most examples have involved the
pairing of only one nanometal species and one enzyme, but in principle there is
nothing that prevents three or more different catalytic species to be co-immobilized
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in one hybrid catalyst. However, this will most likely require the development
of more elaborate synthetic methods and novel support materials.

By having access to large libraries of hybrids with wide variation of the
enzyme and metal NP components, it will be much easier to design new cascades
that have the potential to deliver elaborate products that are synthetically useful.
Unfortunately, many of the cascade reactions involving nanometal-enzyme hybrid
catalyst that has been reported so far have primarily been designed to just showcase
their dual catalytic functions. As a result, the products formed from such cascades
have often been quite simple and not really valuable from a synthetic point of view.
Moving forward, it would be exciting to see hybrid catalysts being applied in more
intricate cascades, which can enable access to more elaborate and synthetically
useful target molecules in a fashion that is reminiscent of how complex natural
products are sequentially assembled in Nature. Here, it is important to point out
that we chemists have the possibility to go beyond Nature in the future, as we are
privileged to have the vast chemistry of all the transition metals at our full disposal.
As have already been demonstrated with the hybrids developed for DKR of
amines, it is possible to create artificial metalloenzymes that display overall catalytic
functions that have no precedence in Nature [36]. From this perspective, it will
be highly interesting to follow the continued research in this area over the coming
decades and to see what complex organic compounds that could soon be synthe-
sized, thanks to novel nanometal-enzyme hybrids.

3 Bioelectrocatalysis: An Exciting Arena
for Nanometal-Enzyme Hybrids

Within the field of electrocatalysis, there has been a recent increase in the interest
for nanometal-enzyme hybrids that can be used as electrodes in enzymatic
biofuel cells (EBCs). In the medicinal sciences, there is a considerable interest
for EBCs since they constitute promising power sources for microelectronic
systems such as actuators and sensors [57]. The electricity needed to power
such devices would be produced by the EBC through electrochemical reactions
that makes use of endogenous substrates within the users’ bodies as the fuels.
Here, the oxidation of different saccharides at the anode coupled to the reduction
of oxygen at the cathode has been explored as the main way to generate electricity
in vivo. Of the endogenous saccharides, glucose has become by far the one most
vividly studied since it is abundant in relatively high concentrations in several
different body fluids [6, 57]. In addition to glucose, bioanodes have also been
developed for other substrates, such as cholesterol [58], creatinine [59], ethanol
[60-62], fructose [63, 64], lactate [65, 66], pyruvate [65, 67], urea [68, 69], and
vitamin C [70].

However, it should be emphasized that the research in EBCs still have a long
way to go before these devices can be considered as a realistic substitute for batteries
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in medical implants intended for long-term use. Besides challenges associated
with biocompatibility and sterilization, the full potential of EBCs is primarily held
back by their unsatisfactory operational stabilities, which typically ranges from a
few hours to months (this can be compared to sealed batteries with lifetimes of
about 5-8 years) [57]. On the other hand, if EBCs would be made more durable
than batteries, they would certainly constitute a much more attractive alternative to
batteries since they are easier to miniaturize and they would theoretically never
run out of their source of energy. Despite the limitations and challenges associated
with the use of EBCs for medicinal applications, the field of bioelectrocatalysis
still represents an interesting research area to review in this chapter, since it has
contributed significantly to the design of new nanometal-enzyme hybrids.

3.1 Biofuel Cells Based on the Interfacing of Metal
Nanoparticles and Enzymes

In contrast to conventional fuel cells that make use of different metal catalysts for
the conversion of chemical energy into electricity, EBCs instead rely on redox-active
enzymes as the key catalytic components. This latter approach is preferable for use
in implantable devices since enzyme catalysts operate efficiently in physiological
conditions (i.e., low temperatures and at near-neutral pH) [71]. Moreover, enzymes
are highly selective for organic substrates present in living organisms. For these
reasons, EBCs are especially suited for incorporation into implantable or microscale
biomedical devices. However, the major challenge for constructing efficient
EBC:s is to ensure for an efficient electron transfer between the enzymes and the
electrode surface. It is known that electron transfer rate decreases rapidly as the
distance between the enzymes’ active sites and the electrode surface increases.
Given the facts that enzymes are large molecules with catalytically active sites
often confined in a small pocket, EBC design is challenging from both a chemistry
and engineering point of view. As a result, EBCs generally exhibit power outputs
(10 pW-=1 mW cmfz) that are much lower than those of conventional fuel cells [57].
However, it should be emphasized that such low power outputs could still be
sufficient to power many different sorts of microscale devices, and thus EBCs
should be evaluated based on their long-term stability rather than on how high
power densities they can reach.

As shown in Fig. 1, EBCs can be divided into two main groups depending on how
the electrons are being shuttled between the enzyme and the electrode: (1) mediated
electron transfer (MET) devices where different electron transfer mediators are
used as relays in the electron transfer (this includes inorganic complexes of Fe
[72, 73], Os [74, 75], and Ru [76, 77]; organic compounds such as quinones
[78, 79], phenothiazines [80, 81], and viologens [82, 83]; or more recently also
polyoxometalate nanoclusters [84]) and (2) direct electron transfer (DET) devices
where the electrons are being directly transported between the enzyme components
and the electrodes. Although MET generally exhibits higher power densities
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Fig. 1 Tllustration of mediated electron transfer (a) and direct electron transfer (b)

than DET devices, they are less attractive for biomedical applications since they
always come with the risk of the electrolyte solution leaking out, which is
associated with severe health risks [85]. Hence, the research that has been aimed
at developing energy solutions for smaller microscale devices has in recent years
focused on DET devices. Approaches to improve the performances of DET-based
EBCs have, for example, included the development of different immobilization
methods that not only enable high loadings of enzymes onto the electrode surfaces
but which also allow for control of the orientation of the enzymes, which translate
into enhanced electron transfer processes. This research area has benefitted
tremendously from the fast-growing nanotechnology field, which has provided
many new conductive nanomaterials used for coating electrodes.

An important milestone in the development of DET devices was the discovery
that the interfacing of enzyme-based electrodes with Au NPs could greatly
enhance the electron transfer process. In 2011, the groups of Atanassov and Banta
rationally designed a hybrid glucose oxidase (GOx) from Aspergillus niger with
a site-specific modification (H447C), which allowed it to efficiently coordinate to
an Au NP [86]. Immobilization of this GOx:Au NP hybrid onto an electrode surface
resulted in a DET bioanode with significantly improved oxygen reduction
kinetics. Although the electrochemical output of this particular electrode was
poor, it provided an important proof of concept that showed that the integration of
transition metal NPs with enzyme-based electrodes could be a promising strategy
for designing more efficient EBCs.

The full potential of this strategy was later demonstrated by the groups of
Atanassov and Martinez in 2015, with the design of a bioelectrode composed
of bilirubin oxidase (BOx) and DNA-templated Au nanoclusters (Fig. 2) [87].
The used DNA ligand was found to be very effective in controlling the growth
of the Au particles, as characterization experiments by TEM revealed that the
Au nanoclusters were only ~0.9 nm in size on average. Furthermore, the X-ray
photoelectron spectroscopy (XPS) analysis indicated that the Au formed mixed-
valence clusters of Au(0) and Au(l) in a ratio 1:3.7. Interestingly, the interfacing
of the electrode surface with these Au nanoclusters led to dramatically reduced
overpotentials for the BOx-catalyzed O, reduction (by ~15 mV). Additionally, the
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Fig. 2 A bioelectrode
composed of hybrid
DNA-templated Au
nanoclusters and bilirubin
oxidase (BOD) for
improved enzymatic
reduction of O,
(Charkraborty et al.
[91]. Reprinted with
permission of American
Chemical Society)

Bilirubin
oxidase

Electrode

Au nanoclusters enhanced the electronic communication between the electrode
and the enzyme. The measured Eype; = 0.525 V and E}, = 0.430 V vs Ag/AgCl,
values were considerably higher than those of earlier reported BOx-based
electrodes [88-90]. Also, the presence of the Au NPs was found to significantly
improve the current density by ~50% (cf. 735 pA cm™ > vs 493 pA cm™ > for the
corresponding gold-free electrode).

Inspired by the seminal studies by Atanassov and coworkers on Au NP-doped
bioanodes, several other groups quickly followed by constructing complete EBCs
based on this nanometal-enzyme hybrid concept. For example, the group of Kokoh
reported on a series of EBCs with different Au NP/BOx-bioanodes paired with
a GOx biocathode [91]. The best performing glucose/O, EBC presented in this
study was interfaced with trimetallic AugyPtyoPd;o NPs immobilized on electrospun
Vulcan XC72R carbon nanofibers. This device displayed a power density of
91 pW cm ™2 and a current density of 249 yW cm ™2, respectively, when operated
at pH 7.4 with 10 mM glucose at 37°C. However, a major drawback of this device
was that only the bioanode operated through DET, while the biocathode required
2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS) as a
mediator for efficient electron transfer. This mediator-dependent cathode proved to
be a critical limitation of this EBC assembly in terms of long-time performance,
since the ABTS was found to leach substantially over time, which caused the device
to lose 85% of its activity over the first 7 days of operation. Following the work
of Kokoh et al., the group of Zhu developed a structural similar EBC with more
durable performance, which was composed of a mediator-less bioanode based on
GOx/Au NP@graphene and a ABTS/laccase/Au NP@graphene biocathode [92].
This EBC displayed an impressive maximum power density of 2 mW cm ™2, and in
a longevity experiment where it was used to power LED diodes, it was found to
retain 66% of its power output after 70 days.

The group of Zhu subsequently reported on a completely mediator- and
membrane-less EBC with good long-time stability, in which both electrode surfaces
were made from a conductive ternary hybrid material of carbon nanotubes, carbon
nitride nanosheets, and Au NPs [93]. This EBC, which featured a pyrroloquinoline
quinone-dependent glucose dehydrogenase for glucose oxidation and a BOx for O,
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Fig. 3 General outline of the synthesis of the metallic cotton fiber bioelectrodes (a) and an
illustration of the complete EBC assembly (b) (Kwon et al. [95]. Image reprinted from an open-
access article available from Nat. Commun, Springer Nature)

reduction, was capable of reaching an open current voltage of 0.55 V and a high
maximum power density of 249 pW cm ™2, when subjected to an O,-saturated PBS
solution containing 5 mM glucose at pH 7.4. This work by the group of Zhu was
not only an important contribution because it presented a DET device that rivalled
the performance of EBCs relying on electron transfer mediators, i.e., MET devices.
Their work was also important because it demonstrated how new nanomaterials
can enable the development of new and highly efficient EBCs. Shortly after this
study, the group of Zhou reported on the development of another mediator-less
glucose/O, EBC in which the electrodes had been fabricated from a carbon
nanofiber/Fe;O4/Au NP hybrid material [94]. Also this DET device exhibited
a respectable performance and a good long-time durability.

However, when it comes to the highest power outputs of DET devices, the groups
of Lee and Cho have certainly pushed the boundaries of what is possible with their
EBC. In 2018, they reported on a mediator- and membrane-less glucose/O, EBC that
exhibited an astonishing maximum power density of 3.7 mW cm ™2, when subjected
to a PBS solution containing 300 mM glucose (Fig. 3) [95]. It should be noted,
however, that this glucose concentration is significantly higher than those typically
employed when testing EBCs, but interestingly this device was also found to
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reach a very high power density when operated under more biologically relevant
conditions (~0.9 mW cm 2 at 10 mM glucose). The high performance of this
EBC was enabled by an elaborate manufacturing method in which 8 nm-sized
Au NPs were layer-by-layer (LBL) assembled with small organic linkers onto
cotton fibers to produce a highly porous metallic cotton fiber electrode material
with extremely high conductivity (>2.1 x 10* S cm™).

Interestingly, this engineered metallic cotton fiber material was found to be a
highly efficient oxygen reduction catalyst by itself, which enabled the final EBC
assembly to have an “enzyme-free” cathode. On the anode side, these metallic cotton
fibers were used as a support material to which a GOx enzyme was immobilized.
To improve the electrical communication between the enzyme and the Au NPs
at the anode, the authors employed tris-(2-aminoethyl)amide (TREN) as a small
molecule adhesive. By both binding covalently to the Au NPs and interacting
electrostatically with the enzyme, TREN was able to bring both of the components
into a very close proximity, which greatly improved the DET rate. Additionally,
TREN was also found to have a beneficial effect on the overall operational stability
of the electrode, and the entire device was found to maintain more than half of
its initial power density over 35 days. This study by the groups of Lee and Cho
provided another excellent example of how the design of new nanomaterials
with high internal surface areas and good superconducting properties can drive
EBC development forward. The same authors subsequently used this LBL assembly
technique to prepare a related EBC based on a carbon fiber electrode material [96].
Although this device also showed a relatively high performance, it still proved to
be less efficient than the EBC described in their first study.

As can be seen from the examples presented so far, Au is evidently the main
transition metal of choice when it comes to the doping of electrode materials
with different metal NPs. As indicated by the great body of work in this field,
Au NPs appear to be superior to other metal NPs concerning the ability to promote
electron transfer processes. However, it should be noted that also some other
transition metal NPs have been studied for this purpose. Platinum, a transition
metal mainly employed in non-enzymatic fuel cells [97-99], has also been used
to generate nanostructured materials for bioelectrode applications [100-102].
For example, Tel-Vared and coworkers very recently reported on a complete
EBC setup, which featured a mesoporous carbon-based hybrid anode with Pt
nanoclusters and GOx NPs, paired with a BOx-based cathode [103]. Although
the described DET device reached a modest maximal power output and current
density (45 pW cm 2 and 105 pA cm ™2 when operated at glucose concentrations
of 60 mM), this study is interesting from a synthetic perspective since it outlined
a new paradigm for assembling bioelectronic elements, which could also be
interesting to apply to Au-based systems. Here, the reduction of the metal precursor
PtCls was carried out by the immobilized GOx which had already been confined
into the mesopores of the carbonaceous matrix on beforehand. With this synthetic
approach, the authors managed to form the Pt nanoclusters in a very close proximity
to the FAD redox active center of the GOx, which allowed for a good contact
surface between the two catalytic components. This close wiring of the GOx and
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the Pt NPs was found to be highly beneficial for the electron transfer, as indicated
by the unusually high turnover rate of electrons of 2,580 ¢~ s~ ' that was measured.

In addition to Pt, several other metals have been studied as modifiers for
bioelectrodes, as, for example, Ag [104], Co [105], and Pd [106], but perhaps one
of the most interesting metals to study further is Fe, given its low toxicity, low cost,
and high availability. The group of Poo-arporn recently described a glucose/O, EBC
that was manufactured from a reduced graphene oxide electrode material, which
was only doped with superparamagnetic Fe;04 NPs [107]. Although the measured
maximum power density was modest (73.7 pW cm ™~ at 5 mM glucose), the open
circuit voltage of +0.63 V was more impressive and demonstrates that Fe-based
electrode materials could be used in the future to fabricate EBCs that are viable for
real-life applications.

3.2 Outlook on the Future Applications of Enzymatic Biofuel
Cells

Future applications of bioelectrodes and complete EBC assemblies in the medicinal
field are predicted to increase. However, in order for these devices to become widely
applied, their long-term performance need to be further improved if they are to compete
with state-of-the-art batteries. Encouragingly, this research field has progressed at an
impressive pace during the past decade, much thanks to innovations related to the
engineering of new nanomaterials and clever solutions for interfacing enzymes with
nanometallic species. Thus, it will most likely not take long until we can see the first
examples of implantable medical devices that are powered by EBCs. Such devices
could, for example, be self-powered biosensors that over a period of days detect certain
analytes in the patient’s blood and where the measured analyte at the same time acts as a
fuel for the EBC. As has been showcased herein, biosensors have already been
developed for a wide range of analytes such as cholesterol, glucose, lactate, urea, and
vitamin C, and all of these are relevant to a variety of medical conditions and diseases.
However, in recent years several ingenious bioanalytical devices have been reported
in which hybrid glucose/O, EBCs have been connected to more elaborate sensing
platforms to enable the detection of a much wider range of species.

For example, the group of Li has reported on a self-powered and ultrasensitive
aptasensing platform for detection of antibiotic residues in the nM range (Fig. 4) [108].
In this system, the bioanode of the EBC is coated with SiO,@Au NP-DNA conjugates
that interact with the electrode surface via complementary and pre-attached aptamers.
The function of these DNA conjugates is to block the access of glucose to the bioanode
surface in the absence of the analyte and thus restrict the power output of the EBC.
However, once the analyte is present in the surrounding solution, the analyte will
interact with the aptamers and trigger the release of the DNA conjugates, which will
expose the electrode surface to the glucose, and as a result, the power output of the EBC
will increase. The authors showcased the practical applicability of this aptasensing
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Fig. 4 Illustration of the EBC-powered aptasensing platform of ampicillin (Gai et al. [108].
Reprinted with permission of American Chemical Society)

platform by demonstrating that it could be used for measuring ampicillin in milk
samples.

This aptasensing platform also exhibited an impressive selectivity, thanks to the
high binding specificity of the aptamer component, which enabled discrimination
of ampicillin from six other antibiotics. Seen overall, this study by the group of
Li constitutes an excellent example of how glucose/O, EBCs could be integrated
into more advanced sensing platforms, which by careful choice of the analyte-
recognition element could be used to detect essentially any analyte in a biological
sample. Examples of such analytes could be anything from other small molecules
such as melamine, which has been quantified by an immunosensing platform
developed by the group of Li [109], all the way up to larger biomolecules such
as microRNA, which has been measured in high sensitivity with a colorimetric
sensing platform designed by the groups of Cui and Zhao [110].

Apart from expanding the repertoire of analytes that can be measured, a
considerable amount of research has also been dedicated to miniaturizing these
devices and reducing the need for surgical procedures, as a means to improve
the user-friendliness and broaden the range of applications. Here, non-invasive,
EBC-powered devices that do not need to be implanted and which make use
of fuels in, for example, saliva [111, 112], sweat [113, 114], and tears [115, 116]
could open up for new applications related to general health monitoring or sports.

Apart from being used to power various biosensors, EBCs have also for a
long time been put forward as potential power sources for actuator systems such
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as pacemakers or mechanical valves. However, in order for such applications to
be realized, EBCs have to be greatly improved in terms of both power output
and long-term performance. Therefore, it will most likely take additional decades
of research before EBCs are able to compete with battery-based solutions for
these kinds of applications. Despite currently lagging behind in this area, the future
of EBC:s still looks very bright, and it is likely that these devices will revolutionize
the health care in the near future and become a daily part of our lives.

4 Harnessing Microbes for Nanoparticle Synthesis

As is evident from the many examples presented in this chapter so far, a wide range
of synthetic protocols for preparing nanostructured catalysts with tailored properties
are available. Most often, these protocols rely on the work by chemists, who use
specific combinations of chemical reagents and different synthetic techniques for
the rational design of nanomaterials. However, lately it has been found that bacteria
can aid the production of nanometal species [4, 7]. Apart from offering a green
alternative for generating metal NPs that is free of toxic chemical reagents, this
approach also provides direct access to biometallic whole cell systems (BWCSs) in
which the bacteria also act as supports for the formed metal NPs. As will be shown
in this part, such BWCSs are far from being merely academic curiosities. In fact,
such “living” catalytic systems are very interesting for a number of applications
related to, for example, environmental remediation, energy research, and organic
chemistry [4, 7].

4.1 Biosynthesized Transition Metal Nanoparticles
and Biometallic Whole Cell Systems in Catalysis

The interest for biosynthesized transition metal NPs within the chemistry
community was sparked in 1998, when the group of Macaskie demonstrated
that the sulfate-reducing bacterium Desulfovibrio desulfuricans could be used
for the preparation of Pd NPs. This bacterium was found to produce Pd NPs in
sizes of approximately 50 nm, when it was subjected to an aqueous solution
containing Pd(NH;3)4Cl, and different electron donors (H,, formate, and pyruvate)
[117]. After this seminal study, many researchers became interested in searching
for other microorganisms that could be harnessed for the biosynthesis of metal NPs
that are commonly used as catalysts in organic transformations. Soon, it was
found that several other bacteria were also capable of mediating the bioreduction
of metal salts, as, for example, Aeromonas hydrophila [118, 119], Cupriavidus
necator [120], Geobacter sulfurreducens [121, 122], Pseudomonas putida [120],
Pseudomonas stutzeri [123], and Shewanella oneidensis [124, 125]. Of these,



Nanocatalysis Meets Biology 263

Fig. 5 Schematic overview
of the electron transport
chain in Shewanella
oneidensis that is
responsible for metal
reduction (Wang et al.
[126]. Image adapted from
an open-access article
available from Sci Adv,
Springer Nature, American
Association for the
Advancement of Science)

Shewanella oneidensis -~

S. oneidensis has received particular attention over the years since it has proved to be
very efficient in reducing many different catalytically relevant transition metals, and
moreover the electron transfer pathway responsible for its extraordinary electro-
chemical activity is well-characterized [126—128]. To achieve the metal reduction,
S. oneidensis makes use of an extracellular electron transfer pathway that involves
the so-called MtrCAB conduit. This is a collection on electron transfer proteins that
are responsible for shuttling some of the metabolically generated electrons from the
cytoplasm all the way to the extracellular space (Fig. 5). Here, the outer membrane c-
type cytochromes, MtrC and OmcA, are the primary mediators of the electron
transfer to the metal substrate. The fact that the metal reduction occurs at the outer
membrane of S. oneidensis is highly convenient, since it allows for the metal NPs to
deposit on the exterior surface of the bacteria as they form, which leads to the
concomitant creation of a BWCS.

BWCSs derived from S. oneidensis have been shown to hold potential as catalysts
for different organic transformations. For example, the group of Verstraete has in
a series of publications studied S. oneidensis-supported Pd nanocatalysts for the
degradation of various pollutants for environmental remediation purposes (Fig. 6).
In their first study in 2005, they reported on the use of a BWCS based on Pd NPs
and S. oneidensis for the dechlorination of polychlorinated biphenyls (PCBs) [129].
In this work, the authors studied in great detail the Pd(II) biosorption and
bioreduction capability of S. oneidensis, and they could demonstrate that it was
possible to obtain recoveries of Pd exceeding 90% with several different electron
donors (H,, EtOH, lactate, and pyruvate). Furthermore, the authors were able to
show that this Pd/S. oneidensis BWCS was capable of reductively dehalogenate
several lightly and highly chlorinated PCB congeners in water and sediment samples
with good efficiency. Here, the authors could, for example, demonstrate that it is
possible to reduce the PCB content of a soil suspension sample by 73% within 48 h
at 28°C, by using a bioPd-loading of 50 mg/L and H, as the hydrogen donor.
Interestingly, when the authors attempted to perform the same experiment with
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commercial Pd(0) powder, it was found that Pd loadings of 500 mg/L were required
to give similar results as those of the S. oneidensis-generated bioPd. From this
comparison study, it was evident that the S. oneidensis-based bioreduction approach
allowed for the generation of remarkably efficient Pd nanocatalysts. In a follow-up
study, Verstraete and coworkers showed that this Pd/S. oneidensis BWCS could also
be applied for the efficient degradation of the pesticide lindane. By using a fed-batch
process configuration with formate as the hydrogen donor, 98% of the lindane could
be removed from a lindane-saturated water solution (10 mg/L) within 24 h [130].

In 2011, the joint efforts of the Verstracte and Boon groups made further progress
in this area by demonstrating for the first time that S. oneidensis can be used to create
bimetallic BWCSs and that this represents a promising approach for extending scope
of chlorinated pollutants that can be dehalogenated [131]. In this study, the authors
showed that a Pd/Au-S. oneidensis system allowed for efficient removal of the drug
diclofenac (78%) and the solvent trichloroethylene (83%) from aqueous solutions
within 24 h, when using H, as hydrogen donor. These results were in sharp contrast
to those of the monometallic BWCSs, which showed very low clearance rates of
these two chlorinated compounds. Although the authors concluded that an
even more efficient BWCS could possibly be designed by further optimization of
the Au/Pd ratio, the disclosed Pd/Au-S. oneidensis system still constituted a very
nice example on how the degradation of recalcitrant pollutants can be achieved
through the combination of different transition metals in BWCSs.

More recently, the group of Zhang demonstrated the potential of Pd/S. oneidensis
BWCSs to be used as electrocatalysts for the oxidation of biofuels [132]. In their
study, the authors showed that S. oneidensis coated with ~6 nm-sized Pd NPs could
allow for efficient electrocatalytic oxidation of formate, when deposited onto a
glassy carbon electrode. Remarkably, this BWCS displayed a high catalytic activity
that was found to be superior to that of conventionally electrodeposited Pd, as
indicated by the anodic formate oxidation peak which was 220 mV more negative
for the S. oneidensis-generated Pd NPs. Unfortunately, the authors were not able to
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elucidate the origin of this high catalytic activity experimentally, but they speculated
that the Pd NPs could benefit from being near the bacteria’s membrane proteins
with their multiple electronic centers and electron transfer systems. Apart from the
high catalytic activity, this BWCS also exhibited an excellent substrate selectivity
for formate, and no electrocatalysis could be observed in the presence of other
related compounds such as MeOH, EtOH, or acetate. In contrast, current responses
were observed in the presence of all of these compounds when electrodeposited
Pd was used as the catalyst.

Kimber et al. also showed that it is possible to prepare Cu-based BWCSs through
the use of S. oneidensis, and additionally, they demonstrated that this BWCS could
be used as a catalyst for “Click reactions” [133]. The biosynthesis of the Cu NPs was
achieved by supplying the bacteria with a solution containing 50 x 10~® M CuSO,
and 30 x 10> M lactate, from which they were capable of extracting and reducing
all Cu(Il) within 96 h. Analysis by TEM revealed that the majority of the Cu NPs
were in the size range of 20-50 nm, and furthermore it was found that they
were primarily located intracellularly. From X-ray absorption near edge structure
(XANES) spectroscopy, the authors were able to determine that the Cu NPs
were mainly composed of Cu(0), although they were covered with a surface layer
of Cu,0. In the catalytic evaluations of this Cu-based BWCS, it was tested as
a catalyst for the cycloaddition of benzyl azide with various alkynes. By using
BWCS quantities that corresponded to a Cu loading of 1.1 mol%, the authors were
able to prepare a number of triazoles in good to high yields (51-79%) within 12 h
at room temperature (Scheme 6a).

Although much of the focus of this part of the chapter has so far been dedicated
to S. oneidensis and its rather remarkable ability to reduce different transition
metal ions, it is important to point out that other microorganisms have also
been employed for the preparation of BWCS-based catalysts. For example,
in 2009, the group of Skrydstrup reported on the design of two different
Pd-based BWCSs involving the Gram-negative bacteria Cupriavidus necator and
Pseudomonas putida [134]. By TEM characterization of these BWCSs, the authors
could establish that the morphology of the biosorbed Pd differed significantly
between the two bacteria species. Cupriavidus necator was found to give rise to
very small and well-dispersed Pd NPs, while the Pd formed large aggregates on the
cell surface of Pseudomonas putida. Because of the more desirable Pd morphology
generated by the Cupriavidus necator, the authors chose to focus most of their
catalytic study on this BWCS, and here they could show that it was a highly
competent catalyst for both Suzuki-Miyaura and Mizoroki-Heck reactions (Scheme
6b,c). For the Suzuki-Miyaura reaction between p-iodotoluene and phenylboronic
acid, they were also able to demonstrate the recyclability of this BWCS catalyst by
showing that it could be reused four times without any signs of activity loss. The
Pd(0)-Pseudomonas putida BWCS was also briefly tested in their study, and
despite its non-ideal Pd morphology, it still showed good catalytic activity for
both transformations.

The group of Macaskie has also reported on the preparation of Pd
NP-based BWCSs involving a variety of Gram-negative and Gram-positive
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Fig.7 Deracemization of a cyclic amine by a bifunctional biometallic whole cell catalyst. (Foulkes
et al. [139] Reprinted with permission of American Chemical Society)

bacteria, and these have, for example, been studied as catalysts for the hydrogenation
of alkenes [135], reduction of chromium species [136, 137], as well as H,
generation from hypophosphite [138]. Another very impressive example of an
elaborately designed BWCS with dual catalytic functions was described by
the group of Lloyd in 2011 (Fig. 7) [139]. In this work, the authors first genetically
engineered E. coli to overproduce a monoamine oxidase (MAO) that exhibited
high enantioselectivity in the oxidation of chiral amines. These bacteria were
subsequently coated with nanoscale Pd(0) by taking advantage of their ability
to catalyze the reduction of Pd(Il) when exposed to H,. The bifunctional
BWCS obtained, proved to be a highly efficient catalyst for the deracemization
of the cyclic amine, 1-methyltetrahydroisoquinoline (MTQ), which over multiple
cycles of oxidations and reductions gave enantio-enriched product. Here,
the intracellular MAO is responsible for the highly enantioselective oxidation
of (§)-MTQ to the prochiral imine, while the Pd NPs catalyze the reduction of this
imine back to rac-MTQ. When these cycles of oxidation and reduction are
allowed to occur repeatedly, the desired product (R)-MTQ is gradually enriched
in a cyclic deracemization process. The authors also compared the performance
of this BWCS with a separate component system involving Pd-free cells and a
commercial Pd/C catalyst, by allowing both catalytic systems to take part in five
cycles of oxidation and reduction each. Interestingly, the BWCS catalyst was
found to offer several advantages over the separate component system, as, for
example, higher product recovery and lower Pd leaching.

Another interesting strategy for interfacing Au NPs with bacteria was
very recently described by the group of Greiner [140]. In their study, they
manufactured a Micrococcus luteus/Au NP/polymer nonwoven-type composite
via a stepwise protocol that is depicted in Scheme 7. In the first step, M. luteus
was charged onto poly(vinylalcohol) (PVA) microfibers using electrospinning.
Next, the bacteria-loaded PVA was coated with hydrophobic poly(p-xylylene)
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Scheme 7 Biosynthesis of Au NPs in a M. luteus/PVA composite nonwoven material. (a)
Electrospinning of M. luteus-loaded composite PVA mesofibers, (b) hydrophobic PPX coating of
the mesofibers by chemical vapor deposition, (¢) Au biosorption by M. luteus in the mesofibers, and
(d) Au NP biosynthesis by M. luteus. (Reichs et al. [140] Reprinted with permission of John Wiley
and Sons)

(PPX) by chemical vapor deposition. Finally, this composite material was put in a
HAuCly-solution, and the entrapped Micrococcus luteus biosorbed the Au(IIl)
salt and reduced it to Au NPs. Interestingly, this bioinorganic hybrid material
proved to be a competent catalyst for the hydrolysis of dimethylphenylsilane.
Although the reaction required a long reaction time of 350 h to reach completion,
the Au loading used was extremely low (0.001 mol%). Therefore, if one takes
this small Au loading into account, this catalyst was actually quite efficient.
Moreover, another peculiar and highly interesting observation made by the
authors was that the well-being of the M. luteus seemed important for the observed
catalytic activity. Remarkably, when control experiments were performed with
this hybrid material containing dead M. luteus, no catalytic activity was observed
from the Au NPs.

Although the usefulness of this hybrid material for catalytic applications
can be debated, this study still constitutes an intriguing way for synthesizing
interfaced systems between bacteria and metal NPs. Such systems could become
very interesting for further catalytic studies, if the metal loading could be increased
further.

4.2 Future Outlook on Biometallic Whole Cell Catalysts

The main conclusion that can be drawn from this overview of BWCSs is that their
preparation is certainly justified and further research on their use is motivated.
Although it might at first glance appear unnecessary and overly complicated to
immobilize metal nanocatalysts on living organisms instead of on conventional
support material, some of the studies highlighted herein show intriguing indications
that this BWCS approach might confer a number of advantages. In many of
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the studies highlighted above, various bacteria are capable of reducing different
catalytically important transition metal ions and biosorbing the formed metal NPs
with high efficiency. Moreover, the formed NPs are often very small and
tightly bound to the microorganism’s membrane, which is highly advantageous
from a catalysis perspective. Also, it seems to be possible to recycle BWCSs
efficiently, as, for example, demonstrated by the study of the Skrydstrup
group where their BWCS could be separated by centrifugation as any other
conventional heterogeneous catalyst [134].

Another finding that is especially intriguing and that has been found to be
true for most of the studied BWCSs so far is that the interaction between the
metal NPs and the bacterial membrane proteins enable improved catalytic activity
compared to conventional heterogeneous metal catalysts in many cases. It will be
very exciting to follow the future developments in this area. Here, it would
be particularly interesting to see more demonstrations of new BWCSs as catalysts
for different organic transformations. There is certainly a huge potential for
more elaborate BWCS designs similar to the one reported by Foulkes et al. [139],
where biosorbed Pd NPs and an intracellularly expressed enzyme are used to achieve
an overall deracemization of an amine. By following this approach, it should be
possible to design more intricate cascade processes, which in turn could open up
for the synthesis of even more complex molecules. This synthetic approach
would certainly have the potential to bring organic chemists closer to the dream of
being able to design efficient cascade processes that can compete with the efficiency
and selectivity of Nature’s highly spectacular coupled enzymatic pathways.

5 General Conclusions

Many different strategies for interfacing nanometal species with biological systems
have been presented in this chapter. As has been demonstrated herein, bioinorganic
hybrid systems have found a wide range of applications in several different
research disciplines. In organic synthesis, metal NPs interfaced with either enzymes
or bacteria have been extensively studied as catalysts for different transformations.
Here, a particular focus has been dedicated to bioinorganic hybrids that display
multiple catalytic functions, as they have the potential to be applied in intricate
cascades that can be used to access highly complex organic compounds of value
for the fine chemical and pharmaceutical industry. In the field of bioelectrocatalysis,
the design of nanometal-enzyme hybrids is currently a major research frontier,
which is already yielding a variety of new efficient and robust EBCs that are
being evaluated as power sources for biosensors and actuators. This research is
expected to have a transformative impact on the field of medicine in a near future,
by enabling for the development of new implantable and wearable biomedical
devices that will be of useful for the treatment and monitoring of different diseases.
However, it is perhaps also safe to say that bioinorganic hybrid systems will
most likely see many more applications than those outlined in this chapter. As the
fields of nanotechnology and biology continue to move forward, new research
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frontiers will certainly emerge, which are not apparent for us now with our current
knowledge. Regardless, it will be very exciting to follow this research at the
intersection of nanotechnology and biology and to see where it takes us in
the upcoming decades.
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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

1956 Akabori et al.

3 3
R‘N Pd on silk fibroin fibre R‘NH
R1MR2 H, R1J\R2
6-36% ee
1963 Akahori et al.
o o Raney Ni, tartaric acid OH O HOL _COOH
NaBr .
2 HO" “COOH
up to >98% ee tartaric acid
1979 Orito et al.
OH
O H X
R1JH(OR2 _PG, cinconidine 1_ Jﬁ(ORZ
N
o
>80% ee cinconidine 1

Scheme 1 Early examples of asymmetric catalysis using supported metals and chiral modifiers
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Scheme 2 Proposed =
reaction mechanism of Orito
reaction [ K

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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Pt catalyst

chiral modifier
IS . L
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modifier

selectivity 92% ee 97% ee 96% ee 93% ee

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



Chiral Metal Nanoparticles for Asymmetric Catalysis 287

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
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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
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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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SOEE
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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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(S)-BINAP 12-Pd nanoparticles

(Pd: 0.1 mol%)
KF or Ba(OH), (3 equiv
R + ArB(OH), (O, © equv) R

DME/H,0, -7-25 °C

Br Ar
R = Me, OMe. OEt 4 examples
Ar = 1-napthyl, (2-Me)CgH,4 42-90% yield
55-74% ee

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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crotonaldehyde (2.5 equiv) R

L Co,Rh;, on charcoal 8 examples
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X A (S.5)-BDPP 23 (11 mol%) X O 51-87% ee
THF, 130 °C, 18 h

PhZP':,KYPth

Me Me
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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

Fe304/Pd (~0.9 wt% Pd)

X chiral NHC 25 (2.5 mol%) Ar R2
0 NaO'Bu (2 equiv) 2 examples
N)H/Ar - o 68-91% yield
) toluene, 80 °C N 81-85% ee
R'" R2? :
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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-
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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

M .
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100% yield, 16% ee

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

R?
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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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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
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Scheme 45 Cooperative catalyst system using chiral Rh nanoparticle and Lewis acid catalysts for
asymmetric 1,4-addition to unsaturated amides
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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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ArB(OH), (1.5 equiv)

PI/CB Rh/Ag (Rh: 1-5 mol%) Ar 20 examples
i H — 0, T .

R/\/Noz chiral diene 32 (0.1-0.5 mol%) R/\/N02 25—9)6%0/y|eld

toluene/H,0 = 5/1, 100 °C, 24 h 85->99% ee

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
(2 mmol) (+)-tartaric acid

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
HO Pd/Au (3:1)-CSPVP 33 (0.15 mol%) HO 11 examples
or or trans-diol: 45-47% yield
OH 02 (1 atm), K,COg, H,0 O cis-diol: 89-97% yield
60 °C, 7 d (for trans) 90-99% ee
HO or HO... °
) O, (30 psi), K,CO3, H,O )
n 120 °C, 3 d (for cis) n

Scheme 52 Pd/Au-CSPVP 33 catalyzed asymmetric oxidation of 1,3-diols and 1,2-diols

OH
2 Pd/Au (3:1)-CSPVP 33 (0.5 mol%) » 6examples
R1/\(R - - 170Nk R3 59-92% yield (major)
I8 0, (30 psi), H,0, 25-50 °C, 3 d R®  91-99% ee (major)

Scheme 53 Pd/Au-CSPVP 33 catalyzed asymmetric oxidation of alkenes

R®  Cu/Au (3:1)-CSPVP 33 (1 mol%) R?  5examples
) - . ) 87-98% yield
n  30% H,0,, MeCN, 50 °C, 7 d N 81-93% ee
R’ o} R’

Scheme 54 Cu/Au-CSPVP 33 catalyzed asymmetric oxidation of cycloalkanes

Cl Pd(NO3),
KZC 3 NaBH,
\ N —— > CCOF-MPC Pd@CCOF-MPC
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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Pd@CCOF-MPC (0.75 mol%)
K,CO3 (3 equiv) OH 13 examples

o]
U+ CHgNO, )\/ 80-99% vyield
* NO ('
EtOH, rt 2
A" (1.375 equiv) Ar 88-97% ee

Scheme 56 Pd@CCOF-MPC catalyzed asymmetric Henry reaction
o] Pd@CCOF-MPC (3.2 mol%) o] 7 examplos
p: :
+ AmBr - O:;Og(izq”g’g S 80-99% yield
t ° .
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Scheme 57 Pd@CCOF-MPC catalyzed asymmetric reductive Heck reaction

HZN\/\/\/\NH
2 ) . H,PtClg
o + — chiral polyamide H—O> Pt(IV)/Chiral polyamide
2

c 2 . ... > Pt(0)/Chiral pol id
cl H, (high pressure) (0)/Chiral polyamide

Scheme 58 Preparation of chiral polyamide supported Pt nanoparticle catalysts

O Pt(0)/Chiral polyamide O >99% yield
Ph\/% (0.22 mol%) Ph\/\*)k 99%
>
OBt ™} (25 bar), 1t, 5 min OEt oee
o) OH TOF =5421h

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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