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In the last decade, the semi-hydrogenation of alkynes has experienced significant advances in terms of
fine control of alkene selectivity and prevention of the over-hydrogenation reaction. Such advances have
been possible to a large extent through the progress in colloidal methods for the preparation of metallic
nanoparticles. The present review describes the contributions in the field of the selective hydrogenation
of alkynes involving the utilization of colloidal methodologies. These approaches permit the fine modu-
lation of several parameters affecting the catalytic performance of the active phase such as the particle
size, the bulk and the surface structure and composition. For the transformation of liquid substrates, the
nature of the stabilizers, the reducing agents and the metal precursors employed for the synthesis of the

Received 2nd May 2017, catalysts can be tuned to enhance the alkene selectivity. In contrast, in catalytic transformations of
Accepted 13th June 201/ gaseous substrates, the presence of adsorbed species at the metal surface usually gives detrimental
DOI: 10.1039/c7dt01607g results while the interplay between the support and the active phase appears to be a more convincing
rsc.li/dalton alternative for catalyst tuning.
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One of the current challenges for the industry and the scien-
cpe . . Alkyne M-NPs (Z)-alkene (E)-alkene Alkane
tific community is the development of not only economical but > (major) < (minor) <<
also environmentally sustainable processes.' In this context,
the use of heterogeneous catalysts offered a key tool to achieve
suitable utilization of energy and chemicals.> Among the most  gcheme 1 Selective alkyne hydrogenation catalyzed by metal
commonly applied catalytic processes, selective hydrogenation nanoparticles.
of functional groups over heterogeneous catalysts is of para-
mount importance in various industrial sectors.’> During the
last few years, the selective semi-hydrogenation of alkynes into
alkenes (Scheme 1) has been the object of particular atten-
tion for its relevance in the polymer and fine chemical
industries,* ® for which the development of chemo- and stereo-
selective catalysts is highly desirable to improve the pro-
ductivity of the corresponding processes and prevent the over-
hydrogenation and/or oligomerisation of the substrates.®”
Several transition metal catalysts have been reported in the
selective semi-hydrogenation of alkynes (e.g. Pd, Ni, Pt, Ag,
Rh, Fe).® Among these metals, those with high hydrogen acti-

M-NPs: Pd, Ag, Au, Fe, Ni, Cu, Ru, Pt..

vation capacity such as Ni or Pt frequently present severe selecti-
vity issues due to their strong over-hydrogenation activity.
In contrast, high selectivities to the alkene were reported for
metals with low reactivity towards H, such as Ag or Au, but
these metals are hardly competitive in terms of activity.’
Palladium has therefore been identified as the most
efficient metal in terms of activity and selectivity, which has
been attributed to the stronger adsorption of the C=C group
(relative to C=C) on the Pd surface, thus preventing the over-
reduction of the alkene product.’® Palladium based catalysts
are generally dispersed on solid carriers such as oxides (Al,O3,
TiO,, SiO,), CaCO; (Lindlar®) and carbon based materials
(activated C, graphite, carbon nanofibers or nanotubes).'!
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the particle size of the resulting metal NPs and their distri-
bution over the support.™

In this context, colloidal methods offer the possibility to
prepare well-defined metallic nanoparticles through a precise
control of their size, shape and structure at the nanometric
scale.'” The ability to adjust the properties of nanoparticles
and compare series of materials prepared in a similar manner
has provided, over the last two decades, valuable information
on how catalytic systems operate at molecular and atomic
levels."® Moreover, such a control is of particular interest to
maximize the available metal surface area and consequently
enhance catalyst productivity.

An example of successful application of colloidal chemistry
for the preparation of molecularly designed nanocatalysts is
the BASF NanoSelect™ Pd catalysts.">" This catalyst has been
reported as being highly selective in the hydrogenation of
alkynes,'® and using DFT calculations, Pérez-Ramirez and co-
workers correlated the performance of this catalyst with the
accessibility constraints of reagents and products to the metal
surface.'® These findings demonstrated that the nanostructure
defined at the colloidal preparation stage leads to the pro-
duction of ultraselective catalysts.

In the following sections, a comprehensive analysis of the
literature on the selective hydrogenation of alkynes catalyzed
by metal nanoparticles prepared by colloidal methods is pre-
sented. This review aims at describing the potential for, and
perspectives of, the utilization of colloidal chemistry for the
preparation of heterogeneous catalysts for industrial appli-
cations and at providing a fundamental understanding.

1.1 Mechanistic and thermodynamic selectivity in the
semi-hydrogenation of alkynes

In the partial hydrogenation of alkynes, two types of selectivity
to the alkene product have been defined: mechanistic and the
thermodynamic selectivity (Scheme 2)."”

Mechanistic selectivity operates when the hydrogenation of
the adsorbed alkyne is favored with respect to the adsorbed
alkene (k, > k,)."® In contrast, thermodynamic selectivity con-
sists in the ability of a metal to preferentially adsorb the
alkyne in the presence of the alkene (ki/k_; > ks/k_3), thus
suppressing the consecutive hydrogen addition which results
in the production of alkane. For most of the metals studied in

Thermodynamic
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Scheme 2 Simplified scheme of the hydrogenation of alkynes illustrat-
ing the mechanistic selectivity and thermodynamic selectivity.
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the literature, however, the alkene hydrogenation rate is faster
than that of alkyne hydrogenation'® and consequently, selecti-
vity is usually attributed to the stronger adsorption of the
alkyne compared with that of the alkene (thermodynamic
selectivity). Under industrial conditions, thermodynamic
selectivity is of prime importance due to the high alkene
content which favors the competitive adsorption with the
alkyne at the metal surface. In addition, studies on Pd, Au, Cu
and Ni catalysts identified thermodynamic selectivity as the
most important selectivity indicator.>™>*

This model offers a basis for the interpretation of the
intrinsic selectivity of palladium. However, the selectivity of
alkene formation cannot be interpreted without detailed
knowledge of the reaction mechanism and the actual surface
state of the active Pd sites. Consequently, considerable atten-
tion has been paid to the formation of surface intermediates
and the role of factors such as dispersion, modifiers and
promoters.

1.2 Reaction mechanism

A simplified reaction mechanism for the hydrogenation of
alkynes is displayed in Scheme 3. Path a is the sequential
hydrogenation of the alkyne, first into the alkene that desorbs
and re-adsorbs to be further hydrogenated into alkane. Path b,
in turn, is the direct hydrogenation of the alkyne substrate
until the alkane without any intermediate desorption/
re-adsorption of the alkene. The relevance of the two paths
depends on the morphological properties of the catalysts and
the reaction parameters. For small and reactive alkynes such
as acetylene, an additional route (path c) operates and consists
in the oligomerization/polymerization of the substrate to
form hydrocarbons (C,-Cj,). Ranges of 20-40% of C,. selecti-
vity have been reported for acetylene hydrogenation, thus
evidencing the relevance of this reaction path.>*~>°

For the hydrogenation of acetylene, several intermediates
have been postulated based on surface characterization tech-
niques combined, in some cases, with kinetic studies.'®?”®
The reaction starts by H, dissociation and the adsorption of
acetylene on the surface; both steps are exothermic. Then, the
sequential addition of H takes place following a Horiuti-
Polanyi mechanism.>® For this substrate, despite its higher
adsorption enthalpy over palladium surfaces (thermodynamic
selectivity), the hydrogenation of ethylene products has been
observed even at high acetylene partial pressures.’® This

path b
path a ¢

Heat Ho R R o, Ry Ro

R1 e R2 > > < > H“'¢ \'''H

H H H H

» oligomers
path ¢

C4-C3p

Scheme 3 Reaction paths taking place during the alkyne

hydrogenation.
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observation suggests the existence of a mixture of sites where
acetylene is selectively hydrogenated to ethylene and others where
ethylene is hydrogenated even in the presence of acetylene.’*

1.3 Descriptors affecting selectivity

1.3.1 External parameters. The performance of a catalyst in
the partial hydrogenation of alkynes greatly depends on the
reaction conditions. Parameters such as temperature and
pressure affect the kinetics of the reaction and therefore the
alkene selectivity. For Pd based -catalysis, the hydrogen
pressure is a particularly relevant parameter since the over-
hydrogenation of the alkyne is boosted by the extensive for-
mation of subsurface hydrides, which are favored under rela-
tively high hydrogen partial pressures.*” In contrast, for other
catalysts such as Ag, Au and CeO, that are less active in the
activation of hydrogen, higher pressures are required.****

Other parameters such as the mixing of the reaction
(important for batch or semi-batch systems) need to be con-
sidered in order to prevent possible mass-transfer limitations
which could affect the activity and/or the selectivity. Kiwi-
Minsker and co-workers studied the interactions between
mass and reaction kinetics for the three-phase catalytic hydro-
genation of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-buten-
2-ol (MBE) over a modified Pd/CaCO; catalyst under solvent
free conditions.?* No influence of gas-liquid mass (G-L) trans-
fer was observed for stirring speeds higher than 1500 rpm.
Interestingly, the MBE selectivity increased at high stirring
rates. Hydrogen liquid-solid (L-S) mass transfer was found to
be negligible, whereas the MBY L-S mass transfer became
important at high MBY conversions and high hydrogen con-
centration. These observations thus showed that mass transfer
can affect both the activity and the selectivity of a catalyst in
alkyne hydrogenation reactions.

The heating method used for the hydrogenation reaction can
also have an impact on the catalyst performance. Cravotto and
co-workers studied the partial hydrogenation of 2-butyne-1,4-diol
in water under microwave irradiation catalyzed by a Pd/boehmite
catalyst.*® Despite the low activity usually observed when water is
the reaction solvent, the use of microwave irradiation enhanced
the conversion while maintaining the alkene selectivity at
ca. 97-100%. More recently, the same authors studied the effect
of ultrasound on the semi-hydrogenation of phenylacetylene and
diphenylacetylene catalyzed by Pd/boehmite.’” Interestingly, the
sonication increased the alkene selectivity in both cases and this
positive effect of ultrasound was explained by the increased
desorption rate of the alkene product from the catalyst surface
before over-reduction could occur.

1.3.2 Subsurface H and C and other C deposits. The for-
mation of carbide and hydride phases and their relationships
with the selectivity of the catalysts have been discussed in
various reports since palladium catalysts are extremely sensi-
tive to the presence of subsurface species."®

It is generally accepted that the presence of hydrides, either
on or below the metal surface, favors the over-hydrogenation
and thus the formation of alkanes.”” The low dissociation
barrier of H, and the easy incorporation of hydride into the

This journal is © The Royal Society of Chemistry 2017
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Pd phase indicate that the entire surface can capture and
incorporate H,.*®

In the hydrogenation of acetylene, two types of carbon
species were reported to modify the selectivity of the catalysts.
The effect of subsurface carbon on selectivity was attributed to
the improved thermodynamic factor of Pd according to DFT
calculations.*®?? In the presence of carbon, a weaker adsorp-
tion energy was observed for ethylene in comparison with that
on a clean Pd surface (E,gs = —0.67 eV vs. —0.82 eV for the
clean surface). The formation of such carbides was theoreti-
cally proved to be favored on step sites, in agreement with the
experimental observations from the group of Kiwi-Minsker,
who attributed the formation of a carbide layer to the defect
sites present in small particles.*’

Furthermore, during the hydrogenation of acetylene, heavy
hydrocarbons (Cs.) are formed and remain on the catalyst, and
are frequently regarded as coke or carbonaceous deposits.
Deganello et al. evidenced that the formation of such carbon-
aceous deposits enhances catalyst selectivity.>® They proposed
the existence on the metal surface of two types of sites: some
that are accessible to all reagents and others which are poi-
soned sites coated by carbonaceous deposits and consequently
not accessible. These poisoned sites interact with neighboring
atoms generating highly hindered sites which become accessi-
ble only to acetylene and hydrogen therefore producing ethene
selectively.

1.3.3 Substrate structure. The structure of the substrate
was also shown to influence hydrogenation selectivity. For
instance, the hydrogenation of terminal olefins was observed
to be much faster than that of internal olefins due to steric
and accessibility constraints.”’ High alkene selectivities can
therefore be obtained in the semi-hydrogenation of internal
alkynes due to the slower over-reduction rate.*” In contrast, in
the hydrogenation of terminal alkynes, the first hydrogenation
is generally slower than that of the corresponding alkene pro-
ducts (for Ni, Pd, Pt, and Rh).*>**

Moreover, the presence of hydroxyl groups in the alkyne struc-
ture was observed to retard the hydrogenation reaction, thus
favoring the selectivity control to the alkene.*” Chaudret and co-
workers proposed that coordination of the oxygen atom of the
alkynol on iron nanoparticles could decrease the hydrogenation
rate, and therefore favor the formation of unsaturated species.*®
Regarding the stereoselectivity of the hydrogenation of alkynes,
the preferential formation of the Z product is usually observed,
in agreement with the Horiuti-Polanyi mechanism.>* However,
some degree of Z/E isomerisation is sometimes observed
depending on the catalytic system and reaction conditions.

2 Strategies for the enhancement of
alkene selectivity through colloidal
approaches

During the last few decades, the preparation of metal nano-
catalysts by colloidal methods has attracted the interest of

Dalton Trans., 2017, 46, 12381-12403 | 12383
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Fig. 1 Schematic representation of the main parameters reported to
enhance alkene selectivity using colloidal approaches.

the scientific community, since they provide a precise
control of the size, shape and structure of the resulting
nanoparticles.””*® Moreover, the use of unsupported nano-
particles is also of high interest as they mimic metal
surface activation and catalysis at the nanoscale, and can
sometimes shed some light on the role of the support during
catalysis.*’

The main parameters that were reported to enhance the
alkene selectivity in the semi-hydrogenation of alkynes using
colloidal approaches (Fig. 1) are: (1) the properties of the
stabilizer employed for the synthesis of the nanocatalysts;
(2) the structural properties of the catalysts such as their size
and shape and their mono/bimetallic nature; (3) the properties
of the support; and (4) catalytic parameters such as additives
or use of reducing agents alternative to H,.

In the following sections, an analysis of the results reported
on the semi-hydrogenation of alkynes catalyzed by metal nano-
particles is described according to the methodology employed
for the enhancement/control of the alkene selectivity.

2.1 Stabilizer

Organic compounds are typically employed during the syn-
thesis of metal nanoparticles to prevent agglomeration of the
metallic colloid.*® Compounds such as polymers, dendrimers,
surfactants, ionic liquids and ligands have been employed for
the stabilization of metal nanoparticles applied in the semi-
hydrogenation of alkynes. Depending on the nature of the
stabilizer, the stabilization of the metal nanoparticles is either
steric (polymers, dendrimers, ligands) or electrostatic (surfac-
tants ionic liquids) and consists in the formation of a layer of
the stabilizer at the NP surface preventing their agglomeration.

Furthermore, the presence of such compounds at the NP
surface can also exert dramatic effects on the catalytic perform-
ance of the NPs.”” Even traces of stabilizing agents can induce
electronic and steric modifications to the metal NPs that result
in important variations in the catalyst activity/selectivity in
hydrogenation reactions.>~>?

12384 | Dalton Trans., 2017, 46, 12381-12403
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Depending on the phase in which the catalytic reaction
takes place (liquid or gas phase), the effect of the stabilizer can
be more or less marked. In the liquid phase, it is generally
considered that stabilizers are relatively flexible, and that most
of the active sites remain accessible to the substrates. In con-
trast, when the catalytic reactions are performed in the gas
phase, the catalysts are generally dried, resulting in the
collapse of the stabilizer over the NP surface and consequently,
in the blockage of the active sites. For instance, after isolation
of PdNPs stabilized by hexadecyl(2-hydroxyethyl)dimethyl
ammonium dihydrogenphosphate (HHDMA), no CO uptake
could be observed in chemisorption measurements due to the
presence of the stabilizer."*

2.1.1 Catalysis using liquid substrates

Surfactants. Surfactants are frequently used for the stabiliz-
ation of metal nanoparticles in aqueous media since they are
generally constituted by a polar group able to generate an elec-
tronic double layer and a lipophilic side chain that also pro-
vides steric repulsion between particles.*”

For liquid phase reactions, a clear example that evidences
the effect of the stabilizer on the performance of the hydro-
genation catalyst is the case of Pd NanoSelect."*"> This catalyst
consists of palladium nanoparticles of 5-8 nm supported on
carbon or titanium silicate that exhibit alkene selectivities
comparable to those provided by the Lindlar’s catalyst in the
semi-hydrogenation of a broad range of alkynes and alkynols
(Fig. 2a)."> The palladium nanoparticles are prepared by a
chemical reduction method employing HHDMA as a reducing
agent and stabilizer. Based on deposition experiments onto
functionalized surfaces (positive or negative), the authors pro-
posed that the PANPs are surrounded by a double layer of
HHDMA." SEM analysis of NanoSelect catalysts revealed a
perfect egg-shell distribution of the PANPs onto the support.
Such a distribution was proposed to be responsible for the
high selectivity of the NanoSelect catalysts in the semi-hydro-
genation of alkynes.

Pérez-Ramirez and co-workers investigated the selectivity
patterns and accessibility constraints of NanoSelect Pd cata-
lysts using experimental and theoretical approaches.'®
According to DFT calculations, HHDMA is adsorbed rigidly
over the Pd surface and such an adsorption reduces both the
number of active sites (geometric effect) and the hydride cover-
age at the Pd surface (electronic effect) (Fig. 2b). This explains
the intrinsic alkene selectivity of the NanoSelect Pd catalysts.
However, under high H, pressures, the adsorption of H in the
subsurface is relatively easy and over-hydrogenation cannot be
avoided. In addition, the authors correlated the hydrogenation
performance of a series of Pd-based catalysts with structural
descriptors, and concluded that the rigidly adsorbed ligands
restrict the accessibility of the substrate to the active sites of
the catalyst (forming cavities with elliptical shape), providing
exceptional performance for the hydrogenation of terminal
alkynes but low activity for disubstituted and bulky alkynes
(Fig. 2b). These findings demonstrated that the surface struc-
ture determined during the preparation of the colloidal nano-
particles leads to the production of very selective catalysts."®

This journal is © The Royal Society of Chemistry 2017
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the surface of PdNPs.

In a subsequent report, the same authors addressed the
impact of the stabilizer content on the catalytic behavior of
HHDMA stabilized PANPs supported on titanium silicate.>
For this purpose, a series of PA-HHDMA/TiSi,O¢ catalysts with
distinct HHDMA content (0.3-16.8 wt%) were prepared while
maintaining the average particle size (5 nm) and Pd content
(0.3 wt%) unchanged. Interestingly, an increase in the catalytic
activity at higher ligand content was observed in the semi-
hydrogenation of 1-hexyne. DFT calculations indicated that the
ligand changes its adsorption configuration as a function of
the HHDMA concentration. At low coverage, the organic layer
lies almost flat on the surface of the PANPs blocking a large
number of metal sites while a high HHDMA coverage favors an
extended three-dimensional configuration of the alkyl chain,
and consequently, a lower fraction of Pd sites is blocked by
the organic layer. Witte and co-workers also reported the
semi-hydrogenation of 3-hexyn-1-ol catalyzed by PdNPs using
chiral phosphate stabilizers.”* Small differences were observed
in terms of activity and alkene selectivity using these chiral
stabilizers in comparison with using HHDMA.

Polymers. Polymeric compounds are frequently applied in
the preparation of metal nanoparticles since they can provide
steric stabilization to the metal colloid. For this type of stabili-
zation, the polymer, which contains coordinating groups, can
prevent M-NP aggregation by providing a protective layer
around the NPs through its extended molecular structure.

In an early study, Hirai and Yakura prepared a series of PVP
stabilized PANPs (of ca. 2 nm) using polymers of distinct mole-
cular weights (M,, from 6000 to 574 000) and investigated the
thickness of the adsorbed layer of the polymer.’" They
observed that the layer of the polymer at the surface of the
PdNPs increased from 3.8 to 15.6 nm on increasing the M,
from 6000 to 574 000. For NPs stabilized by PVP with M,, =
175000, the authors proposed that the protecting PVP mole-
cules present a conformation constituted by a sequence of
many loops (segments in the solution and the surface) and
trains (segments in contact with the surface) in an alternating
order with a long tail at both ends (Fig. 3). In catalysis, the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Conformation model of the protecting PVP layer in a suspension
of PANPs. Preparation conditions: PVP M,, = 170 000, PVP/Pd = 4.5

activity of these NPs in the hydrogenation of cyclooctadiene
depended more on the specific surface area of the PANPs than
on the adsorbed layer thickness.

In 2010, Evangelisti et al. reported the application of PVP
stabilized PANPs in the hydrogenation of a series of aliphatic
alkynes.”® Excellent alkene selectivities were obtained in the
hydrogenation of 1-hexyne, 2-hexyne and 3-hexyne (from 96 to
99% at 95% conversion). For the case of internal alkynes, the
authors ascribed the observed high stereoselectivity towards
the Z isomer (ca. 99% at 95% of alkyne conversion) to the
steric constriction of the PVP surrounding the PdNPs.
Interestingly, when 3-hexyne-1-ol was the substrate, a similar
performance was observed independently of the Pd/PVP ratio
used (>96% of selectivity at 98% of alkyne conversion when
using either 99 or 90 wt% PVP).

Similarly, Kiwi-Minsker and co-workers tested the effect of
the presence of additional PVP in the selective hydrogenation
of alkynols catalyzed by PANPs of 2.6 nm.® The NPs were
initially synthesized using PVP/Pd = 10. The results obtained
in catalysis using these NPs were compared with those
obtained when an extra amount of PVP was added to the
initial catalyst. No difference in terms of activity or selectivity
was observed, suggesting that the surface of the NPs was
already saturated by the polymer. These results are in agree-
ment with the observed negligible effect of the PVP/Pd ratio

Dalton Trans., 2017, 46, 12381-12403 | 12385
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(in the range of 2.5-20) on the Suzuki reaction catalyzed by
PANPs.>

The use of RuNPs stabilized by PEG2000 as catalysts for the
semi-hydrogenation of alkynes was reported in biphasic
media.’® The RuNPs of ca. 1.6 nm were synthesized by hydro-
gen reduction (Fig. 4) and were active in the hydrogenation of
methyl propiolate. The selectivity to the alkene product was
observed to be highly dependent on the reaction conditions
(temperature and pressure). Excellent conversions and selec-
tivities were also obtained in the semi-hydrogenation of other
terminal alkynes including substituted phenylacetylenes and
linear alkynes using this catalyst. It is noteworthy that
although Ru is active in the hydrogenation of phenyl groups,
no hydrogenation of the arene was observed under the
conditions used. This observation could be attributed to the
protective effect of the PEG stabilizer preventing the planar
orientation of the phenyl ring over the NP surface.

Jones and co-workers reported the application of PANPs
supported on an aminopolymer-silica composite for the selec-
tive hydrogenation of alkynes.”” The palladium nanoparticles
were generated through reduction (using H, or NaBH,) of
Pd(u) precursors previously loaded onto a mesoporous silica
material functionalized with branched poly(ethyleneimine)
polymers (PEI). The PEI served as both a stabilizer of the

40 bar H,
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ulls 2000 “goc. 7h .
RuNPs
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Fig. 4 Synthesis of RuNPs stabilized by PEG and catalytic hydro-

genation of terminal alkynes.
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PANPs and a linker to the solid support. Interestingly, the
authors observed that the rate of over-hydrogenation of phenyl-
acetylene could be significantly reduced by increasing the
porosity of the support and the molecular weight of the
polymer. The beneficial effect of the aminopolymer on the
alkene selectivity was attributed to the efficient competition of
the amine groups with the alkenes for the surface palladium
sites. Additionally, they observed that the branched PEI of
large molecular weight had a stronger effect on the selectivity
than the PEI of lower molecular weight and speculated that
the branched polymer could cover and passivate the PANPs
more effectively. Moreover, analysis of the used catalysts by
TEM, and ICP indicated the excellent stability, recoverability,
and recyclability of this catalytic system.

Micelles. The use of amphiphilic compounds permits the
formation of micelles which serve as hosts for metallic nano-
particles. Depending on the structural characteristics of the
amphiphilic compound (generally co-polymers), the metallic
precursor and the polarity of the solvent, the core of the
micelle can offer a hydrophilic or hydrophobic environment to
the embedded M-NPs.

Kiwi-Minsker reported the selective partial hydrogenation
of 2-butyne-1,4-diol catalyzed by PdNPs stabilized in the
micelle core of poly(ethylene-oxide)-block-poly-2-vinylpyridine
(PEO-b-P2VP) (Fig. 5).>® The amphiphilic character of the block
co-polymer allowed the formation of micelles constituted by
pyridine units in the core stabilizing the PdNPs and PEO
chains in the shell responsible for its dispersion in water.
Selectivity towards the alkenol product reached nearly 100% at
up to 94% conversion, although beyond this conversion limit,
the over-reduced product was formed. The reaction was carried
out in the presence of a base (KOH, pH of 13.4) to avoid the
acid-catalyzed isomerization of the products. The authors
ascribed the high selectivity of this catalyst to the modification
of the Pd nanoparticle surface with the 2-vinylpyridine units in
the core of the micelle. This system exhibited stable activity
and selectivity and could be recycled and reused several times
with a simple ultra-filtration procedure.

By employing a similar supramolecular-micelle approach,
Kaneda and coworkers described the stabilization of PANPs

NaBH,4
L
Water
PEO-b-P2VP Micelle core
PEO-b-P2VP-PdNPs
A
a R
& &
=  OH _PdNPs = PdNPs
HO\/ Panes, Ho_/_\_OH — HO_~—"0H
1
2-butyne-1,4-diol H, cis-2-butene-1,4-diol sz 1,4-butanediol
pH=13.4 pH=13.4
Sc=c = 100%
X=94%

Fig. 5 Synthesis of PdNPs stabilized in the micelle core of poly(ethylene-oxide)-block-poly-2-vinylpyridine (PEO-b-P2VP) and their application in

the catalytic hydrogenation of 2-butyne-1,4-diol.

12386 | Dalton Trans., 2017, 46, 12381-12403

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7dt01607g

Open Access Article. Published on 13 June 2017. Downloaded on 10/23/2025 1:18:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

using poly(amidoamine) (PAMAM) dendrons which have a
pyridine core and alkyl end groups assembled into spherical
micelle-like structures.®® Fine tuning of the Pd nanoparticle
size ranging from 3 to 10 nm was achieved by adjusting the
alkyl chain length and the structure of the dendrons. The
resulting NPs could catalyze the highly selective semi-hydro-
genation of dienes and acetylenes. In the hydrogenation of
1-phenyl-1-propyne, 98% selectivity to the Z-alkene product
was obtained at 96% conversion. The authors attributed the
high alkene selectivity to the ligand effect of the pyridine core
of the dendrons.

Ionic liquids. Tonic liquids have also been used as solvents
and/or stabilizers for the preparation of M-NPs applied in the
semi-hydrogenation of alkynes. Their amphiphilic nature
makes them excellent solvents for a wide variety of metallic
precursors and organic compounds and since they usually
contain polar groups (e.g. the nitrogenated imidazolium
moiety), they can interact with the metal surface and stabilize
M-NPs. Depending on the miscibility properties of the IL, they
can also permit the recycling of catalytic systems by simple
solvent extraction processes.®°

Dupont and coworkers reported the partial hydrogenation
of terminal alkynes using ionic liquid stabilized PdNPs.®!
The thermal treatment of Pd(OAc), in 1-butyronitrile-3-
methylimidazolium-N-bis(trifluoromethanesulfonyl)imide
[(BCN)MI'NTf,] resulted in the formation of stable and mono-
dispersed PdNPs exhibiting a diameter of ca. 7.3 nm (Fig. 6).
Using these nanocatalysts, phenylacetylene was hydrogenated
with 95% selectivity to styrene at 97% conversion and demon-
strated the possibility to recycle the catalyst up to 4 times
without the loss of activity or selectivity. In these experiments,
the hydrogen pressure was observed to be critical to achieve
high selectivity. The authors attributed the high selectivity of
these NPs to the electronic modification induced by the
coordination of functionalized nitrile ionic liquids to the
metal surface.

More recently, the same group reported the preparation of
PdNPs stabilized by ILs and imidazolium salts bearing pyri-
dine or phosphine functionalities (Fig. 7) and their application
in the semi-hydrogenation of 2-pentyne.®> PANPs of ca. 3.5 nm
were prepared by reduction of [Pd(acac)(COD)|BF, (acac =
acetylacetonate; COD = 1,5-cyclooctadiene), dissolved in

Pd(OAc); + (BCN)MI.SNTfy ———— 'if%
(OAc); + (BCN) 2720°C. 1h

It PdNPs
PdNPs
=— H+ 1barH N
B H+ 1barhs g~ RO
R=Ph Sc=c = 95%
X=97%
R=-(CH,),Cl Sc=c = 97%
X= 75%

Fig. 6 Synthesis of PANPs stabilized by ILs and catalytic hydrogenation
of terminal alkynes.
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Fig. 7 Synthesis of PANPs stabilized by imidazolium salts bearing P- or
N-functional groups and their application in the catalytic hydrogenation
of 2-pentyne.

n-butyl-3-methylimidazolium tetrafluoroborate (BMI-BF,) in
the presence of stoichiometric amounts of the ligands and the
use of hydrogen as the reducing agent. Interestingly, the
PdANPs formed in the presence of a diphenylphosphine ligand
exhibited a particle size remarkably smaller in comparison
with the rest of ligands tested (1 nm vs. 3.5 nm). The formation
of very small nanoparticles using similar phosphines contain-
ing aryl groups as stabilizers had previously been observed by
other authors.®® The hydrogenation of 2-pentyne in the pres-
ence of any of these P- and N-ligands afforded a significant
improvement in the selectivity towards cis-2-pentene in com-
parison with the reference NPs prepared in the absence of a
ligand (up to 87% vs. 20% at ca. 95% of conversion), thus evi-
dencing the positive effect of the ligands on the selectivity.
Concerning the nature of the ligand, those presenting
n-accepting character provided the highest alkene selectivity.
This trend was evident for the series of phosphine ligands,
where the alkene selectivity seemed to be inversely correlated
with the sigma donating character of the phosphine: diiso-
propyl < dicyclohexyl < diphenyl. In terms of catalyst recyclability,
the authors demonstrated that the ionic-liquid catalytic system
could be reused up to 5 times without relevant loss of activity.
Using a similar approach, the semi-hydrogenation of di-
phenylacetylene and its derivatives was reported using FeNPs
stabilized by ionic liquids.®® These nanocatalysts (ca. 5 nm)
were formed by reduction of FeCl; with EtMgCl (Fig. 8) in the
presence of a nitrile-functionalized IL or acetonitrile. The
selectivities to the corresponding alkenes ranged from 20% to
98% depending on the substituents (96% for diphenyl-
acetylene at conversion >90%). It is noteworthy that low selec-
tivities towards the alkene were obtained when the phenyl ring
of the substrate included electron-withdrawing groups such as
—-CO,Me or -F (74 and 82%); this effect was even more accentu-
ated for PhC=CCO,Me (40%). These results demonstrated the
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Fig. 8 Synthesis of FeNPs stabilized by ILs and catalytic hydrogenation
of internal alkynes.

importance of an electron rich triple bond in the substrate
to reach high alkene selectivities. Moreover, excellent
Z-stereoselectivities were achieved (>92%) although they also
resulted in being sensitive to the electronic properties of the
substrates. In addition, the biphasic solvent system allowed
the facile separation and re-use of the catalyst.

More recently, the preparation of a highly selective
Pd/IL/MOF catalyst was reported for the semi-hydrogenation of
alkynes.®® Initially the metal-organic framework template
based on Cu was formed in the presence of an ionic liquid
(1,1,3,3-tetramethylguanidinium trifluoroacetate, TMGT) and a
palladium precursor (K,PdCl,), which was subsequently
reduced with r-ascorbic acid to form PANPs of ca. 2 nm. In
this case, the role of the IL was to stabilize the PANPs and act
as a linker between these and the MOF support (Fig. 9). This
composite catalyst was tested in the semi-hydrogenation of a
series of alkynes displaying excellent selectivities (>99%) at
>99% conversion. The authors proposed that interactions
between the N atoms of the IL and the PANP surface were
responsible for the high selectivity. Moreover, this catalytic
system could be recycled up to 4 times without the loss
of activity or selectivity. However, after the 5™ run, some Pd
leaching was detected.

Ligands. Some ligands frequently used in coordination
chemistry have also been employed as stabilizers of metal
nanoparticles.®®®” Traditionally, the use of ligands has been
combined with organometallic precursors provided with
olefinic compounds that could be hydrogenated to provide a
bare metal atom which would condense in the reaction medium

Z
o o™
1 bar H, Sc=c =>99%

Qo oc X = >09%
2

Fig. 9 Semi-hydrogenation of alkynes catalyzed by Pd nanoparticles
supported by a metal—-organic framework embedded in an ionic liquid
microphase.
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thus resulting in the NPs.®” The presence of the stabilizing
ligand in sub-stoichiometric amounts with respect to the
metal prevents the agglomeration of the formed nanoclusters.
Much before the popularization of the concept of nano-
particles, Caubere and coworkers introduced the preparation
of new versatile reducing agents called complex reducing
agents (CRA).°® These reducing agents were prepared by reac-
tion of transition metal salts with reducing systems such as
LiAlH,, NaBH,, NaH, among others, and consisted of non
pyrophobic black suspensions which, in the presence of
hydrogen, could catalyze selective hydrogenation reactions.
According to the chemical reduction performed with these
reagents, the authors postulated the intervention of transition
metal hydrides as the reactive part of the CRA.* These authors
reported the preparation of the very active and highly specific
nickel catalyst Nic for alkene and alkyne hydrogenations.”® The
designated Nic catalyst was prepared by chemical reduction of
Ni(OAc), using NaH in -AmOH under a nitrogen atmosphere
(Fig. 10). The Nic catalyzed the hydrogenation of terminal
alkynes such as 1-octyne and phenylacetylene providing alkene
selectivities up to 90% at full conversion while 96 and 98% selec-
tivities were achieved for 2-hexyne and 3-hexyne, respectively.
Later, the same group reported that the Nic catalyst con-
sisted of slightly magnetic particles of ca. 8-9 nm according to
XRD and electron microscopy. In addition, this material con-
tained 60-70 wt% of nickel depending on the alkoxide used
during the preparation, which suggested the presence of alkox-
ides stabilizing the NiNPs. The influence of the nature of the
alcohol used during the preparation of the Nic catalyst was
also evaluated. Interestingly, when #-BuOH was used, the
initial rate of hydrogenation of phenylacetylene was slightly
higher than that when i-PrOH and t-AmOH were employed.
The effect of the alkyne structure in hydrogenation using the
Nic catalyst was also studied.”’ For terminal alkynes, the
reduction in the substrate is slower than the subsequent
alkene hydrogenation, while the opposite occurs for internal
alkynes. A similar observation correlating the hydrogenation
rates of terminal alkynes and alkenes had previously been
reported.”’ In the complete hydrogenation of the mono- and
disubstituted alkynes 1-octyne and 2-hexyne, alkane formation
was observed earlier for the terminal alkyne than with the di-
substituted one.”* This was attributed to the over-hydrogenation

. 1. THF, 45°C
Ni(OAc), + 6 eq. NaH 2. 20 eq. t-AmOH

Nic

i

¥

Nic

= + 1barH -
Ri R 2" Quinoline Ri Ry
EtOH, 25 °C

R4 Ry X, % Scec,%
Ph H 100 90
CH3(CHy)s H 100 80
CH3CH, CHsCH, 100 98

Fig. 10 Synthesis of Nic catalyst and its application in the catalytic
hydrogenation of alkynes.
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of the produced 1-alkene without a desorption step.
Interestingly, for this Nic catalyst, isomerization of the pro-
duced alkene only began when the alkyne had been consumed
completely. Moreover, upon addition of quinoline during the
hydrogenation of 2-hexyne, both the over-hydrogenation and
the cis-trans isomerization reactions of the alkene were
notably retarded. In a subsequent report, the same authors
reported the application of the Nic catalyst in the hydro-
genation of a series of terminal and internal alkynes and
alkynols.”” In all cases, the reaction was completed after the
consumption of 1-1.2 eq. of hydrogen, resulting in alkene selec-
tivities of 80-90% for terminal alkynes/alkynols while values
higher than 95% were usually obtained for internal substrates.
Caubere and coworkers extended their studies on complex
reducing agents (CRA) using Pd catalysts. Following the
method used for the synthesis of Nic, a colloidal Pd catalyst
was synthesized by the reduction of Pd(OAc), by NaH in the
presence of 2-methylbutan-2-ol (-AmOH) (Fig. 11).”® This cata-
lyst was active in the self-terminating semi-hydrogenation of
1-heptyne and 1-octyne with an olefin selectivity of 98% for
both substrates at complete conversion. However, the presence
of N-donor compounds as catalyst modifiers during catalysis
was required to avoid over reduction of the substrates and
among the series, quinoline provided the highest selectivities.
The key role of the alkoxide in the control of the reactivity of
this catalyst was demonstrated when a similar Pd catalyst syn-
thesized in the absence of -AmOH was tested giving full over-
hydrogenation of the alkyne under the same conditions.
Chaudret and co-workers also reported the use of FeNPs as
catalysts for selective hydrogenation reactions.’® These NPs
were synthesized by the reduction of an organometallic iron
precursor under hydrogen (Fig. 12). Since no additional stabilizer

NaH
Pd(OA - 3
(OAc + HAMOH e 4geC., 3 i
PdNPs
PdNPs
R—=—=—H+ 1barH, ——— R
Quinoline
hexane, 20 °C R= CH3(CH,)4
Scc = 98.5%
CH3(CHy)s
Scec = 98.7%

Fig. 11 Synthesis of PdNPs reported by Caubere and co-workers and
subsequent catalytic hydrogenation of terminal alkynes.

[Fe(N[Si(CHg)sl2)zl2

ls bar Hy
/©\ + H,
HO X

Fig. 12 Synthesis of FeNPs via hydrogenation of an organo-
metallic precursor and their application in the hydrogenation of
3-hydroxyphenylacetylene.
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was used, it was proposed that HN[Si(CHj3);], (HMDS) released
during the decomposition of the metal precursor acts as a
stabilizing agent for the FeNPs. These nanocatalysts were very
active in the hydrogenation of terminal and internal alkynes.
However, over-reduction occurred for most of the tested sub-
strates and only when 3-hydroxyphenylacetylene was tested as
a substrate, was a significant selectivity to 3-vinylphenol (88%)
obtained.

Recently, Godard and co-workers reported a versatile
method for the preparation of efficient and reusable Pd nano-
catalysts immobilized on paper for the selective hydrogenation
of alkynes.”* In this report, the Pd nanoparticles were syn-
thesized by a one-pot method involving the decomposition of
Pd,(dba); (dba = dibenzylideneacetone) under H, in the pres-
ence of tricyclohexylphosphine (PCy;) and multi-walled carbon
nanotubes (MWCNTs). Subsequently, a suspension of the
Pd/MWCNTSs was impregnated in the paper carrier by a simple
painting process. The resulting paper based catalyst was active
and highly selective in the hydrogenation of a series of alkynes
in the presence of quinoline and could be reused up to 5 times
without loss of activity or selectivity.

De Vries and coworkers applied FeNPs in the hydrogenation
of a series of alkynes with good to excellent conversion under
mild conditions.*®> These FeNPs were prepared via reduction of
iron salts with alkyl Grignards or alkyl lithiums in THF. The
resulting FeNPs catalyzed the selective hydrogenation of
1-hexyne and 1-octyne under 10 bar H, resulting in selectivity
to the alkene of ca. 60% at 100% conversion. However, under
20 bar H, and a longer reaction time (15 h instead 0.5 h), the
substrate was completely over-reduced. On the basis of the
detection of iron, magnesium and chloride by EDX analysis,
the authors proposed that the FeNPs were stabilized by MgCl,
and the solvent, THF.

2.1.2 Acetylene semi-hydrogenation. To the best of our
knowledge, there is only one example of hydrogenation of
acetylene using a purely colloidal catalyst. Zhang et al. reported
the selective hydrogenation of acetylene in water using mono-
disperse water soluble PANPs with diameters of 2-4 nm that
were synthesized by hydrogen reduction in the presence of
three water soluble stabilizers: hydroxyethyl cellulose (HEC,
M,: 90000), polyquaternium-10, and sodium carboxymethyl
cellulose (CMC, M,: 90 000) (Fig. 13).”> The PANPs stabilized
by sodium carboxymethyl cellulose (CMC) in water were the
most efficient catalysts in this process with higher selectivity
and conversion (50% selectivity at 100% conversion), than
those reported for conventional supported Pd catalysts (11%
selectivity at 93% conversion for Pd-Ti/SiO,). In this study, the
selectivity was highly influenced by the H,/C,H, ratio and the
reaction temperature. The highest ethylene selectivities were
obtained when acetylene-rich streams (H,/C,H, = 1.5) and low
temperatures were employed.

To date only a few studies have been reported on the hydro-
genation of acetylene using supported catalysts prepared
through colloidal chemistry, and these reports mainly deal
with the effect of the stabilizer on the activity of these species.
Kiwi-Minsker and co-workers investigated the influence of the
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Fig. 13 Synthesis of PdNPs stabilized by water soluble cellulose and
catalytic hydrogenation of acetylene.

organic stabilizer and the reducing agent on the performance
of PdNPs supported on carbon nanofibers in the hydro-
genation of acetylene.”® The NPs were prepared using sodium
di-2-ethylhexylsulfosuccinate (AOT), polyvinylalcohol (PVA), and
polyvinyl pyrrolidone (PVP) as stabilizers and various reducing
agents (hydrazine hydrate, ascorbic acid, n-butanol, ethanol
and methanol). The authors observed a strong decrease in the
hydrogenation rate for the NPs stabilized by sodium di-2-ethyl-
hexylsulfosuccinate in comparison with those obtained with
the catalysts stabilized by polyvinylpyrrolidone or polyvinyl-
alcohol. These results were attributed to the geometric and
electronic effects induced by the stabilisers. In contrast, in
terms of alkene selectivity, a similar product distribution was
obtained over PANPs with a similar crystal size, independently
of the stabilizer used. Interestingly, when the polymeric
stabilizer was removed by a combined ozone/H, treatment, the
ethylene selectivity was negatively affected thus demonstrating
the positive effect of the stabilizer in catalysis.

Other studies have addressed the importance of removing
the stabilizer once the nanoparticles are immobilized on the
support and prior to the catalysis, in order to maximize the
number of accessible active sites. The preparation of poly
(vinylpyrrolidone) (PVP)-stabilized Pd nanocubes, their depo-
sition on a carbon-based support, and their subsequent treat-
ment with UV-ozone (UVO) was reported.”” This process
allowed complete cleaning of the catalyst surface without
affecting the morphology of the particles. The removal of the
PVP displayed a positive effect on the selective hydrogenation
of acetylene, with a 4-fold increase in the activity after the
treatment of the catalyst.

In summary, the selection of the appropriate stabilizer for
the preparation of colloidal nanoparticles is crucial to obtain
selective catalysts for the hydrogenation of alkynes and should
be done based on the substrate that is to be transformed. For
instance, gas-solid reactions are highly sensitive to the pres-
ence of residues (even in trace amounts) at the catalyst surface,
and therefore require the use of cleaning procedures. In this
sense, stabilizers containing only C, H, O, and N (e.g. PVP,
PVA) are ideal for gas-solid reactions since their decompo-
sition products are generally volatile compounds which do not
block the active sites. In contrast, liquid phase reactions
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permit the modulation of the reactivity of the metallic NPs
through the electronic or steric properties of the stabilizers.
A common strategy to improve the selectivity in the semi-hydro-
genation of alkynes is the use of stabilizers containing nitrogen
functionalities such as amines, pyridines or nitrile groups.

2.2 Role of support

In 2012, a comprehensive discussion on the role of the
support at the meso/microlevel in the selective hydrogenation
of alkynes was reported by Kiwi-Minsker and co-workers.""
Although the immediate role of the support is to dilute the
active phase and facilitate the handling of the catalyst, the
selection of the appropriate support also represents a powerful
tool to influence the properties of the catalyst. Indeed, the
support provides some control of the NPs size, metal distri-
bution, and stability of the particles (Fig. 14).”® Furthermore,
the performance of a catalyst can be modified by the chemical
and electronic properties of the carrier via metal-support
interactions while its structural properties affect the diffusion
and adsorption of the reactants/products.

The impact of the support will also depend on the thermal
treatments, including activation steps, to which the catalytic
material will be subjected prior to the hydrogenation. For
instance, when reducible oxides are used as supports, their
partial reduction during the thermal treatment may result in
strong metal-support interactions (SMSI) which can cause site
blocking via migration of partially reduced oxide species from
the support or the formation of new bimetallic phases.”®°
The surface characteristics and adsorption properties of a
carrier can also be modified by the incorporation of function-
alities in pre-treatment steps. For instance, the treatment of
carbon materials with reagents such as ozone, carbon dioxide
HNO;, HCl, H,0,, NaOH, etc. can modify their surface by
introducing oxygen-containing groups.®!

In the following paragraphs, the impact of the support on
the performance of nanocatalysts in the selective hydro-
genation of alkynes is discussed with particular focus on the
recent results involving the use of colloidal techniques for the
preparation of the active phase.

High alkenol selectivity (95% at full conversion) was
reported in the hydrogenation of 2-methyl-3-buten-2-ol (MBE)
over a structured catalyst of Pd/ZnO on sintered metal fibers
(SMFs).®* The structured catalyst was prepared by deposition

Role of support:

« Metal dispersion

+ Prevention of sintering
Mass transfer effects

+ Strong support-metal
interactions (SMSI)

Fig. 14 Role of the support in the performance of supported metal
nanoparticles.
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Sintered metal fibers

Fig. 15 Strong metal-support interactions (SMSI) in the Pd/ZnO/SMF
catalyst formed during the activation treatment.

of a colloidal suspension of 7 nm PdNPs over ZnO/SMF fol-
lowed by reduction in hydrogen at 773 K. Based on the com-
parison with a Pd/Al,O; catalyst, the high alkenol selectivity
observed for the ZnO supported material was ascribed to the
alloyed structure of the active phase, Pd/PdZn, formed during
the high-temperature treatment under hydrogen (Fig. 15).

Over the last few years, several studies have been dedicated
to the preparation of colloidal NPs which incorporate materials
frequently used as supports (e.g. iron oxides). In those cases,
the purpose of such incorporation is usually the transmission
of magnetic properties to the active phase as a strategy for
recycling the colloidal catalyst. For instance, the preparation of
magnetically recoverable Pd catalysts was reported via thermal
decomposition of palladium acetylacetonate in the presence of
iron oxide nanoparticles.®’ In the semi-hydrogenation of
2-methyl-3-butyn-2-ol, these catalysts were more efficient than
similar PANPs prepared in the absence of iron oxide NPs (96%
selectivity at 95% conversion vs. 100% sel. at 6% conversion)
(Fig. 16). The composition of the iron oxide NPs was also
shown to influence the catalytic performance of the PdNPs
since those prepared from iron species in a lower oxidation
state were the most active. According to the authors, electron
transfer from the iron oxide NPs to the Pd surface could accel-
erate the reduction of the alkyne.

The selective hydrogenation of 3-butyn-1-ol catalyzed by
recoverable PANPs deposited on a colloidal magnetic support
(silica-coated magnetite functionalized with amido groups,
FFSiNH,) was also recently reported by Philippot and co-
workers.** This catalyst was prepared by decomposition of
Pd,(dba); over the magnetic support and provided high selecti-
vity in the semi-hydrogenation of 3-butyn-1-ol and benzyl-
propargylamines under mild conditions and short reaction

Oleylamine .
Oleic acid - PdNPs
Dioctyl ether -
Pd(acac), + . —_— P~ Fes04/
285 °C, 45 min. 79 4-Fe,04
Fe304/ l
v-Fex03

PdNPs/

Fe, Oy NPs Y/
HO>{ T HO>—/

2-methyl-3-butyn-2-ol 2-methyl-3-buten-2-ol

(MBY)
Sc=c = 96%
X=95%

Fig. 16 Synthesis of PANPs/iron oxide NPs and their application in the
selective hydrogenation of 2-methyl-3-butyn-2-ol (MBY).
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Fig. 17 Synthesis of PdNPs/silica-coated magnetite NPs and their
application in the selective hydrogenation of 3-butyn-1-ol and benzyl-
propargylamines.

times (82% selectivity to 3-buten-1-ol at 98% conversion)
(Fig. 17).

Another example of a very selective catalyst for the semi-
hydrogenation of alkynes is the multi-walled carbon nanotube
(MWCNT) supported Fe;0,-Cu,O-Pd nanocomposite.®> This
catalyst was prepared by initial deposition Fe;O, and CuNPs
onto the MWCNTs followed by in situ galvanic replacement
between Cu and PdCl;>". Interestingly, this nanocomposite
was active only in the hydrogenation of terminal alkynes
(internal alkynes were not hydrogenated) leading to the for-
mation of the corresponding alkenes without any over-hydro-
genation. The authors demonstrated that Cu,O played a
critical role in the selectivity since the absence of this material
resulted in the loss of selectivity. However no explanation for
such behavior was provided. This catalyst displayed unpre-
cedented selectivity for the semi-hydrogenation of terminal
alkynes with self-terminating properties.

The utilization of Au®**” and CeO, ***® based catalysts in
hydrogenation reactions has become popular in recent years.
Although cerium oxide is a highly selective catalyst for the
partial hydrogenation of alkynes, the high operating con-
ditions required (temperature and pressure, even with pro-
moted versions®®) have hampered the practical utilization of
this oxide.** One example combining the synergies of both Au
and CeO, for the semi-hydrogenation of alkynes was reported
by Kaneda and co-workers.** The Au@CeO, NPs were prepared
using a redox-coprecipitation method, where the Au nano-
particle core and the nanoporous shell of CeO, are simul-
taneously formed in one step. In the hydrogenation of phenyl-
acetylene at room temperature under 30 bar of H,, the
Au@CeO, catalyst provided 99% selectivity to styrene at full
conversion of the substrate, even after prolonged reaction
times. The authors propose that the core@shell structure of
this catalyst plays a crucial role in reaching such selectivity by
maximizing interfacial sites (Fig. 18).

The encapsulation of the active phase into the solid
support is also a rational strategy to enhance the selectivity of
catalysts in the semi-hydrogenation of alkynes. In a very inter-
esting contribution, Bal'zhinimaev and co-workers reported
that the preparation of Pd nanoclusters of 1-2 nm confined in
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method and selective hydrogenation of alkynes with prevented over-
hydrogenation.

fiberglass bulk permitted the selective hydrogenation of
acetylene in the presence of a large excess of ethylene.’® This
fact was explained by the ability of glass to absorb predomi-
nantly readily polarizable molecules such as acetylene but not
ethylene. In addition, this catalyst was characterized by low
oligomerization susceptibility thus providing high resistance
towards deactivation under the reaction conditions. This is a
clear example of how encapsulation or confinement of the
active phase can dramatically impact on the alkene selectivity
and prevent side reactions. This type of approach could be very
promising for the selective hydrogenation processes of gas
substrates.

2.3 Particle size and shape of the metal NPs

The effect of particle size and shape on the catalytic properties
of metallic nanoparticles is an important issue in hetero-
geneous catalysis.”® The particle size of the NPs affects their
surface to volume ratio and the coordination numbers of the
surface atoms, and therefore their reactivity. Large particles
possess mainly large crystal planes, whereas small particles
display mainly edge and corner atoms.’”> In general, low
coordinated sites (located at edges and corners) would
strengthen the adsorption of the reagents in comparison with
crystal planes. Similarly, the shape of the metal nanoparticles
also conditions the fraction of the different types of surface
atoms.”?

Kiwi-Minsker and co-workers studied the structure sensi-
tivity of unsupported PdNPs with diameters in the range
6-14 nm in the selective hydrogenation of 1-hexyne (Fig. 19).%
A 15-fold TOF increase was observed when the diameter of the
particle increased from 11 to 14 nm (antipathetic size-sensi-
tivity) while similar TOF values were obtained in the range
6-11 nm. For particles larger than 14 nm, the observed TOF
approached the value of the Pd black catalyst. However, the
selectivity towards 1-hexene (96.5% at 85% conversion of
1-hexyne) did not vary with the particle size. It was therefore
concluded that for 1-hexyne, the selectivity of this reaction was
size independent. Similar behaviors in TOF and selectivity
were observed in the semi-hydrogenation of 2-methyl-3-butyn-
2-ol (MBY) using these catalysts.”® In a complementary study
on the semi-hydrogenation of MBY, the evaluation of PVP
stabilized PANPs in the range of 2-9 nm evidenced similar
trends as a function of the particle size: higher specific activity
(TOF) over larger Pd NPs and constant selectivity independently
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Fig. 19 Synthesis of PANPs of different sizes and their application in the
selective hydrogenation of 1-hexyne.

of the particle size.® The authors correlated the observed size
effect on activity with the fraction of Pdp,,e active sites being
more abundant in the larger NPs.

Witte et al. studied the effect of the metal crystallite size in
the hydrogenation of 3-hexyn-1-ol using PdNPs between
5-25 nm prepared by the NanoSelect method.'* Interestingly,
when the smallest PANPs were used, the TOF decreased and
the alkene selectivity improved.

Zhou and co-workers studied the size effect on the selective
hydrogenation of phenylacetylene catalyzed by Pd NPs
(4-12 nm) supported on a-Al,05.°> The catalysts were prepared
by a two-step protocol. The first step consisted in the chemical
reduction of Pd*" by NaBH, in the presence of PVP, followed
by the deposition of the metal colloid onto a-Al,Os. In cataly-
sis, an increase in specific activity and selectivity to styrene
was observed when increasing the particle size from 3.8 to
6.6 nm. Further increase of the particle size from 6.6 to
12.1 nm resulted in a slight increase in specific activity while
the styrene selectivity decreased gradually. The antipathetic
size-sensitivity observed in this report is in the same line as
that in studies performed using other substrates such as
1-hexyne and 2-methyl-3-butyn-2-ol. This behavior can be
associated with the increase in the fraction of low index planes
(faces) in larger nanoparticles considering that such sites
(Pd100) are more active in the hydrogenation of alkynes.

For acetylene, Kiwi-Minsker and co-workers studied the par-
ticle size effects of PANPs in the range of 8-13 nm for sup-
ported Pd/CNF/SMF (carbon nanofibers/sintered metal fibers)
nanocatalysts.”® Similarly to what was observed for liquid sub-
strates, the turn-over-frequency was found to increase with the
particle size up to a critical diameter of 11 nm, above which
the specific activity was size-independent. However, for this
substrate, the initial selectivity to ethylene was found to be
size-independent. This size effect below 11 nm was suggested
to be “geometric” in nature due to the size-sensitive formation
of a Pd-C, phase.’® Therefore, for smaller particles, the C/Pd
ratio is higher and carbonaceous deposits block most of the
active Pd surface. In a more recent study on the selective
hydrogenation of acetylene, Kiwi-Minsker reported that simi-
larly, a decrease in PANP size from 8 to 2 nm results in a
concomitant decrease in activity and increase in selectivity to
the ethylene product.”® This observation was linked to site
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isolation by carbon deposits, which is important over small
PdANPs.

The particle shape can also have an impact on the perform-
ance of M-NPs in catalysis. For instance, the effect of the
shape of nanocatalysts in the selective hydrogenation of
2-methyl-3-butyn-2-ol (MBY) was studied by employing PVP
stabilized Pd nanocubes (6 and 18 nm), octahedra (31 nm),
and cuboctahedra (5.5 nm).”” Based on the observed activity
and selectivity two types of active sites were proposed for this
reaction: those on the planes where the semi-hydrogenation of
MBY to 2-methyl-3-buten-2-ol (MBE) takes place and those at
the edges that are responsible for the over-hydrogenation
(Fig. 20). The lower coordination number of the edge atoms
could explain the increased adsorption strength of the alkene,
thus favoring the over-hydrogenation reaction. By considering
the statistics of surface atoms for nanocrystals with different
shapes and sizes, the optimal catalyst in terms of productivity
and selectivity to MBE was predicted to be cubes of ca. 3.5 nm.
Previously, the same authors reported the use of nano-
hexagons and nanospheres in the same catalytic transform-
ation and the highest activity was obtained using particles
with the highest amount of (111) planes.’®

However, an analogous study on the effect of the shape/size
in the semi-hydrogenation of acetylene indicated that the
shape of nanoparticles does not influence the catalyst selecti-
vity, while the activity decreases in the order Pdictanedra >
Pdcuboctahedra > Pdeubes:>> The authors concluded that for
acetylene, the octahedron represents the optimal shape for
these catalysts. Concerning the optimal particle size for this
substrate, calculations predicted that Pd octahedra of 3 nm
would display the maximum catalyst activity.

In view of the distinct conclusions reported on the effect of
the particle size/shape of Pd nanocrystals on catalyst perform-
ance,”” it can be assumed that these effects are sensitive to the
substrate under study and therefore, cannot be generalized.
Moreover, since the size and shape are closely related para-

)= 0N g
MBY MBE
@) Pd100)
@ Pdg)
© Pdn)

Fraction of
surface atoms
(110-111):

Activity and
selectivity:

Fig. 20 Effect of the palladium nanocrystal shape on the selective
hydrogenation of 2-methyl-3-butyn-2-ol (MBY).
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meters, studies in this area need to consider the intrinsic
correlation between them.

2.4 Dilution of the active phase: introduction of modifiers

The introduction of modifiers is a widely applied strategy for
enhancing the catalyst performance in the selective hydro-
genation of alkynes. A modifier is defined as a component of a
catalyst that improves the performance of the active substance
without necessarily having any significant activity on its own.
Some of the more commonly applied modifiers are metals
with lower affinity for hydrogen (e.g. Ag, Au, Cu, etc.) than the
highly active Pd phase. The introduction of a second metal
thus results in the dilution of the active phase. The impact of
such a dilution can be classified according to geometric and
electronic effects. The geometric effect is attributed to the cre-
ation of suitable ensembles of unique character or to the
blockage of unselective active sites in order to enhance the
selectivity towards the alkene. The electronic effect concerns
the ability of a modifier to affect the electronic properties of
the active metal in order to enhance the thermodynamic
selectivity and/or to suppress the formation of (sub)surface
species. A clear example of an electronic effect is the introduc-
tion of Zn as modifiers into Ni structures to form a NiZn alloy,
which is a promising catalyst for alkyne hydrogenation.'®*°
Norskov and co-workers demonstrated that a catalyst consti-
tuted by 25Pd75Zn was more selective in the selective hydro-
genation of acetylene than purely Ni or Pd catalysts and even
superior to a 25Pd75Ag alloy, commonly used in industrial
formulations.®’

Based on kinetic Monte Carlo simulations for the selective
hydrogenation of acetylene, Mei et al. reported that alloying
the palladium surface with Ag results in both geometric and
electronic effects which weaken the binding energies of acety-
lene and hydrogen to the surface.'” The presence of Ag at the
surface weakens the binding strengths of all surface inter-
mediates and therefore increases their rates of desorption as
well as their rates of hydrogenation. The weaker interactions
and the decrease of Pd sites control the availability of hydrogen
on the surface. This, together with the weaker ethylene binding
to the surface, promotes its desorption over its hydrogenation.

One of the classic examples of modified catalysts in alkyne
hydrogenation is the Lindlar catalyst which consists of 5 wt%
palladium supported on porous calcium carbonate treated
with lead and quinoline as modifiers. These two modifiers
influence specific parameters which control the selectivity
to the alkene: Pb enhances the thermodynamic factor and
hinders the formation of hydrides, while quinoline prevents
the over-hydrogenation reaction by competition with the
alkene for the Pd sites."""

2.4.1 Bimetallic systems. For a bimetallic system, several
structures can be obtained depending on the synthesis
methodology: core@shell, cluster-in-cluster, alloys, and mixed
phases of the two metals (Fig. 21).'°> Among these structures,
core@shell and alloyed structures are the most intuitive in
terms of dispersion and interaction between the two metals.
In contrast, a cluster-in-cluster array does not provide clear
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Fig. 21 Cross-sections of bimetallic particles: (a) core@shell; (b) inverted core@shell; (c) cluster-in-cluster; (d) alloy with ordered metal atoms; and

(e) nanoalloy with randomly disordered metal atoms.1%®

positive electronic or geometric effects derived from the dis-
persion of the second metal in the Pd phase. A similar case
could occur in a core@shell structure in which Pd is located at
the shell of the NPs since it could behave as pure Pd, making
the beneficial effect of the second metal less clear. However, if
Pd is used as a promoter (5-25 wt%) and thus the Pd coverage
is not complete, the positive effect of the core metal is
exerted.'®>'%" This scenario is possibly one of the most
efficient from an economic point of view considering that Pd
is generally the most expensive phase and that with this
strategy, the Pd exposed at the surface is optimized.

In a comprehensive study, Lopez and Vargas-Fuentes per-
formed a series of Density Functional Theory (DFT) calcu-
lations that aimed at illustrating the effect of the presence of a
second metal on the properties of Pd in the selective hydro-
genation of acetylene in ethylene rich mixtures.'® In terms of
adsorption properties, this study indicated that a stronger
adsorption takes place on Pd-only sites than on mixed sites
and that acetylene is always adsorbed more strongly than ethyl-
ene. Metals such as Bi improved the thermodynamic selectivity
while others such as Cu and Au stabilized the adsorption of
both the substrate and alkene product with respect to Pd.
Concerning the formation of hydrides, all the promoters
studied reduced the availability of the subsurface hydride
(B-PdH phase) and as such, should reduce the over-hydrogen-
ation reaction. Among the promoters that were studied, Bi and
Sn showed the strongest effect. A similar outcome was also
observed for Ag@Pd core@shell structures.'®® Regarding
carbide formation, the results indicated that metals such as
Sn, Pb, and Bi are very unlikely to suffer surface carburization.
Concerning oligomer formation, Sn, Pb and Bi efficiently iso-
lated Pd sites, thus inhibiting oligomerization at the surface.
In contrast, promoters such as Ag, Zn, and Ga are more prone
to suffer oligomerization issues due to electronic effects and
for this reason relatively large amounts of these promoters are
necessary to achieve site isolation.

In addition to the synthesis methodology, it has been
observed that the architecture of bimetallic NPs can be modi-
fied by thermal treatment in the presence of H,, O, or Ar.""”

In the following sections, the reported application of bi-
metallic NPs in the selective hydrogenation of alkynes will be
described according to the type of substrate used in catalysis
and the metal combinations.

Liquid substrates. PdAg. Kiwi-Minsker and co-workers investi-
gated the role of a second metal using colloidal Pd and bi-
metallic Pd-Ag and Pd-Cu NPs as catalysts in the selective
hydrogenation of dehydroisophytol (DIP) into isophytol (IP).'®
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Fig. 22 Synthesis of Pd, Pd—Ag and Pd—Cu bimetallic NPs, and their
application in the selective hydrogenation of dehydroisophytol.

The bimetallic NPs were prepared using Pd/M ratios of 1.5-5
(M = Ag or Cu) by chemical reduction on pre-formed Pd
colloids stabilized by PVP (Fig. 22). The bimetallic Pd-Ag NPs
adopted a core (Pd)-shell (Ag) structure whereas a mixed alloy
was obtained for Pd-Cu nanocrystals. In catalysis, a significant
increase in selectivity from 91 up to 97% (at 99% conversion)
to the target alkenol was observed after incorporation of the
second metal. This result was attributed to the dilution of the
surface Pd-sites by Ag or Cu and modification of the electronic
properties of Pd. Interestingly, the alkenol selectivity was not
affected by the amount of modifier used for both Pd-Ag and
Pd-Cu systems.

The selective hydrogenation of 3-hexyl-1-ol was investigated
using bimetallic AgPd nanoparticles synthesized via galvanic
exchange reactions between AgNP seeds and K,PdCl, in the
presence of PVP as a stabilizer (Fig. 23) using Ag/Pd ratios
between 0:1 to 6:1.'% All bimetallic catalysts were highly
selective for Z-3-hexen-1-ol (>99%) and within the series of
tested catalysts, the highest TOF was achieved with the NPs
prepared using a Ag/Pd ratio of 2:1 (935 h™' compared with
570 h™" for the 0: 1 catalyst). EXAFS analysis indicated that the
structure of the catalysts can be described as a cluster-in-
cluster.

Very recently, the preparation of a series of core@shell
Pd@Ag NPs of ca. 26 nm with a variable Ag content (9-33 wt%
Ag) was reported. These nanoparticles were prepared by depo-
sition of a silver layer over Pd seeds by reduction of AgNO;

This journal is © The Royal Society of Chemistry 2017
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Fig. 23 Synthesis of PdAg cluster-in-cluster NPs and their application
in the selective catalytic hydrogenation of 3-hexyl-1-ol.
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Fig. 24 Synthesis of Pd@Ag core@shell NPs and selective hydro-
genation of alkynes.

using ascorbic acid in water (Fig. 24)."*° In catalysis, excellent
alkene selectivity was obtained in the semi-hydrogenation of
1-octyne under mild conditions using the Pd@Ag catalyst of
16.7 wt% Ag (>99% selectivity at >99% conversion at r.t. and
1 bar H,). With this catalyst, the over-hydrogenation of the
alkene was prevented even after extended reaction times fol-
lowing the full consumption of the alkyne. In contrast, cata-
lysts with a lower silver loading (<16.7%) provided some
degree of over-hydrogenation. The authors attributed the high
activity and selectivity displayed by these catalysts to the
complementary relationship between Pd and Ag derived from
the core-shell arrangement. On the one hand, the Pd core
enhanced the activity of the Ag-shell by activating the hydro-
gen. On the other hand, the Ag shell served as the surface for
the semi-hydrogenation of the alkyne and reduced the intrinsi-
cally low alkene-selectivity of Pd by inhibiting the contact
between Pd and the alkenes.

The preparation of a series of core-shell PdAg NPs (Pd : Ag
ratios of 40:60, 50:50, and 60:40) was achieved by co-
reduction of Pd-Ag salts (using NaBH, as the reducing agent)
in the presence of poly(propylene imine) dendrimers
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covalently bound to the surface of a silica polyamine compo-
site."’ In this approach, the poly(propylene imine) dendri-
mers play the role of stabilizers of the NPs. Based on XPS ana-
lysis, the authors proposed a core-shell structure of the PdAg
NPs where silver dominates the outer shell. The evaluation of
the catalytic performance of these composite materials in the
selective hydrogenation of phenylacetylene, 1- and 4-octyne
revealed moderate alkene selectivity even before full conver-
sion of the alkyne (50-90%) and important isomerization
activity. The relatively strong catalytic conditions employed in
this study (80 °C and 10 bar H,) probably negatively affected
the performance of these bimetallic catalysts in terms of
selectivity. However, the immobilization approach employed
permitted the successful recycling of the catalysts up to
7 times without loss of activity.

PdAu. One of the earliest studies dealing with the semi-
hydrogenation of alkynols was reported by Bronstein and co-
workers in 1999. In this report, the catalytic properties of palla-
dium and bimetallic PdAu, PdPt, and PdZn nanoparticles
formed in block polystyrene poly-4-vinylpyridine (PS-b-PAVP)
micelles were studied in the hydrogenation of dehydrolinalool
(DHL) (Fig. 25).">'"* High alkene selectivity (99.8% at 100%
conversion) was achieved for all these micellar catalysts. The
excellent selectivity was ascribed to the chemical modification
of the nanoparticle surface with pyridine units of the block-
copolymer. In addition, the second metal (Au, Pt, or Zn) acted
as both a geometric and an electronic modifier of the Pd-NPs.

Very recently, the preparation of a supported PdAu/CNT
catalyst containing PdAu NPs of 10 nm and a gold content of
ca. 73 wt% was reported.'”> The NPs were prepared by simul-
taneous reduction of Pd(NO;), and HAuCl,-3H,0 using hydro-
gen bubbling over an ethanol solution. The bimetallic PdAu
catalyst exhibited intermediate activity while the alkene selecti-
vity was increased when compared to monometallic reference
catalysts of Pd and Au.

Other PdX nanocatalysts. The preparation of palladium-
rhodium-phosphorus alloy nanoparticles and their appli-
cation in the selective hydrogenation of alkynes under mild
conditions were reported."** The monodispersed PARhP nano-
particles were prepared via co-reduction of Pd(acac), and
Rh(acac);, by employing trioctylphosphine (TOP) as the stabi-
lizer. According to ICP analysis, the atom composition of this

OH
A
Pd(OAc),
+ . 1 bar Hp
AUCI, 3H,0 LiB(C2Hs)3H 7090 °C
or Zn(CH3;CO0), Toluene on
or K[Pt(C,H,4)Cl3]H,0 M-NPs@micelle
M = Pd, PdAu, PdPt, PdZn \

Fig. 25 Synthesis of Pd, PdAu, PdPt and PdZn NPs and their application
in the selective hydrogenation of dehydrolinalool (DHL).
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Fig. 26 Synthesis of PdRhP amorphous alloy nanoparticles and
their application in the selective hydrogenation of p-substituted
phenylacetylenes.

amorphous alloy was Pd;,RhzoP,;. The resulting alloy was
active in the semi-hydrogenation of 1-ethynyl-4-nitrobenzene
and 1-bromo-4-ethynylbenzene under 1 bar H, at 35 °C result-
ing in selectivity towards the alkene of 99% and 92% respec-
tively at 100% conversion (Fig. 26). These excellent results were
ascribed to the intrinsic nature of the amorphous alloy with a
modified geometric/electronic structure affecting the adsorp-
tion of reactants, thus controlling the selectivity.

In 2014, Tsang and co-workers reported the interstitial
modification of palladium nanoparticles with boron atoms.""”
The treatment with borane tetrahydrofuran solutions of a pre-
viously prepared Pd/C catalyst produces the doping of palla-
dium interstitial lattice sites with boron atoms with good
chemical and thermal stability (Fig. 27). DFT calculations
suggested that the adsorption properties of palladium are
modified by the presence of subsurface boron atoms resulting
in an improvement in the alkene selectivity in comparison
with that of the pure Pd catalyst. In addition, the occupancy of
the interstitial boron atoms can displace the subsurface
hydrides usually present at the same sites in Pd and thus
reduces over-hydrogenation.'"®

Other M1-M2 alloys. As previously mentioned, De Vries and
coworkers reported the use of FeNPs in the hydrogenation
of 1-octyne.*>''” Interestingly, the authors observed the for-
mation of n-octane from the beginning of the reaction, which
suggested its formation via direct hydrogenation of 1-octyne
without release and re-adsorption of 1-octene.'’” With the aim
to suppress the hypothetic direct pathway to octane, bimetallic
nanoparticles of Fe:Ni (1:1), Fe:Co (1:1) and Fe:Cu (1:1),

Fig. 27 Promotion of a Pd/C catalyst by the doping of palladium inter-
stitial lattice sites with boron atoms.
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as well as monometallic Ni, Co and Cu NPs were prepared and
tested in catalysis. Ni and CoNPs were more active and selec-
tive towards 1-octene than Fe (86 and 76% vs. 70% at full
octyne conversion). In contrast, CuNPs were inactive under the
tested conditions. In terms of alkene selectivity, the bimetallic
Fe : Co and Fe : Ni NPs exhibited intermediate values compared
with the corresponding monometallic components.

Although in the selective hydrogenation of alkynes, iron
oxide has been mostly employed as a support to assist the
catalyst separation, there is one example dealing with its use
as the active phase of hydrogenation. Moores and co-workers
reported the application of colloidal iron@iron oxide core@-
shell nanoparticles of ca. 50 nm (Fe@FeO NPs) in the hydro-
genation of olefins and alkynes in aqueous media.'*®*"°
The core@shell nanoparticles were synthesized in a water/
methanol mixture via a colloidal method using NaBH, as the
reducing agent (Fig. 28) resulting in NPs of ca. 50 nm (core di-
ameter of 44 nm and shell thickness of 6 nm). These NPs were
tested in the hydrogenation of several substrates with selectivity
towards the reduction of alkene and alkyne functions over
carbonyl or aromatic groups. Additionally, they were observed to
be stable and magnetically recoverable. The results indicated
that the presence of an oxide shell is not an obstacle to activity
and does provide protection against oxidation by oxygen and
water. For the particular case of alkynes as substrates, the
selectivity towards the alkene product in the hydrogenation of
decyne was very low (6% at 88% conversion). The authors
demonstrated that the Fe@FeO NPs could be magnetically
recovered and recycled up to 10 times. Although these NPs did
not exhibit remarkable results in terms of alkene selectivity,
they constitute a clear example of the beneficial effect that a
protective oxide shell can provide on the core of highly sensitive
NPs, thus allowing application under non-inert conditions.
Based on other iron based catalysts employed in selective hydro-
genation of alkynes,*>*®%117:120 only relevant alkene selec-
tivities were obtained when promoting stabilizers (e.g. nitrogen
containing compounds) or additives (e.g. acetonitrile) are used.
It is likely that the Fe@FeO NPs in the presence of additives or a
promoting stabilizer would display improved alkene selectiv-
ities. This report is remarkable because it deals with the simple
and practical application of one of the cheapest and most non-
toxic metals in hydrogenation reactions.

Acetylene as substrate. For acetylene hydrogenation, the most
extended bimetallic approach consists in the doping of PANPs

FeSO4
Water/methanol (7/3)
NaBH4J 1 05 h
= Fe@FeO NPs
/ _——
\(\/)7/ +40barH Eiopgoec 2an . N IS
SC=C =6%
X =88%

Fig. 28 Synthesis of FeNPs and catalytic hydrogenation of 1-decyne.
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with a second metal (Ag or Au generally). For Pd@Ag/Au
core@shell structures, most reports describe the use of electro-
less deposition of Ag or Au on PdNPs.'0H!08:121,122 Thjg
method consists in the reduction of the second metal by
employing reducing agents which are activated at the Pd
surface (e.g. hydrazine), thus providing a controlled deposition
of the second metal. In general, the degree of coverage of the
second metal can be modulated by the stoichiometry of the
Pd and Ag/Au solutions. For instance, Williams and co-workers
reported the selective hydrogenation of acetylene in excess
ethylene using Ag- and Au-Pd/SiO, bimetallic catalysts pre-
pared by electroless deposition.'*® With this catalyst, the
selectivity towards ethylene was enhanced at high Ag or Au cov-
erages on Pd. Similar performance trends for Ag- and Au-Pd/
SiO, suggest that the bimetallic effect for these catalysts is geo-
metric and not electronic in nature. When the same catalytic
process was studied using Pd-Ag/SiO, bimetallic catalysts pre-
pared by galvanic displacement during which controlled load-
ings of Pd were added to the Ag/SiO, pre-catalyst, the resulting
bimetallic nanoparticles provided lower selectivity to ethene
than in the previous case.?®

Experimental and computational studies were reported on
the effect of the coverage of the palladium phase with a
second metal, in the semi-hydrogenation of acetylene. Zhang
and co-workers reported that the optimal Pd@Ag and Pd@Au
catalysts (in terms of TOF and selectivity) were those with a
coverage of 0.92, obtained using a molar ratio of ca. 1:1
during the synthesis."*® In a more comprehensive report, Yang
et al. studied the reaction mechanism and the adsorption
energies of the structures involved in the acetylene hydro-
genation at different Pd sites: 111, 100 and 211 (Fig. 20); as
well as the effect of the decoration of a Pd (111) surface with
Ag or Au.”* They concluded that Pd (211) is the most active
site while Pd (111) is the most selective site for partial hydro-
genation. For Pd (111) decorated with Cu, Ag and Au, the
selectivity for the hydrogenation of acetylene to ethylene is
enhanced. Adsorption energies of ethylene and activation
barriers justify these results. Further increase in selectivity was
also observed on alloying Pd (211) surfaces. In these cases, the
blocking of the sites at the step edge resulted in significant
increases in selectivity to ethylene.

There are a more limited number of studies dealing
with the use of alloyed structures for the hydrogenation of
acetylene. The preparation of a series of Pd/Ag alloy catalysts
by simultaneous reduction of the metal precursors was
reported using N,H, as a reducing agent.'”” These catalysts
were tested in the semi-hydrogenation of acetylene, and the
results showed that the catalyst prepared using a 1:1.5 Pd/Ag
molar ratio was the most selective to ethylene. The study of
Pd/Ag alloys has also been addressed from computational
approaches. The addition of Ag to Pd was observed to increase
the electron density of the Pd d-band as a result of charge
transfer from Ag to Pd, weakening the adsorption of both
ethylene and acetylene on the alloy surface. The electronic and
ensemble effects decrease the acetylene and ethylene binding
energy by 10-20 k] mol™, and 30-40 kJ mol™", respectively.
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This should favor both thermodynamic and kinetic consider-
ations as the weaker metal-adsorbate bond strength promotes
both desorption and hydrogenation."®

2.4.2 Other alloys

NiBx - nickel borides and other metal borides. One of the first
examples of application of unsupported metal colloids for the
selective semi-hydrogenation of alkynes was reported using
nickel based catalysts in the early 1960s.'*”'*® The preparation
of nickel borides Ni,B was achieved by reduction of nickel
acetate using sodium borohydride in water or ethanol. When
water was the solvent, the obtained material was observed to
be very active in the hydrogenation of olefins under mild con-
ditions."” In contrast, when ethanol was used, the resulting
material (P2-Ni) was less active than P1-Ni but provided good
Z-stereoselectivity in the partial hydrogenation of 3-hexyne in
the presence of quinoline (98-99% purity of Z-3-hexene,
Fig. 29)."*® Interestingly, both nickel boride catalysts exhibited
a low tendency to isomerize olefins during the hydrogenation
reactions.

An analogous method was later reported for the preparation
of colloidal Pd, Pt and Rh catalysts."*® Interestingly, if the pre-
cipitation was carried out in the presence of high surface area
supports such as activated carbon, the resulting catalysts
exhibited a greater activity in the hydrogenation of olefins than
the corresponding unsupported NPs, which was explained by
the increase in the dispersion of the metal catalysts. The
hydrogenations of 1-hexyne and 1-octene were examined separ-
ately using the carbon supported Pd, Pt and Rh and the P1
and P2-Ni catalysts.”" Interestingly, in all cases, the observed
rate of hydrogen uptake was appreciably slower for the alkyne
than for the alkene. In the hydrogenation of 1-hexyne, only
the supported palladium Pd-BH,/C was highly selective to
1-hexene (97% after consumption of 1 eq. of hydrogen) while
Pt-BH,/C and the P1/P2-Ni catalysts provided 75 and 85% of
alkene selectivity, respectively.

Via the monitoring of the alkane/alkene ratio during the
reaction, the authors proposed that P1-Ni and P2-Ni operate
through a mechanism in which hexene and hexane are pro-
duced directly from hexyne. In contrast, the results indicated
that the Pd catalyst Pd-BH,/C could operate via a combination
of two mechanisms: the sequential reduction of the alkyne

Ni(OAc), + NaBH, EtOH.rt_ b\

(Colloidal black
catalyst)

.

P2-Ni

—_—

Quinoline R4 R,

EtOH, 25 °C
R4 R, X, % Sc-c, %
CH3(CHz)s H 100 79
CH;CH,  CHiCH, 100 98
CH,CH,OH CH5;CH, 100 98

R—=——R, + 1barH,

Fig. 29 Synthesis of P2-Ni catalyst and catalytic hydrogenation of
alkynes.
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into the alkene and subsequently to the alkane and the direct
reduction of the alkyne into the alkane.

Later, the sensitivity of the P2-Ni catalyst to the substrate
substituents was investigated and it was concluded that the
substitution favored selectivity since P2-Ni provided much
higher selectivity for internal than for terminal alkynes.'*°
For instance, 3-hexyne was hydrogenated over P2-Ni to
yield 3-hexene quantitatively with excellent cis-selectivity
(cis:trans > 30:1); in contrast, in the hydrogenation of
1-hexyne, a 1:4:1 ratio of hexane: 1-hexene: 1-hexyne was
measured. Interestingly, during the reaction, the hexane:
hexene ratio remained constant while 1-hexyne was present,
suggesting that both products were formed via a common
chemisorbed intermediate (mechanistic selectivity). The large
difference in selectivity between terminal and internal
alkynes is explained in terms of the high sensitivity of the
catalysts towards the steric hindrance induced in the result-
ing terminal and internal olefins. The same author also
investigated the effect of amines as modifiers of the P2-Ni
catalyst."*' The addition of ethylenediamine (2-3 eq. vs. Ni)
improved further the stereoselectivity in the hydrogenation
of internal alkynes and alkynols to produce the corre-
sponding olefins with Z/E ratios as high as 200:1 at full
conversion.

NixP - nickel phosphide. Corma and co-workers reported the
chemoselective hydrogenation of terminal alkynes catalyzed by
nickel phosphide nanoparticles, which were synthesized
through the addition of P, over NiNPs stabilized by tri-
octylphosphine in toluene followed by an annealing process at
220 °C.*” The Ni,P composite hydrogenated a series of term-
inal and internal alkenes with good conversion and selectivity.
Fig. 30 displays the synthetic procedure of the Ni,P NPs and
the catalytic results for the hydrogenation of a series of phenyl-
acetylenes substituted in para positions. The conversion and
the alkene selectivity were dependent on the nature of the sub-
stituents. For instance, halide substituted substrates exhibited
high conversions and selectivities (Fig. 30) compared with
those containing a NH, group. In contrast, the lowest
activity and selectivity were observed for the substrate provided
with the most electron-withdrawing NO, group (X = 3%, and
Sc—c = 43%).

Ni(acac), +0.01eq. TOP —yiamine f@ Pa .
Sleq. 220°C, 2h Toluene, 220°C
TOP = P{M/} NiNPs Ni,P NPs
73
R—< >—: + 6 bar H, NizP NPs R@—//
Dioxane, 85 °C
R X, % Scc, %
Cl 95 100
Br 72 96
NH, 24 78
NO, 3 43

Fig. 30 Synthesis of Ni2P NPs stabilized and catalytic hydrogenation of
para substituted phenylacetylenes.
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NPs /

+ 6barH, ————»

Dioxane, 85 °C

{ =

NPs= Ni NissP  NipP
Sc-c= 0% 62%  95%

Fig. 31 Hydrogenation of phenylacetylene using pure Ni, NizsP and
Ni>P nanoparticles as catalysts. Styrene selectivities at 100% conversion.

In this study, the Ni/P ratio was observed to be critical for
selectivity (Fig. 31). With a high Ni/P ratio of 3.5, phosphorus
only blocked the most unsaturated sites and/or slightly with-
drew electron density from the active Ni sites whereas with a
lower Ni/P ratio of 2, the catalyst was significantly less active in
alkene hydrogenation, thus reducing the over-hydrogenation
and enhancing selectivity.

Similarly, the preparation of monodisperse palladium phos-
phide nanoparticles possessing diameters of ca. 4.5 nm was
reported using a colloidal methodology and these NPs were
tested in the selective hydrogenation of alkynes."*> The PdP
NPs were synthesised via the chemical reduction of Pd(acac),
in the presence of triphenylphosphine and trioctylphosphine
as phosphorous sources, borane tert-butylamine as the reduc-
ing agent and oleylamine as the stabilizer. Analysis of these
NPs by XRD and ICP evidenced the alloyed structure of the
phosphide with a composition of Pd,sP,s. These NPs were sub-
sequently supported on activated carbon, annealed at 300 or
400 °C and tested in the selective hydrogenation of alkynes.
Although these catalysts displayed a high activity under mild
conditions (r.t. and 1 bar H,), the addition of quinoline was
generally required to suppress over-hydrogenation.

RhNi. Very recently, the preparation of a bimetallic
NP@MOF composite catalyst containing a core constituted of
RhNi nanoflowers (NFs) encapsulated in a shell of a metal-
organic framework (MOF) was reported.’®® RhNi nanoflowers
of variable composition (Rhy,3,0Ni;) were prepared by simul-
taneous reduction of Rh(acac); and NiCl,-6H,O salts using
formaldehyde as the reducing agent. These NPs served as
templates for the subsequent deposition of the MOF via a
dealloying process using 2,5-dihydroxyterephthalic acid
(DOT) as an organic linker. Both the nanoflowers and
the composite materials were tested in the semi-hydro-
genation of diphenylacetylene. Poor selectivities towards the
cis-product (around 20% at ca. 70% of conversion) were
obtained for the bimetallic RhNi nanoflowers, while the NPs
encapsulated in the MOFs provided cis selectivity of 60%;
however, in the latter case, the alkyne conversion decreased
by a factor of 2.

2.5 Additives

2.5.1 Liquid substrates. An additive can be considered as a
process modifier since it is not properly included in the cata-
lyst formulation but is added to the catalytic reaction at the
desired dosage to enhance the activity or the selectivity of a
catalyst. In terms of selectivity, the general purpose of an
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additive in the hydrogenation of alkynes is to prevent or retard
the over-hydrogenation of the alkene through competition for
the metal active sites. In general, the efficiency of an additive
is a direct function of its concentration in the feed and its par-
ticular adsorption properties at the metal surface.

Recently, the role of surface modification of Pt and CoPt;
nanoparticles was studied in the selective hydrogenation of
4-octyne.”**"*> This work was performed using experimental
and computational approaches and showed that the balance
between the adsorption energetics of the additives and those
of alkynes and alkenes at the surface of NPs define the activity
and selectivity of the nanocatalyst (Fig. 32). On the one hand,
if the additive presents higher adsorption energies than that of
the alkyne substrate, the activity of the catalyst is reduced,
which results in lower conversions. On the other hand, when
the adsorption energy of the additive at the NP surface is
higher than that of the alkenes, the selectivity can be
improved. For instance, the addition of primary alkylamines to
Pt and CoPt;NPs resulted in a drastic increase in the selectivity
of the alkene from 0 to over 90% at 99.9% conversion, indicat-
ing that the coverage of the catalyst surface with the alkyl-
amine prevents the hydrogenation of alkenes into alkanes.
This study provided new insights into how surface modifi-
cation affects the activity and/or selectivity of nanocatalysts
and constitutes one of the few examples reported on selective
alkyne hydrogenation catalyzed by highly active colloidal
PtNPS.134’135

Very recently, Rossi and co-workers reported the promoting
effect of N-containing bases on the selective hydrogenation of
alkynes catalyzed by AuNPs.®® The addition of stoichiometric
amounts of the nitrogenated base into the reaction media
resulted in a significant enhancement of activity while main-
taining optimal alkene selectivities (e.g. >99% at full conver-
sion of phenylacetylene). This promoting effect was shown to
depend on the structure of the base, with piperazine being the
one which exerted the most positive effect. Based on experi-
mental data and DFT calculations, the authors proposed that

NS
1-octene

§ Non-selective

4

S
ks

§

2
1-octylamine

C=C and NH, bond adsorption energy

. SIEE )
¥ ‘%&S A~ %

3-hexene o
NN $
4-octene

Fig. 32 Correlation between C—=C and NH, adsorption energy at the
surface of a Pt cluster and the selectivity to the corresponding alkenes.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Perspective

R1\

R2
— t-ButoK + Hy
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PdNPs '
H H
>=< (2)-alkene
Ry R,

Fig. 33 Synthesis of PdNPs stabilized by n-octyne (and its oligomers)
applied in the selective hydrogenation of alkynes.

the adsorption of nitrogen-containing bases on gold nano-
particles results in a frustrated Lewis pair interface that acti-
vates H, heterolytically, providing high hydrogenation activity.

Another approach was reported using palladium nano-
particle-tetrabutylammonium borohydride as a catalytic
system.” The PANPs were prepared by reduction of Pd(OAc), by
t-ButOK (Fig. 33) in the presence of 4-octyne which, together
with the corresponding oligomers formed during the syn-
thesis, played the role of a stabilizer. In the hydrogenation of
1-pentyne and phenylacetylene, selectivities to 1-pentene and
styrene of 98 and 94% were obtained at 100% conversion. For
disubstituted alkynes, the addition of (n-C,Ho),NBH, was
shown to inhibit the isomerization and the over-reduction of
the Z-alkene, which takes place in the presence of the PANPs
alone. (n-C,Ho)sNBH, was proposed to reversibly interact with
the surface of the PANPs thus avoiding the reaction of the
Z-alkene.

Acetylene. For the selective hydrogenation of acetylene CO is
the most common process modifier applied over Pd-based
catalysts.”® Based on DTF calculations and experimental
results, Bridier et al. reported that CO forms a dense blanket
that covers the Pd surface, improves the thermodynamic
factor, reduces the amount of available H at the surface and
the formation of subsurface H species, and shrinks the size
of active ensembles.*® However, CO also behaves as a poison
and reduces the number of active sites on the surface,
depending on both temperature and pressure.'® For the case
of bimetallic preparations (e.g. PdM), an additional effect to
be considered when using CO as a process modifier is the
possibility to induce segregation of the promoting metal.
According to DFT calculations, none of the investigated PdM
alloys (M = Cu, Ag, Au, Zn, Ga, Sn, Pb and Bi) exhibited
sufficient resistance towards segregation under high CO
pressures.*’

Other types of compounds such as amines, alkali and
sulfur compounds, have also been employed as molecular
modifiers.”” Recently, the grafting of nitrogen-containing
modifiers (polyvinylpyridine or polyethylenimine) on the
palladium based catalysts supported on CNF/SMF was shown
to provide a significant increase in ethylene selectivity (up to
93%) where the catalyst shows remarkable stability during
120 h on-stream.”® This behavior was explained in terms of
charge-transfer induced by the grafted ligands over the
PANPs.
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3. Outlook and perspectives

Current nano-engineering offers a wide spectrum of possibili-
ties for the preparation of highly functionalized nanomaterials
with synergistic capabilities which could result in ultra-
selective catalysts for the semi-hydrogenation of alkynes.
Depending on the topological location of the variation in the
active phase, two types of functionalization can be distin-
guished (Fig. 34): surface functionalization and structural
modifications.

Surface functionalization constitutes a site blocking strategy
that usually alters the accessibility or the adsorption of the
alkene product by exerting geometric or electronic effects on
the active phase. For instance, the use of multifunctional
stabilizers such as aminopolymers that play the roles of both
an NP stabilizer and a surface modifier, improves the alkene
selectivity through the competitive adsorption of the amine
and of the alkene but does not affect the alkyne adsorption.
Similarly, the covering of PANPs by nitrogen containing ILs
favors the alkene selectivity and helps the catalyst recycling. It
is noteworthy that in the semi-hydrogenation of acetylene, a
positive effect on selectivity was also observed in the presence
of stabilizers or additives although the activity is generally
reduced. Functionalization of the catalyst surface via the uti-
lization of a support that will provide interactions with the
active phase is also of interest. For instance, the cooperation
between Pd-Cu,O provided the selective semi-hydrogenation
of terminal alkynes. The design of core@shell nanoparticles is
also a powerful tool for surface functionalization. For instance,
Au@CeO, core@shell nanocatalysts display self-terminating
properties in the semi-hydrogenation of both terminal and
internal alkynes. For bimetallic systems, the PA@Ag core@-
shell combines the high activity of palladium with the high
selectivity of silver, resulting in very efficient catalysts and also
exhibits self-terminating properties. In this area, the optimi-

Surface functionalization
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zation of the size of PdA@Ag NPs (<20 nm), the preparation of
efficient PdA@Au NPs or the use of other metal pairs such as
Ni@Ag, or Ni@Au are challenges that are still to be tackled to
further improve catalytic performance in this process.

Another promising approach to functionalize the catalyst
surface is the use of bifunctional additives during catalysis.
For instance, the addition of piperazine enhanced the activity
and alkene selectivity more significantly than any other nitro-
genated compounds to date in the gold catalyzed hydro-
genation of alkynes. The formation of frustrated Lewis pairs at
the surface of the NPs that is favored by the structure of piper-
azine, could explain the catalytic performance obtained with
such an additive. Ethylene diamine has also been pointed out
as an efficient additive.

Structural catalyst modification consists in the functionali-
zation of the active phase in the sub-surface or the core of the
metal NPs in order to alter the adsorption properties of the
active phase towards the alkyne/alkene product. For instance,
the adsorption properties of palladium can be modified by the
presence of subsurface boron atoms that result in an improve-
ment of the alkene selectivity. Alloyed systems remain one of
the main strategies investigated in this field. Among the wide
variety of bimetallic formulations, NiZn should be highlighted
in view of the excellent performance/cost ratio in comparison
with the more traditional options based on Pd (PdX, X = Ag,
Au, Cu).

Other strategies based on metal-free catalytic systems,"*° or
the use of alternative reducing agents to hydrogen gas also
provided promising results in the selective hydrogenation
of alkynes. These approaches exhibit the advantage of a
precise control of the alkyne/reducing agent stoichiometry
which prevents over-hydrogenation and offers facile handling
of the process since no special equipment (reactors or
pressurized gases) is required. It is noteworthy that in the
reported literature, some catalytic systems involve the in situ

Structural modification

b 1 2i
M-NPs C0C0000
core@shell Stabilizer % 2 Doping
3. 533%
H H R % M "
\ { /=N ¥ 1
5. Ry Ry W8S 4 \
\m 4 g s ("
Rk G R Re
M-MO, synergies b Ag/Au i
4 : WA 2
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Fig. 34 Surface and structural modifications of metal nanoparticles as strategies for the improvement of the catalytic performance in the semi-

hydrogenation of alkynes.
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production of hydrogen gas,">>"*” while others employ trans-
fer hydrogen reagents (e.g. NaBH,, ammonium formate and
ethanolamine).'**%°
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