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A. Introduction 

1. Metal nanoparticles on carbon materials for liquid-phase catal-

ysis 

Metal nanoparticles (MNPs) received particular interest for their use as catalysts 

during the last ten to fifteen years. Compared to the bulk metal they offer unique 

properties such as small size (<100 nm), high-surface-to-volume ratio, and quan-

tum size effects.[1] Many synthetic methods are known for the control of MNPs re-

garding size, shape, and surface chemistry. The control of these parameters is 

essential for their efficient application in catalysis. However, making intense efforts 

for the synthesis of MNPs is not very convenient if the catalysts could not be re-

used. Hence, much attention is being paid on the immobilization of MNPs on solid 

supports, generating recoverable and recyclable catalytic systems. 

 Carbon materials offer several advantages as catalyst supports such as a 

high surface area, mechanical and chemical stability, tailorable shape and surface 

properties, low costs, and easy availability.[2] Furthermore, various methods are 

known to functionalize carbon materials, thus being able to vary the surface prop-

erties. These particular benefits predestine carbon materials as supports for metal 

nanoparticles and their application in catalysis. 

 

 

Fig. 1 Outline of carbon supports used for MNP/carbon composites as a function of size. 

 

A lot of different carbon allotropes and modifications are described in the lit-

erature generating MNP/carbon composites for their use in fuel cells,[3] chemical 

sensors,[4] biosensors,[5,6,7] electrodes,[7] or catalysis. However, in this review we 

will especially focus on MNP/carbon composites for liquid-phase catalytic applica-
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tions including e.g. hydrogenation, cross-coupling, oxidation, and photocatalytic 

reactions. The particular carbon materials used for these purposes are amorphous 

carbon, carbon nanotubes, graphene and graphene-like materials, mesoporous 

carbons, nanodiamonds, and “magnetic carbon” materials (Fig. 1). 

 In the first part we will discuss the preparation methods of MNP/composites 

and possibilities to tune the synthesis with regard to size, size distribution, and 

dispersion of MNPs as well as the MNP-support interaction. In the second part we 

will show the use of MNP/carbon hybrid materials in liquid-phase catalysis with 

focus on activity, stability, and recyclability. 

2. Synthesis of metal nanoparticles on carbon materials 

The catalytic activity of metal nanoparticles on a solid support is mainly affected by 

the preparation method of the material and the interaction between MNP and the 

support.[8] Applying various supports and different methods in the synthesis one 

can tune especially size, size distribution, morphology, and dispersion of the parti-

cles. These parameters are mainly responsible for the catalytic activity of the pre-

pared composite material. Additionally to the choice of the preparation method, 

one can also tune the nanoparticle synthesis by (i) modification of the support sur-

face, (ii) the use of specific solvents, agents, or surfactants, and (iii) confining na-

noparticles inside the support. 

Methods for the preparation of MNP/carbon composites 

In the synthesis of carbon-supported metal nanoparticles a variety of different 

methods were applied in the past. The major ones are: impregnation, deposition-

precipitation, electrochemical deposition, and sol or polyol processes. Despite the-

se major methods there are also some others recently described in the literature 

which were applied in the synthesis of MNP/carbon composites, including laser 

synthesis,[9] chemical vapor deposition,[10,11] atomic layer deposition,[12] plasma 

synthesis,[13,14] substrate enhanced electroless deposition (SEED),[15] galvanic dis-

placement,[16] a reduction-etching-reduction sequence,[17] thermolytic path-

ways,[18,19] or the application of redox/disproportionation processes.[20a,21,20b–d] In 

the following we discuss the major preparation methods and give recent examples 
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with focus on size, distribution, and dispersion of the generated carbon-supported 

MNPs. 

 In the impregnation method, the support is stirred in a solution of the metal 

precursor and is subsequently aged and dried. After the drying process the sup-

port is either calcined under flexible conditions (rate of heating, temperature, at-

mosphere, time) or the metal is simply reduced applying a H2 atmosphere. Two 

types of impregnation can be distinguished: (i) the “incipient-wetness impregna-

tion”, where the solution volume is smaller or equal to the pore volume and (ii) the 

“wet impregnation”, where an excess of solution is applied and removed after-

wards. Size, morphology, and dispersion of the MNPs in the composite material 

strongly depend on metal concentration, calcine conditions, and the choice of sup-

port. A nice example was recently shown, where platinum particles on porous car-

bon had a mean size of 5 nm with narrow distribution after reduction at 200 °C and 

much larger size (up to 100 nm) and wider distribution at 500 °C.[22] Furthermore, 

Song et al.[23] demonstrated that palladium nanoparticles generated by an incipient 

wetness impregnation method were much smaller on an activated carbon aerogel 

(average particle size of 11.5 nm) than on commercial activated carbon (28.1 nm). 

The size difference also greatly effects the catalytic activity, which they demon-

strated for the decomposition of 4-phenoxyphenol. 

 The deposition-precipitation method differs from the impregnation method, 

as the support stays in solution/dispersion. The carbon-support is stirred in a solu-

tion of the metal precursor with subsequent reduction (metal salt precursor) or de-

composition (organometallic metal(0) precursor) of the metal compound. For the 

reduction method a lot of different agents were used in the past, e.g. H2,
[24] 

NaBH4,
[25] hydrazine,[26] formaldehyde,[27] coffee as natural reducing agent,[28] and 

also photochemical reduction[29] is possible. For the decomposition of an organo-

metallic precursor two different methods were shown in the literature. The decom-

position could be done either by thermal or microwave-assisted heating. 

Urriolabeitia et al.[30] showed that microwave heating is not only a faster synthesis 

method, but also leads to smaller palladium nanoparticles (Fig. 2C) and a more 

narrow size distribution than with conventional heating (Fig. 2B). Furthermore, a 

novel effective microwave approach was very recently shown using a solvothermal 

route under nitrogen overpressure in an autoclave in the presence of low-boiling 

point alcohols.[31] To our opinion, the microwave synthesis is very promising for the 
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future synthesis of MNPs on carbon supports. In our group we could also demon-

strate the facile microwave synthesis of palladium nanoparticles on magnetic car-

bon nanobeads exhibiting extremely good catalytic properties (see chapter 3). 

[32,33] 

 

 

Fig. 2 TEM micrographs of A) pristine MWCNTs and Pd/MWCNT samples prepared in B) conven-

tional heating (21.8 wt% Pd) and C) under microwave irradiation (19.8 wt% Pd). Micrographs show 

the homogeneous distribution of Pd NPs, with most of the particles in the range of 4-6 nm for con-

ventional heating and in the range of 2-5 nm for microwave heating. Figure adapted with permis-

sion from ref [30]. Copyright 2011, Elsevier. 

 

Another method which is applied for the deposition of MNPs on carbon 

nanotubes, nanodiamonds, and graphene or graphene-like carbon materials is the 

electrochemical deposition. In this method metal ions are reduced from an electro-

lyte solution on a substrate which works as an electrode. The substrate could be 

either the sole carbon material[34] or the carbon material deposited on e.g. silicon 

wafer substrates.[35,36] Size, size distribution, and dispersion of the nanoparticles 

can be easily controlled in this method varying the electrolyte concentration and 

the electrochemical parameters (potential, deposition time). Lemay and cowork-

ers[35] showed that they can obtain small metal clusters (≈6 nm) at low coverage of 

nanotube side walls at a potential of 0.2 V. However, if they use a negative poten-

tial of –0.8 V the coverage with nanoparticles and the size (60-90 nm) increases 

significantly. 

 Moreover, the immobilization of MNPs on carbon substrates via the sol pro-

cess is also widely applied. In this method the nanoparticles are pre-formed in a 

solvent as a stabilized, metallic sol and subsequently immobilized on the carbon 

support. The sol can be synthesized from an electrolyte solution containing a cap-

ping agent (e.g. sodium dodecyl sulfate (SDS), poly(vinylalcohol) (PVA), or 



 A. Introduction  

5 

poly(vinylpyrrolidone) (PVP)) by photochemical reduction[37] or the reduction with 

e.g. H2
[38] or NaBH4.

[39] As the nanoparticles were already pre-formed in this pro-

cess, the size and distribution in the composite MNP/carbon material is mainly in-

dependent of the support.[39] However, there are some exceptions due to agglom-

eration.[40] To enhance adsorption of the colloid on the carbon support, the solution 

has to be acidified during the immobilization process.[38] The right choice of acid 

plays an important role for the accessibility of the metal, thus affecting the catalytic 

performance (see chapter 3). 

 Another method which is often applied for various kinds of MNP/carbon 

nanocomposites is the deposition of nanoparticles via the polyol process. In this 

process the metal precursor is dissolved in a polyol (usually ethylene glycol), 

which acts both as the solvent and the reductant. The nanoparticles are usually 

deposited on the support by thermal[41] or microwave[42] heating. With the polyol 

process MNPs on carbon materials can be synthesized with small size and narrow 

distribution. Furthermore, the composite properties are not very much dependent 

on the carbon support. Platinum nanoparticles on chemically converted graphene 

showed similar values for the average MNP size (2.75 nm) as well as for the elec-

trochemically surface area (36.27 m2 g-1) compared to platinum NPs on multi-

walled carbon nanotubes (3.5 nm and 33.43 m2 g-1).[41] 

Surface modification 

Despite the choice of the preparation method, it is also possible to tune the nano-

particle synthesis by simply modifying the surface of the carbon support. Different 

examples are shown in literature to alter carbon surfaces for MNP deposition, e.g. 

the introduction of defects, a covalent, or a non-covalent functionalization of the 

carbon surface. These modifications can serve for a more efficient MNP synthesis 

and, furthermore, can lead to a stabilization of the MNPs for much better catalyst 

activity and recycling. 

 The introduction of defects for the synthesis of MNP/carbon composites is 

most often done by doping the carbon material (CNTs, graphene or graphene-like 

carbons) with nitrogen[43] or boron.[44] The doping process can be done either di-

rectly during the synthesis of the carbon material (“in situ” doping) or by the post-

treatment of the material with nitrogen- or boron-containing precursors, e.g. N2, 
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NH3, or B(OH)3 (“post” doping).[45] Generating multiple nitrogen- or boron-defect 

sites in CNTs or graphenes leads to an excellent environment for anchoring metal 

nanoparticles. The deposition of MNPs on such doped carbon materials not only 

enhances the dispersion of MNPs, but also impedes the particle migration, thus 

increasing the MNP-support interaction. Despite the generation of defects via dop-

ing, it is also possible to do this mechanically or by laser irradiation. El-Shall et 

al.[9] very recently showed that palladium nanoparticles on graphene nanosheets 

show an enhanced catalytic performance and recyclability due to the presence of 

multiple defect sites generated by laser irradiation. Furthermore, they could 

demonstrate that defect sites can play an important role for the synthesis of im-

portant Fischer-Tropsch synthesis (FTS) catalysts with very high activity and se-

lectivity towards higher hydrocarbons.[46] The importance of defect sites can also 

be demonstrated by ab initio calculations[47] as well as a combination of in situ 

transmission electron microscopy (TEM), electron tomography (ET), and molecular 

dynamics (MD) calculations.[48] 

 Another way for tuning the nanoparticle synthesis is the functionalization of 

the carbon surface in a covalent or non-covalent way. The simplest way for cova-

lently introducing functional groups on carbon supports is by the use of strong oxi-

dants (e.g. HNO3, KMnO4, or H2O2). However, it is hard to study the real stabiliza-

tion effect for MNPs using such harsh oxidation agents as a structural collapse of 

the carbon material is not avoidable. Li and Wang et al.[49] overcame this problem 

using a milder hydrothermal method to oxidize activated carbon without attacking 

the structure of the carbon material itself. They found out that especially phenolic 

groups have a high stabilization effect on palladium nanoparticles and, further-

more, enhance the binding energy between the palladium precursor and the car-

bon surface. After the oxidation process it is also possible to regulate the type and 

amount of surface oxygen functional groups by simple thermal treatment at vary-

ing temperatures.[50] Additionally to phenolic groups, covalently bound amino 

groups,[51] ionic liquids,[24,33] and dendrimers[52] were shown to effectively stabilize 

metal nanoparticles. Moreover, they enhance the catalytic activity as well as the 

recycling ability of the MNP/carbon composite. Besides, it is possible to introduce 

stabilizing molecules in a non-covalent way taking advantage of hydrophobic or π-

π-stacking interactions of oligomeric/aromatic scaffolds with the surface of the 

carbon support. Examples for oligomeric structures are cyclodextrines,[53] 
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poly(diallyldimethylammonium chloride) (PDDA),[54] poly[(2-

ethyldimethylammonioethyl methacrylate ethyl sulfate)-co-(1-vinylpyrrolidone)] 

(PQ11),[55] or poly(amidoamine) (PAMAM) dendrimers.[56] In addition, 

poly(pyrrole)[42,57] and poly(aniline) (PANI)[58] were used for a non-covalent func-

tionalization, however, the interaction with the support in these cases relies more 

on a π-π-stacking interaction as it is the case for phenyl acetic acid,[59] 

phthalocyanine,[60] and pyrene derivatives.[5,61] 

Solvents, agents, and surfactants for stabilization, coordination, linking, and 

structure-directing purposes 

Additionally to the modification of the support, multiple examples are described in 

the literature where solvents, agents, or surfactants are used for tuning 

MNP/carbon composite materials. A nice method to form stable dispersions of 

graphene is by using ionic liquids (e.g. 1-butyl-3-methylimidazolium cholate[62] or 

2-hydroxyethanaminium formate[63]) as the solvent which can be done by exfoliat-

ing graphite under ultrasound irradiation. Thereby the ionic liquid not only acts as a 

stabilizing solvent, but it is also beneficial for the formation of extremely small na-

noparticles with very narrow size distribution. Furthermore, the resulting compo-

sites can exhibit superior catalytic activity and recycling ability.[62] 

The MNP stabilization by ionic liquids can also be done by using them as a 

stabilizing agent in aqueous solution. Liu and Li et al.[64] demonstrated the synthe-

sis of well-crystallized noble metal nanoparticles on MWCNTs with tunable diame-

ter, very narrow size distribution (e.g. 1.8-3 nm), and uniform dispersion on the 

nanotubes. Furthermore, the composite materials exhibit excellent catalytic per-

formances and remarkable size-dependent activity and selectivity. Another way for 

using ionic liquids as a stabilizing solvent/agent is the application of supported ion-

ic liquid phases (SILPs).[65] Additionally to ionic liquids, sugars or polymers can be 

used as agents for the stabilization of metal nanoparticles. Jena and coworkers[66] 

showed the preparation of branched platinum nanostructures on graphene using 

glucose in aqueous solution as stabilizing agent. The glucose plays an important 

role by selectively binding to the platinum surface and constructing branched 

nanostructures from tiny nanoparticles. The platinum nanostructures had an aver-

age size of 5.8 nm with high dispersion on the graphene surface and a great num-
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ber of branches. Recently, the group of Zhang also published an interesting ex-

ample combining a polymer as stabilizing agents with L-lysine as a linking 

agent.[67] They deposited noble metal nanoparticles on a magnetic carbon material 

(magnetite/graphene composite) using L-lysine for the linking of nanoparticles to 

the surface and PVP as stabilizer for the composite in solution. The polymer is 

additionally crucial for the formation of very small nanoparticles (3-5 nm) and a 

high dispersion on the support. However, one has to mention that the majority of 

the nanoparticles are dispersed on magnetite and less on the graphene. Neverthe-

less, the material shows superior catalytic activity and magnetic recycling ability. 

Another method to ensure the linking of stabilized metal nanoparticles on a carbon 

support is the use of alkanethiolates for gold nanoparticles. Zhong et al.[68] demon-

strated that alkanethiolate monolayer-capped Au NPs form a molecularly mediated 

assembly on MWCNTs via a combination of hydrophobic and hydrogen-bonding 

interactions between the capping shell and the nanotube surface (Scheme 1). Us-

ing this method an easy control of loading and distribution of MNPs on the support 

is possible by varying the concentrations of MNPs, MWCNTs, and the stabiliz-

ing/linking agent. Another impressive method for the synthesis of gold nanoparti-

cles on a carbon support was most recently published by the group of Wan.[69] 

They synthesized gold nanoparticles in a “rigid” mesoporous carbon framework 

applying co-polymer F127 as structure-directing and a thiol-containing silane as 

coordinating agent. In doing so, they got monodispersed Au NPs with small size 

(≈9 nm) which are highly exposed due to the excellent properties of the carbon 

framework, thus showing excellent catalytic properties. 

 

 

 

Scheme 1 Schematic illustrations of molecularly mediated assembly of monolayer-capped nano-

particles on CNT. Scheme adapted with permission from ref [68]. Copyright 2004, American Chem-

ical Society. 
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Another possibility to tune the synthesis of MNP/carbon composites is the 

use of surfactants, e.g. sodium dodecyl sulfate (SDS). SDS has the interesting 

property to work as both a reducing agent and a surfactant. The reduction poten-

tial of SDS is caused by decomposition to 1-dodecanol upon heating, which is then 

able to reduce e.g. Pd(II) to Pd(0). SDS was shown to efficiently produce palladi-

um nanoparticles on graphene[70,71] or a magnetite/graphene composite[72] forming 

Pd or Au NPs of controllable (by varying the SDS concentration) size and homo-

geneous distribution. Furthermore, the composites show excellent catalytic activi-

ty. Besides, there are also other surfactant molecules such as 

tetradecyltrimethylammonium bromide,[73] dodecanethiol, oleylamine, or 

4-dimethylaminopyridine, where SDS in comparison does not always lead to the 

best results.[74] 

Nanoparticle confinement 

One additional possibility to tune the MNP synthesis in the case of carbon nano-

tube supports is by confining the nanoparticles inside the CNT channels. The usu-

al way to adsorb MNPs on carbon nanotubes is on the outer wall of the CNTs 

(MNP-out-CNT) as they are usually closed by hemispherical caps. However, there 

is also the possibility to encapsulate the particles inside the nanotubes by opening 

the nanotube ends (MNP-in-CNT). This can lead to different properties and chemi-

cal reactivities compared to the MNP-out-CNT. As a lot of research was done in 

this area during the last years, it would be far beyond this review to discuss all 

findings about the confinement in carbon nanotubes. Furthermore, many excellent 

reviews were already published dealing with the adsorption inside SWCNTs,[75] 

catalysis in CNTs,[76] and reactions over catalysts confined in CNTs.[77] Therefore, 

we will just briefly show the possible synthetic methods for confined MNPs, the 

tuning abilities in the synthesis, and the major benefits of MNP-in-CNT for liquid-

phase catalytic applications. 

 As already mentioned above, CNTs have to be opened at the end of the 

tube before being able to confine metal nanoparticles inside. This is done by oxi-

dation of the CNTs using strong oxidants (e.g. a mixture of HNO3/H2SO4 and sub-

sequently H2O2/H2SO4), followed by heating of the etched material to high temper-

atures to remove functional groups from the oxidation process. Without this an-
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nealing process, the entering ports for MNPs are hindered. Afterwards, the MNPs 

can be confined inside the CNTs by (i) wet chemistry methods, (ii) filling of volatile 

metal precursors, or (iii) in situ filling during arc-discharge growth of CNTs. Wet 

chemistry methods turned out to be the most simple and versatile ones. Another 

nice method to drive MNPs inside the CNTs was recently demonstrated by Serp et 

al. (Fig. 3).[78] They introduced hexadecylamine (HAD) on oxidized CNTs via am-

ide bond formation to block the outer wall for π-π-interactions due to the long al-

kyl-chains. After depositing π-ligand coordinated PtRu NPs on the CNTs, the ma-

jority of MNPs was observed on the inner wall of the tubes due to steric hindrance 

of the alkyl chains combined with hampered π-stacking possibility on the outer 

wall. 

 

 

Fig. 3 Strategy adopted to drive NPs into CNTs. PtRu NPs pink, N red, O blue, C gray and green. 

Figure adapted with permission from ref [78]. Copyright 2009, WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

 

The main advantage of confined MNPs is the restricted space inside the 

carbon nanotubes. This restricted space and additionally the rigidity of nanotubes 

is beneficial for the synthesis of particles on the nanoscale or even the sub-

nanoscale. Taking advantage of this spatial restriction, one is able to tune the size 

of MNPs inside nanotube channels by simply choosing CNTs with different diame-

ters (e.g. single-walled CNTs (SWCNT) or double-walled CNTs (DWCNT) with 

smaller diameter and MWCNTs with larger diameter). Furthermore, this restriction 

can also hamper the aggregation of the nanoparticles during the synthesis as well 

as under different reaction conditions. This is crucial regarding the application in 

catalysis, as nanoparticle aggregation usually leads to a deactivation of the cata-

lytic activity. An interesting example was shown by Bao et al.,[79] comparing the 
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catalytic activity of RhMn NPs inside CNTs (RhMn-in-CNT) with RhMn NPs out-

side CNTs (RhMn-out-CNT) in the ethanol production from syngas at 320 °C and 

5 MPa. The nanopartilces of RhMn-in-CNT with a diameter of 1-3 nm showed a 

continuous performance in ethanol production even after 112 h time on stream 

and, furthermore, the nanoparticle size was limited to 4-5 nm which reflects the 

inner diameter of the CNT. In contrast, NPs of RhMn-out-CNT lost in activity and 

the particles aggregated to a size distribution of 8-10 nm due to the lack of space 

restriction. Similar observations were found for nanoparticles in Fe-in-CNT in the 

Fischer-Tropsch synthesis.[80] After a reaction time of 125 h at 270 °C the particles 

on the inner wall remained in the range of 6-11 nm with a very slight shift to larger 

ones. However, the NPs in Fe-out-CNT aggregated significantly to a maximum 

size of 24 nm. The tuning of MNP-in-CNT by using nanotubes with a small diame-

ter was demonstrated by the group of Pan and Bao.[81] They used DWCNTs with 

an inner diameter from 1.0 nm to 1.5 nm for the dispersion of titania sub-

nanoclusters. The Ti-in-DWCNT composite showed a much higher activity in the 

epoxidation of propylene by H2O2 compared to Ti-out-DWCNT. 

 The possibility to confine metal nanoparticles in a carbon support with re-

stricted space clearly shows an additional advantage for the generation of highly 

active MNP/carbon composites. Therefore, it seems to be an extremely interesting 

and promising field for future investigations. 

3. Application of various carbon materials for MNP/carbon com-

posites in liquid-phase catalysis 

Carbon nanotubes/nanofibres 

Besides electrocatalysis and gas-phase reactions (e.g. Fischer-Tropsch synthesis, 

direct H2O2 synthesis, or ammonia decomposition) the main application of 

MNP/CNT or MNP/CNF composites is in liquid-phase catalysis. Various examples 

are shown in the literature where the composite materials were applied in oxida-

tion, hydrogenation, or cross-coupling reactions. Especially in hydrogenation reac-

tions selectivity often plays an important role. 

E.g. the reduction of phenol (Scheme 2A) is an important challenge in syn-

thetic chemistry as it is often used as a raw material or intermediate in industry. 
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Ma et al.[58] reported the synthesis of palladium nanoparticles on polyaniline-

functionalized CNTs or CNFs (Pd-PANI/CNT, Pd-PANI-CNF) for the direct 

hydrogenation of phenol to cyclohexanone. Compared to palladium nanoparticles 

supported on activated carbon or solely on PANI or CNTs the activity and selectivi-

ty of the reaction towards cyclohexanone was enhanced a lot. While conversions 

for Pd/AC, Pd/CNT, and Pd/PANI of down to 51% and selectivities down to 87% 

were observed, both composites Pd-PANI/CNT and Pd-PANI/CNF lead to a excel-

lent conversion and selectivity of >99%. 

 

 

Scheme 2 Hydrogenation pathways of A) phenol, B) cinnamaldehyde, and C) 

p-chloronitrobenzene. 

 

Another basic challenge for industrial synthetic chemistry is the reduction of 

α,β-unsaturated aldehydes. The hydrogenation of cinnamaldehyde 3 (CAL) was 

shown in the literature as a typical example due to its two partial hydrogenation 

products where either the C=O bond (cinnamyl alcohol 4 (COL)) or the C=C bond 
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(hydrocinnamaldehyde 5 (HCAL)) is selectively reduced (Scheme 2B). Planeix et 

al.[82] reported the first example for a MNP/CNT composite to selectively reduce 

CAL to COL using ruthenium nanoparticles on CNTs. The nanoparticles with a 

size range of 3-7 nm on CNTs showed a selectivity of 92% for the C=O reduction 

at a conversion of 80% of CAL. Most recently, Liu and coworkers[83] also showed 

an excellent example for the selective hydrogenation of cinnamaldehyde 3. They 

prepared Pt/MWCNT as well as Pd/MWCNT composites with average NP sizes of 

2.87 nm (Pt NPs) and 3.49 nm (Pd NPs) and investigated the hydrogenation reac-

tion in a CO2-expanded alcoholic medium. While the Pt/MWCNT nanocatalyst 

showed a very high selectivity for unsaturated alcohol 4 (97.3% COL at 99.3% 

CAL conversion), Pd/MWCNT was found to selectively reduce the C=C bond to 

saturated aldehyde 5 (91.3% HCAL at 98.6% CAL conversion). Furthermore, they 

could demonstrate that an enhanced CO2 pressure leads to a better C=O than a 

C=C reducing performance. 

Another class of substrates which are quite often studied for hydrogenations 

with MNP/CNT hybrids are nitro compounds. Palladium, ruthenium, silver, as well 

as bimetallic palladium-platinum MNPs were reported for the reduction of various 

nitro-substrates. p-Chloronitrobenzene 7 (p-CNB) is one example where selectivity 

of the hydrogenation again plays an important role (Scheme 2C). The groups of 

Raspolli-Galetti and Serp[84] showed the synthesis of ruthenium NPs on CNTs and 

CNFs with particle sizes of 4 nm (Ru/CNT) and 3 nm (Ru/CNF) for the hydrogena-

tion of p-CNB at 35 bar and 60 °C. Both catalysts showed excellent activity in the 

reduction reaction compared to commercially available supported Ru-catalysts 

(Ru/Al2O3, Ru/C), while selectivities were slightly lower (92-94% against 96-100%). 

However, if the CNTs were pretreated with HNO3, selectivity could be increased to 

100% due to a more homogeneous Ru NP dispersion on the support and a 

stronger interaction of Ru NPs with the surface functional groups.[31] Another ex-

ample for the selective reduction of nitro compounds was most recently demon-

strated by Kim et al.[85] who used palladium-platinum bimetallic NPs on functional-

ized multi-wall carbon nanotubes. Compared to the monometallic catalyst the bi-

metallic composite shows an enhanced activity as well as excellent 

chemoselectivity even in the presence of various H2 labile functional groups. Fur-

thermore, the catalyst could be reused for ten times without significant loss of ac-

tivity. 
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Table 1 Hydrogenation of olefins 11 using Pd/IL-MWCNT in [bmim][SbF6] and recycling of Pd/IL-

MWCNT / [bmim][SbF6].
a 

 

Entry R
1
 R

2
 R

3
 

Reaction time 
[min] 

Runs
b
 

Conversion 
[%]

c
 

1 Ph Ph H 10 1-10 100 

2
d
 Ph H H 5 11-20 100 

3
d
 Ph Me H 10 21-30 100 

4
d
 Ph Me Me 10 31-40 100 

5
d
 4-MeOC6H4 H H 10 41-50 100 

6
d
 4-MeOC6H4 H H 10 51 65 

7 4-CF3C6H4 H H 5 1-10 100 

8 4-ClC6H4 H H 10 1-10 100 

9 Ph CO2Me H 15 1-10 100 

10 4-Pyridyl H H 10 1-10 100 

a
 Substrate 11 (1.0 mmol) in 

i
PrOH-[bmim][SbF6] (8 mL-2 mL) was hydrogenated under 1 atm of 

H2 pressure at 20 °C in the presence of Pd/IL-MWCNT (1 mol% of Pd). 
b
 The Pd/IL-MWCNT / 

[bmim][SbF6] recovered from previous run was used. 
c
 Determined by GC. 

d
 Pd/IL-MWCNT / 

[bmim][SbF6] recovered from previous run was used and 0.3 mL of [bmim][SbF6] was additionally 

added every 20 times reusing. 

 

Moreover, also bimetallic CNT composites are very efficient in the hydro-

genation of benzene.[59] Pt-Ru NPs supported on phenylacetic acid functionalized 

SWCNTs showed a much better catalytic performance than Pt/SWCNT and 

Ru/SWCNT. Furthermore, the Pt-Ru/SWCNT nanocatalyst was still active after 

five cycles. A much better recycling ability and probably the best reported for 

MNP/CNT or MNP/CNF composites so far, was reported for the hydrogenation of 

alkenes using imidazolium IL stabilized palladium NPs on the surface of MWCNTs 
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(Pd/IL-MWCNT).[24] The catalytic composite in combination with an ionic liquid in 

the solvent mixture could be reused 50 times without any loss of activity changing 

the substrate every 10 runs (Table 1). This amazing stability of the palladium NPs 

over time is probably due to an extremely good stabilizing effect of imidazolium 

ionic liquids, which we also observed in our group for palladium NPs on ionic-liquid 

modified magnetic carbon nanobeads.[33] Besides, there are also examples of 

transfer hydrogenations,[12] glycerol hydrogenolysis,[86] or the hydrogenation of 

challenging natural products.[87] 

Additionally to hydrogenations MNP/CNT and MNP/CNF composites were 

also shown to efficiently work in hydroformylations,[10] cross-coupling reac-

tions,[30,74,14] or a cross-coupling/hydrogenation sequence.[65] Rance and 

Khlobystov et al.[74] did interesting investigations about the influence of different 

CNTs (SWCNTs, DWCNTs, MWCNTs) and CNF as well as different surfactants 

used in the MNP synthesis on the activity in the Suzuki reaction between 1-iodo-4-

nitrobenzene and phenylboronic acid. They found out that a composite material 

synthesized from MWCNTs and thiolate-stabilized palladium nanoparticles exhibits 

the best catalytic performance and recyclability with a turn over frequency (TOF) of 

51.1 h-1 and three recycling runs without significant loss of activity. The group of 

Urriolabeitia[30] even reported TOFs of up to 80000 h-1 in the Heck reaction be-

tween iodobenzene and methylacrylate using Pd/MWCNT hybrid materials syn-

thesized in a one-step microwave procedure. 

Besides examples with MNP/CNT and MNP/CNF composites with metal 

nanoparticles on the outer wall, there are a lot of applications of hybrid materials 

with confined metal nanoparticles used in gas-phase (Fischer-Tropsch synthesis, 

NH3 decomposition) and liquid-phase catalysis (hydrogenation, oxidation, and hy-

droxylation reactions). MNP-in-CNT composites can also play an important role for 

the selective hydrogenation of cinnamaldehyde 3 with very amazing results. Pd-in-

MWCNT[88] showed the same selectivity as Pd-out-MWCNT[83] (reduction of the 

C=C bond to HCAL) and was furthermore more active and selective compared to 

Pd NPs on activated carbon. Moreover, Au NPs show the same selectivity as Pd 

NPs inside carbon nanotubes (91% HCAL at 95% CAL conversion).[89] However, 

using platinum nanoparticles leads to different results depending on the position of 

the metal. While Pt-in-CNT selectively hydrogenates the C=O bond, Pt-out-CNT 

leads to complete reduction of CAL to HCOL.[90] This is opposite to the observa-
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tions of Liu’s group who observed just the hydrogenation of the C=C bond for Pt 

NPs on the outer wall.[89] Bimetallic PtRu NPs inside CNTs also show the selective 

reduction of the C=O bond as described for Pt-in-CNT.[78] In this case selectivity to 

COL could be even tuned to 100% by increasing the amount of NPs on the inner 

wall and the loading of NPs. For the relationship of NPs on the inner wall to the 

COL-selectivity a linear increase could be described. 

The group of Tsubaki reported the confinement of copper nanoparticles in-

side CNTs for the reduction of methyl acetate to ethanol and methanol.[91] They 

could show that Cu-in-CNT is much more active than Cu-out-CNT. Furthermore, 

they demonstrated that especially pre-heated composites with small diameter 

CNTs lead to an optimal catalytic performance.[92] Not only the diameter but also 

the length of CNTs plays an important role for the catalytic activity of MNP-in-CNT 

composites. Li and Li reported an example for Ru-in-MWCNT in the hydrogenation 

of D-glucose, where composites with short length and small diameter MWCNTs 

are the most active ones.[93] 

Despite the higher activity of MNPs on the inner wall compared to MNPs on 

the outer wall in lots of examples, there is one more big advantage of the NP con-

finement regarding the metal leaching. Ran et al.[94] compared the Ru leaching of 

Ru-in-CNT and Ru-out-CNT in the conversion of cellobiose. The starting values for 

both catalyst with 2.05 wt% for Ru-in-CNT and 2.09 wt% for Ru-out-CNT were 

quite close to each other. However, after a reaction time of 3 h the Ru content of 

Ru-in-CNT only slightly decreases (1.73 wt%), whereas the content of Ru-out-CNT 

shows a drop to 1.15 wt% which is almost half of the starting content. 

One can clearly see that a lot of impressive results in liquid-phase catalysis 

of MNP/CNT and MNP/CNF composites were reported in the past. However, there 

is still a lot of space for the future, regarding especially the use of confined metal 

nanoparticles with all its beneficial properties for catalytic applications. 

Graphene and graphene-like materials 

Graphene and related materials were used for catalytic applications numerous 

times. Especially during the last five years electrochemistry became the main field 

where MNP/graphene composites were applied for fuel cell or sensor purposes. 

However, there are also a lot of examples using MNPs on graphene or related ma-
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terials in liquid-phase for hydrogenation, cross-coupling, oxidation, or photochemi-

cal reactions. 

 A widely studied reaction using palladium, platinum, gold, or silver nanopar-

ticles on graphene materials is the reduction of 4-nitrophenol 13. Zhang and Yin[95] 

most recently showed a nice example of graphene nanosheet (GN) supported Pt 

NPs which are encapsulated by thin mesoporous silica layers (Table 2). Due to the 

encapsulation, the Pt/GN hybrid has an isolated and confined space which avoids 

an aggregation via π-π-stacking of the graphene sheets. Therefore, it exhibits ex-

tremely high activity, stability, and recycling ability of the composite material. If the 

catalyst is deactivated upon feedstock poisoning, it can be even fully recovered by 

calcination at 350 °C for 1 h in air (Table 2, entry 5). Pd, Ag, and Au NPs on re-

duced graphene oxide (rGO) furthermore showed excellent activity in the reduction 

of various nitroaromatic compounds.[21,96] Interestingly, for Pd/rGO composite ma-

terial on silicium, an increase in activity was observed for a higher palladium load-

ing.[96] Additionally, an activity dependence of the different materials in the order 

Pd/rGO > Ag/rGO > Au/rGO was reported.[21] However, this observation is not at-

tributed to the kind of metal, but on the size of the nanoparticles with Pd = 0.5-

3 nm, Ag = 3-10 nm, and Au = 1-20 nm. Ag nanoparticles on graphite grafted 

poly(amidoamine) (PAMAM) dendrimers are also extremely active in the reduction 

of nitrophenols and especially selective in the reduction of halonitroarenes 

(Scheme 2C) without the dehalogenation to nitrobenzene 8 (NB) or aniline 10 

(AN).[56] For gold nanoparticles supported on GN[55] and graphene oxide (GO)[97] 

two interesting effects could be observed in the hydrogenation reaction of 4-

nitrophenol. While Au/rGO modified with temperature-responsive poly(N-

isopropylacrylamide) (PNIPAM) leads to a thermo-sensitive catalytic activity, the 

graphene nanosheets of Au/GN enhance the catalytic activity via a synergistic ef-

fect. Such an enhanced activity through graphene was also most recently demon-

strated by the group of Maser.[98] They synthesized palladium nanoparticles on the 

surface of rGO for the hydrogenation of acetophenone. Acetophenone is first re-

duced to 1-phenylethanol, subsequently dehydrated to styrene and in a third step 

reduced to ethylbenzene. Due to the acidic properties of rGO, the support can play 

an active role in the dehydratation which leads to a remarkable activity and selec-

tivity of the Pd/rGO hybrid material in this reaction. 
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Table 2 Conversion of 4-nitrophenol 13 over catalysts containing Pt nanoparticles.
a 

 

Entry Catalyst Conversion [%] 

1 Pt/rGO@mSiO2 100 

2 Pt/rGO (etched) 87 

3 Pt/rGO 25 

4 poisoned Pt/rGO@mSiO2
b
 16 

5 regenerated Pt/rGO@mSiO2
c
 100 

a
 Reaction conditions: catalyst containing Pt nanoparticles (0.002 mmol), 4-nitrophenol 13 

(0.54 mmol), and H2O (25 mL) were mixed and then reacted at 25 °C under H2 (1 atm) for 

50 min. 
b
 Pt/rGO@mSiO2 was poisoned with MPA. 

c
 The poisoned Pt/rGO@SiO2 was calcined at 

350 °C for 1 h in air. 

 

Another important reaction is the hydrogenation of benzene or other arenes. 

Platinum, palladium, rhodium, and ruthenium hybrid materials can be used for this 

transformation. Graphene in this case again turns out to be an excellent support 

as it exceeds other carbon supports in the catalytic performance.[99] Ru on ionic 

liquid stabilized graphene is an excellent example for a highly active 

(TOF = 6000 h-1 at 110 °C and 8 MPa) and recyclable (6 runs) hybrid material in 

the hydrogenation of benzene.[62] The reduction of arenes can be also carried out 

under green solvent-free conditions.[100] 

Mastalir et al.[73] reported interesting findings for hydrogenations of alkynes 

using palladium nanoparticles in graphite oxide. Pd-in-graphite oxide can be called 

a shape-selective catalyst due to the reactant size dependent activity and cis-

selectivity. While the support is readily accessible for 3-hexyne giving high TOFs 

(64800-129600 h-1) and cis-alkene selectivities (93-98.4%), the reaction for 4-

octyne is strongly controlled by mass transport limitations.[101] Furthermore, the 
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catalytic activity can be modulated by the ratio of interlamellar to external Pd NPs, 

as the interlamellar particles participate as the active sites.[102] 

 In addition, Pt NPs were described in hybrid materials with graphite oxide 

as well as graphene. Applying high pressure in the hydrogenation of styrene, the 

Pt/graphene composite exhibits high activity compared to Pt/C, however, Pd/C is 

even more active.[63] An asymmetric variant of alkene hydrogenation is also possi-

ble using a chiral modifier. In the hydrogenation of α,β-unsaturated carboxylic ac-

ids, Pd NPs on graphene lead to enantioenriched products with ee’s up to 49% 

using cinchonidine as chiral modifier.[25] 

 Additionally to hydrogenation reactions, graphene hybrid materials were 

described as catalysts in cross-coupling reactions. Fan et al. reported 

Pd/graphene[71] as well as Au/graphene[70] hybrids in the Suzuki-Miyaura coupling 

of iodobenzene with phenyl boronic acid under aerobic conditions. In both cases 

they observed strong particle size dependence for the catalytic activity. The 

Pd/graphene hybrid furthermore showed excellent activity and recycling ability 

over 8 runs without significant loss of activity. The group of El-Shall used 

Pd/graphene[103] and Pd/rGO[9] composites for the Suzuki-Miyaura coupling of 

bromobenzene with phenyl boronic acid. While Pd/graphene already shows excel-

lent performance with a TOF of 108000 h-1, Pd/rGO even leads to a TOF of 

230000 h-1 at 120 °C under microwave irradiation. This effect is probably due to 

the hybrid material synthesis by pulsed laser irradiation, generating defect sites in 

the graphene which enhances the metal-graphene interaction and therefore play a 

major role for the catalytic property (see chapter 2). Palladium NPs on graphite 

oxide were also reported for the use in Suzuki-Miyaura couplings. With TOFs up to 

39000 h-1 and metal leaching <1 ppm this material exhibits extremely good fea-

tures compared to Pd/C.[104] In some cases Pd/graphite oxide can even be reused 

for 16 runs due to the strong interaction of surface functional groups with the na-

noparticles.[18] Moreover, graphene oxide can be used to form a 3-dimensional 

macroporous assembly for palladium NP incorporation.[105] These excellent hybrid 

materials are shown to be highly active composites in the Heck reaction of 

iodobenzene with methyl acrylate. Pd NPs synthesized in a facile coreduction with 

GO work highly active and selective in the Suzuki-Miyaura coupling of aryliodides 

with arylboronic acids. 
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 Besides hydrogenation and cross-coupling reactions, another application for 

mainly Au-graphene composites is in oxidation reactions. Au NPs on rGO work 

very efficiently in the aerobic oxidation of benzyl alcohols,[106] showing even a 

higher activity than Au/AC and Au/graphite composites mainly due to the presence 

of surface functional groups.[39] A bimetallic Au-Pd/graphene composite was also 

reported for the oxidation of methanol to methyl formate at 70 °C exhibiting high 

acitivity (TOF = 1357 h-1) and selectivity (100%).[107] One example using Ru NPs 

on GNS is also shown for the aerobic oxidation of various alcohols including ali-

phatic, aromatic, alicyclic, benzylic, allylic, amino, and heterocyclic alcohols.[108] 

With an extremely low amount of Ru hybrid material an excellent catalytic perfor-

mance was observed with high chemoselectivity and recyclability (4 runs). 

 A last catalytic application of hybrid composites using graphene materials 

as support is in photocatalysis. Lu et al.[109] described the use of platinum 

nanoparticles on rGO in the photochemical reduction of H2O. While Eosin Y is 

used as an additional photo sensitizer, rGO plays a crucial role in the catalytic pro-

cess. The reduced graphene oxide transfers the electrons from Eosin Y to the 

metal, preventing a recombination of photoexcited pairs which enhances the 

photocatalytic activity significantly. Another example was described by Sun et 

al.[29] using a ternary nanohybrid photocatalyst. The hybrid material consists of 

tin(IV)porphyrin, Ag NPs and rGO and shows excellent activity in the degradation 

of rhodamin B pollutant and in the reduction of 4-nitrophenol under visible light 

irradiation. 

 MNPs on graphene materials can be used in various reaction types and 

show excellent results in liquid-phase catalysis. Regarding the multiple examples 

shown above MNP/graphene composites can lead to important applications in fu-

ture organic synthesis. 

Amorphous carbon 

Amorphous carbons, including charcoal or activated carbon, are widely known for 

the deposition of metal clusters and the use of the MNP/carbon composites for 

catalytic applications. It would be far beyond the scope of this review to discuss all 

findings and applications of especially palladium on charcoal (Pd/C) in liquid-

phase catalysis. Furthermore, the application of Pd/C in Heck, Stille, Suzuki-
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Miyaura, Sonogashira, and Negishi couplings was already highlighted in many 

excellent reviews in the past. Therefore, we will focus on recent investigations of 

MNP/activated carbon (AC) composites and highlight results which, to our opinion, 

can play an important role in the future and can lead to new strategies in catalysis 

and catalyst design. 

 The activity of MNP/carbon composites which are synthesized via sol pro-

cess is often decreased due to a hampered accessibility of the MNP surface at-

oms. Furthermore, the metal-support interaction can be limited if the pH of the sol 

solution is not acidic enough leading to a decrease in catalytic activity and reusa-

bility. Lefferts et al.[38] described the immobilization of MNPs on AC via sol process 

using PVA stabilized Pd NPs and investigated the influence of different acids in 

the synthetic process. They found out that HCl efficiently suppresses blocking of 

the Pd surface by PVA and, therefore, highly active Pd/AC composites can be 

achieved after H2 reduction at 200 °C. In contrast, H2SO4 does not show such a 

suppressing effect and consequently a remarkable part of the metal surface re-

mains blocked. This leads to an almost 4 times higher reaction rate for HCl pre-

treated compared to H2SO4 pre-treated Pd/AC in the liquid-phase hydrogenation of 

nitrite. In gas-phase catalysis this effect is even more significant. Another surface 

effect in case of Pd/C was recently demonstrated by the group of Shimizu.[110] 

They studied the effect of oxygen adatoms (Oad) on the surface of Pd with regard 

to the catalytic activity of Pd/C. Using Pd/C where the palladium was freshly re-

duced by hydrogen, no activity of the catalyst was observed in the hydration of 

acetonitrile. However, after air-exposure of Pd/C (now covered with Oad) the hybrid 

material works as a highly active (TOF up to 82 h-1), recyclable (4 runs), and selec-

tive catalyst for various nitriles to the corresponding amides. DFT calculations 

demonstrated a cooperative mechanism between Pd and Oad, where Bronsted-

acidic Oad can dissociate H2O via hydrogen bonding, being the critical step in this 

transformation. Besides, Oad does not play a specific role when Ni/C is used as the 

catalyst.[111] The hybrid material shows excellent activity, selectivity, and recyclabil-

ity for the hydration of silanes without the need of oxygen adatoms. 

 Another nice method for tuning Pd/C catalysts for hydrogenation reactions 

is by modifying the composite with CeO2.
[112] Ceria can enable the reduction of 

PdO2 in the synthetic process and promotes the high dispersion of Pd as well as 

the hydrogen adsorption strength. On the other side, Pd can lower the reduction 
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temperature of CeO2, facilitating an easier reduction step of ceria. This synergistic 

effect leads to a high catalytic performance of the hybrid material compared to sole 

Pd/C which was demonstrated for the hydrogenation purification of crude 

caprolactam. The nanocatalyst leads to high-quality ε-caprolactam with 99.9955% 

purity and a permanganate number of 24000 s. High permanganate numbers indi-

cate a low amount of unsaturated impurities which can be oxidized by KMnO4. 

 

 

 

Fig. 4 High-speed camera photographs of the electric discharges occurring on the Pd/AC catalyst 

surface during the Suzuki-Miyaura coupling reaction under E-field conditions: A) 40 s irradiation 

and B) 120 s irradiation. C) Appearance of the Pd/AC catalyst in solution at 0 min and after 30 min 

of microwave irradiation under E-field and H-field conditions. Figure adapted with permission from 

ref [113]. Copyright 2011, American Chemical Society. 

 

 However, not just the material itself can influence the catalytic activity, but 

also the reaction conditions.[113] Different microwave fields (magnetic, electric) can 

have a surprising effect on the activity of a Pd/AC catalyst. Microwave irradiation 

using an electric-field (E-field) leads to the generation of multiple hot-spots (elec-

tric discharges) at AC (Fig. 4A and 4B), while magnetic-field (H-field) irradiation 

scarcely leads to the formation of hot-spots. These hot-spots can lead to the ag-

gregation of the hybrid material (Fig. 4C), thus leading to a reduced catalytic activi-

ty. Pd/AC shows a two times higher activity in the Suzuki-Miyaura coupling of 4-

bromotoluene with phenylboronic acid using H-field microwave irradiation com-
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pared to E-field irradiation. Hence, if hot-spots have a negative effect on a catalytic 

reaction using E-field irradiation, one can simply change the conditions to a H-

field. 

Mesoporous carbon 

Mesoporous carbon materials have attracted much attention for the synthesis of 

MNP/carbon composites as they exhibit beneficial properties including periodic 

micropores, uniform pore size, high surface areas, adequate pore volume, and 

high stability. These properties reveal mesoporous carbon as an excellent support 

for metal nanoparticles and their application in catalysis. 

 Li et al.[114] demonstrated an excellent example of ruthenium nanoparticles 

in ordered mesoporous carbons (CMK-3) for the hydrogenation of benzaldehydes 

to the corresponding benzylalcohols in H2O. The material was highly active (TOF 

up to 947.5 h-1), selective (up to >99.0%), and could be recycled for at least 

5 times without significant loss of activity. Due to the outstanding stabilization by 

CMK-3, the ruthenium leaching was even under the detection limit of inductively 

coupled plasma optical emission spectrometry (ICP-OES). Furthermore, the com-

posite material exceeded commercial Ru/C and self-prepared Ru/AC. 

 Mesoporous carbon beads (MBs) can also be used for the preparation of 

highly active nanocomposites. Pd NPs were synthesized on various MBs display-

ing different surface properties.[115] The catalysts were tested in the Suzuki-

Miyaura coupling between p-bromobenzaldehyde and phenylboronic acid under 

conventional heating. Nanohybrids prepared from MBs with a hydrophilic surface 

character and less surface microporosity showed the best performance in the 

cross coupling reaction (TOF up to 649.5 h-1). A significant increase of activity can 

be achieved by using microwave instead of conventional heating (TOF up to 

3236 h-1). Recycling with this novel catalytic system is possible for 10 runs (con-

ventional heating) or 5 runs (microwave heating), respectively. 

 An excellent example for the oxidation of benzylalcohols by Au nanoparti-

cles in mesoporous carbon materials was recently demonstrated by the group of 

Wan.[69] They synthesized AuNPs in a “rigid” mesoporous carbonaceous frame-

work via coordination assisted approach (see chapter 2). The novel nanocatalyst 

showed high selectivity, reusability (5 runs), and poison resistance. If the reaction 
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is carried out with a molar ratio of thiocyanate:Au of 33, the catalyst still shows 

37% activity. The extremely good catalytic performance of the hybrid system can 

be explained through the aggregation-free MNPs, the highly exposed surface at-

oms, and the confinement of MNPs inside the mesoporous carbon framework. 

 The catalytic examples of different MNPs in mesoporous carbon framework 

clearly show the advantages of such support materials for catalytic applications. 

Hence, they have enormous perspectives for the future. 

Diamond nanoparticles and carbon quantum dots 

Nanosized diamond materials reached great interest for catalytic applications es-

pecially during the last three years. The diamond nanoparticles (npD) consist of 

sp3-hybridized carbon atoms, are crystalline, highly chemically stable, and afforda-

ble. Commercial nanodiamond is usually purified prior to use, e.g. by Fenton 

treatment or light combustion.[116] While the Fenton treatment needs large amounts 

of H2O2 and Fe(II) salts, light combustion is a much milder method. Through this 

purification, amorphous carbonaceous soot is removed, particles deagglomerate, 

and the population of surface hydroxyl groups is greatly increased (HO-npD). Hy-

drogen annealing of the purified nanodiamond leads to an even higher amount of 

surface hydroxyl groups by the reduction of C=O bonds, thus generating more an-

choring sites for MNPs.[117] For the application of MNP/npD hybrid materials in ca-

talysis mainly Cu and Au nanoparticles were used so far. 

 One main application of MNP/HO-npD hybrid materials is in the degradation 

of organic pollutants by hydroxyl radicals (Fenton reaction). The generation of hy-

droxyl radicals from hydrogen peroxide is usually done with Fe(II) or Cu(II). How-

ever, Garcia et al.[118] reported that Au NPs on HO-npD can also efficiently reduce 

hydrogen peroxide to hydroxyl radicals, which can be used for the degradation of 

e.g. phenol (Scheme 3). The generated Au3+ is then simply reoxydized by another 

hydrogen peroxide molecule. Au/HO-npD composites show extremely high activity 

(TON up to 458759) and selectivity (up to 79%) in the Fenton reaction, working in 

a pH range between 3.5 and 4.0.[119] However, below a pH of 3.5 gold leaching is 

considerably high and above a pH of 4.0 the catalytic activity is dramatically de-

creased. This problem can be solved by the use of visible light irradiation for elec-

tron injection, avoiding the need of an acidic pH.[120] The irradiation with light fur-
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thermore decreases the amount of hydrogen peroxide which is needed for the 

Fenton reaction being another crucial point. This effect can be even strengthened 

by the combination of a catalytic Fenton reaction with biological degradation, re-

quiring just 4 equivalents of hydrogen peroxide.[121] 

 

 

Scheme 3 Proposed mechanism for phenol degradation with Au/HO-npD and H2O2.
[118]

 

 

The group of Garcia further showed the use Cu/HO-npD as efficient and 

cheap catalyst for the hydrogenation of alkenes[122] and the oxidation of aromatic 

thiols.[123] Hydrogen annealing of the catalyst was demonstrated to play a benefi-

cial role for the catalyst activity due to the before mentioned enhancement of sur-

face hydroxyl groups. Furthermore, Cu/HO-npD turned out to be more active in the 

hydrogenation of styrene than analogous Au- and Pd-composites and Cu-

composites of activated carbon, graphene, or multi-walled carbon nanotubes. 

However, in the aerobic oxidation of aromatic thiols to the corresponding disul-

fides, Au/HO-npD exhibited somewhat a higher catalytic activity. As the Cu-

nanocatalyst also shows good recyclability, this catalytic system is an extremely 

good alternative compared to expensive Pd- or Au-catalysts. 

 A Pd/npD nanocatalyst was reported by the group of Golubina for the 

hydrodechlorination of 1,3,5-trichlorbenzene.[124] This nanocomposite showed high 

activity and selectivity towards benzene compared to selfmade Pd/C as well as 

commercial Pd/C. The excellent activity is again based on the high amount of sur-
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face hydroxyl groups, thus leading to an excellent coordination of the metal nano-

particles. 

 Besides diamond nanoparticles, carbon quantum dots (CQDs) were used 

as a nano-support for the deposition of MNPs. Kang et al.[125] developed a green 

photocatalytic system applying a Au/CQD composite material. This nanocatalyst 

shows an impressive efficiency (63.8% conversion) and selectivity (>99.9%) in the 

visible light driven oxidation of cyclohexane to cyclohexanone using hydrogen per-

oxide as oxidant. Au/CQD exceeded other nanocatalysts including Au/SiO2, 

Au/CNT, Au/graphene, and Au/graphite in activity and selectivity by far. The re-

markable activity of the Au/CQD composite is explained by the enhanced absorp-

tion capacity of the MNP by surface plasmon resonance, an efficient hydroxyl radi-

cal production by H2O2 decomposition (Scheme 3), and a particular interaction 

between CQDs and the metal nanoparticle under visible light. 

 Results with diamond nanoparticles and carbon quantum dots clearly 

demonstrate benefits of these nanosupports for their use in MNP/carbon compo-

sites. Therefore, these novel nanomaterials will play a major role in future applica-

tions for liquid-phase catalysis. 

“Magnetic carbon” 

For the separation and recycling of carbon materials usually filtration or centrifuga-

tion techniques are needed. These methods are not only time-consuming, but on 

larger scale also energy- and cost-intense. One possibility to solve this problem is 

the use of a “magnetic carbon” material, which can be easily separated from the 

reaction mixture by simple magnetic decantation. Especially in the last three years 

such “magnetic carbon” materials were reported for the preparation of 

MNP/carbon composites and their application in liquid-phase catalysis. 

 Fe3O4-graphene composite materials are examples for such magnetic car-

bons (Fig. 5, 15). The preparation of a MNP hybrid material of these magnetic car-

bons could be done in two possible ways. Either magnetite is first deposited on 

graphene with subsequent NP synthesis on the surface (MNP/Fe3O4@graphene), 

or the nanoparticles are first generated on the graphene surface with subsequent 

deposition of Fe3O4 (Fe3O4/MNP@graphene). While MNPs in case of 

Fe3O4/MNP@graphene are directly adsorbed on the carbon surface,[126] they are 
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mostly deposited around[127] or even directly on[67] the magnetite surface in 

MNP/Fe3O4@graphene composites. Nanocatalysts of Pd, Pt, PdPt, Ag, and Au 

were applied in hydrogenation,[128,127,67,126] cross-coupling,[72] and oxidation[129] re-

actions with good catalytic performances and recycling ability. The latter is due to 

the high saturation magnetization (e.g. 37.84 emu g-1 for Fe3O4@rGO),[129] how-

ever, if the Fe3O4 loading is very low the magnetic separation ability is apparently 

weakened.[72] A Au/Fe3O4@GO composite for example could be magnetically re-

cycled for 10 times and was even more active than corresponding Au hybrids with 

GO, Fe3O4, or Fe3O4/SiO2.
[127] Comparing Pd and bimetallic PdPt on 

Fe3O4@graphene, the Pd composite showed higher catalytic activity (TOF up to 

5294 h-1), however, the recycling ability of PdPt/Fe3O4@graphene is much better 

due to a better poisoning resistance.[67] 

 

 

Fig. 5 Various “magnetic carbon” materials: MNPs on magnetite modified graphene 15, Fe NPs on 

graphene 16, and Pd NPs supported on Co/C nanobeads 17 or ionic-liquid-modified Co/C 

nanobeads 18. 

 

 Another example of a “magnetic graphene” composite is FeNPs on the sur-

face of graphene (Fig. 5, 16), which act both as the catalytic species as well as the 

magnetic species. Fe/CDG composites were efficiently used for the hydrogenation 

of olefins[130] and the oxidative cyanation of tertiary amines.[131] In hydrogenation 
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reactions the hybrid material showed good results for terminal and cyclic olefins 

under 20 bar H2 pressure and 100 °C. However, internal double bonds of acyclic 

systems were not or little hydrogenated and recycling was just demonstrated for 

2 runs. In the oxidative cyanation of tertiary amines to the corresponding α-

aminonitriles using hydrogen peroxide with sodium cyanide, the hybrid system 

gave excellent yields, was easily recyclable and no leaching was observed. 

 Li et al.[132] also reported a nice example of a magnetic carbon material, 

using Fe@Pd core-shell nanoparticles on activated carbon. They first synthesized 

Fe NPs on activated carbon, which are in a second step coated with Pd NPs lead-

ing to a hybrid catalyst with high saturation magnetization (14 emu g-1). The mate-

rial showed good results in the Suzuki-Miyaura coupling of phenylboronic acid with 

various aryliodides and –bromides. Magnetic recycling was possible for 5 times 

without significant loss of activity and minor metal leaching. After 5 runs still 92% 

of the metal was retained on the support. 

 Besides the immobilization of a magnetic species on the surface of carbon 

materials, there is also the possibility to obtain a “magnetic carbon” by simply coat-

ing magnetic particles with a carbon shell. The magnetic core is thereby protected 

against oxidation, acids, bases, and high temperature. Wang et al.[133] 

demonstrated an example where they used carbon coated Fe3O4 microspheres, 

synthesized from Fe3O4 by hydrothermal treatment using glucose as the carbon 

source. The hybrid material has a saturation magnetization of 9.7-13 emu g-1 de-

pending on the thickness of the carbon shell. Pd NPs on the Fe3O4/C hybrid work 

efficiently in the reduction of methyl orange with NaBH4. The composite even gave 

better results than Pd/C, however, due to catalyst loss and NP aggregation the 

reaction time had to be increased during recycling. 

In our group we established the use of carbon coated cobalt nanoparticles 

as a magnetic carbon support.[134] The material exhibits excellent magnetic proper-

ties with a saturation magnetization of 158 emu g-1, being almost the same as for 

bulk cobalt. Furthermore, the material can be synthesized on a very large-scale 

(>30 g h-1) in a reducing flame synthesis. We applied those Co/C nanoparticles for 

the deposition of Pd NPs (Fig. 5, 17) using two different methods, where the mi-

crowave synthesis via decomposition of Pd2(dba)3∙CHCl3 leads to the best re-

sults.[32] For the hydrogenation of trans-stilbene in iPrOH it turned out that a low 

loading of Pd leads to the best catalytic performance and even exceeds common 
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Pd/C by far (Table 3). The catalyst shows extremely high activity (TOF up to 

11095 h-1) in the hydrogenation of various di- or trisubstituted alkenes and nitro-

compounds, is separable within seconds, and showed just little metal leaching 

(≤6 ppm/cycle). However, the composite material suffers from agglomeration of 

the Pd NPs over time, which allows only small Pd loadings (<1 wt%) and de-

creases activity upon recycling and reuse. 

 

Table 3 Hydrogenation of trans-stilbene 11a using Pd@Co/C 17 or Pd/C.
a 

 

Entry Catalyst Pd [wt%] 
Catalyst 
[mol%] 

t [min] 
Conversion 

[%]
b
 

TOF [h
-1

]
c
 

1 17 8.8 0.1 60 30 300 

2 17 4.4 0.1 60 67 670 

3 17 1.6 0.1 60 98 980 

4 17 0.8 0.1 40 96 2015 

5 17 0.2 0.1 10 64 3845 

6
d
 17 0.2 0.01 60 100 11095 

7 Pd/C 1.8 0.1 60 59 585 

a
 Stilbene 11a (0.5 mmol) in 

i
PrOH (5 mL) was hydrogenated by 0.5 μmol (0.1 mol%) or 

0.05 μmol (0.01 mol%) of catalyst using dodecane as internal GC standard. 
b
 Determined by GC 

analysis using internal standard. 
c
 Mol of substrate transformed per mol catalyst per hour. 

d
 

10 bar of H2 pressure. 

 

Therefore, we covalently introduced stabilizing ionic liquids on the surface 

of the supports to further stabilize Pd nanoparticles (Fig. 5, 18).[33] Indeed, we 

could demonstrate that a quite flexible ionic liquid leads to an excellent stabiliza-

tion of Pd NPs allowing much higher metal loadings (up to 43 wt%) and recycling 

runs (12 times). Furthermore, recycling experiments are possible by changing the 

substrate after each run. This high-capacity system is especially attractive for 

large-scale applications as one can produce 30 mol of product applying just 1 g of 

the catalyst. 
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 The use of MNPs on “magnetic carbon” materials clearly shows the advan-

tages of those hybrid materials regarding the ease of separation and the high re-

cycling ability. This seems to our opinion a very promising field of research and 

would be especially attractive for the use in industrial applications, reducing time 

and costs for intense filtration/centrifugation techniques. 

4. Conclusion and perspectives 

This review clearly shows the unique benefits of carbon materials for their use as 

MNP supports. The chemical properties of MNP/carbon composites which are cru-

cial for their use in catalysis can be controlled by the choice of carbon support, the 

preparation method, and additional synthetic skills. These include the modification 

of the carbon surface, the use of specific agents, solvents or surfactants in the 

MNP synthesis, and the confinement of MNPs inside the carbon material. Some 

excellent features are described for the generation of highly active hybrid materials 

including especially the use of microwave irradiation or the confinement of MNPs 

in CNTs. Applying these possibilities, one can tune the size, size distribution, mor-

phology, and dispersion of the MNPs on the carbon supports. In the second part 

we demonstrate how these specific composite properties effect the applications in 

liquid-phase catalysis with focus on activity, stability and recyclability of the hybrid 

catalysts. The results show that not just the preparation method for the MNPs is an 

important factor, but also the choice of the support. Especially the use of novel 

materials like nanodiamond or “magnetic carbon” materials demonstrate excellent 

performance in catalysis and will probably play a very important role in catalysis in 

the future. 
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B. Main Part 

1. Carbon-coated, magnetic nanobeads for the synthesis of high-

density catalytic systems 

1.1 The requirement of efficient and economic catalytic systems 

With the synthesis of carbon-coated metal nanobeads Stark et al. developed a 

versatile tool for magnetic separations in organic synthesis (Fig. 6A).[1] The report-

ed magnetic nanoparticles with a graphene-like coating offer multiple advantages 

including high chemical and thermal stability, excellent magnetic properties, and a 

large surface area enabling facile functionalization. This allows the nanobeads to 

serve as an outstanding support for catalysts allowing the recovery and recycling 

by an external magnetic field (Fig. 6B). In our group we successfully demonstrated 

the possibility to covalently and non-covalently immobilize catalysts on the carbon 

surface, thus using them as highly recyclable catalytic systems. 

 

 

Fig. 6 A) Left: Photograph of about 5 g of the air-stable, carbon-coated nanomaterial. Right: 

Transmission electron microscopic image of the powder shows two to four homogeneous graphene 

layers coating the metallic cobalt core. B) Separation of cobalt nanoparticles from a suspension 

(1 g L
-1

) in water by a commercial neodymium magnet (B = 1.4 T). Photographs were taken at indi-

cated times after placement of the magnet. Figures adapted with permission from ref [1]. Copyright 

2007, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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The application of magnetic TEMPO 19[2] as well as a magnetic Pd-NHC 

complex 20[3] (Fig. 7) leaded to excellent catalytic performances in oxidation or 

hydroxycarbonylation reactions, respectively. Furthermore, the catalysts could be 

easily recovered from the reaction mixture and reused for multiple runs. However, 

in terms of efficiency and economy, one also has to consider the amount of mag-

netic support which is required for the recycling of a specific amount of a catalyst. 

With catalyst loadings of 0.1-0.2 mmol g-1 and required catalyst amounts of 2.0-

2.5 mol% for each reaction, one can calculate masses between 100-125 mg of the 

catalytic material for a reaction on a 1 mmol scale. Certainly this is not a significant 

amount on the laboratory scale. However, one has also to consider a possible use 

for large-scale applications and for catalytic reactions where a larger quantity of 

catalyst is required, e.g. multiple organocatalytic reactions. Furthermore, if one is 

interested in the recycling of expensive transition metal catalysts, it would not be 

very convenient to use an enormous quantity of a cobalt support to recycle just 

minimal amounts of e.g. platinum, palladium, or gold. 

 

 

Fig. 7 Covalently immobilized TEMPO catalyst 19 and non-covalently immobilized Pd-NHC com-

plex 20 on carbon-coated cobalt nanoparticles. 
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1.2 Outline 

The following chapters demonstrate possibilities to increase the amount of cata-

lysts loaded onto magnetic supports. Especially the synthesis and application of 

magnetic organocatalysts (chapter 2 and 3) and transition metal catalysts (chap-

ter 4) will be discussed. Special attention will be paid on the tuning of activity, effi-

ciency, and recyclability of the catalytic systems. Furthermore, chapter 3 compares 

magnetic nanobeads and phosphorous dendrimers as globular catalyst supports, 

highlighting the benefits of both for a convenient and recyclable catalytic system. 

In chapter 5 studies towards recyclable catalysts for C-H activation and olefin me-

tathesis are discussed. 
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2. N-Alkylimidazole immobilized on high-loading, carbon-coated 

iron nanobeads as recyclable organocatalyst 

 

 

Graphene-coated iron nanobeads have been grafted with polymer shells and func-

tionalized with N-alkylimidazole. The high-loading imidazole catalyst (1.6 mmol g-1) 

is applied in the Baylis-Hillman reaction of nitro benzaldehyde and methyl vinyl 

ketone. Activity of the catalyst is compared to a monomeric N-alkylimidazole and a 

low-density co-polymeric catalyst (0.9 mmol g-1). The high-loading catalyst could 

be reused for 7 consecutive runs after tuning of the recycling conditions. Further-

more, we could show an interesting dendritic-like effect from the monomeric to the 

high-loading catalyst.  
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2.1 Introduction 

Carbon-carbon bond forming reactions are one of the most important tools in to-

day’s organic synthesis. Various natural carbon frameworks could be generated 

through these useful transformations, e.g. polyketides,[1,2] terpenoids,[2] or alka-

loids.[3] One major difference between various C-C bond forming reactions is the 

point of atom-economy.[4] Atom-economic reactions such as aldol, Diels-Alder, 

Michael, or Baylis-Hillman reactions are more attractive than non atom-economic 

reactions like Grignard, Wittig, Friedel-Crafts, or Suzuki/Heck coupling reactions. 

 The Baylis-Hillman reaction needs three essential components. In earlier 

years, these components were limited to an activated alkene, a carbon electro-

phile and a tertiary amine as catalyst. During the last 10 to 15 years this atom-

economic reaction got more and more attraction and the variety of substrates and 

catalysts increased dramatically.[5] However, there are still some drawbacks de-

scribed in literature regarding this powerful reaction. 

One major drawback is the slow reaction rate of the Baylis-Hillman reaction. 

It often takes days to weeks to reach full completion depending on the substrates 

and catalysts. Although the reaction is atom-economically, the catalyst is not re-

used in most cases. A few examples exist in literature where Baylis-Hillman cata-

lysts are supported on silica,[6] polymers,[7a–c,8,7d–f] hairy particles,[9] or ions.[10] 

However, just in very few cases recycling of the catalyst is possible. One interest-

ing example regarding the activity of a supported catalyst was recently shown by 

Portnoy.[11] They used Wang resin supported N-alkylimidazole-decorated den-

drons in the Baylis-Hillman reaction of 4-nitro benzaldehyde with methyl vinyl ke-

tone, exhibiting high activities and short reaction times. However, recycling of this 

supported organocatalyst, which would make the catalytic system much more at-

tractive, was not possible at all. Having catalysts immobilized on solid supports 

also causes problems if the catalytic system needs ultra-/filtration methods for an 

efficient recycling. Filters or membranes are often blocked and/or the filtration 

process is time- and energy-intense.[12] One concept to solve this problem is the 

application of a magnetic support, allowing the separation by simple magnetic de-

cantation.[13] 

Hence, the aim of our study was to immobilize an N-alkylimidazole catalyst 

– similar to Portnoy et al.[11] – on a magnetic support achieving a catalytic system 

which is easy to synthesize, highly active, easily recyclable and, therefore, makes 
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the Baylis-Hillman reaction even more economic. To achieve this goal, we use 

carbon-coated iron (Fe/C) nanoparticles, which are functionalized with a polymeric 

shell, on which an N-alkylimidazole is immobilized. The catalytic system is applied 

in the Baylis-Hillman reaction and different reaction/recycling conditions are 

screened. Furthermore, cooperative effects of the imidazole units are examined 

comparing the catalyst with a lower-density co-polymeric catalyst and a homoge-

neous, monomeric catalyst. 

2.2 Results and discussion 

Stark et al.[14] recently reported the synthesis of highly stable, carbon-coated iron 

or cobalt nanobeads. The material is synthesized on large scale (>30 g h-1) via 

reducing flame synthesis. Carbon-coated nanomagnets exhibit extremely high 

magnetization and provide high thermal, air, and moisture stability. As the carbon 

coating of the beads is chemically related to graphene, graphite or carbon nano-

tubes, the surface functionalization could be established in a similar way. Several 

examples are shown in literature where ligands,[15] catalysts,[16,17–20] poly-

mers/dendrimers,[21a,22,17–20,21b] scavengers,[23] reagents,[23,24] or fluorescent 

dyes[22] are immobilized applying covalent or non-covalent strategies. With the in-

troduction of a polymeric resin on the particle surface a much higher loading of 

functional groups can be achieved. Hence, we introduced such a polymeric struc-

ture for the immobilization of our catalyst with the intention of generating a high-

loading catalyst material. 

The synthesis of the catalyst is shown in Scheme 4. Iron nanobeads 21 are 

tagged with styrene moieties using diazonium chemistry followed by Suzuki cou-

pling.[25] Subsequent polymerization of 4-chloromethylstyrene on styrene modified 

beads 22 leads to the magnetic, Merrifield-like resin 23. 23 then reacts with 

3-aminopropyl imidazole in a substitution reaction to high-density catalyst 24. The 

loading of 24 was determined by elemental microanalysis to 1.6 mmol g-1. 
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Scheme 4 Synthesis of high-density N-alkyl imidazolium catalyst 24 from Fe/C nanobeads 21. 

Reagents and conditions: (i) 4-iodo aniline, NaNO2, HCl, H2O, ultrasound, 25 °C, 30 min; (ii) 4-vinyl 

phenyl boronic acid, Pd(OAc)2, PPh3, 
i
PrOH/H2O, Na2CO3, 65 °C, 16 h; (iii) 4-chloro methyl sty-

rene, AIBN, DMF, 100 °C, 12 h; (iv) 3-amino propyl imidazole, DMF, 85 °C, 16 h. 

 

Having synthesized the novel material 24, the activity as well as the recy-

cling ability of the catalyst was explored. Imidazole catalysts were frequently ap-

plied in Baylis-Hillman reactions in the past. Either sole imidazole catalysts,[26,27,8] 

N-alkylimidazole catalysts[27,28,11] or L-proline with an imidazole co-catalyst.[29,30] 

However, these reactions often suffer from long reaction times and bad yields. 

Recently, Portnoy et al.[11] reported a Wang resin supported N-alkyl imidaz-

ole in the Baylis-Hillman reaction of 4-nitro benzaldehyde with methyl vinyl ketone 

with short reaction times and good yields. However, they were not able to recycle 

the catalyst, which would make it much more attractive. Hence, we also carried out 

tests with our nanomagnetic catalysts. Additionally to catalyst 24 we further syn-

thesized a co-polymeric catalyst 25 with a lower density of imidazole on the sur-

face and a monomeric imidazole catalyst 26 with a similar structure (Fig. 8). With 

these three catalysts we carried out the Baylis-Hillman reaction of 4-nitro 

benzaldehyde and methyl vinyl ketone with focus on activity, recycling ability and 

cooperative effects of the imidazole moiety. 
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Fig. 8 The three different N-alkyl imidazole catalysts: heterogeneous nanocatalysts 24 and 25 and 

homogeneous catalyst 26. 

 

First, we screened different reaction conditions with catalyst 24 in the Baylis-

Hillman reaction between 4-nitro benzaldehyde 27 and methyl vinyl ketone 28. 

The results are shown in Table 4. DMF and THF were compared as solvents and 

additionally the effect of water was evaluated which is known to be able to en-

hance the reaction speed.[27,30,11] In cases of pure DMF and THF the reaction did 

not reach full conversion, even after a reaction time of 7 d. The yield of the Baylis-

Hillman product was 32% (Table 4, entry 1) or 74% (Table 4, entry 5), respective-

ly. Using organic solvent/water mixtures, the reaction time could be dramatically 

decreased and full conversion was reached. In case of a THF/H2O 9:1 mixture the 

reaction time was reduced to 96 h, whereas for a 1:1 mixture the time even de-

creases to 24 h. However multiple side products[31,6] were observed in these cas-

es, appearing in higher quantities with an enhanced amount of water. In compari-

son of the two different solvents, the results obtained with THF or THF/H2O mix-

tures turned out to be much better than the ones with DMF and DMF/H2O. The 

best solvent conditions for the Baylis-Hillman reaction with catalyst 24 were found 

to be a mixture of THF/H2O 19:1 with a yield of 83% (Table 4, entry 6). By de-

creasing the amount of methyl vinyl ketone from three to two equivalents we could 

even reach a yield of 90% (Table 4, entry 7). 
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Table 4 Baylis-Hillman reaction of 4-nitro benzaldehyde 27 with methyl vinyl ketone 28 using high-

density catalyst 24.
a
 

 

Entry Solvent Reaction time [h]
b
 Yield [%]

c
 

1
d
 DMF 7 d 32 

2 DMF/H2O 9:1 72 48 

3 DMF/H2O 1:1 24 53 

4 DMF/H2O 1:1 24 61 

5
d
 THF 7 d 74 

6 THF/H2O 19:1 120 83 

7
e
 THF/H2O 19:1 120 90 

8 THF/H2O 9:1 96 76 

9 THF/H2O 7:3 48 71 

10 THF/H2O 1:1 24 63 

a
 4-Nitro benzaldehyde 27 (0.5 mmol) was reacted with methyl vinyl ketone 28 (1.5 mmol) in 

1 mL of solvent using 0.05 mmol (10 mol%) of catalyst 24. 
b
 Reaction monitored by TLC control 

and stopped at full conversion. 
c
 Determined by 

1
H NMR analysis using diphenyl methane as 

internal standard. 
d
 Full conversion could not be reached. 

e
 Two equivalents of methyl vinyl ke-

tone were used instead of three. 

 

Previous results with polymer-coated nanobeads showed in some cases a pro-

longed time to separate the catalyst from the reaction mixture compared to the 

sole magnetic nanobeads.[32] However in case of 24 the separation of the catalyst 

takes just a few seconds under the reported reaction conditions (Fig. 9). 
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Fig. 9 Collecting nanocatalyst 24 from the reaction mixture by an external magnet. 

 

We then also carried out catalytic experiments with co-polymeric catalyst 25 to 

exemplify a possible dendritic-like effect which was described by Portnoy et al.[11]. 

The results clearly demonstrate an increase in yield from the lower-density imid-

azole catalyst 25 to the high-density catalyst 24 in the range of 4 to 13% (Table 5). 

 

Table 5 Baylis-Hillman reaction of 4-nitro benzaldehyde 27 with methyl vinyl ketone 28 using high-

density catalyst 24 and the lower-density catalyst 25.
a
 

 

Entry Solvent Reaction time [h]
b
 

Yield [%]
c
 

Cat. 24 Cat. 25 

1 THF/H2O 19:1 120 83 75 

2
d
 THF/H2O 19:1 120 90 77 

3 THF/H2O 7:3 48 71 60 

4 THF/H2O 1:1 24 63 59 

a
 4-Nitro benzaldehyde 27 (0.5 mmol) was reacted with methyl vinyl ketone 28 (1.5 mmol) in 1 mL 

of solvent using 0.05 mmol (10 mol%) of catalyst 24 or 25. 
b
 Reaction monitored by TLC control 

and stopped at full conversion. 
c
 Determined by 

1
H NMR analysis using diphenyl methane as inter-

nal standard. 
d
 Two equivalents of methyl vinyl ketone were used instead of three.
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To further exemplify this effect we additionally carried out catalytic experiments 

with the monomeric aminopropyl imidazole catalyst 26 (Table 6). The results clear-

ly show that the reaction under homogeneous conditions works even worse than 

under the previously described heterogeneous ones. With catalyst 26 the reaction 

times had to be increased to reach full conversion and the yields were either 

worse or equal to the heterogeneous reactions. The effects of water were the 

same as in the heterogeneous case. An increase of the H2O amount speeds up 

the reaction and leads to higher quantities of side products. These results again 

demonstrate the cooperative effect of the imidazole units described before. 

 

Table 6 Baylis-Hillman reaction of 4-nitro benzaldehyde 27 with methyl vinyl ketone 28 using ho-

mogeneous model catalyst 26.
a
 

 

Entry Solvent Reaction time [h]
b
 Yield [%]

c
 

1
d
 THF 7 d 11 

2 THF/H2O 19:1 6 d 87 

3 THF/H2O 7:3 96 24 

4 THF/H2O 1:1 72 22 

a
 4-Nitro benzaldehyde 27 (0.5 mmol) was reacted with methyl vinyl ketone 28 (1.5 mmol) in 

1 mL of solvent using 0.05 mmol (10 mol%) of catalyst 26. 
b
 Reaction monitored by TLC control 

and stopped at full conversion. 
c
 Determined by 

1
H NMR analysis using diphenyl methane as 

internal standard. 
d
 Full conversion could not be reached. 

 

To further decrease the reaction time of our catalytic system we also investigated 

the effect of additional proline in the reaction (Table 7). Entry 2 shows a decrease 

from 120 h to 72 h in reaction time while sole proline does not catalyze the reac-

tion under these conditions at all. Furthermore, the yield was improved from 90% 

to 96% applying the combined proline/imidazole system. 
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Table 7 Baylis-Hillman reaction of 4-nitro benzaldehyde 27 with methyl vinyl ketone 28 using model 

catalyst 24 and optional L-proline.
a
 

 

Entry Catalyst Reaction time [h]
b
 Yield [%]

c
 

1 24 120 90 

2 24 + L-proline 72 96 

3 L-proline 72 0 

a
 4-Nitro benzaldehyde 27 (0.5 mmol) was reacted with methyl vinyl ketone 28 (1.0 mmol) in 

1 mL of THF/H2O 19:1 using 0.05 mmol (10 mol%) of catalyst 24 and optional 0.05 mmol 

(10 mol%) L-proline. 
b
 Reaction monitored by TLC control and stopped at full conversion. 

c
 De-

termined by 
1
H NMR analysis using diphenyl methane as internal standard. 

 

As Portnoy et al.[11] reported a gradual deterioration in the catalyst activity during 

recycling experiments we next investigated the recycling ability of our catalytic sys-

tem (Fig. 10). Applying catalyst 24 under the best reaction conditions we also see 

a gradual decrease in activity from the 1st (90%) to the 7th (28%) run, keeping the 

reaction time constant. However, we can reduce this gradual decrease by washing 

the catalyst after each run with a 1M solution of Et3N in dichloromethane. Here, the 

decrease is just from 90% (1st run) to 59% (7th run). Applying our combined 

proline/imidazole catalyst system we can even keep the yields constant for at least 

6 runs without increasing the reaction time. 

Even if our catalytic system is not as active compared to literature results with 

dendron-decorated Wang resin, we could show the effective recycling ability of the 

system simply by basic washing of the catalyst before the reuse. 
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Fig. 10 Recycling experiments with catalyst 24 in the Baylis-Hillman reaction of 4-nitro 

benzaldehyde with methyl vinyl ketone under different reaction/recycling conditions. Reaction was 

stirred to full conversion in the 1. run. For the following runs the reaction time was held constant. 

Yields are given in % above every single column. Conditions: A) reaction with catalyst 24; catalyst 

was washed with dichloromethane after each run; B) reaction with catalyst 24; catalyst was washed 

with Et3N in dichloromethane (1M) after each run; C) reaction with catalyst 24 and additional L-

proline; catalyst was washed with Et3N in dichloromethane (1M) after each run. 

 

Additionally to the recycling experiments in Fig. 10, we also carried out recycling 

experiments on a 1 mmol scale isolating the product after each run. The reaction 

in this case worked with the same reaction time (Table 8, entry 1-6) and excellent 

yields (87-92%). In the 7th run reaction time had to be increased to 80 h to reach 

again full conversion (Table 8, entry 7). 
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Table 8 Recycling experiments with catalyst 24 in the Baylis-Hillman reaction of 4-nitro 

benzaldehyde 27 with methyl vinyl ketone 28.
a
 

 

Entry Run Reaction time [h]
b
 Yield [%]

c
 

1 1 72 92 

2 2 72 88 

3 3 72 87 

4 4 72 89 

5 5 72 91 

6 6 72 90 

7 7 80 92 

a
 4-Nitro benzaldehyde 27 (1.0 mmol) was reacted with methyl vinyl ketone 28 (2.0 mmol) in 

2 mL of THF/H2O 19:1 using 0.1 mmol (10 mol%) of catalyst 24 and 0.1 mmol (10 mol%) L-

proline. 
b
 Reaction was monitored by TLC control and stopped at full conversion. 

c
 Isolated yield 

after column chromatography. 

2.3 Conclusion 

We successfully developed a novel, magnetic Baylis-Hillman catalyst with 

N-alkylimidazole units on the surface. The material is easily synthesized, shows 

reasonable reaction times and excellent recyclability. Furthermore, we could dem-

onstrate a dendritic-like effect of imidazole units by comparing two heterogeneous 

catalysts with different catalyst density on the surface with a homogeneous one. 

 Regarding the atom-economy of the Baylis-Hillman reaction, this easily syn-

thesized and highly recyclable catalyst system makes the Baylis-Hillman reaction 

even more economically and, therefore, very attractive in terms of sustainability. 
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2.4 Experimental section 

Materials and methods 

Carbon coated iron nanomagnets (Fe/C) were purchased from Turbobeads Llc, 

Switzerland. Prior to use, they were washed in a concentrated HCl/water mixture 

1:1 (5x) for 24 h. Acid residuals were removed by washing with millipore water (5x) 

and the particles were dried at 50 °C in a vacuum oven.[33] All other commercially 

available compounds were used as received. 

The magnetic nanobeads were dispersed using an ultrasound bath (Sonorex RK 

255 H-R, Bandelin) and recovered with the aid of a neodymium based magnet 

(15 x 30 mm). They were characterized by IR-ATR spectroscopy (Biorad Excalibur 

FTS 3000), and elemental microanalysis (LECO CHN-900). 

Poly(benzylchloride)styrene functionalized iron nanoparticles 23 and 

poly(benzylchloride-co-phenyl)styrene functionalized iron nanoparticles were pre-

pared on the gram scale following a previously reported procedure.[34,25] 

NMR spectra were recorded with a Bruker AV 300 spectrometer with CHCl3 as 

standard. Chemical shifts (δ) are reported in ppm and coupling constants (J) are 

reported in Hertz (Hz). The signals in the spectra are described as s (singlet), d 

(doublet), t (triplet), quin (quintet) and m (multiplet). 

Synthesis of the catalysts 

 

Poly(N-benzyl-3-(1H-imidazol-1-yl)propan-1-amine)styrene functionalized 

carbon coated iron nanoparticles (24) 

 

 

500 mg (1.6 mmol of benzylchloride units) Poly(benzylchloride)styrene functional-

ized Fe/C nanoparticles 23 were sonicated in 10 mL DMF for 10 min. 590 L 

(5 mmol) 1-(3-Aminopropyl)imidazole were added and the reaction mixture stirred 
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at 80 °C for 16 h. After magnetic decantation, the particles were washed with DMF 

(3 x 5 mL), Et3N in dichloromethane (1M, 3 x 5 mL) and dichloromethane 

(3 x 5 mL) and subsequently dried in vacuo to obtain 505 mg of 24 with a loading 

of 1.77 mmol g-1. 

IR (/cm-1): 2920, 2837, 1645, 1604, 1563, 1506, 1442, 1419, 1342, 1227, 1152, 

1105, 1077, 1014, 967, 914, 812, 733, 659; elemental microanalysis (%): C, 48.75; 

H, 5.07; N, 7.44; Cl, 3.05. 

 

Poly(N-benzyl-3-(1H-imidazol-1-yl)propan-1-amine-co-phenyl)styrene func-

tionalized carbon coated iron nanoparticles (25) 

 

 

500 mg (0.8 mmol of benzylchloride units) Poly(benzylchloride-co-phenyl)styrene 

functionalized Fe/C nanoparticles were sonicated in 10 mL DMF for 10 min. 

295 L (2.5 mmol) 1-(3-Aminopropyl)imidazole were added and the reaction mix-

ture stirred at 80 °C for 16 h. After magnetic decantation, the particles were 

washed with DMF (3 x 5 mL), Et3N in dichloromethane (1M, 3 x 5 mL) and di-

chloromethane (3 x 5 mL) and subsequently dried in vacuo to obtain 503 mg of 25 

with a loading of 0.94 mmol g-1. 

IR (/cm-1): 2918, 2842, 1599, 1492, 1450, 1356, 1226, 1106, 1076, 1018, 967, 

905, 817, 754, 696, 661; elemental microanalysis (%): C, 58.46; H, 5.18; N, 3.96. 
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N-Benzyl-3-(1H-imidazol-1-yl)propan-1-amine (26) 

 

 

A solution of 142.3 L (1.25 mmol) 1-(3-aminopropyl)imidazole in 3 mL dry DMF 

was stirred at rt under N2-atmosphere. 60.3 L (0.5 mmol) Benzylchloride in 2 mL 

dry DMF was added over 30 min and the reaction mixture stirred for 2 h. After 

evaporation of the solvent 10 mL NaOH solution (1M) was added and the mixture 

extracted three times with 10 mL dichloromethane. After the organic layer was 

dried over MgSO4 the solvent was removed and the crude product purified by col-

umn chromatography (Rf (EE/MeOH 95:5) = 0.2) to obtain 87 mg (81%) of the 

product. 

1H NMR (300 MHz, CDCl3):  = 7.29 (d, J = 12.0 Hz, 1H), 7.26 – 7.10 (m, 5H), 

6.93 (s, 1H), 6.77 (s, 1H), 3.91 (t, J = 6.9 Hz, 2H), 3.64 (s, 2H), 2.49 (t, J = 6.7 Hz, 

2H), 1.79 (quin, J = 6.8 Hz, 2H), 1.55 (s, 2H); 13C NMR (75 MHz, CDCl3):  = 

140.2, 137.2, 129.3, 128.4, 128.1, 127.0, 118.9, 53.9, 45.6, 44.6, 31.3; IR (/cm-1): 

2934, 2828, 1667, 1645, 1507, 1454, 1358, 1266, 1229, 1109, 1078, 1027, 912, 

820, 735, 700, 665, 642, 619; ESI-HRMS: 216.1497 (MH+), calc.: 216.1495. 

General procedures for catalytic experiments 

 

General procedure for the Baylis-Hillman reaction with heterogeneous cata-

lysts 24 and 25 

 

75.6 mg (0.5 mmol) p-Nitrobenzaldehyde 27 and 31.4 mg (0.05 mmol) 24 or 

53.2 mg (0.05 mmol) 25 were predispersed for 10 min in 1 mL of solvent using an 

ultrasonic bath. After adding 41.6 L (0.25 mmol) diphenylmethane as internal 
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standard, 126.8 L (1.5 mmol) methylvinylketone 28 were added via syringe and 

the reaction mixture stirred at room temperature. After magnetic decantation, the 

nanoparticles were washed with ethyl acetate (5 x 2 mL). To the combined phase 

10 mL H2O and 10 mL saturated NH4Cl solution were added and the reaction mix-

ture was extracted with ethyl acetate (3 x 10 mL). The organic phase was dried 

over MgSO4 and the solvent evaporated under vacuum to give the crude material 

for 1H NMR analysis. 

For recycling experiments the particles were washed with dichloromethane 

(3 x 3 mL) or Et3N in dichloromethane (1M, 3 x 3 mL) and dichloromethane 

(2 x 3 mL) and subsequently dried under vacuum. 

For isolation of the product the crude mixture was purified by column chromatog-

raphy (Rf (PE/EE 2:1) = 0.3). 

General procedure for the Baylis-Hillman reaction with heterogeneous cata-

lyst 24 and additional L-proline 

 

75.6 mg (0.5 mmol) p-Nitrobenzaldehyde 27, 31.4 mg (0.05 mmol) 24 and 5.8 mg 

(0.05 mmol) L-proline were predispersed for 10 min in 1 mL of solvent using an 

ultrasonic bath. After adding 41.6 L (0.25 mmol) diphenylmethane as internal 

standard, 126.8 L (1.5 mmol) methylvinylketone 28 were added via syringe and 

the reaction mixture stirred at room temperature. After magnetic decantation, the 

nanoparticles were washed with ethyl acetate (5 x 2 mL). To the combined phase 

10 mL H2O and 10 mL saturated NH4Cl solution were added and the reaction mix-

ture was extracted with ethyl acetate (3 x 10 mL). The organic phase was dried 

over MgSO4 and the solvent evaporated under vacuum to give the crude material 

for 1H NMR analysis. 

For recycling experiments the particles were washed with dichloromethane 

(3 x 3 mL) or Et3N in dichloromethane (1M, 3 x 3 mL) and dichloromethane 

(2 x 3 mL) and subsequently dried under vacuum. 
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For isolation of 29 the crude mixture was purified by column chromatography (Rf 

(PE/EE 2:1) = 0.3). 

General procedure for the Baylis-Hillman reaction with homogeneous cata-

lyst 26 

 

75.6 mg (0.5 mmol) p-Nitrobenzaldehyde 27 and 10.8 mg (0.05 mmol) N-benzyl-3-

(1H-imidazol-1-yl)propan-1-amine 26 were dissolved in 1 mL of solvent. After add-

ing 41.6 L (0.25 mmol) diphenylmethane as internal standard, 126.8 L 

(1.5 mmol) methylvinylketone 28 were added via syringe and the reaction mixture 

stirred at room temperature. After adding 10 mL H2O and 10 mL saturated NH4Cl 

solution, the reaction mixture was extracted with ethyl acetate (3 x 10 mL). The 

organic phase was dried over MgSO4 and the solvent evaporated under vacuum 

to give the crude material for 1H NMR analysis. 
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3. Dendrimers or nanoparticles as supports for the design of effi-

cient and recoverable organocatalysts?i 

 

 

 

The Jørgensen-Hayashi catalyst [(S)-α,α-diphenylprolinol trimethylsilyl ether] was 

grafted onto the surface of two different supports: phosphorus dendrimers (gen-

erations 1 to 3) and magnetic, polymer-coated cobalt/carbon (Co/C) nanobeads. 

These new supported catalysts displayed high activities and selectivities in the 

Michael additions of a wide range of aldehydes to different nitroolefins. Moreover, 

the dendrimer of the third generation displayed excellent recycling abilities since it 

could be recovered and reused in 7 consecutive runs without loss of activity.ii 

  

                                            
i
 Reproduced with permission from: M. Keller, A. Perrier, R. Linhardt, L. Travers, S. Wittmann, A.-M. Caminade, J.-P. 
Majoral, O. Reiser, A. Ouali, Adv. Synth. Catal. 2013, 355, 1748-1754. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 
ii
 The synthesis of compounds 33-M, 33-G1, 33-G2, and 33-G3 and all experiments with compounds 33-M, 33-G1, 33-G2, and 

33-G3 were carried out by M. Keller, A. Perrier, and L. Travers. The synthesis of 32, and 33-NP and all experiments with 33-
NP were carried out by R. Linhardt. 
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3.1 Introduction 

α,α-Diarylprolinol silyl ethers, introduced as organocatalysts by Jørgensen and 

Hayashi independently in 2005,[1,2] have proved to be versatile organocatalysts, 

displaying high efficiency, selectivity, and robustness.[3] Major drawbacks of these 

systems concern the high catalyst loading required as well as the tedious purifica-

tion processes necessary to separate the organocatalyst from the products. Cata-

lyst immobilization may allow us to overcome both limitations and moreover holds 

the promise for organocatalyst recovery and reuse.[4] Along these lines, various 

supports have been proposed for immobilizing the Jørgensen-Hayashi catalyst. 

They involve polymers,[5,6–9] magnetic nanoparticles (MNPs)[10,11] or dendrons.[12] 

To the best of our knowledge, the influence of the support’s nature on the catalytic 

performances and recycling abilities of these immobilized organocatalysts has not 

been studied so far. We thus planned to compare Jørgensen-Hayashi catalysts 

grafted onto dendrimers and MNPs, two supports that have proved to be very use-

ful in a wide range of reactions. Indeed, dendritic catalysts[13a–c,14,13d,15] can be re-

cycled by precipitation and besides this advantage, dendritic supports may also 

strongly enhance the catalytic activity (“dendritic effect”).[14,15] MNPs are also in-

creasingly recognized as appealing supports since they can be easily recovered 

by simple magnetic decantation.[16] Herein we report the preparation of (S)-α,α-

diphenylprolinol trimethylsilyl ether grafted onto phosphorus dendrimers[17] and 

polystyrene functionalized Co/C MNPs[18a–f,19,18g,20] by using the copper-catalyzed 

azide-alkyne [3+2] cycloaddition[21] (CuAAC). The latter is an attractive ligation 

method regarding atom economy and the beneficial effect of the triazole ring on 

the efficiency of the catalyst which was highlighted in the case of polymeric sup-

ports (PEG[8] and polystyrene[6,9]). The catalytic activities and recyclabilities of the 

nano-organocatalysts obtained were compared in Michael addition reactions of 

various aldehydes to nitroolefins in conditions comparable to those previously re-

ported by Pericàs and involving a polystyrene resin as the support.[5,6] 
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3.2 Results and discussion 

Azide-functionalized phosphorus dendrimers 31-Gn
[22] (n = 1-3) and carbon coated 

Co-MNPs with high-loading polymer shells 31-NP[20] were obtained from the corre-

sponding chloride compounds 30-Gn and 30-NP[19] (Scheme 5). The immobiliza-

tion of α,α-diphenylprolinol trimethylsilyl ethers onto azido-terminated dendrimers 

31-Gn (n = 1-3) and poly(benzyl azide) styrene-functionalized Co/C MNP 31-NP 

was per-formed on the gram scale via CuAAC by using acetylenic prolinol 32 

(Scheme 6).[8] The loadings of Jørgensen–Hayashi catalysts were in the same or-

der of magnitude for all nano-catalysts: 1.55 mmol g-1 for 33-G1, 1.45 mmol g-1 for 

33-G2, 1.40 mmol g-1 for 33-G3 and 1.34 mmol g-1 for 33-NP. 

However, in the case of dendrimers, functional groups are located on the 

surface while for MNPs, they are partially inside the polymer shells. Furthermore, a 

monomeric organocatalyst 33-M involving the triazole moiety was prepared by re-

action between 32 and 4-methoxybenzyl azide. All of these “click” chemistry proto-

cols were monitored by IR tracking the vanishing azide peak at 2085 cm-1 (see 

addendum). Dendrimers 33-Gn and 33-M were characterized by 1H, 13C and 

31P NMR and the composition of 33-NP was confirmed by elemental analysis. 
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Scheme 5 Preparation of azido-terminated phosphorus dendrimers and Co/C MNP with high-

loading polymer shells. 
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Scheme 6 Preparation of Jørgensen–Hayashi catalysts supported onto dendrimers (33-Gn, n = 1-

3) and magnetic nanoparticles (33-NP). 
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Nano-organocatalysts 33-Gn (n = 1-3) and 33-NP were tested in Michael 

addition reactions under conditions analogous to those previously reported for pol-

ystyrene-supported Jørgensen-Hayashi catalyst.[6,9] To the best of our knowledge, 

this system appears as one of the most efficient to date in terms of activity, selec-

tivity and recyclability (5 times without significant loss of activity in Michael addi-

tions).[6,9] 

The Michael addition of propanal 34a to β-nitrostyrene 35a in CH2Cl2 at 

10 °C with a 34a/35a ratio of 1.6:1 was selected as the model reaction (Table 9). 

After 14 h, adduct 36a could be obtained in fair yield (53%) in the presence of the 

monomer 33-M involving the triazole linker. The dendritic supports allowed us to 

significantly improve the performances since the yield of 36a reached 80% with 

33-G1 and became quantitative with 33-G2 and 33-G3 (entries 2-4). The superiority 

of 2nd and 3rd generation dendrimers might be rationalized in terms of catalytic 

site accessibility, the latter being likely more available in the highest generations. 

Noteworthy, it was checked that 14 h were necessary and sufficient to get com-

plete conversion of 35a using 33-G2 and 33-G3. Therefore, 14 h was chosen as 

the reaction time for the following experiments involving dendrimers. Additionally, 

MNP-based organocatalyst 33-NP required 22 h to complete the addition, 36a be-

ing obtained in 80% yield after 14 h (entries 5 and 6). This lower activity may be 

due to a lower availability of the catalysts partially located inside the polymer shell. 

The syn product was almost exclusively formed regardless of the nature of the 

support, but the best syn-to-anti ratios were obtained with dendritic 

organocatalysts 33-Gn (97:3). In each case, excellent ees (>99%) could be 

reached and 36a was quantitatively isolated on the mmol scale without the need 

for chromatographic purification (entries 4 and 6). 
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Table 9 Addition of propanal 34a to β-nitrostyrene 35a in the presence of dendrimer- and MNP-

supported catalysts.
a
 

 

Entry Catalyst t [h] Yield [%]
c
 syn/anti

d
 ee [%]

e
 

1 33-M 14 53 98:2 > 99 

2 33-G1 14 80 97:3 > 99 

3 33-G2 14
b
 > 99 97:3 > 99 

4 33-G3 14
b
 > 99 (99) 97:3 > 99 

5 33-NP 14 80 93:7 > 99 

6 33-NP 22 > 99 (99) 92:8 > 99 

a
 All reactions were performed with β-nitrostyrene 35a (0.2 mmol), propanal 34a (0.32 mmol, 

1.6 equiv.), CH2Cl2 (2 mL) and (S)-α,α-diphenylprolinol trimethylsilyl ether moiety (0.02 mmol): 

33-G1 (12.9 mg, 1.666 mmol), 33-G2 (13.8 mg, 0.833 mmol), 33-G3 (14.3 mg, 0.416 mmol), 33-

NP (15.0 mg). 
b
 14 h = time required to get complete conversion of 35a with 33-G2 and 33-G3. 

c
 

The 
1
H NMR yields were determined with 1,3,5-trimethoxybenzene as the standard/isolated 

yields in brackets (1 mmol scale, see experimental section). 
d
 Determined by 

1
H NMR of the 

crude reaction mixture. 
e
 Determined by chiral HPLC. 

 

One of the main advantages to design supported catalysts is the opportuni-

ty to recover and reuse them. Recycling experiments were thus carried out with 

33-Gn (n = 1-3) and 33-NP by precipitation with pentane or magnetic decantation 

respectively (Fig. 11). The reaction time required for complete conversion of 35a 

with 33-G2 and 33-G3 (14 h, Table 9) was chosen. Recycling abilities of dendritic 

catalysts 33-G1 and 33-G2 revealed disappointing, yields of 36a decreasing signifi-

cantly from the 1st run. On the contrary, catalyst 33-G3 could be successfully used 

4 times while a significant loss of activity was observed from the 3rd run when re-

cycling MNPs 33-NP. The better recyclability of 33-G3 compared to 33-G2 may be 

rationalized by its lower solubility in pentane which likely enables quantitative re-

covery. Selectivities remained constantly high during recycling experiments in 

case of dendrimers as well as MNPs in contrast to literature data.[10,11] As a result, 
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dendrimer 33-G3, recovered by straightforward precipitation that does not require 

any specific equipment, appeared as the most promising organocatalyst in terms 

of recycling capabilities. Noteworthy, this is the first time that a supported 

Jørgensen-Hayashi catalyst can be recycled without increasing the reaction time 

or resorting to reactivation of the catalyst between two runs.[7,6,9,10] Indeed, the sys-

tem involving polystyrene as the support could be recycled but required a recondi-

tioning in the presence of non-commercially available trimethylsilyl 

N,N-dimethylcarbamate to transform the inactive diphenylprolinol formed during 

the reaction into the catalytically active silyl ethers.[6,9] Besides, when grafting the 

Jørgensen-Hayashi catalyst onto MeOPEGs, a deactivation via product inhibition 

required washings with the aldehyde to restore the catalyst activity.[7] Both meth-

ods did not increase the recycling activity in the case of 33-NP. The scope of 

nano-organocatalysts 33-G3 and 33-NP was next investigated in the Michael addi-

tion of various aldehydes 34 to nitroolefins 35 (Table 10). 

 

 

Fig. 11 Michael addition of propanal 34a to β-nitrostyrene 35a: Yields of 36a [%] in recycling exper-

iments. Reaction conditions: see Table 1 (14 h for 33-Gn and 22 h for 33-NP). 
1
H NMR yields were 

determined by using 1,3,5-trimethoxybenzene as the standard. The syn/anti ratios for 33-Gn were 

97:3 to 96:4, for 33-NP: 92:8 to 90:10 as determined by 
1
H NMR of the crude reaction mixture. The 

ees were determined by chiral HPLC analysis: >99% for all supported catalysts. 
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Table 10 Scope of supported organocatalysts 33-NP and 33-G3.
a
 

 

Entry R
1
 R

2
 Product 

Yield 
[%]

b
 

syn/anti
c
 

ee 
[%]

d
 

Yield 
[%]

b
 

syn/anti
c
 

ee 
[%]

d
 

     33-NP   33-G3  

1 
Me 
(5a) 

Ph 
(6a) 

 

>99 92:8 99 >99 97:3 99 

2 
Et 

(5b) 
Ph 
(6a) 

 

98 80:20 98 >99 94:6 98 

3 
Pr 

(5c) 
Ph 
(6a) 

 

99 79:21 99 >99 97:3 >99 

4 
n-

pent 
(5d) 

Ph 
(6a) 

 

42 78:22 98 >99 90:10 >99 

5 
Me 
(5a) 

4-Br-
C6H4 

(6b) 

 

97 91:9 98 >99 95:5 98 

6 
Me 
(5a) 

4-MeO-
C6H4 

(6c) 

 

98 91:9 97 >99 90:10 97 

7 
Me 
(5a) 

2-furyl 
(6d) 

 

96 91:9 93 99 90:10 94 

a
 All reactions performed with nitroolefins 35 (0.2 mmol), aldehydes 34 (0.32 mmol, 1.6 equiv.), 

CH2Cl2 (2 mL) and (S)-α,α-diphenylprolinol trimethylsilyl ether moiety (0.02 mmol): 33-G3 

(14.3 mg, 0.416 mmol, 14 h), 33-NP (15.0 mg, 22 h). 
b
 The 

1
H NMR yields were determined by 

using 1,3,5-trimethoxybenzene as the standard. 
c
 Determined by 

1
H NMR of the crude reaction 

mixture. 
d
 Determined by chiral HPLC analysis. 
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The Michael additions of various aldehydes differing by the length of the al-

kyl chain were first performed (entries 1-4). n-Butanal (entry 2) and valeraldehyde 

(entry 3) reacted with β-nitrostyrene to give adducts 36b and 36c, respectively, in 

quantitative yields within 22 h for 33-NP and 14 h for 33-G3 with excellent ees. In 

terms of diastereoselectivity, dendritic catalyst 33-G3 proved to be more efficient 

since syn-to-anti ratios of 97:3 could be reached against 80:20 in the case of 33-

NP. 

Michael additions of less reactive heptanal were found to proceed sluggish-

ly in the presence of 33-NP (42% yield after 22 h, entry 4) while dendritic catalyst 

33-G3 allowed us to obtain enantiopure 36d in 99% yield within 14 h. Noteworthy, 

with the polystyrene supported Jørgensen-Hayashi catalyst, the same reaction 

required 48 h to go to completion.[6,9] With respect to Michael acceptor, nitroolefins 

35b, 35c and 35d bearing substituted aryl or heteroaryl substituents (entries 5-7) 

led to the expected adducts 36e-g in quantitative yields, very good ees and 

diastereoselectivities comparable to those reported for homogeneous[23] and sup-

ported[6,9] catalysts in the same process. 

Recycling tests of 33-G3 were finally achieved by changing the substrate at 

each run (Table 11). Therefore, Michael adducts 36a-g could successfully be pre-

pared in 7 consecutive runs with very high yields and selectivities. To the best of 

our knowledge, such a study has never been carried out previously to illustrate the 

robustness of other supported organocatalysts. 
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Table 11 Recyclings of 33-G3 in changing the substrates at each run.
a
 

 

Entry Run Adduct Yield [%]
b
 ee [%]

d
 

1 1 36b 99 99 

2 2 36d 99 99 

3 3 36c 99 99 

4 4 36a 99 97 

5 5 36f 98 96 

6 6 36g 97 93 

7 7 36e 98 95 

a
 All reactions performed with nitroolefins 35 (0.2 mmol), aldehydes 34 (0.32 mmol, 1.6 equiv.), 

CH2Cl2 (2 mL) and 33-G3 (14.3 mg, 0.416 mmol). 
b
 Isolated yields. 

c
 The syn/anti ratio was de-

termined by 
1
H NMR of the crude reaction mixture. 

d
 Determined by chiral HPLC analysis. 

 

3.3 Conclusion 

In summary, the Jørgensen-Hayashi organocatalyst was grafted via triazole linkers 

onto two supports, phosphorus dendrimers and MNPs with high-loading polymer 

shells. Performances of both catalysts were tested in Michael additions of various 

aldehydes onto nitroolefins regarding activity, selectivity and recycling ability. 

Dendrimers turned out to be more active than MNPs since they required 14 h to 

allow full conversions of all nitroolefins tested instead of 22 h. The catalytic per-

formances of 33-G3 were generally found to be analogous to those reported for the 

best homogeneous[22] and supported[6,7] catalysts in the same reaction. Enantio- 

and diastereoselectivities were high in cases of 33-NP compared to literature re-

ports while 33-G3 led to excellent results. In terms of recycling ability, MNPs 33-NP 

could be recovered by straightforward magnetic decantation but their activity sig-

nificantly decreased from the 3rd run. The performances of dendritic catalysts 
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were found to greatly depend on the generation: 1st and 2nd generations were 

poorly efficient whereas 33-G3 could be successfully recovered by precipita-

tion/filtration and reused at least 7 times to yield 7 different adducts in very high 

yields and selectivities. Noteworthy, this straightforward recovery method does not 

require any specific equipment contrary to more tedious nanofiltration, for exam-

ple. 33-G3 thus constitutes one of the most competitive recyclable supported sys-

tems reported so far for organocatalyzed Michael reactions. Lastly, the compara-

tive study reported in this paper illustrates the crucial role of the support on the 

performances of the catalyst. Structural modifications aiming at further improving 

efficiencies of reported nano-organocatalysts in terms of activities, selectivities and 

recyclabilities are ongoing in our laboratories. The extension of their scope to other 

reactions is also being explored. 

3.4 Addendum 

The synthesis of the propargylated (S)-α,α-diphenylprolinol trimethylsilyl ether was 

carried out according to a procedure described by Zeitler et al. (Scheme 7).[8] It 

starts from commercially available trans-L-hydroxy proline 37. In the first step the 

amine (as its ethyl carbamate) and the carboxylic acid (as a methyl ester) are pro-

tected in a one pot reaction forming 38. Subsequently, the addition of two equiva-

lents of a phenyl Grignard reagent leads to the formation of tertiary alcohol 39. 

Propargylation of 39 additionally leads to the in situ protection of the tertiary alco-

hol under basic conditions forming a five membered carbamate ring 40. Opening 

of the carbamate with KOH again leads to the tertiary alcohol 41, which is then 

silyl protected leading to the propargylated Jørgensen-Hayashi catalyst 32. 
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Scheme 7 Synthesis of propargylated (S)-α,α-diphenylprolinol trimethylsilyl ether 32 from (2S,4R)-

4-hydroxyprolin 37 according to a literature procedure.
[8]

 Reagents and conditions: (i) ClCO2Et, 

K2CO3, MeOH, 16 h; (ii) PhMgBr, THF, 0 °C, 20 h; (iii) NaH, propargyl bromide, DMF, 0 °C → rt, 

18 h; (iv) KOH, EtOH/H2O, 50 °C, 20 h; (v) TMSOTf, Et3N, CH2Cl2, 0 °C, 22 h. 

 

The immobilization of propargylated Jørgensen-Hayashi organocatalyst was fol-

lowed by IR spectroscopy (Fig. 12). Poly(benzylchloride)styrene functionalized 

MNPs 30-NP clearly show the specific peak for the benzyl chloride at 1260 cm-1. 

After substitution reaction to azide 31-NP vanishing of the benzyl chloride peak 

and the appearance of a azide peak at 2085 cm-1 is observed. In the subsequent 

copper-catalyzed azide-alkyne [3+2] cycloaddition to MNPs 33-NP the azide peak 

vanishes completely and the characteristic peaks of the Jørgensen-Hayashi 

organocatalyst 32 at 1025 cm-1, 1075 cm-1, 1250 cm-1, 1446 cm-1, and 1495 cm-1 

could be observed. 
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Fig. 12 IR spectra of poly(benzylchloride)styrene functionalized MNPs 30-NP, poly-

(benzylazide)styrene functionalized MNPs 31-NP, diphenylprolinol trimethylsilyl ether functionalized 

MNPs 33-NP, and propargylated diphenylprolinol trimethylsilyl ether 32. 

 

The catalytic cycle for the Michael addition reaction with the Jørgensen-Hayashi 

catalyst was already described in literature (Scheme 8).[24] The cycle starts with 

the condensation of organocatalyst 42 and the respective aldehyde 34 forming 

enamine A. Subsequently, enamine A attacks the nitroalkene 35 leading to the 

zwitterionic species B. Protonation of the zwitterionic intermediate B first leads to 

iminium ion C which is then hydrolysed regenerating catalyst 42 and releasing the 

Michael addition product 36. 
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Scheme 8 Catalytic cycle of the Michael addition reaction between aldehydes 34 and nitroalkenes 

35 using the Jørgensen-Hayashi catalyst.
[24]
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3.5 Experimental section 

Materials and methods 

NMR spectra were recorded with Bruker DPX 300, AV 300, AV 400 spectrome-

ters. All spectra were measured at 25 °C in the indicated deuterated solvents. 

References for NMR chemical shifts are H3PO4 (85%) for 31P NMR, and SiMe4 for 

1H and 13C NMR spectroscopies.1H, 13C and 31P chemical shifts (δ) are reported in 

ppm and coupling constants (J) are reported in Hertz (Hz). The signals in the 

spectra are described as s (singlet), d (doublet), t (triplet), m (multiplet) and br 

(broad resonances). Attribution was carried out thanks to two-dimensional experi-

ments when necessary (COSY, HMBC, HMQC). 

IR Spectra were recorded with a Bio-Rad FT-IR Excalibur FTS 3000 

equipped with a Specac Golden Gate Diamond Single Reflection ATR-System. 

Catalytic reactions were performed on a Radley carousel „Reaction station RR 

98030“.  

Liquid chromatographies (HPLC) were recorded on a Shimadzu instrument 

with a Shimadzu LC-2010 HT and using IA, IC or AD-H columns. 

Chemicals were purchased from Aldrich, Acros, Fluka, Alfa Aesar and 

Strem, and were used without further purification, except for P3N3Cl6 which was 

recrystallized from hexane and 4-hydroxybenzaldehyde which was recrystallized 

from diethyl ether. Organic solvents were dried and distilled according to usual 

procedures.[25]
 Purifications by column chromatography were performed on silica 

gel (50 μm). TLCs were performed on silica gel 60 F254 plates and detection was 

carried out under UV light. Dendrimers Gn were synthesized according to pub-

lished procedures.[26,22] 

The carbon coated cobalt nanomagnets (Co/C, 20.5 m2/g, mean particle 

size ≈ 25 nm) were purchased from Turbobeads Llc, Switzerland. Prior to use, 

they were washed in a concentrated HCl / water mixture (1:1) 5 times for 24 h. 

Acid residuals were removed by washing with millipore water (5x) and the particles 

were dried at 50 °C in a vacuum oven.[27] The magnetic nanobeads were dis-

persed using an ultrasound bath and recovered with the aid of a neodymium 

based magnet (15 x 30 mm). They were characterized by IR-ATR spectroscopy 

and elemental microanalysis (LECO CHN-900). Poly(benzylchloride)styrene coat-
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ed cobalt nanoparticles 30-NP[19]
 and poly(benzylazide)styrene functionalized co-

balt nanoparticles 31-NP[20]
 were prepared on the gram scale following previously 

reported procedures. 

(2S,4R)-2-(Diphenyl(trimethylsilyloxy)methyl)-4-(prop-2-ynyloxy)pyrrolidine 

was synthesized according to a literature procedure.[8] 

Azido-terminated dendrimers 31-G1, 31-G2 and 31-G3 have also been previ-

ously described.[22]
 The latter were identified in each case by 1H NMR and 

31P NMR spectroscopy and the data obtained matched literature values. 

For all "click reactions" (copper-catalyzed 1,3-cycloadditions) solvent was 

degassed before use. 

Synthesis of the nanoparticles 

Co/C-PS supported diphenylprolinol trimethylsilyl ether (33-NP) 

 

 

150 mg (0.51 mmol) of Co/C-PS-N3 31-NP, 81 mg (0.15 mmol) TBTA and 18 mg 

(0.10 mmol) CuI were predispersed in 10 mL degassed dichloromethane for 

10 min using ultrasonic bath. 387 mg (1.02 mmol) propargylated catalyst 32 and 

63 μL (0.51 mmol) diisopropyl ethylamine were added and the reaction mixture 

was stirred for 2 d at room temperature. The particles were separated from the 

mixture by an external magnet, washed with dichloromethane (3 x 5 mL), aqueous 

EDTA (3 x 5 mL), H2O (3 x 5 mL) and acetone (3 x 5 mL). After drying in vacuum 

291 mg of 33-NP were obtained. 

IR (ṽ/cm-1): 2916, 1604, 1513, 1492, 1446, 1323, 1249, 1218, 1069, 1022, 874, 

836, 751, 700; elemental microanalysis (%): C, 59.22; H, 5.76; N, 7.53. 
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General procedures for catalytic experiments 

Catalysis: Michael reaction 

 

Catalytic reactions were carried out under argon atmosphere using Radley Carou-

sel “reaction station RR98030”. The yields and disatereoisomer proportions of final 

products are calculated by 1H NMR using 1,3,5-trimethoxybenzene as the stand-

ard and ee’s were measured by HPLC.  

General procedure for the Michael addition with using dendritic 

organocatalysts 

After standard cycles of evacuation and back-filling with argon, a Radley tube 

equipped with a magnetic stirring bar was charged with catalyst (0.838 µmol for 

33-G1, 0.419 µmol for 33-G2, 0.210 µmol for 33-G3) and nitroolefin 35 (0.2 mmol). 

CH2Cl2 (2 mL) was introduced, the mixture was cooled to 0 °C and aldehyde 34 

(0.32 mmol) was added. The mixture was stirred at 10 °C for 22 h. An aliquot was 

used for HPLC analysis and the mixture. Solvent was concentrated under vacuum, 

1,3,5-trimethoxybenzene (0.18 mmol) and pentane (10 mL) were added. The pre-

cipitate was filtered and washed once with pentane (5 mL). The combined filtrates 

were dried under vacuum and used for NMR analysis (yield and diastereoisomeric 

ratio). After standard cycles of evacuation and back-filling with argon, the precipi-

tate was directly used for a new catalytic run. 

General procedure for the Michael addition with Co/C-PS supported 

organocatalysts 

After standard cycles of evacuation and back-filling with argon, a Radley tube 

(Carousel “reaction station RR98030”) was charged with 15.0 mg of 33-NP 

(0.02 mmol of α,α-diphenylprolinol trimethylsilyl ether moieties) and nitroolefin 35 

(0.2 mmol). After adding 2 mL of dry dichloromethane, the reaction mixture was 

predispersed for 10 min using an ultrasonic bath. The mixture was cooled to 

10 °C, aldehyde 34 (0.32 mmol) was added and the mixture was stirred at 10 °C 
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for 22 h. Then 30 mg of 1,3,5-trimethoxybenzene (0.18 mmol) was added as 

standard. An aliquot was used for HPLC analysis and the reaction mixture was 

separated from the catalyst by an external magnet. After washing the particles with 

dichloromethane (5 x 3 mL), the combined washing solutions were evaporated and 

the product mixture dried for NMR analysis (yield and diastereomeric ratio). For 

recycling experiments the particles 33-NP were again washed with dichloro-

methane (3 x 3 mL), dried in vacuo and reused for further runs. 

HPLC for Michael adducts 

All products are known and all spectroscopic data matched with those reported in 

the literature. 

(2R, 3S)-2-Methyl-4-nitro-3-phenylbutanal (36a)[2] 

 

(2R,3S)-2-Methyl-4-nitro-3-phenylbutanal 36a was prepared from trans-β-

nitrostyrene (29.8 mg, 0.2 mmol) and propionaldehyde (23 µL, 0.32 mmol) accord-

ing to the General Procedures. The enantiomeric excess was determined by 

HPLC using an IC column (hexane-ethanol 95:5, 0.8 mLmin-1, 214 nm): tR = 

16.9 min (major, anti), 20.2 min (minor, syn), 23.4 min (major, syn), 24.5 min (mi-

nor, anti). 

(2R, 3S)-2-Ethyl-4-nitro-3-phenylbutanal (36b)[1] 

 

(2R,3S)-2-Ethyl-4-nitro-3-phenylbutanal 36b was prepared from trans-β-

nitrostyrene (29.8 mg, 0.2 mmol) and butanal (29 µL, 0.32 mmol) according to the 

General Procedures. The enantiomeric excess was determined by HPLC using an 

IA column (hexane-iPrOH 99:1, 0.4 mLmin-1, 254 nm): tR = 47.6 min (major, syn), 

54.4 min (major, anti), 66.1 min (minor, anti), 74.4 min (minor, syn). 
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(2R)-((S)-2-Nitro-1-phenylethyl)-pentanal (36c)[1] 

 

(2R)-((S)-2-Nitro-1-phenylethyl)-pentanal 36c was prepared from trans-β-

nitrostyrene (29.8 mg, 0.2 mmol) and valeraldehyde (34 µL, 0.32 mmol) according 

to the General Procedures. The enantiomeric excess was determined by HPLC 

using an IA column (hexane-ethanol 99:1, 0.8 mLmin-1, 214 nm): tR = 23.8 min 

(minor, anti), 26.7 min (major, anti), 36.7 min (minor, syn), 39.3 min (major, syn). 

(2R)-((S)-2-Nitro-1-phenylethyl)-heptanal (36d)[28] 

 

(2R)-((S)-2-Nitro-1-phenylethyl)-heptanal 36d was prepared from trans-β-

nitrostyrene (29.8 mg, 0.2 mmol) and heptaldehyde (45 µL, 0.32 mmol) according 

to the General Procedures. The enantiomeric excess was determined by HPLC 

using an IA column (hexane-iPrOH 99:1, 0.4 mLmin-1, 254 nm): tR = 28.9 min (ma-

jor, syn), 36.5 min (minor, syn), 47.8 min (minor, anti), 53.1 min (major, anti). 

(2R, 3S)-(4-Bromophenyl)-2-methyl-4-nitrobutyraldehyde (36e)[1] 

 

(2R,3S)-(4-Bromophenyl)-2-methyl-4-nitrobutyraldehyde 36e was prepared from 

trans-4-bromo-β-nitrostyrene (45.6 mg, 0.2 mmol) and propionaldehyde (23 µL, 

0.32 mmol) according to the General Procedures. The enantiomeric excess was 

determined by HPLC using an AD-H column (hexane-iPrOH 99:1, 0.6 mLmin-1, 
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254 nm): tR = 22.4 min (major, syn), 25.3 min (major, anti), 41.7 min (minor, anti), 

49.4 min (minor, syn). 

(2R, 3S)-2-Methyl-4-nitro-3-(4-methoxyphenyl)-butanal (36f)[1] 

 

(2R,3S)-2-Methyl-4-nitro-3-(4-methoxyphenyl)-butanal 36f was prepared from 

trans-4-methoxy-β-nitrostyrene (35.8 mg, 0.2 mmol) and propionaldehyde (23 µL, 

0.32 mmol) according to the General Procedures. The enantiomeric excess was 

determined by HPLC using an IC column (hexane-ethanol 80:20, 0.6 mLmin-1, 

254 nm): tR = 8.7 min (major, anti), 12.1 min (major, syn), 12.8 min (minor, syn), 

14.7 min (minor, anti). 

(2R, 3S)-3-Furyl-2-methyl-4-nitrobutyraldehyde (36g)[1] 

 

(2R,3S)-3-Furyl-2-methyl-4-nitrobutyraldehyde 36g was prepared from 2-(2-

nitrovinyl)-furan (27.8 mg, 0.2 mmol) and propionaldehyde (23 µL, 0.32 mmol) ac-

cording to the General Procedures. The enantiomeric excess was determined by 

HPLC using an IC column (hexane-iPrOH 95:5, 0.6 mLmin-1, 230 nm): tR = 

23.2 min (minor, anti), 23.6 min (minor, syn), 30.0 min (major, syn), 31.8 min (ma-

jor, anti). 
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TEM picture 

Transmission electron microscopy (TEM) picture of Co/C-PS supported 

diphenylprolinol trimethylsilyl ether 33-NP: 
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4. Palladium nanoparticles supported on ionic liquid modified, 

magnetic nanobeads – recyclable, high-capacity catalysts for al-

kene hydrogenationi 

 

 

 

Magnetic hybrid materials have been synthesized as recyclable catalysts for al-

kene hydrogenation. The materials consist of magnetic nanobeads functionalized 

with imidazolium-based ionic liquids and optional polymer shells. Palladium nano-

particles (NPs) were synthesized on the surface of these supports by two different 

methods and evaluated as catalysts for alkene hydrogenation. Deposition of palla-

dium(0) onto the magnetic nanobeads by microwave decomposition of 

Pd2(dba)3·CHCl3 leads to more efficient catalysts than the reduction of a Pd(II) 

precursor. Reactivity, recycling ability and ease of separation of the catalysts are 

compared. A hybrid material without polymer shells and a quite flexible ionic liquid 

was identified as the most promising for stabilizing Pd NPs resulting in a catalyst 

that shows high activity (TOF up to 330 h-1), good recycling ability, and minor met-

al leaching into the product. Notably, the activity of this catalyst increases with an 

enhanced Pd loading, contrasting related systems for which a decrease of activity 

is observed due to agglomeration. Therefore, this recyclable, high-capacity system 

is especially attractive for large-scale applications, requiring just a minimal amount 

of supporting material for the recycling of expensive Pd that is readily achieved by 

magnetic decantation.ii 

                                            
i
 Reproduced with permission from: R. Linhardt, Q. M. Kainz, R. N. Grass, W. J. Stark, O. Reiser, RSC Adv. 2014, 4, 8541-
8549. Copyright © 2014 The Royal Society of Chemistry. 
ii
 TEM was carried out by R. Grass. XRD was performed by P. Peter and ICP-OES was carried out by J. Rewitzer. All other 

synthesis and experiments were carried out by R. Linhardt. 
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4.1 Introduction 

Pd-catalyzed reactions are widely applied in today’s organic synthesis.[1] The vari-

ety of reactions is enormous ranging from alkylations, oxidations and carbonyla-

tions to coupling reactions or hydrogenations. Especially palladium promoted hy-

drogenations[2] and coupling reactions[3] play a very important role in pharmaceuti-

cal, agrochemical and fine chemical industries. Therefore, the reuse and recycling 

of palladium and other expensive metals like platinum or gold is a major concern in 

organic chemistry and especially in industry.[4] 

 In recent years, the application of palladium nanoparticles became of strong 

interest owing to their extremely high surface to volume ratio compared to the bulk 

phase. Metal nanoparticles exceed the catalytic activity of the bulk metal by far, 

and consequently, the use of nanoparticles as catalysts can reduce the amount of 

metal needed in organic synthesis. However, aggregation of the nanomaterial to 

the bulk phase often causes problems during catalysis. To overcome these difficul-

ties, nanoparticles can be stabilized by their immobilization on solid sup-

ports[5a,6,5b,5c,7] or their coating with ionic liquids (ILs).[8] Additionally a combination 

of both strategies is also possible using supported ionic liquids (SILs).[9] 

 Ionic liquids can stabilize nanoparticles electrostatically or by coordination 

of the metal.[10] During recent years, palladium NPs were frequently stabilized by 

ILs applying either sole ILs,[11] supported ionic liquid phases (SILPs)[12] or ILs co-

valently supported on polymers,[13] silica,[14] and carbon nanotubes.[15] Activity and 

recycling ability of these Pd NPs is often significantly increased. However, the 

ease of recycling often suffers from the need of cost- and time-intensive filtration 

methods. One concept to solve this problem is the application of magnetic sup-

ports allowing the recovery of Pd NPs by simple magnetic decantation.[16] We re-

cently reported Pd NPs deposited on magnetic carbon coated cobalt nanoparticles 

as catalysts for alkene hydrogenation. However, these catalysts suffered from ag-

glomeration of the Pd NPs on the carbon surface of the magnetic support over 

time, allowing only small loadings of Pd (<1 wt%) to achieve high activity. Moreo-

ver, a significant decrease of activity of these catalysts was observed upon recy-

cling and reuse.[17] Hence, the overall aim of this study is to generate a high-

loading Pd nanocatalyst by the introduction of stabilizing IL groups and, further-

more, to take advantage of a magnetic support allowing simple magnetic separa-

tion. 
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 Herein, we describe the synthesis of novel hybrid systems consisting of a 

magnetic core (carbon-coated Co nanobeads), covalently attached imidazolium 

ILs and Pd nanoparticles immobilized on the surface. The attachment of ILs on the 

particles was performed in three different ways: (i) directly on the surface of the 

nanobeads; (ii) on a polymer coating the nanobeads; (iii) on a flexible spacer 

which is attached to the nanoparticles (Fig. 13). Our study includes the synthesis 

and characterization of the novel hybrid materials, comparison of different Pd 

sources for the nanoparticle synthesis, influence of the different materials on activ-

ity/recycling ability, leaching tests, and recycling studies. 

4.2 Results and discussion 

Carbon-coated cobalt nanobeads (Co/C) were used as magnetic support for our 

studies. The highly magnetic material (158 emu/g) is synthesized on large scale 

via reducing flame spray pyrolysis (>30 g/h).[18] The graphene-like coating of the 

beads provides high stability against acids, air/moisture, high temperature and, 

furthermore, enables facile functionalization of the surface analogous to carbon 

nanotubes (CNTs). We successfully demonstrated covalent as well as non-

covalent methods to immobilize catalysts,[19,20] scavengers,[21] reagents[21,22] or 

fluorescent dyes[23] on the graphene-like surface. While the loading via direct im-

mobilization is limited to ≈0.2 mmol/g,[16] the introduction of polymer-shells can 

lead to a higher loading of up to 3 mmol/g.[24,25] This reduces the amount of re-

quired support and can even lead to higher activities due to a dendritic-like ef-

fect.[25] Most recently, we reported the deposition of Pd nanoparticles on the car-

bon surface of Co/C NPs.[17] This novel material (Fig. 13, 17) showed extremely 

high activity in alkene hydrogenation reactions (TOF up to 11095 h-1) and ex-

ceeded other Pd catalysts, especially common Pd/C catalysts, by far. These cata-

lysts could be reused for six consecutive runs, however, a loss of activity was ob-

served from the second run indicating agglomeration of the nanoparticles depos-

ited on the Co/C support. Furthermore, a quite large amount of supporting material 

is needed due to the necessity of low palladium loading onto the support in order 

to achieve high catalytic activities. 
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Fig. 13 Novel Pd@Co/C hybrid systems: Pd@Co/C 17,
[17]

 Pd@PS-IL@Co/C 43, Pd@Bz-IL@Co/C 

44, and Pd@Spacer-IL@Co/C 18. 

 

Synthesis of Co/C-supported ionic liquids 

Since ILs are known to effectively stabilize metal nanoparticles through electro-

static interactions and coordination of the metal,[8] Co/C-supported ILs could serve 

as a stabilizing material for Pd nanoparticles and therefore enhance the recycling 

ability of Pd catalysts. Hence, we synthesized different Co/C nanobeads with ILs 

covalently bound to the surface: PS-IL@Co/C 45 having a polymer shell between 

the Co/C beads and the IL (Scheme 9), Bz-IL@Co/C 48 bearing an IL directly on 

the Co/C surface, and Spacer-IL@Co/C 51, having a small, flexible spacer be-

tween the Co/C core and the IL (Scheme 10). 

 The synthesis of PS-IL@Co/C 45 started from poly(benzyl-chloride)styrene 

functionalized Co/C NPs 30-NP (3.1 mmol/g chloride)[20,21] via microwave reaction 

with methyl imidazole (Scheme 9). The loading of IL on the surface was deter-

mined by elemental microanalysis as 2.1 mmol/g, indicating a 88% displacement 

of chloride with the imidazolium moiety. 
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Scheme 9 Synthesis of PS-IL@Co/C 45 from poly(benzyl-chloride)styrene functionalized Co/C 

NPs 30-NP. Reagents and conditions: (i) methyl imidazole, toluene, microwave heating, 150 °C, 

30 min. 

 

 Bz-IL@Co/C 48 and Spacer-IL@Co/C 51 were synthesized from benzyl-

alcohol functionalized Co/C NPs 46 (Scheme 10).[19] Benzyl-chloride modified 

Co/C NPs 47 were generated by substitution reaction of 46 (0.11 mmol/g benzyl 

alcohol) with SOCl2. To obtain Bz-IL@Co/C 48, 47 was subsequently heated un-

der microwave irradiation with methyl imidazole. The loading of IL on the surface 

was 0.09 mmol/g, reflecting 83% of the maximum loading. Spacer-IL@Co/C 51 

were synthesized by oxidation of 46, followed by amide formation of the benzoic 

acid functionalized Co/C NPs 47 with 1-(3-aminopropyl)imidazole. After substitu-

tion with 1-bromobutane following the lead of Lee et al.[15] Spacer-IL@Co/C 51 

were generated with a loading of 0.05 mmol/g, reflecting 47% of the maximum 

loading after three steps. 
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Scheme 10 Synthesis of Bz-IL@Co/C 48 and Spacer-IL@Co/C 51 from benzyl-alcohol functional-

ized Co/C NPs 46. Reagents and conditions: (i) SOCl2, DMF, DCM, 0 °C → rt, 12 h; (ii) methyl 

imidazole, toluene, microwave heating, 150 °C, 30 min; (iii) KHSO5, MeCN/H2O, reflux, 24 h; (iv) 

SOCl2, reflux, 24 h; (v) amino propyl imidazole, 120 °C, 24 h; (vi) bromo butane, 80 °C, 24 h. 

Synthesis of Pd@IL@Co/C with varying Pd loadings 

In a second step palladium NPs were deposited on IL modified Co/C NPs 

(IL@Co/C). Different mass ratios of palladium to IL@Co/C were used in the syn-

thesis to determine an effect of the palladium loading on the catalytic activity. 

 The deposition of palladium NPs on IL@Co/C was carried out using two 

different methods. Urriolabeitia et al.[7] reported a procedure to immobilize palladi-

um NPs on CNTs using Pd2(dba)3∙CHCl3 as Pd(0) source in dry toluene under 
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microwave heating in just two minutes. Alternatively Lee et al.[15] reported a proce-

dure reducing Na2PdCl4 under hydrogen atmosphere to deposit palladium NPs on 

ionic liquid functionalized CNTs. 

The tendency of Pd2(dba)3·CHCl3 to rapidly form Pd NPs upon decomposi-

tion was recently intensely discussed by the group of Ananikov.[26]
 The nanoparti-

cles are not just formed under heating conditions, but also at room temperature 

upon storing for longer time. The amount of decomposed complex furthermore 

depends on the commercial source or the applied method of synthesis, respective-

ly. The nanoparticles formed at room temperature were found to have a size of 60-

200 nm with minor amounts of smaller ones (10-20 nm). The complex we used for 

our studies was commercially available (see experimental section), which was de-

termined by the method of Ananikov to contain 68% of Pd2(dba)3·CHCl3 along with 

Pd NPs, being in good agreement with the results reported for commercial 

sources.[26] 

 Applying the two described methods we synthesized catalysts with varying 

palladium loadings for PS-IL@Co/C 45, Bz-IL@Co/C 48, and Spacer-IL@Co/C 51 

(Table 12). For PS-IL@Co/C 45 dry toluene was replaced by a mixture of dry tolu-

ene/MeOH in order to increase the swelling of the polystyrene coating. The 

amount of palladium used in the synthesis is given as the mass ratio of ionic-liquid 

functionalized Co/C NPs to Pd. E.g. a mass ratio of 1:0.1 means 100 mg NPs to 

10 mg Pd. The Pd content for the resulting hybrid materials was determined by 

ICP-OES analysis. 
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Table 12 Synthesis of Pd@PS-IL@Co/C 43, Pd@Bz-IL@Co/C 44, and Pd@Spacer-IL@Co/C 18 

with varying Pd loadings. 

Entry Index Pd source 
Method of 
synthesis

a
 

Mass 
ratio

b
 

Pd incorpo-
rated [%]

c
 

Pd load-
ing 

[mmol/g]
c
 

Pd con-
tent 

[wt%]
c
 

1 43a Pd2(dba)3∙CHCl3 A 1:1 56 2.6 28 

2 43b Pd2(dba)3∙CHCl3 A 1:0.6 64 2.3 24 

3 43c Pd2(dba)3∙CHCl3 A 1:0.2 74 1.2 12 

4 43d Pd2(dba)3∙CHCl3 A 1:0.1 69 0.6 6 

5 43e Pd2(dba)3∙CHCl3 A 1:0.01 81 0.08 0.8 

6 43f Na2PdCl4 B 1:1 100 4.8 50 

7 43g Na2PdCl4 B 1:0.6 90 3.2 34 

8 43h Na2PdCl4 B 1:0.2 85 1.3 14 

9 44a Pd2(dba)3∙CHCl3 A 1:1 91 4.3 45 

10 44b Pd2(dba)3∙CHCl3 A 1:0.6 83 2.9 31 

11 44c Pd2(dba)3∙CHCl3 A 1:0.2 100 1.6 17 

12 44d Pd2(dba)3∙CHCl3 A 1:0.1 86 0.7 8 

13 44e Pd2(dba)3∙CHCl3 A 1:0.01 96 0.09 0.9 

14 18a Pd2(dba)3∙CHCl3 A 1:1 86 4.0 43 

15 18b Pd2(dba)3∙CHCl3 A 1:0.6 90 3.2 34 

16 18c Pd2(dba)3∙CHCl3 A 1:0.2 81 1.3 14 

17 18d Pd2(dba)3∙CHCl3 A 1:0.1 90 0.8 8 

18 18e Pd2(dba)3∙CHCl3 A 1:0.01 100 0.09 1 

a
 Method A: heating under microwave irradiation; method B: reduction with H2. 

b
 Mass ratio of 

NPs to Pd in the synthesis. 
c
 Determined by ICP-OES. 
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 Thus, hybrid materials were obtained with Pd contents ranging from 

0.8-50 wt% (Pd@PS-IL@Co/C, 43a-h), 0.9-45 wt% (Pd@Bz-IL@Co/C, 44a-e) and 

1-43 wt% (Pd@Spacer-IL@Co/C, 18a-e). The palladium incorporation into the 

polystyrene coated platforms PS-IL@Co/C 45 is not as effective as the deposition 

on Bz-IL@Co/C 48 and Spacer-IL@Co/C 51 (Fig. 14A). Especially with an in-

creasing amount of palladium used in the synthesis the gap of Pd incorporation 

between polymeric and non-polymeric NPs is increasing. Furthermore, the results 

with PS-IL@Co/C 45 show that the palladium incorporation starting from a Pd(II) 

source is much more effective than starting from a Pd(0) source (Fig. 14B). This is 

probably due to the higher polarity of the solvent used in the synthesis, being con-

sistent with the synthesis of 43 starting from Pd2(dba)3∙CHCl3, where a solvent 

mixture of dry toluene/MeOH leads to a better swelling and dispersibility than in 

pure toluene. 

 

 

Fig. 14 Comparison of Pd incorporation depending on A) the support (Method A) and B) the depo-

sition method. 
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 The novel hybrid materials were characterized using transmission electron 

microscopy (TEM) and x-ray powder diffraction (XRD) techniques. TEM pictures 

clearly show the existence of Pd nanoparticles (5-15 nm) on the surface of the 

Co/C nanobeads (see experimental section), while XRD proves the presence of 

Pd and Co both in oxidation state ±0: For Co(0) the characteristic peaks at 2θ of 

44.25°, 51.50°, and 75.81° and for Pd the characteristic peaks at 2θ of 40.06°, 

46.49°, 67.94°, and 81.85° were observed (see experimental section). However, at 

Pd contents lower than 10 wt% the characteristic Pd(0) peaks could not be distin-

guished from the background any longer. 

 As the nanoparticles we observed on the surface of the supports are be-

tween 5-15 nm, we can conclude that Pd NPs which were already present in the 

Pd2(dba)3∙CHCl3 complex (10-200 nm)[26] were crushed under the high tempera-

ture microwave conditions applied. 

Hydrogenation of trans-stilbene 

To evaluate the activity of the different catalysts and the effects of varying Pd load-

ing the hydrogenation of trans-stilbene 11a with molecular hydrogen was chosen 

as test reaction. The amount of catalyst was adjusted to ensure either 0.1 mol% or 

1 mol% of Pd in each reaction. 

 Table 13 shows the results of the catalytic tests. Starting with catalyst 43, 

we observed a higher acitivity of those stemming from the Pd(0) source.iii For ex-

ample, comparing catalyst 43c (12 wt% Pd, Table 13, entry 4) with 43h 

(14 wt% Pd, Table 13, entry 9) the activity is almost four times higher in case of 

the material prepared from the Pd(0) precursor. In both cases the activity of the 

materials increases with a higher Pd content on the surface which is opposite to 

what was observed in case of carbon stabilized Pd NPs (Pd@Co/C).[17] The 

maximum turn over frequency for the polymeric material 43 was 100 h-1. 

  

                                            
iii
 The same trend was observed for Pd@Co/C nanobeads.

[17]
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Table 13 Hydrogenation of trans-stilbene 11a using Pd@PS-IL@Co/C 43, Pd@Bz-IL@Co/C 44 

and Pd@Spacer-IL@Co/C 18.
a
 

 

Entry Catalyst Pd [wt%] 
Catalyst 
[mol%] 

t [min] 
Conversion 

[%]
b
 

TOF [h
-1

]
c
 

1 43a 28 1.0 60 87 87 

2 43b 24 1.0 60 100 100 

3 43b 24 0.1 60 5 50 

4 43c 12 1.0 60 91 91 

5 43d 6 1.0 60 52 52 

6 43e 0.8 1.0 60 1 1 

7 43f 50 1.0 60 48 48 

8 43g 34 1.0 60 22 22 

9 43h 14 1.0 60 23 23 

10 44a 45 0.1 60 15 150 

11 44b 31 0.1 60 19 190 

12 44c 17 0.1 60 33 330 

13 44d 8 0.1 60 61 610 

14 44e 0.9 0.1 60 88 880 

15
d
 44e 0.9 0.1 15 100 4000 

16 18a 43 0.1 90 50 333 

17 18a 43 1.0 75 100 80 

18 18b 34 0.1 90 34 200 

19
d
 18b 34 0.1 90 58 387 

20 18b 34 1.0 120 100 50 

21 18c 14 0.1 90 16 107 

22 18d 8 0.1 90 10 93 

23 18e 1 0.1 90 1 7 

a
 Stilbene 11a (2 mmol) in 

i
PrOH (20 mL) was hydrogenated by 2 μmol (0.1 mol%) or 20 μmol 

(1 mol%) of catalyst using dodecane as internal GC standard. 
b
 Determined by GC analysis us-

ing internal standard. 
c
 Mol of substrate transformed per mol catalyst per hour. 

d
 10 bar of H2 

pressure. 
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 Using the non-polymer coated catalyst Pd@Bz-IL@Co/C 44 we observed 

an increase in activity by a factor of nine (Table 13, entry 14) and could even 

reach a turn over frequency of 4000 h-1 applying a hydrogen pressure of 10 bar 

(Table 13, entry 15). The loading/activity relationship in this case is reversed com-

pared to the polystyrene coated catalyst 43. The material with the lowest loading 

shows the highest activity in the hydrogenation (Table 13, entry 14). The activity of 

Pd@Spacer-IL@Co/C 18 turned out to be in between 43 and 44, the maximum 

TOF was observed for 18a (333 h-1, Table 13, entry 16). Activity increases again 

with an increase in loading as previously seen for the polystyrene coated particles 

43. 

 Generally, we observed also differences during the catalytic tests regarding 

the ease of separation of the materials (Fig. 15). Magnetic separation in case of 

polystyrene coated particles 43, especially the ones with high Pd content, took 

several minutes applying a 1.2 T neodymium based magnet (Fig. 15A). However, 

hybrid materials 44 (Fig. 15B) and 18 (Fig. 15C) were separated from the reaction 

mixture within seconds. 

 

 

Fig. 15 Collecting the nanocatalysts from the reaction mixture by an external magnet. A) Pd@PS-

IL@Co/C 43b, B) Pd@Bz-IL@Co/C 44b, C) Pd@Spacer-IL@Co/C 18b. 
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Recycling studies 

We next investigated the recycling ability of the three different hybrid materials 

(Fig. 16). Recycling experiments in all cases were performed with the two high-

loading catalysts of each material, i.e. with Pd@PS-IL@Co/C 43a and 43b, 

Pd@Bz-IL@Co/C 44a and 44b, and Pd@Spacer-IL@Co/C 18a and 18b. Reac-

tions were carried out with an initial palladium amount of 1 mol% and stopped in 

each case after reaching full conversion in the first run. For further runs the reac-

tion time was held constant. 

 In cases of 43 and 44 a drop of activity is observed after the first or the sec-

ond run, respectively. This indicates that these materials are not effectively stabi-

lizing the Pd NPs on the surface resulting in aggregation of the Pd NPs and/or 

leaching of Pd. However, the material with the more flexible ionic liquid on the sur-

face shows much better results. In case of 18a we also see a decrease in yield 

after the first run, whereas for 18b recycling is possible for at least five runs with-

out loss of activity demonstrating the efficient stabilization of Pd NPs on the sur-

face of the hybrid material. The observation of a slight decrease for catalyst 18a is 

probably caused by agglomeration due to higher Pd contents. From now on 18b 

was used as catalyst for further leaching/recycling studies. 

 

 

Fig. 16 Recycling studies with Pd@PS-IL@Co/C (43a, 43b), Pd@Bz-IL@Co/C (44a, 44b) and 

Pd@Spacer-IL@Co/C (18a, 18b). Reaction times are given below the columns; yields in % are 

given above every single column. 

 

 Next, another reaction batch with 18b was run without internal standard in 

order to determine the contents of Pd and Co in the product by ICP-OES analysis 
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(Table 14). Contamination of the product is possible either by leaching of Pd or Co 

from the catalyst or by particles that are not separated from the reaction mixture 

effectively. The material was recycled for 11 runs without any need of increasing 

the reaction time (120 min). In run 12 the reaction time had to be increased to 

150 min to reach full conversion. After these 12 runs the Pd retained on the hybrid 

material was determined as 87% of the starting value. TEM pictures do not show 

any significant change of the nanocatalysts (see experimental section). The Pd 

and Co contents in the products were in the first 10 runs between 8 and 28 ppm, 

whereas the Pd content increases in run 11 and 12 to 64 and 48 ppm. 

 

Table 14 Recycling studies of Pd@Spacer-IL@Co/C (34 wt%, 18b) in the hydrogenation of trans-

stilbene 11a.
a
 

 

Run 
Reaction time to full 

conversion [min]
b
 

Pd leaching [ppm]
c
 Co leaching [ppm]

c
 

1 120 9 17 

2 120 11 9 

3 120 20 13 

4 120 11 8 

5 120 16 17 

6 120 28 14 

7 120 19 17 

8 120 8 21 

9 120 11 14 

10 120 28 13 

11 120 64 22 

12 150 48 15 

a
 Stilbene 11a (2 mmol) in 

i
PrOH (20 mL) was hydrogenated by 20 μmol (1 mol%) of catalyst 

18b. 
b
 Reaction was monitored by GC analysis and stopped at full conversion. 

c
 In μg per g of 

product. Determined by ICP-OES. 
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 We also carried out leaching studies with 18b using 0.1 mol% Pd under ad-

ditional 10 bar of hydrogen pressure (Table 15). The particles could be recycled 

for 10 consecutive runs with reaction times from 180 to 300 mins. In this case, we 

observed Pd contents of <10 ppm and Co contents of <8 ppm with two exceptions 

(17 ppm Pd in run 7 and 14 ppm Co in run 8). These results are also promising for 

industrial uses as the acceptable palladium limits are reported to be between 

10 and 20 ppm.[27] 

 Catalyst 18b is additionally attractive due to its very high capacity in palla-

dium, requiring only little amounts of supporting material, which is also important 

for the recycling of expensive metals like Pd. For experiments using a Pd content 

of 0.1 mol% only 0.7 mg of catalyst 18b were needed in order to generate 

20 mmol of product within 10 runs. This would in scale up lead to 30 mol of prod-

uct (or 5 kg in case of trans-stilbene) applying 1 g of catalyst 18b. 

 

Table 15 Recycling studies of Pd@Spacer-IL@Co/C (34 wt%, 18b) in the hydrogenation of trans-

stilbene under 10 bar H2-pressure.
a
 

 

Run 
Reaction time to full 

conversion [min]
b
 

Pd leaching [ppm]
c
 Co leaching [ppm]

c
 

1 180 10 2 

2 180 2 1 

3 180 4 2 

4 210 6 3 

5 210 6 4 

6 210 5 3 

7 210 17 7 

8 240 8 14 

9 240 3 4 

10 300 6 7 

a
 Stilbene 11a (2 mmol) in 

i
PrOH (20 mL) was hydrogenated by 2 μmol (0.1 mol%) of catalyst 

18b under 10 bar of H2-pressure. 
b
 Reaction was monitored by GC analysis and stopped at full 

conversion. 
c
 In μg per g of product. Determined by ICP-OES. 



 B. Main Part  

98 

Recycling experiments varying the substrate 

We also investigated the scope of the reaction with catalyst 18b by reusing the 

particles and changing the substrate after each run (Table 16). Various styrene 

derivatives 11 were hydrogenated in short reaction times of 15-60 minutes (Ta-

ble 16, run 2-6) bearing electron withdrawing (Table 16, run 5) as well as electron 

donating functional groups (Table 16, run 6). Additionally, chalcones and cinnamic 

esters were hydrogenated selectively (Table 16, run 7+8), which was additionally 

proved by 1H NMR and 13C NMR. Furthermore, strained compounds like no-

rbornene were hydrogenated in very short reaction times (Table 16, run 9) as well 

as nitro compounds bearing electron donating (Table 16, run 10) or electron with-

drawing groups (Table 16, run 11). 

4.3 Conclusion 

In this report, we successfully developed novel hybrid materials consisting of mag-

netic ionic liquids and stabilized Pd nanoparticles. The catalyst with a quite flexible 

ionic liquid on the surface turned out to be the most promising regarding the stabi-

lization of Pd NPs. It showed high activity in the hydrogenation of trans-stilbene, is 

easily separable, and furthermore was recycled for at least 11 runs without signifi-

cant loss of activity. Furthermore, we could show that the leaching of Pd and Co 

into the product was not noticeably high if a Pd amount of 0.1 mol% was used. 

Recycling of the catalyst was also possible varying the substrate after each run. 

 This novel catalyst is especially interesting regarding the point of sustain-

ability as one can recycle expensive Pd with a very small amount of supporting 

material. This makes it especially attractive for industry where not only costs of 

catalyzing metal but also of supporting material play a very important role. 
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Table 16 Recycling of catalyst Pd@Spacer-IL@Co/C (34 wt%, 18b) in the hydrogenation of olefins 

and nitro compounds.
a 

 

Run Substrate Product t [min] 
Conversion 

[%]
b
 

1 

  

120 100 

2 
  

15 100 

3 

  

50 100 

4 

  

60 100 

5 

  

15 100 

6 

  

15 100 

7 

  

420 100 

8 

  

40 100 

9 

  

10 100 

10 

  

20 100 

11 

  

20 100 

a
 Substrate 11 (2 mmol) in 

i
PrOH (20 mL) was hydrogenated by 20 μmol (1 mol%) of catalyst 

18b using dodecane as internal GC standard. 
b
 Determined by GC analysis using internal stan-

dard. 
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4.4 Addendum 

Additionally to polymer-coated catalysts Pd@PS-IL@Co/C we synthesized other 

nanocatalysts with a poly(N-isopropylacrylamide) (PNIPAM) coating 

(Pd@PNIPAM@Co/C 13, Fig. 17). PNIPAM is also known to stabilize palladium 

nanoparticles. The synthesis of PNIPAM@Co/C was reported by Stark et al.[28] 

However, for the synthesis of palladium nanoparticles only method B can be util-

ized as PNIPAM undergoes a phase transition and shrunks at temperatures above 

32 °C. Hence, method A cannot be applied as the reaction temperature is 110 °C 

under microwave heating. 

 

 

Fig. 17 Novel Pd@Co/C hybrid system: Pd@PNIPAM@Co/C 52. 

 

The nanobeads PNIPAM@Co/C were donated from the Stark group (ETH 

Zürich). On these particles we also deposited palladium nanoparticles with a mass 

ratio of 1:0.2. Table 17 shows the results and comparison with polymer-coated 

nanocatalysts Pd@PS-IL@Co/C. The incorporation of palladium is slightly more 

effective than for polymer-coated nanocatalysts 43. Using the reduction of 

Na2PdCl4 for the nanoparticle synthesis we observed a Pd incorporation of 90% 

(Table 17, entry 3) instead of 85% for 43h (Table 17, entry 2). 

 

Table 17 Synthesis of Pd@PS-IL@Co/C 43 and Pd@PNIPAM@Co/C 52. 

Entry Index Pd source 
Method of 
synthesis

a
 

Mass 
ratio

b
 

Pd incorpo-
rated [%]

c
 

Pd load-
ing 

[mmol/g]
c
 

Pd con-
tent 

[wt%]
c
 

1 43c Pd2(dba)3∙CHCl3 A 1:0.2 74 1.2 12 

2 43h Na2PdCl4 B 1:0.2 85 1.3 14 

3 52a Na2PdCl4 B 1:0.2 90 1.4 15 

a
 Method A: heating under microwave irradiation; method B: reduction with H2. 

b
 Mass ratio of 

NPs to Pd in the synthesis. 
c
 Determined by ICP-OES. 
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We further investigated the activity of 52a in the hydrogenation of trans-stilbene 

compared to catalysts 43c and 43h (Table 18). The results clearly show that there 

is no difference observable in the acitivity of 43h (Table 18, entry 2) and 52a (Ta-

ble 18, entry 3). Compared to catalyst 43c (synthesized from Pd2(dba)3∙CHCl3) the 

activity again is decreased by almost one forth. Hence, Pd@PNIPAM@Co/C 52 

was not further applied in catalytic tests. 

 

Table 18 Hydrogenation of trans-stilbene 11a using Pd@PS-IL@Co/C 43, and 

Pd@PNIPAM@Co/C 52.
a
 

 

Entry Catalyst Pd [wt%] 
Catalyst 
[mol%] 

t [min] 
Conversion 

[%]
b
 

TOF [h
-1

]
c
 

1 43c 12 1.0 60 91 91 

2 43h 14 1.0 60 23 23 

3 52a 15 1.0 60 22 22 

a
 Stilbene 11a (0.5 mmol) in 

i
PrOH (5 mL) was hydrogenated by 5 μmol (1 mol%) of catalyst 

using dodecane as internal GC standard. 
b
 Determined by GC analysis using internal standard. 

c
 Mol of substrate transformed per mol catalyst per hour. 
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4.5 Experimental section 

Materials and methods 

Carbon coated cobalt nanomagnets (Co/C, 20.5 m2/g, mean particle size ≈ 25 nm) 

were purchased from Turbobeads Llc, Switzerland. Prior to use, they were washed 

in a concentrated HCl / water mixture (1:1) 5 times for 24 h. Acid residuals were 

removed by washing with millipore water (5x) and the particles were dried at 50 °C 

in a vacuum oven.[29] All other commercially available compounds were used as 

received. 

The magnetic nanobeads were dispersed using an ultrasound bath 

(Sonorex RK 255 H-R, Bandelin) and recovered with the aid of a neodymium 

based magnet (15 x 30 mm). They were characterized by IR-ATR spectroscopy 

(Biorad Excalibur FTS 3000), elemental microanalysis (LECO CHN-900), trans-

mission electron microscopy (CM30 ST-Philips, LaB6cathode, operated at 300 kV 

point resolution ∼4 Å), x-ray powder diffraction, and inductively coupled plasma 

optical emission spectrometry (Spectro Analytical Instruments ICP Modula EOP). 

Poly(benzylchloride)styrene coated cobalt nanoparticles 30-NP[30] and benzyl-

alcohol functionalized cobalt nanoparticles 46[19] were prepared on the gram scale 

following previously reported procedures. 

 Pd2(dba)3·CHCl3 was purchased (Sigma-Aldrich) and used as received. As 

determined by the procedure reported by Ananikov et al.[26], the ratio of 

Pd2(dba)3:dba was 1:0.46, which reflects that 68% of the Pd content is present as 

Pd2(dba)3, while 32% of the Pd content are already present as Pd nanoparticles. 

 A solution of Na2PdCl4 in water (conc. 1 mg Pd per mL) was freshly pre-

pared by mixing PdCl2 (1 equiv.) with NaCl (2 equiv.) in H2O using an ultrasound 

bath for 30 min. 

NMR spectra were recorded with a Bruker AV 300 spectrometer with CHCl3 

as standard. Chemical shifts (δ) are reported in ppm and coupling constants (J) 

are reported in Hertz (Hz). The signals in the spectra are described as d (doublet), 

t (triplet), and m (multiplet). 

Gas chromatography was recorded on Fisons Instruments GC8000 

equipped with a capillary (30 m x 250 µm x 0.25 µm) and flame ionization detector. 
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Nomenclature of the nanobeads 

The nomenclature of the nanobeads is as follows: 

Co/C    carbon coated cobalt nanoparticles 

PS-IL@Co/C poly(benzyl-methyl imidazolium chloride)styrene func-

tional-ized carbon coated cobalt nanoparticles 

Bz-IL@Co/C benzyl-methyl imidazolium chloride functionalized car-

bon coated cobalt nanoparticles 

Spacer-IL@Co/C benzamidopropyl-butyl-imidazolium bromide functional-

ized carbon coated cobalt nanoparticles 

IL@Co/C   PS-IL@Co/C, Bz-IL@Co/C, and Spacer-IL@Co/C 

Pd@PS-IL@Co/C  Pd NPs deposited on PS-IL@Co/C 

Pd@Bz-IL@Co/C  Pd NPs deposited on Bz-IL@Co/C 

Pd@Spacer-IL@Co/C Pd NPs deposited on Spacer-IL@Co/C 

Pd@IL@Co/C  Pd NPs deposited on IL@Co/C 

Synthesis of the nanoparticles 

Benzyl-chloride functionalized carbon coated cobalt nanoparticles (47, Bz-

Cl@Co/C) 

 

 

450 mg (0.12 mmol/g) Bz-OH@Co/C 46 and 1.4 μL (18 μmol) dry DMF were pre-

dispersed in 4.5 mL dry dichloromethane for 10 min under N2-atmosphere using 

an ultrasonic bath. The dispersion was cooled to 0 °C and 65.3 μL (0.9 mmol) 

SOCl2 was added slowly. The reaction mixture was allowed to warm to rt and 

stirred over night. After magnetic decantation the particles were washed with di-

chloromethane (5 x 5 mL) and dried in vacuo to obtain Bz-Cl@Co/C 47 (440.8 mg, 

0.11 mmol/g). 

IR (ṽ/cm-1): 1676, 1596, 1503, 1263, 1015, 778; elemental microanalysis (%): C, 

8.54; H, 0.14; N, 0.07; Cl, 0.40. 
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Benzyl-methyl imidazolium chloride functionalized carbon coated cobalt 

nanoparticles (48, Bz-IL@Co/C) 

 

 

400 mg (0.12 mmol/g) Bz-Cl@Co/C 47 and 4 mL dry toluene were introduced to a 

microwave vial and sonicated for 10 min under N2-atmosphere using an ultrasonic 

bath. After adding 24 μL (0.3 mmol) N-methyl-imidazole the reaction mixture was 

heated in a focused microwave oven to 150 °C for 30 min. After removing the su-

pernatant by magnetic decantation the particles were washed with toluene 

(5 x 5 mL), and dichloromethane (3 x 5 mL) and dried under vacuum at 80 °C 

yielding 9 (397.6 mg, 0.09 mmol/g). 

IR (ṽ/cm-1): 2920, 2852, 2363, 1214, 1161, 1014, 814, 654; elemental microanaly-

sis (%): C, 8.98; H, 0.16; N, 0.23; Cl, 0.27. 

Poly(benzyl-methyl imidazolium chloride)styrene functionalized carbon 

coated cobalt nanoparticles (45, PS-IL@Co/C) 

 

 

500 mg (3.1 mmol/g) PS-Cl@Co/C 30-NP and 5 mL dry toluene were introduced 

to a microwave vial and sonicated for 10 min under N2-atmosphere using ultra-

sonic bath. 309 μL (3.88 mmol) N-methyl-imidazole was added and the reaction 

mixture heated in a focused microwave oven to 150 °C for 30 min. After magnetic 

decantation the particles were washed with toluene (5 x 5 mL), dichloromethane 

(3 x 5 mL) and dried under vacuum at 80 °C yielding 45 (637.2 mg, 2.1 mmol/g). 

IR (ṽ/cm-1): 3373, 2927, 2851, 1562, 1511, 1449, 1422, 1158, 1018; elemental mi-

croanalysis (%): C, 43.95; H, 4.62; N, 5.75; Cl, 7.41. 
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Benzoic acid functionalized carbon coated cobalt nanoparticles (49, Ph-

COOH@Co/C) 

 

 

1.3 g (0.26 mmol of benzylalcohol units) Bz-OH@Co/C 46 were sonicated in 

30 mL MeCN/H2O (1:1) for 10 min using an ultrasonic bath. After adding 479.5 mg 

(0.78 mmol) oxone the mixture was refluxed for 24 h. Another portion of oxone 

(479.5 mg, 0.78 mmol) was added after 12 h. After magnetic decantation the parti-

cles were washed with MeCN/H2O (3 x 20 mL), MeCN (3 x 20 mL) and dried under 

vacuum to obtain Ph-COOH@Co/C 49 (1.18 g). 

IR (ṽ/cm-1): 2358, 2330, 1731, 1360, 1219; elemental microanalysis (%): C, 8.71; 

H, 0.28; N, 0.30. 

(N-Imidazole)propyl-benzamide functionalized carbon coated cobalt 

nanoparticles (50) 

 

 

1.0 g Ph-COOH@Co/C 49 were stirred in 5.0 mL SOCl2 under N2-atmosphere for 

24 h. After magnetic decantation the particles where washed with dry THF 

(5 x 5 mL) and dried under vacuum. Subsequently 5.0 mL 1-(3-

aminopropyl)imidazole were introduced under N2-atmosphere and the mixture 

heated to 120 °C for another 24 h. After magnetic decantation the particles were 

washed with THF (3 x 5 mL), 1M HCl (1 x 5 mL), saturated NaHCO3 solution 

(1 x 5 mL), H2O (1 x 5 mL) and EtOH (3 x 5 mL). After drying the particles in vacuo 

50 (934.7 mg, 0.07 mmol/g) was obtained. 

IR (ṽ/cm-1): 2893, 2840, 1564, 973, 867, 848, 835, 819, 752, 698, 689, 656; ele-

mental microanalysis (%): C, 9.32; H, 0.19; N, 0.60. 
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Benzamidopropyl-butyl-imidazolium bromide functionalized carbon coated 

cobalt nanoparticles (51, Spacer-IL@Co/C) 

 

 

900 mg (0.063 mmol of imidazole units) of 50 were sonicated in 15 mL freshly dis-

tilled 1-bromobutane under N2-atmosphere using an ultrasonic bath. The reaction 

mixture was stirred for 24 h at 80 °C. The particles were separated by an external 

magnet and washed with dry THF (5 x 10 mL) and dried under vacuum to obtain 

51 (909.2 mg, 0.05 mmol/g). 

IR (ṽ/cm-1): 2913, 2850, 1738, 1455, 1366, 1222, 1217, 1160, 753; elemental mi-

croanalysis (%): C, 9.40; H, 0.24; N, 0.51. 

Representative procedure for the microwave deposition of Pd nanoparticles 

on PS-IL@Co/C nanobeads (Method A) 

 

 

100 mg PS-IL@Co/C 45 and 1 mL of a mixture dry toluene/MeOH were introduced 

to a microwave vial and sonicated in an ultrasonic bath for 10 min under N2-

atmosphere. 4.9 mg (4.7 μmol) Pd2(dba)3∙CHCl3 was added and the reaction mix-

ture heated in a focused microwave oven to 110 °C for 2 min. After magnetic de-

cantation the particles were washed with dichloromethane (5 x 5 mL) and dried 

under vacuum to obtain Pd@PS-IL@Co/C 43e (96.9 mg). The loading of Pd was 

determined by ICP-OES (0.08 mmol/g, 81%). 
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Representative procedure for the microwave deposition of Pd nanoparticles 

on Bz-IL@Co/C nanobeads (Method A) 

 

 

100 mg Bz-IL@Co/C 48 and 1 mL dry toluene were introduced to a microwave vial 

and sonicated in an ultrasonic bath for 10 min under N2-atmosphere. 4.9 mg 

(4.7 μmol) Pd2(dba)3∙CHCl3 was added and the reaction mixture heated in a fo-

cused microwave oven to 110 °C for 2 min. After magnetic decantation the parti-

cles were washed with dichloromethane (5 x 5 mL) and dried under vacuum to 

obtain Pd@Bz-IL@Co/C 44e (99.8 mg). The loading of Pd was determined by 

ICP-OES (0.089 mmol/g, 96%). 

Representative procedure for the microwave deposition of Pd nanoparticles 

on Spacer-IL@Co/C nanobeads (Method A) 

 

 

50 mg Spacer-IL@Co/C 51 and 1 mL dry toluene were introduced to a microwave 

vial and sonicated in an ultrasonic bath for 10 min under N2-atmosphere. 2.5 mg 

(2.4 μmol) Pd2(dba)3∙CHCl3 was added and the reaction mixture heated in a fo-

cused microwave oven to 110 °C for 2 min. After magnetic decantation the parti-

cles were washed with dichloromethane (5 x 5 mL) and dried under vacuum to 

obtain Pd@Spacer-IL@Co/C 18e (50.1 mg). The loading of Pd was determined by 

ICP-OES (0.093 mmol/g, 100%). 
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Representative procedure for the deposition of Pd nanoparticles on PS-

IL@Co/C nanobeads by H2-reduction (Method B) 

 

 

To a schlenk tube 20 mg PS-IL@Co/C 45 and 4 mL of a freshly prepared 

Na2PdCl4 solution (Pd conc. 1 mg/mL) were introduced. The reaction mixture was 

stirred vigorously for 30 min followed by 30 min under 1 atm H2 pressure (balloon). 

After magnetic decantation the particles were washed with H2O (5 x 3 mL), MeOH 

(3 x 3 mL), and acetone (2 x 3 mL) and dried under vacuum to obtain Pd@PS-

IL@Co/C 43h (15.8 mg). The loading of Pd was determined by ICP-OES 

(1.3 mmol/g, 85%). 

General procedure for the hydrogenation using Pd@IL@Co/C catalysts 

 

 

To a schlenk tube Pd@IL@Co/C (1 mol% Pd, 20 µmol), substrate (2 mmol), 

iPrOH (20 mL), and dodecane (1 mmol) as internal standard were introduced. The 

reaction mixture was sonicated in an ultrasonic bath for 10 min and subsequently 

stirred vigorously under 1 atm H2-pressure (balloon). The progress of the reaction 

was monitored by GC analysis. For recycling experiments the particles were sepa-

rated by an external magnet and after magnetic decantation washed with iPrOH 

(2 x 5 mL) and dichloromethane (2 x 5 mL). After drying in vacuo the catalyst was 

reused for further runs. 
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GC data 

All products are literature-known and all spectroscopic data matched with those 

reported in the literature. 

1,2-Diphenylethane (12a)[6] 

 

 

1,2-Diphenylethane 12a was prepared from trans-stilbene 11a (360.5 mg, 2 mmol) 

according to the general procedure. The progress of the reaction was monitored 

by GC analysis: 140 °C (3 min), 20 °C/min, 300 °C; tR = dodecane (3.54 min), 

1,2-diphenylethane (7.66 min), trans-stilbene (9.37 min). 

Ethylbenzene (12b)[31] 

 

 

Ethylbenzene 12b was prepared from styrene 11b (228.9 μL, 2 mmol) according 

to the general procedure. The progress of the reaction was monitored by GC anal-

ysis: 60 °C (3 min), 20 °C/min, 240 °C; tR = ethylbenzene (4.29 min), styrene 

(4.65 min), dodecane (8.30 min). 

Ethane-1,1-diyldibenzene (12c)[6] 

 

 

Ethane-1,1-diyldibenzene 12c was prepared from ethane-1,1-diyldibenzene 11c 

(283.0 μL, 2 mmol) according to the general procedure. The progress of the 

reaction was monitored by GC analysis: 140 °C (3 min), 16 °C/min, 300 °C; tR = 

dodecane (3.49 min), ethane-1,1-diyldibenzene (6.26 min), ethene-1,1-

diyldibenzene (6.47 min). 
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Isobutylbenzene (12d)[15] 

 

 

Isobutylbenzene 12d was prepared from (2-methylprop-1-en-1-yl)benzene 11d 

(293.5 μL, 2 mmol) according to the general procedure. The progress of the reac-

tion was monitored by GC analysis: 60 °C (3 min), 24 °C/min, 300 °C; tR = 

isobutylbenzene (6.01 min), (2-methylprop-1-en-1-yl)benzene (6.72 min), 

dodecane (7.80 min). 

1-Chloro-4-ethylbenzene (12e)[30] 

 

 

1-Chloro-4-ethylbenzene 12e was prepared from 1-chloro-4-vinylbenzene 11e 

(274.6 μL, 2 mmol) according to the general procedure. The progress of the 

reaction was monitored by GC analysis: 100 °C (5 min), 25 °C/min, 300 °C; tR = 1-

chloro-4-ethylbenzene (4.51 min), 1-chloro-4-vinylbenzene (4.88 min), dodecane 

(7.12 min). 

1-Ethyl-4-methoxybenzene (12f)[30] 

 

 

1-Ethyl-4-methoxybenzene 12f was prepared from 1-methoxy-4-vinylbenzene 11f 

(269.2 μL, 2 mmol) according to the general procedure. The progress of the 

reaction was monitored by GC analysis: 100 °C (5 min), 25 °C/min, 300 °C; tR = 1-

methoxy-4-vinylbenzene (4.90 min), 1-ethyl-4-methoxybenzene (5.64 min), 

dodecane (7.14 min). 
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1,3-Diphenylpropan-1-one (12g)[6] 

 

 

1,3-Diphenylpropan-1-one 12g was prepared from chalcone 11g (416.5 mg, 

2 mmol) according to the general procedure. The progress of the reaction was 

monitored by GC analysis: 140 °C (3 min), 16 °C/min, 300 °C; tR = dodecane 

(3.52 min), 1,3-diphenylpropan-1-one (9.19 min), chalcone (10.22 min). The selec-

tive hydrogenation of the C=C double bond was proved by 1H NMR and 13C NMR: 

1H NMR (300 MHz, CDCl3): δ = 7.98 (d, J = 7.4 Hz, 2H), 7.57 (t, J = 7.3 Hz, 1H), 

7.47 (t, J = 7.5 Hz, 2H), 7.41 – 7.14 (m, 5H), 3.32 (t, J = 7.6 Hz, 2H), 3.09 (t, J = 

7.6 Hz, 2H); 13C NMR (75 MHz, CDCl3): δ = 199.3, 141.3, 136.9, 133.1, 128.7, 

128.6, 128.5, 128.1, 126.2, 40.5, 30.2. 

Methyl-3-phenylpropanoate (12h)[6] 

 

 

Methyl-3-phenylpropanoate 12h was prepared from methyl cinnamate 11h 

(324.4 mg, 2 mmol) according to the general procedure. The progress of the reac-

tion was monitored by GC analysis: 100 °C (3 min), 20 °C/min, 300 °C; tR = 

dodecane (5.95 min), methyl-3-phenylpropanoate (6.47 min), methyl cinnamate 

(7.43 min). 

Bicyclo[2.2.1]heptanes (12i)[32] 

 

 

Bicyclo[2.2.1]heptane 12i was prepared from norbornene 11i (188.3 mg, 2 mmol) 

according to the general procedure. The progress of the reaction was monitored 

by GC analysis: 60 °C (3 min), 30 °C/min, 300 °C; tR = norbornene (2.53 min), 

bicyclo[2.2.1]heptane (2.87 min), dodecane (7.27 min). 
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4-Methoxyaniline (12j)[33] 

 

 

4-Methoxyaniline 12j was prepared from 1-methoxy-4-nitrobenzene 11j (306.3 mg, 

2 mmol) according to the general procedure. The progress of the reaction was 

monitored by GC analysis: 70 °C (3 min), 13 °C/min, 200 °C; tR = 4-methoxyaniline 

(8.81 min), dodecane (9.01 min), 1-methoxy-4-nitrobenzene (10.92 min). 

4-Chloraniline (12k)[33] 

 

 

4-Chloraniline 12k was prepared from 1-chloro-4-nitrobenzene 11k (315.1 mg, 

2 mmol) according to the general procedure. The progress of the reaction was 

monitored by GC analysis: 50 °C (3 min), 5 °C/min, 170 °C; tR = 4-chloroaniline 

(15.73 min), 1-chloro-4-nitrobenzene (16.64 min), dodecane (16.91 min). 

Preparation of samples for ICP-OES analysis 

General procedure for the preparation of Pd samples to determine the Pd 

amount on Pd@Co/C catalysts 

5.0 mg Pd@Co/C were heated in 3.2 mL aqua regia for 30 min. Upon cooling, the 

mixture was diluted with H2O (millipore grade) and after collecting the particles 

with an external magnet the solution was filtrated in a 10 mL measuring flask. After 

washing the particles for three times with H2O with subsequent filtration the meas-

uring flask was filled to 10 mL. The Pd concentration was then determined by 

ICP-OES analysis. 

General procedure for the preparation of Pd and Co samples to determine 

the Pd and Co amount in hydrogenated products 

250.0 mg 1,2-Diphenylethane was heated in 3.2 mL aqua regia for 30 min. Upon 

cooling, the mixture was diluted with H2O (millipore grade) and filtrated in a 10 mL 

measuring flask. After washing the vial for three times with H2O with subsequent 
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filtration the measuring flask was filled to 10 mL. The Pd and Co concentration 

was then determined by ICP-OES analysis. 

IR spectra 

Example for following the reaction progress of the nanoparticle synthesis by IR 

spectroscopy. IR spectra of PS-Cl@Co/C 30-NP and PS-IL@Co/C 45 are shown: 

  

 

  

6001000140018002200260030003400

Irel.

←  ṽ / cm-1
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TEM pictures 

Transmission electron microscopy (TEM) pictures of A) Pd@PS-IL@Co/C 43b 

(24 wt%), B) Pd@Bz-IL@Co/C 44b (31 wt%), C) Pd@Spacer-IL@Co/C 18b 

(34 wt%), and D) Pd@Spacer-IL@Co/C 18b (34 wt%) after 12 cycles: 

 

 

XRD measurements 

X-ray diffraction spectrum of Pd@Spacer-IL@Co/C 18b with a palladium content 

of 34 wt%. The characteristic peaks for Co and Pd are detected: 
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5. Towards magnetically recyclable catalysts for C-H activation 

and olefin metathesis 

5.1 Palladium nanoparticles supported on Co/C nanobeads for C-H activa-

tion 

The synthesis of arylated heterocycles is an important challenge in organic chem-

istry as they are present in numerous natural products.[1] They can be prepared via 

e.g. transition-metal catalyzed cross-coupling or C-H activation. While cross-

coupling reactions require functionalized heterocycles and appropriate coupling 

partners, the direct C-H activation route is much more convenient and sustainable 

as it avoids a pre-functionalization of the heterocycle. 

 

 

Scheme 11 Examples for C3-selective arylations of benzo[b]thiophenes by the groups of 

A) Itami,
[2]

 B) Oi,
[3]

 C) Itami and Studer,
[4]

 and D) Glorius.
[5]
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Benzo[b]thiophenes represent a challenging structural scaffold regarding the se-

lective arylation. While the direct arylation of the C2-position is well established, 

the selectivity towards the C3 position encounters difficulties. Reported examples 

for C3-selective arylations suffer from bad yields (Scheme 11A and 11B),[3,2] insuf-

ficient selectivities (Scheme 11B),[3] or the requirement of a large excess of rea-

gents/oxidants (Scheme 11C).[4] Glorius et al.[5] most recently demonstrated a 

highly efficient and selective catalytic system for the C3-selective arylation of vari-

ous benzo[b]thiophene derivatives (Scheme 11D). They could establish a method 

to couple benzo[b]thiophenes with inexpensive, easily available aryl chlorides us-

ing simple heterogeneous Pd/C with CuCl as co-catalyst. The reaction is insensi-

tive to air and moisture, scalable, and does not need any additional ligand or di-

recting group. However, for sustainable and economical chemical reactions one 

has also to regard other reaction parameters such as reaction time, temperature, 

and separation/recyclability of the catalyst. With a temperature of 150 °C for 48 h 

the reaction conditions in Glorius’ example are quite harsh and, furthermore, the 

transition-metal catalyst is not shown to be recyclable. 

 

 

Scheme 12 Microwave synthesis of a Pd@Co/C nanocomposite.
[6]

 

 

 In our group, we could most recently demonstrate the synthesis and appli-

cation of a magnetic alternative to Pd/C (Scheme 12).[6] Palladium nanoparticles 

deposited on the surface of carbon coated cobalt nanoparticles 61 showed excel-

lent catalytic performances in the hydrogenation of alkenes, exceeding commercial 

Pd/C catalysts by far. Hence, our catalytic system could be an improvement in the 

C-H activation with respect to a higher catalytic activity, milder reaction conditions, 

and a convenient catalyst separation/reuse. 

 Therefore, we synthesized a Pd@Co/C catalyst 17 via microwave decom-

position of Pd2(dba)3∙CHCl3 according to our reported procedure (Scheme 12). We 

could establish a Pd loading of 4.3 wt% which is quite similar to the commercially 
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available Pd/C catalyst reported by Glorius (5 wt%). To test our catalyst in the C-H 

activation, we carried out the arylation of benzo[b]thiophene with chlorobenzene 

under the same reaction conditions Glorius reported. However, after a reaction 

time of 48 h we could not observe any conversion of the starting material. Even a 

prolonged reaction time of 5 days did not show any conversion and the starting 

material could be fully recovered. This result is quite surprising as our catalyst 

showed superior results in the hydrogenation compared to commercial Pd/C. One 

reason could be the role of Pd in this C-H activation. The role of Pd/C and the 

mechanism of the reaction are still not completely clear and require further investi-

gations.[5] Pd/C catalyzed reactions are often thought to include a homogeneous 

active species due to the leaching of Pd into solution.[7] However, the group of 

Glorius performed several experiments to determine the nature of the active spe-

cies and all results so far strongly suggest a heterogeneous reaction.[5] Hence, our 

heterogeneous Pd@Co/C catalyst should also work in the C-H activation if this 

assumption is right. 

 

 

Fig. 18 Hydrogenation tests of trans-stilbene at a Pd catalyst amount of 0.1 mol%. The best results 

were obtained for Pd@Co/C particles with a low Pd content of 0.2 wt% synthesized by microwave 

decomposition of Pd2(dba)3∙CHCl3. Figure adapted with permission from ref [6]. Copyright 2013, 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

Regarding the activity of our Pd@Co/C catalyst depending on the loading of Pd 

(Fig. 18),[6] we are at the moment testing a catalyst with a decreased Pd loading 

and, therefore, higher activity. However, a catalyst with a loading of 0.2 wt% (high-

est activity) would not make much sense due to the huge amount of required hy-
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brid material. E.g. one would need around 5 g of hybrid material for a reaction on 

1 mmol scale under the reported reaction conditions. Nevertheless, investigations 

will go further in our group achieving a potential magnetic C-H activation catalyst. 

5.2 Ionic liquid modified Co/C nanobeads as Grubbs catalyst precursor for 

olefin metathesis 

During the last ten to fifteen years olefin metathesis has become a major tool in 

organic and polymer synthesis.[8] The great success is mainly attributed to the de-

velopment of well-defined alkylidene ruthenium complexes (Fig. 19) including first 

and second generation Grubbs catalysts (62a, 62b) and the chelating Hoveyda-

Grubbs catalysts (63a, 63b). However, using a catalyst in a homogeneous way 

often entails deactivation through decomposition, difficult recycling, and time-

consuming separation of the catalyst from the reaction mixture. 

 

 

Fig. 19 Ruthenium alkylidene metathesis catalysts. 

 

 Hence, several attempts have been made to generate heterogeneous me-

tathesis catalysts by immobilizing Grubbs or Hoveyda-Grubbs catalysts on silica,[9] 

polymers,[10] dendrimers,[11] or magnetic nanoparticles.[12] The support precursor 

for the immobilization could be phosphine ligand 64, alkylidene ligand 65, or NHC 

ligand 66 (Fig. 20).[13] However, the precursor is often synthesized over multiple 

steps which is time-consuming and uneconomically. Therefore, an inexpensive 

and easily available precursor would be a great advance for olefin metathesis, 

thus shortening the immobilization process and working more economically. 
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Fig. 20 Different types of support precursors for the immobilization of metathesis catalysts.
[14]

 

 

 In chapter 4 we demonstrated the facile synthesis of ionic liquid modified 

magnetic nanobeads PS-IL@Co/C 45 bearing a benzyl-methyl imidazolium moie-

ty. This moiety differs from ionic liquid precursors for second generation Grubbs or 

Hoveyda-Grubbs catalysts, however, as the synthesis is extremely simple it would 

be worth to try the immobilization of an alkylidene ruthenium complex by 

deprotonation and ligand exchange. The deprotonation of a structural similar 

imidazolium salt was shown by Bolm et al.[14] using NaH and KOtBu in THF. They 

could also demonstrate the reactivity of the generated NHC via a subsequent re-

action with a [Rh(COD)Cl]2 complex by ligand exchange. 

 

 

Scheme 13 A possible pathway to immobilize a metathesis catalyst on ionic liquid modified poly-

styrene coated Co/C nanoparticles 45. 
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Hence, we also tried to deprotonate 45 using the procedure described by 

Bolm with subsequent reaction using first generation Grubbs catalyst (Scheme 

13). After the two step reaction the nanoparticles were qualitatively analyzed by IR 

spectroscopy and quantitatively via ICP-OES analysis (Ru amount). Table 19 

shows the screening of different reaction conditions. In entry 1 10 mol% KOtBu 

and 2 equiv. NaH were used for a reaction time of 6 h. Compared to Bolm (5 mol% 

KOtBu, 1.1 equiv. NaH, 60 min) reagent amounts and reaction time were en-

hanced as we work under heterogeneous conditions. However, no formation of the 

product was observed in the IR spectra. ICP-OES analysis gave a value of 

0.012 mmol g-1 reflecting a Ru amount of 1.13% referred to the maximum. Due to 

the hygroscopic ionic liquid, we lyophilized the starting material for 4 days prior to 

use (entry 2 and 3), however, the characteristic H2O-peak at 3050 cm-1 did not 

vanish completely. ICP-OES in entry 2 showed a value of 0.050 mmolg-1 (4.87%), 

being a little higher than in entry 1. However, one cannot make a certain statement 

about this difference as we are very close to the detection limit. Furthermore abso-

lutely no difference was observed in the IR spectrum compared to 45. In entry 3 

we further enhanced the amounts of KOtBu (50 mol%) and NaH (5 equiv.) to see if 

a more significant change could be observed. Nevertheless, the Ru loading was 

again extremely low (0.004 mmol g-1, 0.37%) and IR spectroscopy did not show 

any difference. Therefore, the Ru value of entry 2 was indeed not reliable. 

 

Table 19 Immobilization of a metathesis catalyst on ionic liquid modified polymer coated Co/C na-

noparticles 45.
a
 

Entry 
Amount NaH 

[equiv.]
b
 

Amount KO
t
Bu 

[mol%]
b
 

IR spectra
c
 

Ru loading 
[mmolg

-1
]
d
 

1 2 10 no change 0.012 

2
e
 2 10 no change 0.050 

3
e
 5 50 no change 0.004 

a
 PS-IL@Co/C 45 (0.084 mmol) was reacted with NaH and KO

t
Bu (1M in THF) in 2 mL of dry THF. 

After washing and drying, the product was heated with 62a (0.126 mmol) at 80 °C for 20 h. 

b
 Amounts of reagents used in the synthesis. 

c
 Observed changes in the IR spectra. 

d
 Loading of 

Ru in the product. Determined by ICP-OES analysis. 
e
 PS-IL@Co/C 45 was lyophilized for 4 d prior 

to use. 

 



 B. Main Part  

123 

 Unfortunately, the formation of a Ru complex on the heterogeneous support 

was not possible using the simple benzyl-methyl imidazolium scaffold as a precur-

sor. To synthesize a recyclable catalyst based on Grubbs or Hoveyda-Grubbs cat-

alysts, one probably also needs to follow a multiple step precursor synthesis men-

tioned above. 

5.3 Conclusion 

Attempts were made to establish a magnetically recyclable catalyst for C-H activa-

tion as well as alkene metathesis. The application of a Pd@Co/C catalyst failed in 

the arylation of benzo[b]thiophenes applying a catalyst with a Pd loading of 

4.3 wt%. One reason could be that the commercially available Pd/C catalyst used 

by Glorius is simply more active than our catalyst. The activity of different com-

mercially available Pd/C catalysts can vary a lot. Another reason would be that the 

active species is not a heterogeneous one as Glorius proposed, thus having just a 

high reactivity with major metal leaching. Therefore, further investigations are on-

going to test Pd@Co/C with higher activity to check if any conversion can be ob-

served. 

 The formation of a Ru complex on the heterogeneous support with simple 

benzyl-methyl imidazolium scaffold as a precursor also failed. The reason could be 

the extremely hygroscopic nature of the heterogeneous support. Even after lyophi-

lizing for multiple days the characteristic H2O-peak did not vanish completely. 

Therefore, one probably also needs to follow a multiple step precursor synthesis 

mentioned above to synthesize a recyclable catalyst based on Grubbs or 

Hoveyda-Grubbs catalysts. In doing so, the best way would be via phosphine pre-

cursor 64 or alkylidene precursor 65, thus avoiding a hygroscopic moiety on the 

support. 

  



 B. Main Part  

124 

5.4 Experimental section 

Synthesis of the catalysts 

Co/C supported Pd nanoparticles (17, Pd@Co/C) 

 

 

100 mg Co/C 61 and 2.5 mL dry toluene were introduced to a microwave vial and 

sonicated in an ultrasonic bath for 10 min under N2-atmosphere. 24.4 mg 

(23.6 μmol) Pd2(dba)3∙CHCl3 was added and the reaction mixture heated in a fo-

cused microwave oven to 110 °C for 2 min. After magnetic decantation the parti-

cles were washed with dichloromethane (5 x 5 mL) and dried under vacuum to 

obtain Pd@Co/C 17 (104.4 mg). The loading of Pd was determined by ICP-OES 

(0.404 mmol g-1, 90%). 

Representative procedure towards the synthesis of Co/C supported alkene 

metathesis catalyst (67) 

 

 

40 mg PS-IL@Co/C 45 in dry THF were predispersed in a pressure tube under 

nitrogen atmosphere for 10 min. 6.7 mg NaH (168 μmol, 60% in dispersion in min-

eral oil) and 8.4 μL KOtBu (8.4 μmol, 1M in THF) were added and the reaction mix-

ture stirred for 6 h. After magnetic decantation the particles were washed with dry 

THF (6 x 5 mL) and dried under vacuum. Subsequently 2 mL dry toluene and 

104 mg 62a (126 μmol) were added, the suspension predispersed using ultrasonic 

bath and stirred for 20 h at 80 °C under nitrogen atmosphere. After cooling and 

magnetic decantation the particles were washed with toluene (5 x 5 mL) and di-
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chloromethane (3 x 5 mL) and dried in vacuo. Ruthenium loading was determined 

by ICP-OES (0.050 mmol g-1, 4.87%). 

General procedure for the arylation of benzo[b]thiophene 

 

46.5 mg (18.8 μmol) Pd@Co/C 17, 26.8 mg (0.2 mmol) freshly distilled 

benzo[b]thiophene 53, 71.7 mg (0.22 mmol) Cs2CO3, 2 mg (20 μmol) CuCl, and 

28.0 μL (0.2 mmol) mesitylene as internal standard were predispersed for 10 min 

in 1 mL 1,4-dioxane using ultrasonic bath. 40.6 μL (0.4 mmol) freshly distilled 

chlorbenzene was added and the reaction mixture stirred at 150 °C for 5 d. GC 

samples were taken after various times (GC conditions: 50 °C (3 min), 40 °C/min, 

290 °C). 
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C. Summary 

The present dissertation deals with the immobilization of organo- and transition 

metal catalysts on the surface of magnetic, carbon-coated Fe or Co nanoparticles. 

With the introduction of polymeric structures or stabilizing groups, the preparation 

of catalysts with an extremely high surface density (1.3-4.0 mmol g-1) is possible. 

The high-density materials can be efficiently applied in catalysis including facile 

recovery and recycling due to its highly magnetic properties. 

 Chapter 1 demonstrates the need of high-loading catalysts in terms of sus-

tainability and economy of catalytic reactions. A low catalyst loading can lead to 

the requirement of an exorbitant amount of supporting material. The recycling of 

small amounts of e.g. an expensive transition metal is not very effective if a high 

amount of a Co support is used. Hence, the synthesis of magnetic, high-density 

catalysts can diminish the waste of catalysts as well as supporting material. 

 In chapter 2 the synthesis of a novel, magnetic Baylis-Hillman catalyst is 

demonstrated (Scheme 14). Using a covalently immobilized polymeric resin on the 

surface of Fe/C nanobeads, a catalyst with a maximum loading of 1.6 mmol g-1 is 

obtained. The material bearing N-alkylimidazole units is easily synthesized, shows 

good yields after moderate reaction times, and exhibits excellent recyclability. Fur-

thermore, we could demonstrate a dendritic-like effect of the catalyst units by 

comparing two heterogeneous catalysts (different catalyst density) and a homoge-

neous analogue. 

 

 

Scheme 14 Baylis-Hillman reaction with N-alkylimidazole immobilized on polymer-coated Fe/C 

nanobeads. 
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 Chapter 3 deals with the immobilization of an asymmetric organocatalyst on 

polymer-functionalized Co/C nanobeads (Scheme 15). The magnetic Jørgensen-

Hayashi catalyst with a loading of 1.34 mmol g-1 shows superior catalytic perfor-

mance in Michael additions than a homogeneous analogue. In collaboration with 

the group of Caminade and Majoral we could very nicely compare our magnetic 

with a dendritic globular catalyst support. In terms of activity and recycling ability, 

the dendritic catalyst leads to a better performance, while enantio- and 

diastereoselectivities for both catalysts were good to excellent. Regarding catalyst 

recovery, our magnetic catalyst performed much better via simple magnetic de-

cantation while the dendritic catalyst needs a circumstantial precipitation/filtration 

process. 

 

Scheme 15 Michael addition with Jørgensen-Hayashi catalyst immobilized on polymer-coated 

Co/C nanobeads and phosphorus dendrimers. 

 

 In chapter 4 magnetic hybrid materials are reported as recyclable, high-

density catalysts for alkene hydrogenation (Scheme 16). The materials consist of 

magnetic nanobeads functionalized with imidazolium-based ionic liquids and op-

tional polymer shells. Palladium nanoparticles were synthesized on the surface of 

these supports by two different methods. Deposition of palladium(0) onto the mag-

netic nanobeads by microwave decomposition of Pd2(dba)3·CHCl3 leads to more 

efficient catalysts than the reduction of a Pd(II) precursor. The catalyst with a quite 

flexible ionic liquid on the surface turned out to be the most promising regarding 

the stabilization of Pd nanoparticles. It showed great catalyst density (up to 

4.0 mmol g-1), high activity in the hydrogenation of trans-stilbene (TOF up to 
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330 h-1), easy separation, and furthermore was recycled for at least 11 runs with-

out significant loss of activity. Moreover, we could show that the leaching of Pd 

and Co into the product was not noticeably high if a Pd amount of 0.1 mol% was 

used. Recycling of the catalyst was also possible varying the substrate after each 

run. 

 

Scheme 16 Hydrogenation of alkenes and nitro compounds with Pd nanoparticles supported on 

ionic liquid modified Co/C nanobeads. 

 

 In chapter 5 studies towards recyclable catalysts for C-H activation and ole-

fin metathesis are discussed. Palladium nanoparticles on the surface of Co/C 

nanobeads (Pd@Co/C) were applied in the arylation of benzo[b]thiophene. Unfor-

tunately, no conversion could be observed for this C-H activation being remarkable 

compared to literature results with Pd/C. One reason could be the mechanism of 

the reaction, which is not completely proved so far. If the active catalytic species is 

not a heterogeneous one, the reaction will only work if a significant Pd(II) leaching 

into solution is present. The formation of a magnetic Ru complex for olefin me-

tathesis unfortunately also failed. Using a simple benzyl-methyl imidazolium moi-

ety as precursor on the Co/C surface, we tried to immobilize a Grubbs catalyst by 

simple ligand exchange. The problem for failing in this case could be the hygro-

scopic nature of our imidazolium support. 
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D. Zusammenfassung 

Die vorliegende Dissertation beschäftigt sich mit der Immobilisierung von Organo- 

und Übergangsmetall-Katalysatoren auf magnetischen, Kohlenstoff-beschichteten 

Kobalt- oder Eisen-Nanopartikeln (Co/C, Fe/C). Mit Hilfe von Polymeren und stabi-

lisierenden Gruppen war es möglich Katalysatoren mit einer sehr hohen Oberflä-

chen-Beladung zu synthetisieren. Diese magnetischen, hoch-beladenen Katalysa-

toren konnten anschließend mit sehr guten Ergebnissen in der Katalyse eingesetzt 

werden. Dabei war durch die hohe Magnetisierung des Trägermaterials ein einfa-

ches Abtrennen und Wiederverwerten möglich. 

 Kapitel 1 befasst sich mit der Notwendigkeit von Katalysatoren mit einer 

hohen Oberflächenbeladung um katalytische Reaktionen nachhaltiger und öko-

nomischer zu gestalten. Eine niedrige Beladung eines heterogenen Katalysators 

führt automatisch zu einem enormen Verbrauch an Trägermaterial. Das Recyceln 

einer geringen Menge an teuren Übergangs-Metallen wäre beispielsweise nicht 

sehr effektiv, wenn dafür große Mengen an Kobalt-Trägermaterial eingesetzt wer-

den müssten. Die Verwendung von magnetischen, hoch-beladenen Katalysatoren 

würde daher nicht nur das Recyceln von Katalysatoren ermöglichen, sondern auch 

der Verschwendung von teurem Trägermaterial entgegenwirken. 

 In Kapitel 2 ist die Synthese eines neuen, magnetischen Baylis-Hillman Ka-

talysators dargestellt (Schema 1). Dabei wurden Fe/C-Nanopartikel zunächst mit 

einem Polymer beschichtet, durch das der Katalysator anschließend mit einer sehr 

hohen Beladung (1.6 mmol g-1) aufgebracht werden konnte. Das Material mit N-

Alkylimidazol Einheiten ist sehr einfach herzustellen, zeigt hohe Ausbeuten (bis zu 

97%) nach moderaten Reaktionszeiten und konnte effektiv recycelt werden (7 Zyk-

len). Des Weiteren war ein interessanter Effekt zu beobachten, der sehr häufig bei 

dendritischen Strukturen auftritt. Bei diesem Effekt nimmt die Aktivität eines Kata-

lysators mit der Dichte an Katalysatoreinheiten zu. Das konnte in unserem Fall 

durch den Vergleich von zwei heterogenen Katalysatoren unterschiedlicher Bela-

dung mit einem analogen, homogenen Katalysator gezeigt werden. 
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Schema 1 Baylis-Hillman Reaktion mit Hilfe von N-Alkylimidazol Einheiten, welche auf Polymer-

beschichteten Fe/C Nanopartikeln immobilisiert sind. 

 

In Kapitel 3 ist die Immobilisierung eines asymmetrischen 

Organokatalysators auf Polymer-beschichteten Co/C-Nanopartikeln gezeigt 

(Schema 2). Der magnetische Jørgensen-Hayashi Katalysator mit einer Beladung 

von 1.34 mmol g-1 stellte sich in der Michael-Addition als wesentlich aktiver vergli-

chen mit einem analogen, homogenen Katalysator heraus. In Kooperation mit der 

Gruppe von Caminade und Majoral konnten wir an diesem Beispiel sehr schön 

unser sphärisches, magnetisches Trägermaterial mit einem ebenso sphärischen, 

dendritischen Trägermaterial vergleichen. Dabei stellte sich der Dendrimer-

basierte Katalysator als effektiver und besser recycelbar heraus, während die 

Enantio- und Diastereoselektivität für beide Katalysatoren gut bis exzellent war. 

Bezogen auf die Abtrennung des Katalysators, konnte unser auf magnetischen 

Nanopartikeln basierter Katalysator überzeugen, da dies sehr schnell und effektiv 

durch das einfache Anhalten eines Magneten möglich ist. Der dendritische Kataly-

sator muss hingegen erst umständlich aus der Lösung ausgefällt und anschlie-

ßend abfiltriert werden, bevor er für den nächsten Lauf wieder verwendet werden 

kann. 
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Schema 2 Michael-Addition mit Hilfe eines Jørgensen-Hayashi Katalysators, der sowohl auf Poly-

mer-beschichteten Co/C-Nanopartikeln als auch auf Phosphor-Dendrimeren immobilisiert wurde. 

 

 In Kapitel 4 ist ein hoch-beladenes Hybrid-Material für die Hydrierung von 

Alkenen beschrieben (Schema 3). Das Material besteht aus Co/C Nanopartikeln, 

die mit auf Imidazolium-Ionen basierten ionischen Flüssigkeiten und optionaler 

Polymer-Hülle funktionalisiert sind. Auf der Oberfläche dieser funktionalisierten 

Trägermaterialien wurden Palladium-Nanopartikel mit Hilfe zweier unterschiedli-

cher Methoden abgeschieden. Dabei stellte sich heraus, dass eine Abscheidung 

von Palladium(0) durch Zersetzung von Pd2(dba)3·CHCl3 unter Mikrowellen-

Bedingungen zu effektiveren Katalysatoren führt als die Reduktion eines Pd(II)-

Komplexes. Bei den Untersuchungen wurde festgestellt, dass ein Katalysator mit 

einer relativ flexiblen, ionischen Flüssigkeit am besten für eine Stabilisierung der 

Palladium-Nanopartikel auf der Oberfläche sorgen kann. Dieser Katalysator mit 

einer exzellenten Beladung (bis zu 4.0 mmol g-1) zeigte sehr hohe Aktivität in der 

Hydrierung von trans-Stilben (Wechselzahl bis zu 330 h-1), ist sehr leicht abzu-

trennen und konnte 11 Mal ohne Aktivitätsverlust wiederverwendet werden. Des 

Weiteren konnten wir feststellen, dass bei der verwendeten Katalysator-Menge 

von 0.1 mol% nur sehr wenig Palladium und Kobalt in das Reaktionsprodukt aus-

laugt. Das Recyceln des Katalysators war auch möglich, indem nach jedem Zyklus 

ein anderes Substrat für die Hydrierung zugesetzt wurde. 
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Schema 3 Hydrierung von Alkenen und Nitro-Verbindungen mit Hilfe von Palladium-Nanopartikeln, 

die auf Co/C-Nanopartikeln funktionalisiert mit einer ionischen Flüssigkeit, immobilisiert wurden. 

 

 In Kapitel 6 wurde versucht recycelbare Katalysatoren für die C-H Aktivie-

rung und die Olefin Metathese herzustellen. Für die C-H Aktivierung wurden Pal-

ladium-Nanopartikel direkt auf der Oberfläche von Co/C-Nanopartikeln abgeschie-

den und in der Arylierung von Benzo[b]thiophen getestet. Leider konnte dabei je-

doch kein Umsatz beobachtet werden, was uns aufgrund von Literatur-

Ergebnissen mit Palladium auf Aktivkohle überraschte. Ein möglicher Grund dafür 

könnte darin liegen, dass der Mechanismus dieser Reaktion noch nicht komplett 

aufgeklärt ist. Falls die aktive Katalysator-Spezies nämlich nicht hetero- sondern 

homogen ist, würde die Reaktion nur bei einem enormen Auslaugen von Pd(II) in 

die Reaktionslösung funktionieren. Ein magnetischer Ruthenium-Komplex für die 

Olefin-Metathese konnte ebenso nicht dargestellt werden. Wir haben versucht ei-

nen Grubbs Katalysator durch einfachen Liganden-Austausch mit einem simplen 

Benzyl-Methyl-Imidazolium Baustein als Vorstufe auf der Nanopartikel-Oberfläche 

zu immobilisieren. Dies funktionierte vermutlich nicht, da sich das Imidazolium-

Trägermaterial als extrem hygroskopisch herausstellte und somit das Herstellen 

der Carben-Zwischenstufe nahezu unmöglich ist. 
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E. List of abbreviations 

 

AC activated carbon 

AIBN N,N-azobisisobutyro-

nitrile 

AN aniline 

Ar aryl 

atm atmosphere 

ATR attenuated total 

reflection 

bipy 2,2’-bipyridine 

bmim butylmethylimidazolium 

br broad resonance 

Bz benzyl 

CAL cinnamaldehyde 

CDG chemically derived 

graphene 

CNF carbon nanofibre 

CNT carbon nanotube 

Co/C carbon-coated cobalt 

nanoparticles 

COD 1,5-cyclooctadiene 

COL cinnamyl alcohol 

CQD carbon quantum dot 

CuAAC copper-catalyzed 

azide/ alkyne 

cycloaddition 

Cy cyclohexyl 

d day(s), doublet 

DCE dichloroethane 

DCM dichloromethane 

dba dibenzylidene acetone 

DFT density functional 

theory 

DMF dimethylformamide 

dr diastereomeric ratio 

DWCNT double-walled carbon 

nanotube 

EDTA ethylenediaminetetra-

acetic acid 

EE ethyl acetate 

ee enantiomeric excess 

E-field electric field 

equiv equivalents 

ESI electrospray ionization 

ET electron tomography 

Et ethyl 

EtOH ethanol 

Fe/C carbon-coated iron 

nanoparticles 

FT Fourier transform 

FTS Fischer-Tropsch 

synthesis 

GC gas chromatography 

GN graphene nanosheet 

Gn dendrimer of 

generation n 

GO graphene oxide 

h hour(s) 

HAD hexadecylamine 

HCAL hydrocinnamaldehyde 

HCOL hydrocinnamyl alcohol 

Het heterocycle 

H-field magnetic field 

HPLC high-performance 

liquid chromatography 

Hz hertz 

ICP inductively coupled 

plasma 

IL ionic liquid 
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iPr iso-propyl 

IR infrared 

Irel relative intensity 

J coupling constant 

L ligand 

M metal, monomer 

m multiplet 

m- meta- 

MD molecular dynamics 

Me methyl 

MeCN acetonitrile 

MeOH methanol 

MeOPEG polyethylene glycol 

monomethyl ether 

Mes mesitylene 

min minute(s) 

MNP metal nanoparticle 

MPA mercaptopropionic 

acid 

MS mass spectrometry 

mSiO2 mesoporous silica 

MW microwave 

MWCNT multi-wall carbon 

nanotube 

NB nitrobenzene 

NHC N-heterocyclic carbene 

NMR nuclear magnetic 

resonance 

NP nanoparticle 

npD diamond nanoparticle 

nPent n-pentyl 

nPr n-propyl 

o- ortho- 

Oad oxygen adatom 

OES optical emission 

spectrometry 

OTf triflate 

p- para- 

PAMAM poly(amidoamine) 

PANI polyaniline 

p-CAN para-chloroaniline 

p-CNB para-chloronitro-

benzene 

PDDA poly(diallyldimethyl-

ammonium chloride) 

PE hexanes 

PEG poly ethylene glycol 

Ph phenyl 

ppm part per million 

PS polystyrene 

PVA poly(vinylalcohol) 

PVP poly(vinylpyrrolidone) 

quin quintet 

Rx arbitrary rest 

rGO reduced graphene 

oxide 

rt room temperature 

s singlet, second(s) 

SDS sodium dodecyl sulfate 

SEED substrate enhanced 

electroless deposition 

SIL supported ionic liquid 

SILP supported ionic liquid 

phase 

SWCNT single-walled carbon 

nanotube 

T temperature 

t triplet, time 

TBTA tris(benzyltriazolyl-

methyl)amine 
tBu tert-butyl 

TEM transmission electron 

microscopy 

TEMPO 2,2,6,6-tetramethyl-

piperidine-1-oxyl 

THF tetrahydrofurane 
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TLC thin layer 

chromatography 

TOF turnover frequency 

TON turnover number 

TMS trimethyl silyl 

tR retention time 

UV ultraviolet 

ṽ wave number 

wt% weight percent 

X arbitrary anion 

XRD x-ray diffraction 
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F. Appendix 

1. NMR spectra 

 

1H NMR (300 MHz) 

13C NMR (75 MHz) 

Solvent: CDCl3 
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N-Benzyl-3-(1H-imidazol-1-yl)propan-1-amine (26) 
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2-Methyl-4-nitro-3-phenylbutanal (36a) (syn and anti) 

 

2-Ethyl-4-nitro-3-phenylbutanal (36b) (syn and anti) 
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2-Nitro-1-phenylethyl)-pentanal (36c) (syn and anti) 

 

2-Nitro-1-phenylethyl)-heptanal (36d) (syn and anti) 
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(4-Bromophenyl)-2-methyl-4-nitrobutyraldehyde (36e) (syn and anti) 

 

2-Methyl-4-nitro-3-(4-methoxyphenyl)-butanal (36f) (syn and anti) 
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3-Furyl-2-methyl-4-nitrobutyraldehyde (36g) (syn and anti) 
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1,3-Diphenylpropan-1-one (12g) 
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2. HPLC data 

 

(2R, 3S)-2-Methyl-4-nitro-3-phenylbutanal (36a) 
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(2R, 3S)-2-Ethyl-4-nitro-3-phenylbutanal (36b) 
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(2R)-((S)-2-Nitro-1-phenylethyl)-pentanal (36c) 
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(2R)-((S)-2-Nitro-1-phenylethyl)-heptanal (36d) 
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(2R, 3S)-(4-Bromophenyl)-2-methyl-4-nitrobutyraldehyde (36e) 
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(2R, 3S)-2-Methyl-4-nitro-3-(4-methoxyphenyl)-butanal (36f) 
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(2R, 3S)-3-Furyl-2-methyl-4-nitrobutyraldehyde (36g) 
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3. GC data 

 

1,2-Diphenylethane (12a) 
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Ethylbenzene (12b) 
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Ethane-1,1-diyldibenzene (12c) 
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Isobutylbenzene (12d) 
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1-Chloro-4-ethylbenzene (12e) 
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1-Ethyl-4-methoxybenzene (12f) 
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1,3-Diphenylpropan-1-one (12g) 
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Methyl-3-phenylpropanoate (12h) 
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Bicyclo[2.2.1]heptanes (12i) 
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4-Methoxyaniline (12j) 
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4-Chloraniline (12k) 
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