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he synthesis of catalytically active, inorganic nanoparticles

(NPs) with a high degree of control on particle size and
shape has gained significant interest in recent years. Shape and
especially the size of nanocrystals are of major importance for the
chemical and physical properties of the material.'~* Nanocrystals
are most often prepared using either reductive or thermolytic
conditions in solutions and require surfactants or stabilizing
agents to prevent nanoparticle agglomeration. Additionally,
various borane complexes are utilized as reductants but risk
poisoning the nanoparticles. For thermolysis, metal carbonyls are
the most readily available precursors, since the metal is already
present in M(0) oxidation state.'®”'> However, metal carbonyls
can be hazardous due to their toxicity. Furthermore, strict
exclusion of water and air is necessary. Apart from thermolytic
processes for the generation of metal nanoparticles, ultrasound is
another method for their preparation.® In addition, ionic liquids
(ILs) provide a convenient medium for the generation of
nanoparticles. However, ILs may interact with NPs and thus
poisoning of the latter cannot always be dismissed.'” Further-
more, unfavorable interaction between the substrate and ILs may
occur. We became interested in a new, convenient method for
the preparation of nanocrystals on solid support, circumventing
the aforementioned hazards or difficulties. In particular, we were
seeking a heterogeneous catalyst system for the efficient reduc-
tion of N-heterocycles.

Iridium" 3% is the most commonly used catalyst for the
reduction of imines to the corresponding amines, which are
important building blocks for pharmaceuticals or agrochemicals.
Many different applications have been developed over the past
decades using iridium catalysts for homo%eneous hydrogenations
of imines as well as N-heterocycles.*”** In contrast to homo-
geneous catalysts, which suffer from extra ligand synthesis and
which often cannot be reused or reisolated after use, hetero-
geneous catalysts offer the benefit of easy recycling. Moreover,
using continuous flow processes the substrate can be easily
passed over such catalysts and the product can be collected
without the need for further purification. However, no chemo-
selective, heterogeneous catalyst for the selective hydrogenation
of quinolines has been reported to date. The reason is that, for
instance, readily available Pd/C or Rh/C suffers from the over
reduction of the [H,]-quinoline to the [Hj,] -quinoline.33’34
Therefore, a convenient method for the preparation of new,
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chemoselective catalysts is of great interest for the development
of new and eflicient approaches to tetrahydroquinolines and
other N-heterocylces.

We were interested in a hydrogenolytic approach to
nanoparticles.”'* With only molecular hydrogen present, the only
concomitant impurity may be metal-hydrides formed during the
hydrogenation process. To prevent a sintering of nanoparticles, we
had to substitute the stabilizers with a different solid support,
holding the precursor molecules apart from each other and thus
minimizing the risk of uncontrolled nanoparticle agglomeration. In
seeking a suitable material for this purpose, we investigated carbon
nanotubes. They should provide first a solid support, and second a
matrix to prevent nanocrystals from diffusing and then agglomerat-
ing. Among the different types of carbon materials, carbon nano-
tubes (CNTs) offer significant advantages over other carbon
supports, including carbon nanofibers (CNFs), graphenes or
graphite.”>* CNTs can be synthesized with high-purity, which
lowers the risk of self-poisoning. Moreover, they possess outstand-
ing mechanical properties and are stable over a wide temperature
range. The catalytically active phase of CNTs is easily accessible and
due to the fact that CNTs possess no microporosity, potential
substrates do not have to diffuse into small pores, but can react on
the readily accessible surface of CNTs. Thus CNTSs represent an
interesting alternative to conventional carbon-based solid supports.

To date, CNT-supported heterogeneous iridium catalysts
have been mainly emgloyed in hydrogenation reactions of
cinnamic aldehyde,*” > hydroformylations,*' Fischer—Tropsch
reactions™ or in photo-** and electrocatalysis.*>*® The fact that
CNTs are inert to acidic or basic media makes them an optimal
heterogeneous support for the reduction of acyclic or cyclic
imines. However, CNTs are frequently pretreated with nitric acid
to perform a functionalization of the surface. Via this treatment
carboxyl-groups and carboxylic-anhydrides are formed on the
surface which are claimed to have beneficial effects for the
formation of nanoparticles.*® Yet, in the context of the reduction
of basic imines this functionalization of CNTs may be a major
drawback as the product can easily bind to the surface, either
through ion pairing or amide formation. Therefore, we decided
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Table 1. Reactivity of Iridium on CNT
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General reaction conditions: TOF calculated from conversion (by
GC-FID), substrate/ catalyst = 30.000, reaction time 2.25 h. * substrate/
catalyst = 200.000, reaction temperature 150 °C, reaction time 12h.

to use untreated CNTs as a solid support for preparing iridium
nanoparticles for reduction of different N-heterocycles.

We started our investigations with the synthesis of iridium-
coated carbon nanotubes (see Scheme 1) using an adsorption-
hydrogenolysis approach. Applying Ir(cod)acac as the metal
precursor we performed a wet adsorption on CNTs by slowly
removing the dichloromethane solvent. The formation of NPs is
often dependent on the nucleation rate, which can be correlated
to the hydrogenolysis temperature. Thus, we examined the
formation of Ir@CNT at different temperature under a set
pressure of 150 bar and subsequently used these newly generated
catalysts in the reduction of quinaldine.

Interestingly, the temperature of the hydrogenolysis had a
significant impact on the subsequent evaluation of the catalytic
activity of the heterogeneous iridium catalyst. While an almost
inactive iridium catalyst A was obtained when the hydrogenolysis
was performed at —30 °C, highly reactive catalysts B, C, and D
were obtained, if the hydrogenolysis was carried out at 60 and
150 °C, respectively. Oxidative treatment of CNTs only has a
small effect on the catalyst reactivity. Turnover numbers
(TON) for the latter three catalysts were calculated to be
about 29.000 and 27.000, with a turnover frequency (TOF)
exceeding 11.000 h™ ' (see Table 1). This is to date the highest
TOF reported for the hydrogenation of quinolines. Compared
to analogously prepared Ir/C, the reactivity of Ir/CNT is 2.5
to 4 times higher and clearly underlines the effectiveness of the
CNT support.

Figure 1. STEM/HRTEM investigation of sample B. (a) Brighter areas
in the ADF-STEM image marks the location of metal particles. (b)
Corresponding HREM image taken from this area shows lattice fringes
from crystalline iridium particles and the CNT support.

To gain further insight into the nature of the catalytic active
component of the heterogeneous catalysts the samples were
examined by high-resolution transmission electron microscopy
(HRTEM) and annular dark field (ADF) scanning transmission
electron microscopy (STEM), respectively. Additionally, we
carried out energy dispersive X-ray spectroscopy (EDX) which
provides important information of the chemical composition of
the iridium coated nanotubes with lateral resolution on the
nanometer scale. As indicated by the hydrogenation experiments,
the temperature of the hydrogenolysis reaction showed a sig-
nificant influence on the size and distribution of the iridium
nanoparticles. TEM investigation of sample A proves that
hydrogenolysis at —30 °C yields 2 CNT support that is virtually
free from iridium metal part1c1es However, TEM-EDX mea-
surements give evidence for small amounts of iridium being
present in the material, most probably in the form of microfilms.

Increasing the temperature of the hydrogenolysis to 60 °C
resulted in the formation of iridium nanoparticles, dispersed on
carbon nanotubes (sample B). Although STEM images show
formation of nanoparticles in the range between about 1 to
20 nm, HRTEM images reveal that the larger particles are
agglomerations of smaller nanoparticles (Figure 1). This was
also proven by inspecting different orientation of crystalline
nanoparticles in the bulkier agglomerates.

Further increase of the hydrogenolysis temperature to 150 °C
(sample C) yielded finely dispersed nanocrystals in the size range
of 1—10 nm on CNT without formation of larger agglomerates.
The crystalline nature of the nanoparticles was again shown by
HRTEM imaging.

Investigations of sample D by transmission electron microscopy
revealed the nature of the effect of the oxidative treatment of CNT's
toward the formation of iridium nanoparticles under hydrogeno-
Iytic conditions. The particle size distribution is very similar to
sample C that was prepared on untreated CNTs at 150 °C. As
observed for sample C, only very few agglomerates of iridium
nanocrystals can be found in sample D. This indicates that a high
control over the preparation of iridium nanoparticles supported on
CNTs can either be achieved by high temperature hydrogenolysis
or by oxidative treatment of CNT's prior to the hydrogenolysis.

In accordance with this finding, the react1v1ty toward the
reduction of qumaldlne is very similar (11.700 h™" for sample C
and 11.800 h™" for sample D, respectively).

The above findings can be rationalized by a mechanism in
which the nucleation of the nanoparticles plays the dominant
role. At low temperatures, nucleation is slow and thus intermedi-
ate iridium species during nanoparticle formation can diffuse or
move on the surface of CNTs and get reduced only in the event of
collision with an existing nucleation seed. This results in larger
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microparticles or microfilms, which are catalytically less active. At
high temperatures, fast nucleation is favored, numerous nuclei are
being formed, and thus smaller nanoparticles are observed.
Herein we describe the synthesis of iridium nanoparticles on
both functionalized and unfunctionalized carbon nanotubes,
using for the first time a stabilizer-free, hydrogenolytic approach
for nanoparticle formation. Both the temperature of the hydro-
genolysis and the oxidative pretreatment play important roles in
the preparation of the nanoparticles that are formed in a
nucleation-limited pathway. Although at low temperature nu-
cleation is slow and large particles are formed, the use of high
temperatures during the hydrogenolysis process favors the for-
mation of highly reactive iridium nanoparticles. The Ir@CNT
catalyst formed by this method not only exhibits the highest
catalytic activity in batch reduction of N-heterocycles*® to date but
it can additionally be employed in continuous flow reductions.*®
Further research is directed to a better understanding of the
nanoparticle formation employing different metal precursors as
well as further investigations toward applications in catalysis.
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