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ABSTRACT: Cobalt oxide/cobalt-based nanoparticles featur-
ing a core−shell structure and nitrogen-doped graphene layers
on alumina are obtained by pyrolysis of Co(OAc)2/
phenanthroline. The resulting core−shell material (Co3O4−
Co/NGr@α-Al2O3) was successfully applied in the catalytic
hydrogenation of a variety of N-heteroarenes including
quinolines, acridines, benzo[h], and 1,5-naphthyridine as well
as unprotected indoles. The peculiar structure of the novel
heterogeneous catalyst enables activation of molecular hydro-
gen at comparably low temperature. Both high activity and
selectivity were achieved in these hydrogenation processes, to give important building blocks for bioactive compounds as well as
the pharmaceutical industry.

■ INTRODUCTION

Reduction of arenes is of fundamental interest in organic
synthesis and applied on large scale for the production of a
variety of fine and bulk chemicals. In this context, hydrogen
represents the most clean reductant.1 Among the various
arenes, selective hydrogenation of N-heteroarenes is a long-
standing scientific and technological challenge due to the high
resonance stability of these substrates and the potential
poisoning of the catalysts by either substrates or their reduced
products.2−4 Despite the development of several molecularly
defined homogeneous catalysts, e.g., Rh, Ru, Ir, and Os
complexes,3,4 in general harsh conditions and extra additives
such as I2 are required for successful reductions. Notably, these
precious catalysts always need to be specifically activated in
advance and stored under an inert atmosphere. In addition,
heterogeneous catalytic hydrogenations offer an alternative
option.5 Indeed, many classic heterogeneous catalysts, being
largely dominated by platinum-group metals (PGM) and
nickel, have been applied. These catalysts are usually highly
active; hence, unselective hydrogenation of functionalized
arenes with other reducible groups takes place, too. Thus, the
search for advanced materials that enables the hydrogenation of
N-heteroarenes with sufficient activity and high selectivity
remains a challenging task.6

Recently, we developed novel nanoscaled cobalt and iron
oxide on carbon support (Vulcan XC72R) which are modified
by nitrogen-doped graphene layers (NGr). The peculiar
structure of the these core−shell catalysts is based on the
pyrolysis of metal acetate complexes with nitrogen ligands,
especially phenanthroline.7 So far, these Co3O4/NGr@C or
Fe2O3/NGr@C catalysts have been applied in the selective
hydrogenation of nitroarenes, imines, and the selective

oxidation of alcohols to esters as well as nitriles.7 Based on
their performance in such redox transformations, we became
interested in further exploitation of non-noble-metal-based
systems for the more challenging reduction of N-heteroarenes.
1,2,3,4-Tetrahydroquinoline frameworks are ubiquitous in

naturally occurring alkaloids and bioactive molecules, which
have found broad applications in the synthesis of pharmaceut-
icals and agrochemicals.2e For instance, 1,2,3,4-tetrahydroqui-
noline derivatives are easily converted into important bio-
logically active molecules such as a tubulin polymerization
inhibitor,8 flumequine9 and (±)-galipinine.10 Obviously, the
hydrogenation of readily available quinolines offers a
straightforward and convenient access to these compounds in
terms of atom efficiency.2e,f

As shown in Scheme 1, different homogeneous4 and
heterogeneous5 systems were developed for the hydrogenation
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Scheme 1. Hydrogenation of Quinolines to 1,2,3,4-
Tetrahydroquinoline Derivatives
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of quinolines. To further improve this transformation, we
herein report the preparation and characterization of cobalt
oxide/cobalt nanoparticles featuring nitrogen-doped graphene
layers on alumina (Co3O4−Co/NGr@α-Al2O3). This novel
material constitutes the first heterogeneous cobalt-based
catalyst, which is successfully applied in the hydrogenation of
N-heteroarenes such as quinolines with high activity and
selectivity. Meanwhile, we also report the hydrogenation of
other heterocycles, e.g., unprotected indoles into indolines,
which are also important scaffolds of numerous biologically
active molecules.11

■ RESULTS AND DISCUSSION
Catalyst Preparation. Initially, a series of novel materials

using iron, cobalt, and nickel salts as metal precursors have
been prepared by pyrolysis in the presence of 1,10-phenanthro-
line (L1), 2,2′-bipyridine (L2), and 2,2′:6′,2″-terpyridine (L3)
as selected nitrogen ligands (conditions: 600−800 °C for 2 h
under argon atmosphere). In contrast to our previous studies,7

different inorganic supports, e.g., alumina, magnesium oxide,
boron carbide, and silica, were applied in the pyrolysis process
under various conditions. All these materials were tested for
their catalytic activity for the benchmark hydrogenation of
quinoline to tetrahydroquinoline at 120 °C and 2 MPa of
hydrogen. Interestingly, our previously described known
carbon-supported pyrolyzed materials showed interesting
activity (see Supporting Information). However, the best
catalyst was prepared using Co(OAc)2·4H2O as metal
precursor and 1,10-phenanthroline as nitrogen ligand on α-
Al2O3 (Figure 1). Thermal analysis of the pyrolysis process

disclosed that the ligand is mainly decomposed between 200
and 400 °C (see Supporting Information). Typically, all the
catalyst materials were prepared batchwise on 1 g scale.
Preparation on a 5 g scale gave similar results.
Catalyst Characterization. The Co content of the most

active catalyst (Co3O4−Co/NGr@α-Al2O3) is 2.923 wt %,
which is determined by the elemental analysis. Meanwhile, the
contents of C, N, and H are 14.240%, 0.541% and 0.060%
respectively. High-angle annular dark field (HAADF) experi-
ments using spherical aberration (Cs)-corrected transmission
electron microscopy showed the complete size spectra of the
nanocomposites of the catalyst (Figure 2a). Meanwhile, annular
bright field (ABF) experiments revealed that the cobalt
nanoparticles are surrounded by a large amount of graphitic
layers (Figure 2b−d). Furthermore, the HAADF images show
that the cobalt particles of this active catalyst have a core−shell
structure with a Co3O4 surface, which is displayed clearly via
energy-dispersive X-ray spectroscopy (EDXS) (Figure 3a−d).
However, the core of the material is composed of metallic
cobalt.

To obtain further insight into the chemical composition of
this catalyst, the X-ray photoelectron spectroscopy (XPS)
spectrum has been recorded. As shown in Figure 4, four peaks
are observed in the C 1s spectra of Co3O4−Co/NGr@α-Al2O3
with an electron-binding energy of 283.14 eV, 284.5 eV, 285.91
eV, and 288.64 eV and a peak in the N 1s spectra with an
electron-binding energy of 399.5 eV. The results of XPS show
that the graphitic layers contain different types of carbon as well
as nitrogen atoms, the latter being in the form of pyridinic or
pyrrolic species.12

This general composition is in agreement with the elemental
analysis. The observed carbon layers might be generated from
the metal precursor (acetate) and/or the ligand (1,10-
phenanthroline), while carbonization of nitrogen-containing
ligands should lead to nitrogen-doped graphene-type structures

Figure 1. Synthesis of Co3O4−Co/NGr@α-Al2O3.

Figure 2. (a) HAADF TEM image of Co3O4−Co/NGr@α-Al2O3.
(b−d) ABF TEM images of Co3O4−Co/NGr@α-Al2O3.

Figure 3. EDXS maps of Co3O4−Co/NGr@α-Al2O3.
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(NGr).13 The graphitic layers contain at least four different
carbon species (C−C, C−O) as revealed by the XPS
measurements. This result coincides with Raman spectroscopy
where several signals of C atoms are detected in the disorderd-
band (D-band) (see Supporting Information).
To understand the composition of the cobalt nanoparticles

(NPs) in the catalyst more accurately, X-ray diffraction (XRD)
investigations have been carried out, too (see Supporting
Information). Here, only metallic cobalt was identified. This
result indicates that the main constituent of cobalt in the
catalyst is metallic cobalt, which is in agreement with results of
the HAADF images and EDXS maps. As shown in Figure 3a−d,
the thickness of the shell cobalt oxide is not more than 3 nm
while the diameter of the whole metal particle is about 20 nm.
Furthermore, the formed graphitic layers are assumed to be
amorphous because no crystal carbon peak is detected in the
XRD spectra.

Catalysis. Initial hydrogenation experiments were con-
ducted with quinoline (1a) as model substrate (0.5 mmol
scale). Using the Co3O4−Co/NGr@α-Al2O3 NPs (Cat1) the
desired product 1,2,3,4-tetrahydroquinoline (2a) is obtained in
90% yield under 1 MPa H2 at 120 °C for 48 h in toluene (Table
1, entry 1). Variation of the catalyst loading showed that 4 mol
% of Cat1 gave optimal results (Table 1, entries 2 and 3).
Under similar conditions, Cat2 and Cat3 made from 2,2′-
bipyridine (L2) and 2,2′:6′,2″-terpyridine (L3) as ligands,
respectively, showed significantly lower activity for this
transformation (Table 1, entries 4 and 5). As expected,
applying a homogeneous catalyst mixture of Co(OAc)2·4H2O
(4 mol %) with 1,10-phenanthroline (8 mol %) did not result
in any desired 1,2,3,4-tetrahydroquinoline (2a) (Table 1, entry
6).

Figure 4. XPS spectrum of Co3O4−Co/NGr@α-Al2O3: (a) C 1s XPS
spectra; (b) N 1s XPS spectra.

Table 1. Catalytic Hydrogenation of Quinoline: Variation of Catalysts and Reaction Conditionsa

entry catalyst (mol %) H2 (MPa) solvent T (°C) yieldb (%)

1 Co/L1/α-Al2O3 (4) 1 toluene 120 90 (88e)
2 Co/L1/α-Al2O3 (3) 1 toluene 120 94
3 Co/L1/α-Al2O3 (2) 1 toluene 120 92
4 Co/L2/α-Al2O3 (4) 1 toluene 120 37
5 Co/L3/α-Al2O3 (4) 1 toluene 120 52
6c Co(OAc)2·4H2O (4) 2 toluene 120 0
7d Co/L1/α-Al2O3 (4) 2 toluene 120 0
8 Co/L1/α-Al2O3 (4) 1 1,4-dioxane 120 83
9 Co/L1/α-Al2O3 (4) 1 THF 120 94
10 Co/L1/α-Al2O3 (4) 1 MeCN 120 0
11 Co/L1/α-Al2O3 (4) 2 toluene 120 98
12 Co/L1/α-Al2O3 (4) 0.5 toluene 120 50
13 Co/L1/α-Al2O3 (4) 0.3 toluene 120 24
14f Co/L1/α-Al2O3 (4) 2 toluene 120 90

aReaction conditions: 0.5 mmol of 1a, 4 mol % Co3O4−Co/NGr@α-Al2O3, in 2 mL toluene under H2.
bGC yield using dodecane as an internal

standard. c1,10-Phenanthroline (8 mol %) was used. dThe catalyst was not pyrolyzed. eIsolated yield. f10 mmol scale reaction.
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Similarly, the heterogenized catalyst without pyrolysis
revealed no activation of hydrogen in the model reaction
(Table 1, entry 7). In the presence of Cat1 different solvents
such as 1,4-dioxane, THF, and MeCN were tested, but no
improvement was observed (Table 1, entries 8−10). At lower
hydrogen pressure (0.3−0.5 MPa) the reaction was retarded,
whereas an enhanced product yield (98% of 1,2,3,4-
tetrahydroquinoline 2a) was achieved under 2 MPa H2
(Table 1, entries 11−13). As shown in Figure 5, the starting

material is fully consumed after 15 h. Notably, no intermediates
could be detected by gas chromatography during the whole
reaction process. Under optimal conditions, hydrogenation of
quinoline 1a on 10 mmol scale gave also 90% yield of the
desired product (Table 1, entry 14).
The obvious advantage of heterogeneous catalysts compared

to molecularly defined systems is their easy recycling. In order
to demonstrate the stability and recyclability of the Co3O4−
Co/NGr@α-Al2O3 NPs, we reused the catalyst for the model
system up to six times. As shown in Figure 6 the catalyst is

stable under air atmosphere and showed only slight
deactivation. After the sixth run the product yield was still
76% (Figure 6). No leaching occurred to the reaction media
with this heterogeneous cobalt catalyst (see Supporting
Information). The ABF TEM images and EDXS maps of the
catalysts (Co3O4−Co/NGr@α-Al2O3) after the first run and
the sixth run are shown in Figure 7. Even after the sixth run the

nanoparticles stayed intact; however, the cobalt oxide shell
structure disappeared according to the EDX map analysis.
These results demonstrate that dispersed metallic cobalt
nanoparticles are responsible for the catalytic properties.
Next, the substrate scope of the hydrogenation of different

quinolines was explored under standard conditions (Scheme 2).

Figure 5. Kinetic data of the hydrogenation of quinoline with Co3O4−
Co/NGr@α-Al2O3 NPs catalyst.

Figure 6. Hydrogenation of quinoline with Co3O4−Co/NGr@α-
Al2O3 NPs catalyst: recycling experiments.

Figure 7. (a) ABF TEM image of Co3O4−Co/NGr@α-Al2O3 after the
first run. (b) ABF TEM image of Co3O4−Co/NGr@α-Al2O3 after the
sixth run. (c) EDXS map of Co3O4−Co/NGr@α-Al2O3 after the first
run. (d) EDXS map of Co3O4−Co/NGr@α-Al2O3 after the sixth run.

Scheme 2. Co3O4−Co/NGr@α-Al2O3 NPs Catalyzed
Hydrogenation of Various Quinolines

a0.5 MPa H2.
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Generally, quinolines with various functional groups are
converted to the corresponding 1,2,3,4-tetrahydroquinolines
in high yields and selectivities. Both substrates with electron-
donating or electron-withdrawing groups were smoothly
transformed to the desired products.
Interestingly, substrates bearing fluorine and chlorine atoms

at the 5-, 6-, 7-, or 8-position are smoothly hydrogenated and
no dehalogenation products were detected in this process.
Surprisingly, 2,2′-biquinoline reacted in a selective manner to
give 1,2,3,4-tetrahydro-2,2′-biquinoline (2k) with only one
pyridyl ring hydrogenated. In the case of 2-(4-methylpent-3-en-
1-yl)quinoline (1r) bearing a sensitive carbon−carbon double
bond, no hydrogenation of the olefin was observed, the desired
product (2r) is obtained in 49% yield, and 39% starting
material was recovered. However, substrates with monosub-
stituted olefin moiety are not compatible under the same
conditions (see Supporting Information). Interestingly, 4-
methylquinoline is hydrogenated to give two products: 4-
methyl-1,2,3,4-tetrahydroquinoline (2s) and 4-methyl-5,6,7,8-
tetrahydroquinoline (2s′), respectively. Similarly, 2,4-dimethyl-
quinoline led to 2,4-dimethyl-1,2,3,4-tetrahydroquinoline (2t)
and 2,4-dimethyl-5,6,7,8-tetrahydroquinoline (2t′). These
results show that hydrogenation of the phenyl ring of the
substrates is possible, too. Apparently, hydrogenation of the
heterocycle is very susceptible toward substitution at the 4-
position of the quinoline ring. Thus, reduction of the
heterocycle becomes more difficult in these cases. In agreement
with this observation the reduction of 4,7 did not react. On the
other hand, 1,2,3,4-tetrahydroacridine (1u) was converted into
the (4aS,9aS)-1,2,3,4,4a,9,9a,10-octahydroacridine (2u) and
(4aR,9aS)-1,2,3,4,4a,9,9a,10-octahydroacridine (2u′) with 50%
and 20% yield, respectively.
Other N-heteroarenes such as acridine (1v), 9-phenylacridine

(1w), phenanthridine (1x), benzo[h]quinoline (1y), and 3-
methylbenzo[f ]quinoline (1z) were hydrogenated selectively
with the present catalytic system, and in most cases the
corresponding products were obtained in good to excellent
yields (Table 2). For example, 1,2,3,4-tetrahydro-1,5-naphthyr-
idine (2aa) is obtained as a sole product in 86% yield. Notably,
quinoline 1-oxide gave 1,2,3,4-tetrahydroquinoline (2a) in high
yield under the standard conditions.
Given the usefulness of 1,2,3,4-tetrahydroquinolines in

medicinal chemistry, the importance of this novel hydro-
genation system was showcased in the synthesis of three
different pharmacologically active compounds. For instance, the
reduced 6-methoxy-1,2,3,4-tetrahydroquinoline (2b) was re-
acted with 3,4,5-trimethoxybenzoyl chloride to give the tubulin
polymerization inhibitor (6-methoxy-3,4-dihydroquinolin-
1(2H)-yl)(3,4,5-trimethoxyphenyl)methanone (6) in 92%
yield. (Scheme 3a). Moreover, 6-fluoro-2-methyl-1,2,3,4-
tetrahydroquinoline (2o) was converted into flumequine in
three steps in 78% total yield. (Scheme 3b). Finally,
(±)-galipinine was synthesized from 2-(2-(benzo[d][1,3]-
dioxol-5-yl)ethyl)-1,2,3,4-tetrahydroquinoline (2q) in 91%
yield easily (Scheme 3c).
Encouraged by these results, we became interested in the

hydrogenation of a series of unprotected indoles. The resulting
indolines are useful building blocks for many biologically active
natural and non-natural products. So far, for this transformation
catalysts mainly based on noble metals (homogeneous, Rh, Ru,
Ir;14 heterogeneous, Rh, Pd, Pt, Ni−Al) have been developed.
In general, N-protected indoles have to be applied as
substrates.15 To avoid tedious protection/deprotection steps,

we studied the hydrogenation of unprotected indole 3a as a
model substrate. To our delight the Co3O4−Co/NGr@α-Al2O3
NPs are suitable for the hydrogenation of 3a under standard
conditions, and indoline 4a was obtained in 51% yield.
Performing few optimization experiments gave the product
4a in 83% yield (Table 3).

Table 2. Co3O4−Co/NGr@α-Al2O3 NPs Catalyzed
Hydrogenation of Other N-Heteroarenesa

aReaction conditions: 0.5 mmol of substrate, 4 mol % Co3O4−Co/
NGr@α-Al2O3, in 2 mL of toluene under H2.

bIsolated yield. cGC
yield using dodecane as an internal standard.

Scheme 3. Applications of Synthesized 1,2,3,4-
Tetrahydroquinoline Derivatives
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As shown in Table 4, methyl- and methoxy-substituted
indoles led to the corresponding indolines in moderate yields.

It should be noted that in most cases part of the starting
materials were recovered even after 48 h.

■ CONCLUSION
Cobalt oxide/cobalt nanoparticles modified by nitrogen-doped
graphene layers on alumina are obtained by pyrolysis of
Co(OAc)2/phenanthroline on alumina. The resulting material
(Co3O4−Co/NGr@α-Al2O3) constitutes an active catalyst for
hydrogenation of a variety of N-heteroarenes including
quinolines, acridines, benzo[h], and 1,5-naphthyridine as well
as unprotected indoles. The peculiar structure of the novel
heterogeneous catalyst enables activation of molecular hydro-
gen at comparably low temperature (120 °C). Good activity
and high selectivity were achieved in hydrogenation processes
to give important building blocks for bioactive compounds as
well as the pharmaceutical industry. Further applications of
these Co-containing NPs on various supports are currently
under way in our laboratory.

■ EXPERIMENTAL SECTION
Preparation of the Co3O4−Co/NGr@α-Al2O3. Co(OAc)2·4H2O

(0.5 mmol) and 1,10-phenanthroline (1.0 mmol) were stirred in

ethanol (20 mL) for 15 min at room temperature. Then, the whole
mixture was stirred at 60 °C for 1 h. The support α-Al2O3 was added,
and the mixture was stirred at room temperature overnight. Then, the
ethanol was removed in vacuo and a pale brown sample was obtained.
This solid was grinded to a fine powder, which was transferred into a
ceramic crucible and placed in the oven. The oven was evacuated (5
mbar) and then flushed with argon for three times. The oven was
heated to 800 °C at the rate of 25 °C per minute, and held at 800 °C
for 2 h under argon atmosphere. After the heating was switched off,
the oven was cooled to room temperature.

General Procedure for Hydrogenation. In a reaction vial (5
mL), quinoline 1 (0.5 mmol) and Co3O4−Co/NGr@α-Al2O3 (40 mg)
were mixed with 2 mL of toluene. The closed vials were placed into a
300 mL autoclave via a metal plate. The autoclave was flushed with
hydrogen twice and pressurized with hydrogen. Then, the autoclave
was placed into an aluminum block and the reaction was performed at
120 °C. After the reaction was complete, the autoclave was cooled to
room temperature and the hydrogen was released. The crude reaction
mixture was purified by flash chromatography on silica (eluent:
hexane/ethyl acetate = 20:1 to 3:1) to afford 1,2,3,4-tetrahydroquino-
line 2.
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