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Hydrogenation of Pyridines using a Nitrogen-Modified Titania

Supported Cobalt Catalyst

Feng Chen,” Wu Li,¥ Basudev Sahoo,® Carsten Kreyenschulte,™ Giovanni Agostini,® Henrik Lund,®

Kathrin Junge,™ and Matthias Beller*?

Abstract: Novel heterogeneous catalysts were prepared by
impregnation of titania with a solution of cobalt acetate/melamine
and subsequent pyrolysis. The resulting materials show an unusual
nitrogen-modified titanium structure through partial implementation
of nitrogen into the support. The optimal catalyst displayed good
activity and selectivity for challenging pyridine hydrogenation under
acid free conditions in water as solvent.

Piperidines constitute an important structural motif found in
many natural products, synthetic drugs and biologically active
compounds.™ Their synthesis has been extensively developed
and numerous methods based on heterocycle construction,
cycloaddition, ring expansions and rearrangements are known.?
Alternatively, direct hydrogenations of readily available
substituted pyridines into the corresponding piperidines are
undoubtedly attractive in terms of efficiency as well as step and
atom economy. Although some protocols using homogeneous
Rh,® I and metal free®™ systems were reported (Scheme 1),
catalyst costs, limited substrate scope and required conditions
restrict applications of these methods so far. In industry,
heterogeneous catalysts are preferred because of their stability
and easy separation from the products. Known materials for
pyridine hydrogenation are based on precious metals,'® such as
Rh nanoparticles, RuO,, Pd/C and PtO,. Here, in general the
addition of acid is required for pre-activation of the substrate,
which causes corrosion problems (Scheme 1).
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Scheme 1. Known catalytic hydrogenations of pyridines.

In the past decades, catalysis using earth abundant metals
became an actual and important subject in chemistry.”? While
several non-noble based heterogeneous catalysts have been
used for reduction of quinolones, isoquinolines and related
heterocycles,® the hydrogenation of less active pyridine is rarely
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known. Herein, we report the first example of nitrogen-modified
cobalt nanoparticles for efficient pyridine hydrogenations under
neutral conditions in water.

In recent years, materials containing non-noble metal
nanoparticles and nitrogen-modified carbon structures were
developed with special electronic properties, allowing several
interesting catalytic (de)hydrogenation reactions."*® Encouraged
by all these works and our recent hydrogenation of
heterocycles, % ' we became interested in the development of
a general protocol for reduction of pyridines.

At the start of our studies, a series of materials was
synthesized by pyrolysis of cobalt salts with melamine in the
presence of different inorganic supports. Notably, melamine is a
nitrogen-rich, inexpensive monomer,*? which has been also
applied as a precursor for the preparation of g-CsN,.*® However,
so far it has been rarely used for catalyst synthesis.®

For the preparation of the potential catalysts TiO,, ZrO,,
Al,O3, CeOg, carbon, BN and Nb,Os were impregnated with an
ethanolic solution of cobalt acetate and melamine and
subsequently pyrolyzed at 500-1000 °C. A detailed preparation
procedure and screening conditions are described in the SI. The
best catalyst Co/Melamine-6@TiO,-800-5 was selected for
further exploration.

To understand the structural features of these titanium-
based cobalt -catalysts, scanning transmission electron
microscopy (STEM), X-ray photoelectron spectroscopy (XPS)
and powder X-ray diffraction (PXRD) investigations were
performed. Firstly, PXRD measurement was carried out to
understand the formation of the active catalyst and the possible
interaction of the deposited pre-catalyst with the support. After
thermal treatment of the material at different temperatures the
obtained catalysts were investigated ex-situ (Figure S4a).

Next to the titania phase mixture (anatase and rutil) of the
support, metallic Co can be indexed from the powder pattern
after treatment at 700 °C (see Figure S4a). If the temperature of
the treatment procedure is increased to 800 °C, the relative
intensity of the TiO,-phases reflection peaks decreases and
broad reflection peaks appear, which can be interpreted as the
formation of titania suboxides of the general formula TixOzx1.M
Anyway, the diffraction data does not allow the identification of a
specific titania suboxide at this stage. If the temperature is
further increased during catalyst preparation titania is reduced to
Ti4O7 (900 °C) and finally to TisOs (1000 °C),*® emphasizing the
interpretation of Magnéli suboxide formation via carbothermic
reduction. Additional reduction products such as titanium
oxycarbides (TiO1.xCyx) which are typically formed in an excess of
carbon are not identified in the investigated temperature range.
Due to the usage of melamine in the synthesis of metal nitrides,
the formation of titanium oxynitrides (TiO1xNx) or nitrides (TiN)
might be possible as well.%® At 1000 °C the presence of rock-
salt structured titanium (oxy-)nitride phase (Figure S4a, empty
squares), which starts to appear at 700 °C, is also possible.
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Remarkably, the diffraction peaks which were assigned to this
phase do exhibit a shift to smaller angles 2 theta if the pyrolysis
temperature is increased to 1000 °C. This finding leads to the
assumption that pure TiN is formed at 1000 °C from the titanium
oxynitrides which is present after treatment at lower
temperatures. Beside the reduction of titania the ongoing crystal
growth of metallic cobalt can be stated (cf. 4.6 nm at 800 °C,
10.3 nm at 1000 °C).[17] However, the presence of Co-O-species,
specially CoO, or Co-C-phases cannot clearly ruled out from the
diffraction data in general. Interestingly, the occurrence of the
discussed titanium suboxides seems to be dependent on the
applied heating rate (Figure S4b). If the material is heated with
5 °C/min to 800 °C the reduction of the titania support is less
advanced compared to an applied rate of 25 °C/min.
Consequently, the formation of titania suboxides seems to
diminish the activity of this catalyst.

For the most active catalyst, Co/Melamine-6@TiO,-800-5,
the STEM images show that cobalt particles are formed, which
are always connected with support TiO, (Figure 1 and Figures
S5-7). Some Co particles seem to be metallic as shown in
Figure 1, while some seem to conform to the underlying support

like in the upper Co particle shown and are of undetermined type.

Also, Co oxide particles and a Co containing carbon phase were
found. Interestingly, nitrogen is implanted into the support and a
Ti-N-O phase is formed (Figures S5-7). The energy loss near
edge structure (ELNES) in the electron energy loss spectrum
(EELS) reveals a difference in the electronic structure for the N

containing particle compared to those without (see Sl, XPS data).

For the material Co/Melamine-6@TiO,-1000-25, also a Ti-N-O
structure could be found (Figures S12-14), however it might
have a different crystal structure consistend to PXRD data.
Nevertheless, the material pyrolyzed at 1000 °C showed lower
activity for pyridine hydrogenation (15% conversion). Moreover,
the material Co/Melamine-6@TiO,-500-25 without the formation
of cobalt particles and Ti-N-O or Ti-N structures also exhibited
nearly no activity (Figures S15-16). Therefore, the formation of
nitrogen modified TiO, structure in the presence of cobalt
particles is crucial to realize the improved hydrogenation activity.

Figure 1. STEM-HAADF image and elemental maps from EELS and EDXS
signals of the marked areas of the Co/Melamine-6@TiO,-800-5 catalyst. Large
amount of nitrogen modified titanium structure is observed when pyrolyzation
temperature is 800 C mostly in the surface regions of larger TiO, particles but
also in the bulk of the small fraction of TiO, particles.

10.1002/anie.201803426

WILEY-VCH

TiN Oxidized TiN Ti2p,,,(TiO,)
a pyridinic : b Ti2pyp(TiO,) Paral 110

rrolic i i y "
Py . \I'ZPuz(T'N? ETlme(TlN)
~ (D) (D)

graphitic

Intensity [a.u.]

°
Intensity [a.u.

(G

T T T T T T ) T T T T
406 404 402 400 398 396 394 392 475 470 465 460 455
Binding Energy [eV] Binding Energy [eV]

Figure 2. XPS measurements for materials prepared at different temperatures.
(a) N1s spectra: (A) Co/Melamine-6@TiO,-800-5; (B) Co/Melamine-6@TiO,-
800-25; (C) Co/Melamine-6@TiO,-500-25; (D) Co/Melamine-6@TiO,-1000-25.
(b) Ti2p spectra: (A) Co/Melamine-6@TiO,-800-5; (B) Co/Melamine-6@TiO,-
800-25; (C) Co/Melamine-6@TiO,-500-25; (D) Co/Melamine-6@TiO,-1000-25.

XPS spectra were collected to elucidate the presence of TiOy
and TiO14Ny phases on the surface of the materials, N1s and
Ti2p regions are reported in Figure 2. According to literature TiN
is characterized to a contribution around 455-456 eV and 397 eV
for Ti2psz and N1s region, respectively. In presence of TiO1.xNx
phase, Ti2ps2 contribution is shifted at higher binding energy
towards to TiO, peak centered at 459 eV, while N-Ti-O in N1s
region is moved to lower binding energy.™® The sample treated
at 500 °C exhibited very broad peaks in both Ti2p and Nis
region in typical binding energy for TiO, and pyridinic and
combination pyrrolic and graphitic N species.' Increasing
temperature treatment, in Ti2ps, of sample Co/Melamine-
6@TiO,-800-25 a contribution at 457.7 eV appeared and it is
shifted to 457.4 eV and 456.7 eV for Co/Melamine-6@TiO,-800-
5 and Co/Melamine-6@TiO,-1000-25 samples, respectively.
This behavior can be explained as formation of TiO;xNx phase
that progressively enriches in N amount. This hypothesis is
confirmed by the energy peaks in the N1s region. For
Co/Melamine-6@TiO»-800-25 only a peak due to Ti-N-O species
was measured but Ti-N band appeared in Co/Melamine-
6@TiO2-800-5 becoming more intense in Co/Melamine-6@TiO-
1000-25 material. The presence of TiOx phases cannot be
identified due to over imposition with a TiOyN, signal in Ti2ps.
region.

To explore the scope of the optimal catalyst, hydrogenation
of pyridine derivatives with diverse substitution patterns under
acid free reaction conditions was tested (Table 1). Pyridine is
successfully hydrogenated to piperidine in 99% yield in methanol
using a reduced amount of catalyst (Table 1, entry 1).
Interestingly, when ethanol was selected as solvent, 1-
ethylpiperidine was obtained in 94% vyield (Table 1, entry 2).
Apparently, in this case after hydrogenation of the heterocyclic
ring reductive alkylation occurred due to the higher activity of
this alcohol in such reactions. A similar transformation occurred
with n-pentanol leading the corresponding product in 93% yield.
Thus, depending on the alcoholic solvent our catalyst allows
preparing both alkylated as well as N-H piperidines.
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Table 1. Substrates scope for cobalt catalyzed pyridine hydrogenations.
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[a] Reaction conditions: 0.25 mmol scale with 60 bar hydrogen at 160 °C for
24 hours with isolated yield. [b] 4% GC yield of 1-isopropylpiperidine is
detected. [c] 40 bar hydrogen at 140 °C. [d] GC yield determined using
dodecane as a standard. [e] 140 °C [f] 36 hours.

Applying the less reactive solvent iso-propanol a mixture of
piperidine (29%) and 1-isopropylpiperidine (4%) was obtained
(Table 1, entry 4; see also Table S2).). Notably, in case of 2-
substituted pyridines such as 2-ethylpyridine, 2-pentylpyridine or
2,6-dimethyl pyridine the corresponding 2-substituted piperidines
were produced in excellent yields (Table 1, entries 5-8). In order
to circumvent potential alkylation side reactions water was used
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as solvent. Gratifyingly, the hydrogenation of pyridine proceeded
with improved yields even at low catalyst loading (Table 1,
entries 9-10). Other substrates, for instance 3-ethylpiperidine
(2f), 4-ethylpiperidine (2g), 4-propylpiperidine (2h), and 4-
methylpiperidine (2i) were also obtained in good to excellent
yields (Table 1, entries 11-13). Furthermore, to investigate the
chemoselectivity for this =~ hydrogenation process, pyridines
bearing phenyl, benzyl, amide or acid groups were tested. Here,
3-, and 4-phenylpyridine as well as 2-benzylpyridine were
hydrogenated to the corresponding piperidines without
hydrogenation of the phenyl ring (Table 1, entries 14-16).
Additionally, isonicotinamide and isonicotinic acid were
successfully converted to piperidine-4-carboxamide (2m) and
piperidine-4-carboxylic acid (2n) simply using water as solvent
(Table 1, entries 17-18).

To showcase the applicability of this novel catalyst, the
hydrogenation protocol was utilized as a key step in the
syntheses of bioactive compounds (Scheme 2). Firstly,
isosolenopsin A (20),?? a fire ant venom alkaloid and potent and
selective inhibitor of neuronal nitric oxide synthase, was
synthesized in 98% yield from 2-methyl-6-undecylpyridine (10).
Furthermore, - 2-benzhydrylpyridine (1s) was successfully
converted to Desoxypipradrol®” (2p, 90%), which is a
norepinephrine-dopamine reuptake inhibitor (NDRI). Finally, 4-
methylpiperidine (2i) which was obtained in 94% yield is known
to react with 4-chloro-1-(4-fluorophenyl)butan-1-one to give
Melperone in a straightforward manner.??

Stability and recyclability represent important aspects of
heterogeneous catalysis. Considering that, the Co/Melamine-
6@TiO,-800-5 material was recycled 5 times for the
hydrogenation of pyridine on 1 mmol scale (Figure S3). No
significant drop of the activity of the catalyst was noticed as the
piperidine was obtained in 92% yield even after the 5" run. TEM
investigation of the recycled catalyst shows the formation of an
extended carbon phase containing N and Co as well as a
change of the small Ti-O-N particles (Figures S8-10). This
indicates that the Ti-O-N takes part in the reaction and
undergoes a slight deactivation process. Nevertheless, these
recycling experiments signify that the catalyst is quite stable
under the acid free hydrogenation conditions.

(a) a Cat (100 mg)
| H, 60 (bar), iPrOH
N 10 T N 7o

160 oC for 48 h

fo 98% 20 isosolenopsin A
®) Cat (100 mg) O
H, 60 (bar), iPrOH N
—_— H
160 oC for 30 h
90% 2
e o Desoxypipradrol

(c) /@)K/\/CI
o]
©/cat/H2 (60 bar) O/ F
N~ 160°C,24h, H,0 HN

ref. 22
2i 94% 2 F

Sl

Melperone

Scheme 2. Co-catalyzed hydrogenation of pyridines as a key step for the
syntheses of bioactive compounds.

In conclusion, novel heterogeneous cobalt catalysts were
prepared by impregnation of titania with an ethanolic solution of
cobalt acetate and melamine and subsequent pyrolysis. The
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resulting material shows a distinctive nitrogen-modified titanium
structure through partial implementation of nitrogen into the TiO,
support. The optimal catalyst system displays good activity and
selectivity for pyridine hydrogenation under acid free conditions,
which is a highly demanding transformation. Several substituted
pyridines  were  successfully hydrogenated into the
corresponding functionalized piperidines in water as solvent.
The reusability of the catalyst and its application for the
synthesis of bioactive compounds were demonstrated, too.
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