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Reusable Co-nanoparticles for general and
selective N-alkylation of amines and ammonia with
alcoholsT

Zhuang Ma,? Bei Zhou,? Xinmin Li,? Ravishankar G. Kadam,” Manoj B. Gawande, ©°
Martin Petr,” Radek Zbofil, & ° Matthias Beller 0 *2
and Rajenahally V. Jagadeesh@*a

A general cobalt-catalyzed N-alkylation of amines with alcohols by borrowing hydrogen methodology to
prepare different kinds of amines is reported. The optimal catalyst for this transformation is prepared by
pyrolysis of a specific templated material, which is generated in situ by mixing cobalt salts, nitrogen
ligands and colloidal silica, and subsequent removal of silica. Applying this novel Co-nanoparticle-based
material, >100 primary, secondary, and tertiary amines including N-methylamines and selected drug
molecules were conveniently prepared starting from inexpensive and easily accessible alcohols and

rsc.li/chemical-science amines or ammonia.

Introduction

In organic synthesis, carbon-nitrogen bond forming reactions
represent a valuable synthetic toolbox, which allows direct
access to all kinds of amines."™ In general, amines are indis-
pensable fine and bulk chemicals, widely used as precursors
and intermediates for many daily life products.*>**™* In addi-
tion, amine/nitrogen moieties constitute integral parts of most
drugs and biomolecules and play a key role for their activi-
ties."'* Because of their importance a plethora of methods have
been developed to create C-N bonds. Traditionally, stoichio-
metric nucleophilic substitution reactions and reductive ami-
nations with (over)stoichiometric amounts of metal hydrides
prevailed in this area.’>” In recent decades and today, the focus
for C-N bond formation is more on catalytic methodologies due
to improved selectivity control and waste minimization. Among
these methods, alcohol aminations (N-alkylation with alcohols;
Scheme 1)*'2 as well as hydroaminations of olefins® are espe-
cially interesting due to their intrinsic atom efficiency. In
particular, amination of alcohols via so-called borrowing
hydrogen (BH) or hydrogen auto-transfer methodology”™* offers
the following advantages: (a) utilization of alcohols as the
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starting materials, which are inexpensive and easily accessible
including bio-based feedstocks; (b) no need for any external/
additional hydrogen as the alcohol itself serves as the
hydrogen donor; and (c) high step- and atom-economy as water
is the only by-product.

In Scheme 1, the generally accepted mechanism for amina-
tion of alcohols is shown: first the alcohol undergoes catalytic
dehydrogenation to give the corresponding aldehyde (or
ketone), which is then condensed with the amine to form the
respective imine. Finally, this imine is hydrogenated to yield the
desired amine product.

A variety of molecularly-defined catalysts have been
successfully developed for catalytic N-alkylation of amines with
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Scheme 1 Borrowing hydrogen methodology for carbon-nitrogen
bond formation from alcohols.
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alcohols;"* however, in recent years there is a special focus on
3d metal complexes.’*?" While many of these homogeneous
systems offer broad substrate scope and general applicability,
their drawbacks are stability and difficult recycling. On the
other hand, heterogeneous catalysts** for hydrogen borrowing
reactions including supported Ni,”*” Fe-,*® and Cu-based>”***>
systems are stable, but have been scarcely applied for advanced
organic synthesis. Thus, the development of heterogeneous
catalysts, which are stable, inexpensive and at the same time
exhibit both generality and high selectivity for hydrogen bar-
rowing reactions is still desirable.

In recent years, we and others have explored metal
complexes with nitrogen-containing ligands and metal organic
frameworks (MOFs) with different linkers as suitable precursors
for the preparation of supported metal nanoparticles.**** After
controlled pyrolysis, well dispersed metal nitrogen carbon
structures are formed. The resulting materials were successfully
applied for many hydrogenation,* oxidation,** and reductive
amination reactions.**® However, to the best of our knowledge
such materials have not been explored for N-alkylation of
amines with alcohols. In this respect, herein we report novel
supported cobalt-nanoparticles as a general hydrogen
borrowing catalyst for the preparation of amines. The optimal
nanocatalyst is prepared by pyrolysis of a templated material
obtained in situ from cobalt-phenanthroline complex and
commercially available colloidal silica (LUDOX® HS-40; 40 wt%
suspension in H,0) and subsequent removal of silica content.
Aromatic, heterocyclic, and aliphatic secondary and tertiary
amines can be conveniently and selectively prepared starting
using various alcohols. Further, this novel catalyst is also active
and selective for the amination of alcohols with ammonia.

34

Results and discussion
Preparation and catalytic evaluation of Co-nanoparticles

At the start of this project, we prepared several potential cobalt
catalysts via co-precipitation of Co(NO3),-6H,0 in the presence
of di- and tri-dentate nitrogen ligands (1,10-phenanthroline
(phen; L1), 2,2"-bipyridine (bpy; L2), 2,2'; 6',2"-terpyridine (tpy;
L3), 2,6-bis(2-benzimidazolyl)pyridine (bbp; L4)) and colloidal
silica (LUDOX® HS-40; 40 wt% suspension in H,O) (Fig. 1, steps
1 and 2). After pyrolysis of the templated material containing
cobalt-nitrogen complexes on silica under argon at 800 °C
(Fig. 1, step 3), the residual silica was removed via treatment
with ammonium hydrogen fluoride (NH,HF,) (Fig. 1, step 4).
The details of the synthetic procedure are described in SI. The
resulting cobalt materials are represented as CoO@NC-T-L, where
T and L denotes pyrolysis temperature and ligand, respectively.

The activities and selectivities of these Co-materials
(Co@NC-T-L) were initially evaluated for the N-alkylation of
aniline 1 with benzyl alcohol 2 to prepare N-benzylaniline 3 in
presence of 1 equivalent of t-BuOK at 140 °C for 24 h in toluene
(Fig. 2; Table S1t). Under these conditions all the prepared
catalysts from different Co-nitrogen complexes showed good to
excellent activities and selectivities for the benchmark reaction
(Fig. 2; Table S1,} entries 1-4). Among the prepared materials,
Co@NC-800-L1 was found to be the best and quantitative yield
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Fig. 2 N-Alkylation of aniline with benzyl alcohol: Testing of cobalt
catalysts. Reaction conditions: 0.5 mmol aniline, 1 mmol benzyl
alcohol, 15 mg catalyst (0.86 mol% Co), 0.5 mmol t-BuOK (1 equiv.),
2 mL toluene, 140 °C, 24 h. Conversions and yields are based on aniline
and determined by GC using n-hexadecane standard.

of the desired product 3 was obtained (Fig. 2; Table S1,t entry 1).
Comparing the materials prepared at different pyrolysis
temperature (400-1000 °C) revealed 800 °C as the best one
(Fig. 2; Table S1,T entries 1, 5-7).

The material prepared using the cobalt nitrate precursor,
without any ligand, was found to be less active and produced
56% of the desired product (Fig. 2; Table S1,T entry 8). Similarly,
the pyrolyzed material with silica (Co@NC-800-L1-SiO,) exhibi-
ted lower activity and provided 43% yield of 3 (Fig. 2; Table S1,}
entry 9). Applying Co@NC-800-L1, the model reaction is also
promoted in the absence of base and gave 57% of N-benzylani-
line 3 (Table S1,f entry 10), while without cobalt catalyst only
minor amounts of 3 are formed (Table S1,} entry 11), which is in
accordance with previous observations.**** Further, different
solvents, bases, and other reaction parameters such as temper-
ature, amount of catalyst and reaction time were evaluated for
the model reaction (Tables S2-S4t). Next, we compared the
activity of our optimal catalyst with selected previously reported

© 2022 The Author(s). Published by the Royal Society of Chemistry
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catalysts for alcohol aminations. As shown in Table S5,7 Co@NC-
800-L1 worked more efficiently and required less amount of
catalyst loading than the compared systems.

Characterization of Co-based materials

The optimal catalyst (Co@NC-800-L1) and a less active material
(Co-particles-800; without ligand) as well as a recycled (Co@NC-
800-L1-R) catalyst were characterized using X-ray powder
diffraction (XRD), scanning transmission electron microscopy
(TEM), high resolution transmission electron microscopy
(HRTEM), high-angle annular dark-field scanning TEM
(HAADF-STEM), X-ray spectroscopy (EDS) and X-ray photoelec-
tron spectroscopy (XPS). The X-ray diffraction pattern of the
most active catalyst (Co@NC-800-L1) showed peaks at 26 =
44.40° and 26 = 51.6°, which are assigned to metallic cobalt
nanoparticles of fcc cobalt (JCPDS 15-0806) and hcp cobalt
(JCPDS 05-0727)* (Fig. S17T). The broad peak observed in the
range of 26 = 20-30.8° belongs to reflections of graphitized
carbon (Fig. S11). In the XRD of the recycled catalyst sample,
Co@NC-800-L1-R, identical cobalt species similar to the fresh
catalyst are detected. In the less active sample (Co-particles-
800), which was prepared without any ligand, the formation
of cobalt silicate phases is observed (Fig. S27).

TEM analysis of Co@NC-800-L1 showed the formation of
small cobalt nanoparticles with a spherical morphology and the
size up to ~12 nm (Fig. 3—c). Further, HAADF-STEM (Fig. 3d) and
elemental mapping (Fig. 3e-j) confirmed that Co-nanoparticles
are dispersed uniformly on N-doped carbon sheets. The exis-
tence of a small quantity of Si might be resulted from silica
precursor, which was used during catalyst preparation.

According to TEM images of the recycled catalyst, nano-
particle size and shape of cobalt species remained intact inside
the framework (Fig. S4t), while images of the less active sample
(Co-particles-800; prepared without ligand) displayed the cobalt
species anchored and distributed over the remaining silica
surface (Fig. S57).

The chemical composition at the surface of the most active
catalyst, CO@NC-800-L1 was investigated by X-ray photoelectron
spectroscopy. In the C 1s spectra, five peaks are observed

100nm |
—

Fig. 3 a—c) TEM images of Co@NC-800-L1, (d) HAADF-STEM image,
corresponding element maps showing the distribution of (e) cobalt
(red), (f) oxygen (blue), (g) nitrogen (cyan), (h) carbon (green), (i) silica
(purple) and (j) cobalt/carbon/oxygen together (red/green/blue).
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Fig. 4 High resolution X-ray photoelectron spectra (HR-XPS) for
Co@NC-800-L1. (a) C 1s, (b) N 1s, (c) O 1s, and (d) Co 2p region.

(Fig. 4a). Two peaks at ~284.8, and ~285.76 eV are assigned for
the sp>-hybridized graphite-like carbon and the sp*-hybridized
carbon. The other three peaks at ~286.71, ~287.94 and
289.18 eV are associated to the surface oxygen groups including
C-0, C=0 and C=0-C, respectively.*>

The N 1s spectra (Fig. 4b) displayed four peaks fitted with
binding energies at 398.46, 399.28, 400.68 and 404.01 eV cor-
responding to pyridinic, pyrrolic, graphitic and oxidized N
atoms, respectively.*® The O1s spectra (Fig. 4c) contributed three
peaks at 531.29, 532.75 and 534.20 eV, which correspond to Co-
O bonds, C-O, and C=O0 bonds.** The binding energy at
532.75 €V is usually reported for partially hydrated oxides
groups (such as -OH and -COOH) bonded with carbon.* In the
cobalt region, Co 2p;/, peaks located at 780.73 eV (50.05%) and
784.88 eV (28.70%) are attributed to Co(u) species*® with
790.80 eV satellite peak (Fig. 4d). In the recycled catalyst,
Co@NC-800-L1, identical cobalt species have been observed
with similar binding energies and oxidation state like in the
case of the fresh catalyst demonstrating the catalyst is highly
stable (Fig. S67).

Stability, recycling, and reusability of the Co@NC-800-L1
catalyst

For any given heterogeneous catalyst its stability and reusability
are important aspects to allow for cost-efficient applications. To
prove these features, we performed recycling experiments for
the model reaction under two different reaction conditions
(24 h, complete conversion and 5 h, around 60% conversion). As
shown in Fig. 5, CoO@NC-800-L1 exhibited high stability and was
recycled and reused up to 7 times without significant
deactivation.

N-Alkylation of aniline with different alcohols

With an optimal catalyst (Co@NC-800-L1) in hand, we explored
its general applicability for the synthesis of primary, secondary,
and tertiary amines including N-methylated products. First, we

Chem. Sci, 2022,13, M-17 | 113
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Fig. 5 Stability and recycling of Co@NC-800-L1 catalyst for the
synthesis of N-benzylaniline. Reaction conditions: 1 mmol aniline,
2 mmol benzyl alcohol, 30 mg catalyst (0.86 mol% Co), 1 mmol t-
BuOK, 3 mL toluene, 140 °C, 24 h and 5 h. Conversions and yields are
based on aniline and determined by GC using n-hexadecane standard.

investigated the scope of alcohols for the N-alkylation of aniline.
As shown in Scheme 2, various benzylic, heterocyclic, and
aliphatic primary alcohols as well as secondary alcohols reacted
well with aniline and gave the corresponding N-benzyl anilines
in up to 87% yield (Scheme 2; products 5-14). Ether-, thioether-,
hydroxy-, nitrile-, nitro-, halide (F, Cl), and silyl-containing
benzyl alcohols reacted smoothly and provided a variety of
functionalized secondary amines (Scheme 2; products 15-23).
Next, different heterocyclic alcohols such as nicotinyl, furfuryl,
and piperonyl alcohol, as well as 2-thiophenemethanol, tetra-
hydroquinoline-, benzodioxine-, and morpholine-based alco-
hols were coupled with aniline to provide the corresponding
heterocyclic secondary amines in up to 89% yield (Scheme 2;
products  24-31). Notably, diamination of 2,6-pyr-
idinedimethanol proceeded well and both alcohol groups
reacted to give 87% of product 32. Compared to benzylic alco-
hols, aliphatic alcohols are less reactive and thus more difficult
to aminate. Nevertheless, our catalyst allowed for amination of
such substrates too, albeit at higher temperature in the pres-
ence of 2.8 mol% catalyst (Scheme 2; products 33-40). Under
these conditions linear and cyclic aliphatic alcohols gave up to
87% of N-alkylated amines. In addition, allylic amines are
selectively produced in up to 77% yield without significant
hydrogenation of the C-C double bond. Similar selectivity is
observed for perillyl alcohol, a naturally occurring monoterpene
derivative (Scheme 2; product 40). Apart from primary alcohols,
even more demanding reaction of secondary alcohols with
aniline provided the corresponding amines in up to 84%
(Scheme 2; products 41-46). Such aminations are particularly
challenging because the reduction of corresponding imine is
more difficult. As an example, the amination of estrone, an
important steroid derivative, gave the desired product in 60%
yield (Scheme 2; product 47).

M4 | Chem. Sci, 2022, 13, TM-117
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Scheme 2 Co-nanoparticles catalyzed N-alkylation of aniline with
different alcohols®. @ Reaction conditions: 0.5 mmol aniline, 1 mmol
alcohol, 15 mg catalyst (0.86 mol% Co), 0.5 mmol t-BuOK (1 equiv.),
2 mL toluene, 140 °C, isolated yields. ° same as “a” with 30 mg catalyst
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Finally, the usefulness of this Co-based borrowing hydrogen
methodology is showcased for the preparation of selected drug
molecules, such as Piribedil, Trimetazidine, and Buclizine

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Scheme 2, products 48-50). To prepare these molecules,
piperazine and N-substituted piperazines were reacted with
piperonyl alcohol, 2,3,4-trimethoxybenzyl alcohol and 4-tert-
butyl benzyl alcohol under previously optimized conditions. In
general, these and related drug molecules are prepared by
reductive amination reactions using specific catalysts in pres-
ence of molecular hydrogen or sodium borohydride. In addition,
certain products have been synthesized utilizing nucleophilic
substitution reactions of corresponding amines and haloge-
nated compounds. Advantageously, the here presented Co-
catalysed BH-methodology does not require additional
reducing agents and not produces any amount of halide waste.
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N-Alkylation of different amines with benzylic alcohols: scope
of amines

Next, we explored the scope of amines and a series of
substituted and functionalized N-benzylanilines was prepared
including sterically hindered derivatives (Scheme 3, products
51-55). In addition, F~, Cl ™, Br-, and CF;_substituted as well as
methoxy-, hydroxy-, and ester-containing substrates provided
the corresponding products in up to 86% yield (Scheme 3;
products 56-66). Likewise, benzylic, araliphatic and aliphatic
primary amines reacted well to give N-alkylated products in up
to 82% (Scheme 3, products 71-81). With respect to secondary
amines, tetrahydroquinoline- and piperazine-based amines
were N-benzylated smoothly to tertiary amines (Scheme 3,
products 82 and 83).

N-Methylation of amines using methanol

A special class of N-alkylamines are N-methylated products,
which play a vital role as biologically active and pharmaceuti-
cally relevant compounds. Compared to traditional reagents
such as methyl iodide and dimethyl sulfate, methanol consti-
tutes a more benign methylation source, which is abundant,
inexpensive and produces water as the only by-product. As
shown in Scheme 4, Co@NC-800-L1 catalyst is also active and
highly selective towards mono-N-methylation.

Synthesis of primary amines from alcohols and ammonia

The successful synthesis of secondary and tertiary amines
inspired us to test the applicability of our Co-catalyst for the
amination of alcohols with ammonia to obtain primary amines.
In general, this reaction is difficult and often secondary or
tertiary amines or mixtures are formed due to the higher reac-
tivity of the in situ-formed primary amines compared to
ammonia. Nevertheless, CoO@NC-800-L1 catalysed the synthesis
of primary amines using gaseous ammonia (Scheme 5). More
specifically, 13 halogenated,

simple, and functionalized

Chem. Sci, 2022,13, M-117 | N5
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Scheme 5 Co-nanoparticles catalysed synthesis of primary amines
from alcohols and ammonia®. ® Reaction conditions: 0.5 mmol
alcohol, 5-7 bar NHs, 60 mg catalyst (3.5 mol% Co), 0.5 mmol t-BuOK,
2 mL toluene, 24 h, isolated yields. ® GC yields.

benzylic as well as heterocyclic primary amines were prepared
in up to 70% yield.

Conclusions

Here, we present a novel heterogeneous catalyst based on stable
and reusable cobalt nanoparticles supported on N-doped
carbon for the general and selective synthesis of amines from
alcohols by borrowing hydrogen methodology. The optimal
catalytic material is prepared by the pyrolysis of a Co-nitrogen
complex-SiO, templated material, which is generated by mixing
cobalt nitrate, 1,10-phenanthroline, and colloidal silica, and
subsequent removal of the later. Applying these nanoparticles
many functionalized and structurally diverse primary,
secondary, and tertiary amines including N-methylamines and
selected drug molecules can be conveniently prepared starting
from inexpensive and easily available alcohols and amines or
ammonia.
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