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Abstract

Development of Fe- and Co-based catalysts for sustainable organic synthesis
Vishwas G. Chandrashekhar
Leibniz-Institut fiir Katalyse e.V. an der Universitidt Rostock

In this thesis, the development of Fe- and Co-based nanoparticle and molecularly defined
catalysts for sustainable organic synthesis is reported. For this synthesis, mainly catalytic
hydrogenations and reductive aminations are used, which allows for the cost-effective and
practical access to different kinds of amines including drug targets and intermediates. First,
the preparation of iron-nanoparticles was reported for the catalytic hydrogenation of nitriles in
combination with aluminium additives to synthesize structurally diverse and functionalized
primary amines. Next, molecularly defined cobalt-triphos catalyst has been applied for the
reductive amination of aldehydes and ketones using ammonia and molecular hydrogen to
prepare linear and branched primary amines. In addition, valorization renewable feedstock
such as HMF by Co-NPs catalyzed reductive amination, to prepare bio-based primary,
secondary and tertiary amines including N-methyl amines as well as N-heterocycles is
reported. Finally, the hydrogenation of pyridines and other N-heterocycles to produce
saturated cyclic amines is described. The detailed characterization of nanostructured catalytic
materials by TEM, EDX, XPS, XRD, EPR and Mdssbauer spectroscopy as well as molecularly
defined complexes by NMR and X-ray crystal structure is presented. To design suitable
catalysts and to accomplish these synthetic reactions, a number of optimization studies and

control experiments including kinetic and mechanistic investigations have been performed.



Abstract

Entwicklung Fe- und Co-basierter Katalysatoren fur nachhaltige organische Synthese

Vishwas G. Chandrashekhar

Leibniz-Institut fiir Katalyse e.V. an der Universitdt Rostock

In dieser Doktorarbeit wird Uber die Entwicklung Fe- und Co-basierter Nanopartikel sowie
molekular definierter Katalysatoren fur nachhaltige organische Synthese berichtet. Fur diese
Synthese werden vor allem katalytische Hydrierungen und reduktive Aminierungen verwendet,
was einen kosteneffizienten und praktischen Zugang zu verschiedenen Arten von Aminen,
inklusive Arzneistoff-Targets und Intermediaten, erméglicht. Zunachst wurde Uber die
Herstellung von Eisen-Nanopartikeln far die katalytische Hydrierung von Nitrilen in
Kombination mit Aluminium-Additiven fur die Synthese strukturell diverser und
funktionalisierterprimarer Amine berichtet. Als nachstes wurde der molekular definierte Kobalt-
Triphos-Katalysator fur die reduktive Aminierung von Aldehyden und Ketonen mit Ammoniak
und molekularem Wasserstoff fur die Herstellung linearer und verzweigter primarer Amine
angewandt. Zusatzlich wird Uber die Wertschopfung erneuerbarer Rohstoffe wie HMF durch
Co-NP-katalysierte reduktive Aminierung zur Herstellung bio-basierter primarer, sekundarer
und tertidrer Amine einschlielllich N-Methylaminen sowie N-Heterozyklen berichtet.
Schliellich wird die Hydrierung von Pyridinen und anderen N-Heterozyklen fur die Produktion
gesattigter zyklischer Amine beschrieben. Die detaillierte Charakterisierung der
nanostrukturierten katalytischen Materialien durch TEM-, EDX-, XPS-, XRD-, EPR- und
Mdossbauer-Spektroskopie sowie der molekular definierten Komplexe durch NMR-
Spektroskopie und Rdntgeneinkristallstrukturanalyse wird prasentiert. Um passende
Katalysatoren zu designen und diese synthetischen Reaktionen zu bewerkstelligen, wurden
mehrere Optimierungsstudien und Kontrollexperimente einschlieRlich kinetischer und

mechanistischer Untersuchungen durchgefihrt.
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1. Introduction

1. Introduction

Organic synthesis provides the basis for many important areas in chemistry. Ingeneral,
it involves the construction of compounds related to hydrocarbons and their derivatives. *
Nowadays it represents a powerful toolbox, which can be applied to produce an array of
different kinds of organic molecules found in nature and used in daily life.'* By understanding
the synthetic processes and nature of the molecules, analogues or new compounds can be
prepared, which allow for improved applications in different areas of technology, science, and
everyday life."” Starting from the laboratory synthesis of urea® in 1828 by German chemist
Friedrich Wohler the chemistry world has been radically transformed by new synthetic
methods. In general, these developments have led to the synthesis of numerous useful
products including pharmaceuticals, agrochemicals, cosmetics, and polymers.27 While in the
past century, traditional organic synthetic methodologies often involved stochiometric reagents
or hazardous reagents, which obviously generate substantial amounts of waste and suffer from
low atom-economy.8-"" Thus, to overcome these limitations and to achieve organic synthesis

in more efficient and sustainable manner, catalytic methodologies became important. 81

Nowadays, catalysis constitutes an indispensable tool in the chemical, pharmaceutica
and agrochemical industries as well as material sciences and energy related technologies. 2
Thus, today >80% of all commercial chemical productsinvolve atleast one catalytic step during
their manufacture.’3 In the present and past two centuries numerous catalytic methodologies
have been developed to produce all kinds of chemicals. 123 Starting from Ostwald (1909) for
his notable work on the basic principles of catalysis and his investigations of chemical equilibria
and reaction rates many Nobel prizes have been awarded to the development of catalytic
methodologies. ' Examples include Ziegler and Natta (1963) for catalysis in polymer synthesis,
Wilkinson and Fischer (1973) for organometallic compounds and catalysts, Knowles and
Noyori (2001) in catalytic hydrogenation including Sharpless (2001) for catalytic asymmetric
oxidation, Chauvin, Grubbs and Schrock (2005) for catalytic olefin metathesis, and Heck,
Negishi and Suzuki (2010) for cross-coupling reactions, and finally last year Benjamin List and

David MacMillan (2021) for the development of asymmetric organocatalysis.

A major success in catalysis is based on the development of precious metal based
heterogeneous materials and molecularly defined complexes. 215> However, their availability
and comparably high price inspired scientists to look for alternative catalysts, especially based
on 3d-metals (e.g., Mn, Fe, Co, Ni).'6-'® The inherent features of these 3d-metals such as
abundancy, lower cost and sometimes reduced toxicity makes them promising metal
candidates for catalysis (Figure 1). Among all metals, iron is the second-most abundant metd

in the earth's crust (4.7 %) and constitutes the active center in numerous biocatalysts. "

Page | 1



1. Introduction

Earth-abundant metals
22 23 24 25 26 28

27 29
Ti V @l Mn | Fe | Co Ni Cu

40 41 42 N
7r Nb Mo Catalysis

&
72Hf 7§|_a 74W ‘/ IIII

Inexpensive Bio-Relevant Abundant

Mn = 0.93 $/Ib; Fe = 0.041 $/Ib; Co = 33.0 $/Ib; Ni = 11.32 $/Ib; Cu = 4.54 $/Ib

Au = 57.06 $/g; Ru = 24.11 $/g; Pd = 86.71 $/g; Pt = 27.42 $/g;
Rh = 651.05 $/g; Ir = 196.12 $/g

Figure 1. Overview of earth abundant metals.

The major challenge in 3d-metal based catalysis is to generate highly active and
selective as well as stable catalytic species, as they often undergo multiple oxidation states.
For this purpose, creating a suitable environment with metal-phosphorous or metal-nitrogen
interactionsis crucial.’® As an example, in case of homogeneous Fe catalysts, chelating ligand-
based systems are known to provide a stable ligand environment, which provides high activity
and selectivity for different reactions.2? Similarly, to improve the activity and selectivity of
heterogeneous materials, creating nanoparticles or single atoms with a suitable micro-

environment on the surface is interesting research field.?!

Among the various catalytic reactions, hydrogenations constitute an important synthetic
toolbox applied both in research laboratories and industries to access fine and bulk chemicals
as well as pharmaceuticals and agrochemicals. 12¢.20a.21ce.2 These reactions are highly valued
in organic synthesis as they are 100% atom-efficient and economical.?%@ Also, molecular
hydrogen is easily available, and the reaction produces only water as by-product.2'e¢ A first
breakthrough in catalytic hydrogenation reactions was established already in 1897, in which
Paul Sabatier used heterogeneous Ni-catalysts for the synthesis of methane from CO2.23 Many
decades after this seminal work, Geoffrey Wilkinson and co-workers pioneered homogeneous
Rh-catalyzed hydrogenation of alkenes.?* Among the many other notable discoveries, the
artificial N2 fixation for the synthesis of NH3 using heterogeneous iron catalysts by Haber-Bosch

is worth noting.25
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1. Introduction

The synthetic applicability of catalytic hydrogenation in the words of Rylander:26

“Catalytic hydrogenation is one of the most useful and versatile tools available to the organic

chemist. The scope of the reaction is very broad; most functional groups can be made to

undergo reduction, frequently in high yield, to any of several products. Multifunctional
molecules can often be reduced selectively at any of several functions. A high degree of
stereochemical control is possible with considerable predictability, and products free of
contaminating reagents are obtained easily. Scale up of laboratory experiments to industrial
processes presents little difficulty.”-Paul Rylander (1979)

In general, catalytic hydrogenation reactions are frequently used for the synthesis of amines
by catalytic hydrogenation of nitroarenes and nitriles as well as reductive aminations, which
will be discussed in more detail in the next chapters.

11 Amines

Amines are considered as privileged organic compounds.?” In 2019, the global amine
market value was $17.57 billion, due to the increasing demand for high-quality food, clothing
and changing lifestyles, with annual growth rate of 8% its estimated to reach $32.98 billion
(Figure 2).28 Today, >6 million metric tons per year of amine based valuable fine and bulk
chemicals are produced (Figure 2).28 For instance, more than 75% of top 200 selling drugs
contain amine/nitrogen moieties, which play crucial roles in their activities.?’d Also, the
synthesis of new drugs, and improved personal care products, demands practical synthesis of

new amine building blocks.27¢

$32.98 Global Amines Consumption
Billion
Estimated Amine
Market Growth
6.1 Million
?- etr
$17.57 dp -
Billion ¥ P
2019
m Agrochemicals = Pharmaceuticals » Materials
2027 Paints & Epoxy Resins = Hygiene Products u Oil & Petrochemicals
m Others

Figure 2. Amines global market insight.

Obviously, amines can be synthesized by using many different synthetic and catalytic
methods.?®3* Over the years, respective catalytic methods like nitrile hydrogenation,®
reductive amination,2'¢3' hydrogenation of nitro-compounds,'82'cd C-N cross coupling,®
hydroamination,3? and alcohol amination3* have been developed for the synthesis of various
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1. Introduction

amines (Figure 3).2%-3¢ Among all these methods, catalytic nitrile hydrogenation and catalytic

reductive amination has gained substantial importance in industry and academia.2"e30-31

U Hoffmann’s method
(Aminolysis of alkyl halides)
RX RX RX RX
NH; ——3= RNH; ——3= RoNH ——3= RzN ——3 R4yN'X"
10 20 3 Quarternary

ammonium salt

R=N'HzX" + NaOH ——3m= R=NHy + H;0 + Na*x-

O Hydrogen borrowing / Alcohol amination
(N-alkylation & N-arylation)
e’ R oH U R.—N::h

0O Reduction/hydrogenation
(-nitro, -nitrile, -azides, -amides)
R=NO; R-CN W,
or or ———= R-NH; /R-CH;NH;

R=N=N'=N" R-CONH;

0O Hoffmann’'s bromamide degradation

[o} Bry/KOH

R=-NH; + K;,CO3 + 2KBr + 2H,0
R” NH,

SMALL MOLECULES

PHARMACEUTICALS BUILDING BLOCKS

AMINES

AGGROCHEMICALS

POLYMERS
DYES

MATERIAL SCIENCES

U Hydroamination (alkenes & alkynes)

R

e N
Ry HN-R, RH =Ry

A

Figure 3. General methods employed for the synthesis of amines.

1.2

Catalytic nitrile hydrogenation

O Gabriel phthalimide synthesis

]

o o
KOH (alc) RX
H——— MK -

Phthalimide NeAlkylphthalimide

-R

NaOH fag)

4+ R=NH,

O C-N coupling reactions
(alkyl & aryl halides / Buchwald, Ulimann..)

Ra

Ry L /
—— RN

R=X +
i Ro—NH
t

O Reductive amination
(aldehydes & ketones)

o . Hy R, R
R N
+ R
R lry T RN .An,gm

Among all hydrogenation reactions, catalytic hydrogenation of nitriles to primary

benzylic and aliphatic amines allows for cost-effective and 100% atom economical industrid

processes.30:3538 For the hydrogenation of nitriles to primary amines in an efficient and

selective manner, design of suitable catalyst systems is crucial. 302,

Total

P
Hydrogenation R™ 'NH; H2 R
X RSy N
R,NHz 9 10 H
H, ‘7 Hydrogenative
e‘?"b H Cross-coupling
N\
Hz LT T % R2/8 R1 H2 S /R1
R—=N —>» . RANH : > R ril
1 Nl -NH; 1R,
R”ONH, || NH;
3
Ro=N R”SNH PN
F/ N R—\ H, R—I-}N ) H, R Nk R
HN N—\ —_— _ —>
H; R R -NH; R
12 R 4 5 6

Dehydrogenative coupling

Hydrogenative Homo-Coupling

Scheme 1. General reaction pathways for catalytic nitrile hydrogenation.

As shown in Scheme 1, first hydrogenation of nitrile 1 generates primary imine 2. This

intermediate is hydrogenated to form primary amine 3 following total hydrogenation pathway.
If the hydrogenation rate of primary imine 2 is slow, then the primary amine 3 can react with 2
to produce secondary imine 4. Successive hydrogenation leads to secondary amine 5,
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1. Introduction

following the same homo-coupling pathway, the corresponding tertiary amine 6 can be formed.
Instead, in the presence of alternative primary or secondary amines 7 and 8, imine 2 can
undergo hydrogenative cross-coupling to form corresponding secondary or tertiary amines 10
and 11. In addition, synthesis of 2,4,5-substituted imidazoles by the reaction of secondary
imine 4 with nitrile 1 under dehydrogenative coupling pathway has been described too. 30ab.

The historic overview of heterogeneous catalysts developed for nitrile hydrogenations
over the past century is shown in Figure 4.35-38 Soon after the discovery of benzonitrile
hydrogenation with nickel salts in 1905 by Sabatier,3% Paal & Gerum reported using colloida
Pd for nitrile hydrogenation in 1909.3% After the discovery of Raney Ni,35¢-d many catalyst
systems classified as supported catalysts, metal borides, metal alloys were reported for nitrile
hydrogenations, too.36 Most of these catalyst systems are based on noble metals and their
limited availability and higher price constitute major drawbacks. Consequently, state -of-the-art
catalysts for nitrile hydrogenation in industry continue to be Raney-Ni,35¢-¢.36b.d and copper
chromite,3% which need drastic conditions. To overcome these issuesin recent years 3d-metas
based heterogeneous catalysts have been reported (Figure 4).37-38 Herein, we discuss only
cobalt and iron-based hydrogenation systems.

(2016 onwards)
Supported Co and Ni NPs

derived from metal complex ‘
and MOFs Fe/Fe-O@SiO,
(Around 1969) This work
Metal borides
(1937) (RhB, PtB, RuB, NiB, CoB)
(1923) Raney Co
Raney Ni
ane?®
(1925) en**"*
PtO,
(1909)
Colloidal
Pd Metal alloys
(PdNi, NiAl, NiCo)
(1905) Supported catalysts
Ni (Rh, Pd, Pt
Cu,Cr,0, Ru, Ni, Co)
i (1937) (1946 onwards)
L 2021

History of nitriles hydrogenation using heterogeneous catalysts over the century

Figure 4. Overview of heterogeneous catalysts developed for nitrile hydrogenation.

1.3 Heterogeneous cobalt and iron catalyzed nitrile hydrogenation

Apart from Raney-Co and Co-supported catalysts. In 2016, our group38 reported a
heterogeneous cobalt-based catalyst by pyrolysis of a Co(OAc)2.4H20 - 1,10-phen complex
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on a-Al203 at 800 °C for the hydrogenation of nitriles to primary amines under mild conditions.
Here, aromatic, heterocyclic, aliphatic and, dinitriles were converted to the respective primary
amines with an optimal amount of ammonia. It was also demonstrated that the reaction can be
done with 5 bar hydrogen at 85 °C (Scheme 2). Notably, even after 8 runs, no significant drop-
in activity or selectivity was observed. The authors demonstrated that the hydrogenation
property of Co-catalyst is highly influenced by modification of support and nitrogen containing
ligands. STEM analysis of the optimal catalyst showed different types of cobalt structures.
Here, major metallic-Co NPs are covered by several graphitic layers and Co-oxide particles
without graphitic layers were observed in close contact to metallic-Co.

Cola-Al,03 (4 mol%)
R—=N + H, - ROSNHCH
'PrOH, NH3(aq)
(85-130) °C, (2-24) h 31 examples
then 1.25 M HClyoon (75-99% yields)

Scheme 2. Cobalt catalyzed hydrogenation of nitriles.

(5-40) bar

In 2017, Lin and co-workers®® reported single-site cobalt catalysts on Zr12-based MOF
nodes for the effective hydrogenation of nitriles. First, Zr12-TPDC-MOF was prepared from
triphenyldicarboxylic acid (H2TPDC) and Zr12(u3-O)s(u3- OH)s(u2-OH)s nodes, which are used
as ligand platformand linked with CoCl2 to formZr12-TPDC-CoCl, which was then reduced with
NaBEtsH to obtain a reusable Zr12-TPDC-Co catalyst. This catalyst at 0.5 mol% was able to
hydrogenate few aromatic nitriles with 94-98% yield (Scheme 3). The Zr12-TPDC-Co catalyst
was reused for seven times without loss of catalytic activity. The catalyst was synthesized in
glove box prior to reaction by the reduction with NaBEtsH, which could be a drawback for this
methodology on larger scale.

0.5 mol% Zr,,-TPDC-Co
R—=N >» R
Toluene, 40 bar H,
110 °C, 42 h

Scheme 3. Zr-MOF supported single-site cobalt catalyzed hydrogenation of nitriles.

4 examples
(94-98% yields)

N

NH,

After that, in 2018, Ferraccioli et al.38 reported ceria supported carbonaceous cobalt
particles derived from vitamin B12. This material was prepared by wet impregnation of
cyanocobalamin on CeO2 and pyrolysis at 800 °C under argon atmosphere. STEM, EDX
analysis revealed two different Co phases, one with cobalt oxide particles of larger size
dispersion compared to other finely dispersed phase. The catalyst showed excellent
performance with 1.6 mol% Co loading for hydrogenation of industrial relevant nitriles
(aromatic, heterocyclic and, aliphatic) in presence of ag. NH3 and i-PrOH as solvent at 120 °C
(Scheme 4). The catalyst can be recycled up to four runs with 90-94% yield, in fifth run

moderate drop in yield observed.
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B12@0902'8 (1 .6 mol%) 1.25M HCIMeOH
R—=N > R NH, > R” NHs*CI
'PrOH, NH;(aq)
30 bar H,, 120 °C, 15 h 18 examples 17 examples
(67-99% GC yields) (39-97% isolated yields)

Scheme 4. Carbonaceous cobalt particles catalyzed hydrogenation of nitriles.

Later in the same year, our group3 developed graphene encapsulated Co-NPs
supported on carbon (VULCAN-XC72R) for the hydrogenation of various structurally diverse
and functionalized nitriles using gaseous ammonia. In this work, we also showcased gram
scale synthesis and catalyst recycling. The catalyst was prepared by synthesis of Co-MOF
template on carbon using Co(NO3)2.6H20 and terephthalic acid and subsequent pyrolysis at
800 °C under argon (Scheme 5). The STEM, XRD, EPR and XPS analysis support the
formation of Co30a4 particles (5-30 nm) and metallic Co-NPs both encapsulated by graphene

shells.

Catalyst preparation:

Co(NO3),.6H,0 Insitu generated 1. Addition of Carbon Co-TPA MOFs Pyrolysis Graphene encapsulated
+ —— > Co-TPA MOFs > template on carbon ? Co304 and Co-NPs
TPA DMF, 150 °C 2. Reflux, DMF, 150 °C 800 °C
3. Evoparation of DMF 2h, Ar
and drying

Reaction scope:
3.8 mol% Co-MOF@C-800

R—=N > R NH,
Toluene, 5 bar NH; 40 examples
25 bar Hy, 120 °C, 16 h (75-96% yields)

Selected examples:

| NH, NH, NH, Br /\N/\/\NH2
o H,N | // D/\NHZ
o \Sli

1:92% 2:91% 3:80% 4:90% 5:91%

NH )\/\)\/\
2 N N NH

NH
NH, o O 2 . F
2
F>‘\©(\NH2 (©/‘ 10: 88%
N O D HZN/\/\/\/NHZ

H o NH,
6: 86% F 7: 88% 8: 88% 9: 88% 1: 75%

AN

Scheme 5. Co-MOF@C catalyzed hydrogenation of nitriles.

In 2020, our group3& reported Co-NPs supported on carbon-magnesium oxide hybrid
materials. The optimal catalyst was prepared by anchoring Co(OAc)2.4H20 on chitin and then
supported on MgO, successive pyrolysis at 700 °C to give carbon supported Co-NPs
decorated on MgO nano cubes. The best catalyst allows hydrogenation of industrially relevant
nitrile substrates (e.g., adiponitrile, picolinonitrile and fatty nitriles) under mild conditionsin high
yields (Scheme 6). The Co-catalyst outperforms existing commercial catalyst like Raney-Ni,
Pd/C, Pd(OH)x/C, Pt/C, Ru/C in high selectivity towards primary amine. In addition, no loss in

catalytic activity was detected when catalyst reused for six runs.
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Catalyst preparation:
Co(OAc),.4H,0
(OAc)z 4H, 1. EtOH, 1 h, .t
+ 2. MgO0, 24 h, r.t Pyrolysis
e o P  Colchitin/lMgO —— > Co-N-C@MgO-700
A OH A g . e
HO NH O HO NH O 3. Evaporation 700 °C
o\%\go o and dry 2h, Ar (Co- supported C/MgO
NH o hybrid material)
OH ~ OH
o n
Reaction scope:
1-3 mol% Co-N-C@MgO-700
R—=N > R NH,

'PrOH, aq. NH;

20 bar H,, 80-110 °C, 24 h >40 examples

(70-99% yields)

D /©/\NH2 NH, NH,
N~ N ©
N
O | C 0
)

Selected examples:

1,0

1: 92% 2:91% 3:91% 4:91% 5:91%
H
X = NH
| @\/NHZ S N~ NH: 2 /\(V)n/\NHZ
L _NH, N N __NH,
N H M:n=14=91%
6: 80% 7:88% 8: 88% 9: 91% 10: 90% 12:n =16 = 94%

Scheme 6. Co-N-C@MQgO catalyzed hydrogenation of nitriles.

In the beginning of 2020, Mitsudome et al.38'reported for the first time the use of metal-
phosphide catalysts for hydrogenation of nitriles. The catalyst material was prepared by
reacting CoCl2.6H20 with hexadecylamine and triphenylphosphitein 1-octadecene at 300 °C
under argon atmosphere to give a black precipitate which was separated by centrifugation to

afford nano-CozP which is then dispersed on hydrotalcite support (Scheme 7).

4.2 mol% nano-Co-P/HT

R NH,

A

'PrOH, aq. NH,4

20 examples 40 bar H,, 130 °C, 15 h

(84-99% yields)

4.2 mol% nano-Co-P/HT
R—=N

'PrOH, aq. NH,4

1 bar H,, 150 °C, 20 h 9 examples

(81-90% yields)

Selected examples:

NH, NH, NH, NH,
_o
N
FiC
o

H S H
1: 94% 2: 90% 3:93% 1: 89% 2:81% 3:90%
NH
/ 2 P b
0\ NH, CoHir” NH, AU~ NH2
4: 95% 5: 99% 6: 88% Cobis” "NH;  HNTOLTNH, | pavyield
i (0.017 mol% Co) :
HzN—\_\ /_/—NHZ 4: 90% 5: 85% : TON >58,000
HN" Y NH, N NAUN
7:89%
NH
HoN 8: 84% 2

Scheme 7. Nano-Co-P/HT catalyzed hydrogenation of nitriles.

This new class of cobalt phosphide (nano-Co2P) supported on hydrotalcite (nano-Co2P/HT)
has unique air-stable metallic nature which showed excellent activity and selectivity towards
hydrogenation of different nitriles including di- and tetra-nitriles even at atmospheric H2

pressure (1 bar). Upon scaling up, the catalyst showed high TON of 58000 for the
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hydrogenation of valeronitrile (Scheme 7). TEM, HRTEM, SAED, STEM, EDX analysis of
catalyst revealed rod-like structure with average size 20 x 9 nm (length x width) in hexagona
phase as dicobalt phosphide (Co2P), consisting of cobalt and phosphorous distributed
homogeneously with atomic ratio of 2:1 (Co:P). TEM of used catalyst has similar rod-like
structure as fresh one which supports the high durability of catalyst even after 7 runs.

AN 2.5 mol% Co,P NR/HT 10 mol% Co,P NR/HT
R” "NH, _ A~
<= R—=N » R NH,
17 examples 'PrOH, aq. NH; 'PrOH, 40 bar H, " |
76-95% yields o N o examples
( oy ) 40 bar H,, 130 °C, 1-6 h 150 °C, 6 h (78-90% yields)
NH; free

Selected examples:

NH NH
Y@/\ 2 D/\NHZ /©/\NH2 \'(©/\ 2 /©/\NH2 @YNH
~
s HO HO N
o o

1: 92% 2: 95% 3: 86% 1: 88% 2: 83% 3: 80%
@YNHZ @\/NH L | N Nz NH
N o) 2 S 2 N N2
4: 85% 5:92% 6: 90% 4:90% 5: 84% 6: 90%
CsH17 NH, C9H19 NH, HzNAWNHz
7:93% 8: 87% 9: 76% 7:78% 8: 85% 9: 82%
NH,

Scheme 8. Co2P NR/HT catalyzed hydrogenation of nitriles.

Later in 2021, the same group38reported animproved Co2P nano-alloy on hydrotalcite
(Co2P NR/HT) which is twofold active than previously reported nano-Co-P/HT. Apart from air
stability, the high activity of Co2P NR/HT allowed hydrogenation of nitriles under mild condition
(at 1 bar H2) with broad substrate scope including N-, O-, and S-containing hetero-nitries
outperforming previous nano-Co-P/HT. Also, by increasing catalyst loading the reaction can
be performed in absence of ammoniato synthesize primary amines (Scheme 8). Co2P NRHT
prepared from Co(acac)2 has arod like morphology of Co2P which is different from nano-Coz2P
prepared using CoClz indicating the effect of cobalt source on the morphology of nanoalloy. By
DFT calculations the high activity attributed to back donation of d-electrons from Co to 1r*-
antibonding orbital of nitrile group. Finally, the catalyst was recovered and reused for five

cycles without any significant loss of catalytic activity.

From a sustainable point of view, the ideal catalyst system for nitriles hydrogenation
should be based on iron because of its abundance, inexpensiveness, and low-toxicity."
Indeed, in the past decade utilizing sophisticated/synthetically demanding PNP-pincer
ligands,?%a jt was possible to generate active iron complexes to hydrogenate nitriles. In
contrast, heterogeneous catalysts show improved stability and can be easily reused.?
Unfortunately, creating analogous active iron centers on a surface was not possible, yet. In

2021, we developed the first general Fe-based heterogeneous catalyst for the hydrogenation
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of nitriles to primary amines. These results are discussed in this thesis (Section 3, Chapter
3.1).

1.4 Catalytic reductive aminations
Catalytic reductive aminations constitute as a powerful method for the synthesis of
amines from carbonyl compounds, which are widely used in industries and research labs.31%
Through this methodology different kinds of amines can be synthesized and functionalized in
a convenient and cost-effective manner.2163139
(Primary Amines)
NH,

Rq Ra(H)

NH; | Cat./H,

H R;—NH,
R NJ or
R3\N/R4 3 Ry (o) R;—NO, R3\NH
R “Ry(H) Cat./H, R Ry(H) Cat./H, R Ry(H)
(Tertiary Amines) (Aldehydes / Ketones) (Secondary Amines)

Scheme 9. Catalytic reductive aminations for the synthesis of amines.

In general, aldehydes or ketones react with ammonia, primary, secondary amines, or
nitro compounds to give the corresponding imines as intermediates, which in presence
hydrogen using suitable catalysts are reduced to the corresponding amines (Scheme 9).
Molecular hydrogen as a reductant is highly preferred as it produces only water as b yproduct

and is inexpensive.31ab,3%-cg-h

15 General reaction mechanism and challenges associated with

reductive aminations

In this method, primary, secondary, and tertiary amines can be selectively prepared or
functionalized using suitable catalysts. Often these reactions suffer from lack of selectivity and
reduction of carbonyl compounds to corresponding alcohols.3%.40 Reductive amination of
carbonyl compounds with ammonia to form primary amines is more challenging as catalyst
deactivation associated with use of ammonia and drastic conditions required for ammonia

activation.31.3%,40
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Aldehydes/ )OI\ cat )o\H
ehydes .
_—
Ketones R 1 Rz(H) H, R4 3 Ra(H)
+NH; | -H,0
Ry
+2, -NH
NH, cat. /U:I = 3 - N)\N
B SE——
Ry” “Ry(H) H Ri”™ “Ry(H) in case of )I §
2 2 i aldehydes RiT 7 "Ry
NH,
-NH )\ A
* || R TRa(H)
o 2
L S X IR J
cat.
(HIRy” N7 “Ry(H) ——— HN” “Ry(H) —— NI R,(H) N“ "NH
cat H, >—<
R R,(H R R,(H R R,(H
162() H, 152() 142() Rig R

Scheme 10. General reaction mechanism in reductive amination with ammonia.

As shown in Scheme 10 first, the carbonyl compound 1 condenses with ammonia to
form primary imine 1i as intermediate. In presence of suitable catalysts and hydrogen 1i is
reduced to the desired primary amine 2. Direct reduction of carbonyl compounds 1 to
corresponding alcohol 3 can occur if the catalyst is less selective towards imine 1i reduction.
If the imine 1i hydrogenation does not proceed fast, this increases the concentration of imine
in the system which can lead to side reactions. Secondary imine 4 is formed by condensation
of primary amine 2 with carbonyl compound 1 or intermediate imine 1i. This formed secondary
imine 4 can be reduced to secondary amine 5, which can react again with carbonyl compound
1 to form tertiary amine 6. In case of aldehydes, primary imine 1i can also trimerize to form 7,
which undergo thermal cyclization to form imidazole derivatives 8.

R3—NO; or R3—NH, N/R3 cat. |-I\N/R'?'
> | E— /I\
-H,0 R “Ry(H) H; R4 H Ry(H)
o 9 10
N
R Ra(H) [ e
1 H TR R ® :
N :|Rs 4 R R, |: R R
Ry “R, | ONT SN[ cat. SN
> /!\ — | T
| R (')HRZ(H) Ri” “Ry(H) H Ri” [ "Ra(H)
| 1 ! 12

Scheme 11. General reaction mechanism in reductive amination with amines.

Likewise, anilines can condense with carbonyl compound to form secondary imines 9
which are hydrogenated in presence of catalyst to form secondary amines 10 (Scheme 11).
Even nitroarenes can be used for the synthesis of secondary amines.31.3%.40 Here, the
nitroarene reduced in situ to aniline which undergoes reductive amination to form secondary

amine 10. For tertiary amines, the condensation of carbonyl compounds with secondary
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amines proceeds via corresponding enamine or iminium ion 11 as intermediate, which is

further hydrogenated in presence of catalyst to tertiary amines 12.

Despite of all these challenges, in homogeneous catalysis usually the catalyst tends to
deactivate when using ammonia due to formation of Werner type complexes.“° To overcome
these challenges precious metal-based catalysts were used.4' Hence, development of base-
metal homogeneous catalyst is still interesting. As heterogeneous materials some non-noble
metal-based ones have been developed (e.g., Raney Ni, Co-, Ni-, Fe-based).3'42 Below we
will discuss the previous reports on catalytic reductive amination for the synthesis of primary
amines with cobaltand iron based homogeneous catalysts (Section 1.6) and catalytic reductive
amination for the synthesis of amines from HMF with cobalt based heterogeneous materials
(Section 1.7).

1.6 Homogeneous cobalt catalyzed synthesis of primary amines

The development of homogeneous catalysts for the reductive amination of carbonyl
compounds with ammonia is more challenging and less explored. The formation of stable
Werner-type complexes of transition metals with ammonia is a major issue which leads to
deactivation of catalyst.4% Thus, only few metal-complexes systems are known for the
synthesis primary amines from carbonyl compounds in presence of NH3 and Hz, which are

mainly based on precious metals like Rh,4'a® Ru,41d-e and Ir.41c

o H,, cat. NH,

.............................................

0.5 mol% [Rh(COD)CI],
0.5 mol% CTAB, 4 mol% TPPTS
: ag. NH;, 60 bar H,, Toluene, 130 °C, 6h :
1 example (upto 86% yield) :

mmmmmm,

.......................................

0.05 mol% [Rh(COD)CI],
1.3 mol% TPPTS, aq. NH;
! 65 bar H,, H,0, THF, 135 °C, 2h

! i [Ir(COD)CI], BINAS
i iaq.NHj, 50 bar H,, 130 °C}

E | Br :
12 examples (upto 86% yield) \(")ﬁ\N"\ . <Sexample K
Na* : CTAIB Bérner and co-workers
0 A-Na 1 :
W ,0 A L L L L L T T T .
o) Muller and co-workers

for citronellal

....................................

1 mol % [Ru(CO)CIH(PPh3)]

: 1.1 mol% dppe :
i 10 mol% Al(OTf)3, 4-9 bar NH; :
' [ '

Beller and co-workers ; 40 bar H,, Toluene, 120 °C, 16h :
for aldehydes i 15 examples (upto 95% yield)

....................................

i 2-3mol % RuCl,y(PPhy),
4-9 bar NH;, 40 bar H,

: t-amyl alcohol, 130 °C, 24h

: >90 examples (upto 94% yield)

....................................

P4
[)
+
Osyfd
e}
dﬁ@
afin!
.0
o?
Q
4
Q
+

Semmmmmmmm—.

’ Jagadeesh and co-workers

Schaub and co-workers for aldehydes & ketones

for ketones

Scheme 12. Precious metal catalyzed reductive amination of carbonyl compounds with ammonia.

For Rh & Ir, Beller and co-workers?*'a2 developed the first homogeneous catalyst based
on [Rh(COD)CI]2-TPPTS for the reductive amination of aldehydes with NH3 and H2 (Scheme
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12). This catalyst system worked well for aromatic aldehydes (>95%) compared to aliphatic
aldehydes (<40%). In 2015, Muller and co-workers*™® showed synthesis of citronellylamine
from citronellal using [Rh(COD)CI]2-TPPTS catalyst in a biphasic solvent system using phase
transfer catalyst (CTBA). Borner and co-workers*'c reported a patent where
Rh[(dppb)(COD)]BF4, and [Rh(COD) ClI]2-BINAS including [Ir(COD)CI]2-BINAS systems were
used for the synthesis of primary amines.

For Ru, in 2016 Schaub and co-workers*'d reported [Ru(CO)CIH(PPhs)s]-dppe catalyst
for the synthesis of branched primary amines from ketones in presence Al(OTf)3 as additives,
the authors demonstrated 15 examples upto 95% yield. Later in 2018, our group*'e reported a
simple commercially available RuClz(PPhs)2 catalyst for the efficient reductive amination of
aldehydes and ketones with ammonia without any additives. Here, we demonstrated >90
examples with up to 94% yield and under industrially viable conditions.

0 H,, cat. NH,
)L + NH; > :
Ri™ "Ry(H) R4 R,
1 mol % [Ru(CO)CIH(PPhs);] : { 0.5 mol % Ru(OAc),
1.1 mol% (S,S)-f-binaphane 0.5 mol % C3-Tunephos
: 10 mol% NHyl, 2 mol% NaPFg 200 mol% NH4OAc
16 bar NH; , 40 bar H,, Toluene, 120 °C, 16h! ; 57 bar Hy, TFE, 100 °C, 16h
17 examples (upto 99% yield, 87% ee) 1 22 examples (upto 96% yield, 98% ee)
Schaub and co-workers ; : Zhang and co-workers |

.........................................................................

............................................

Y1 mol % Ru(OAc),[(R)-DTBM-Segphos]'
; NH,CI (10 eq), H,O (3 eq)
2.0 M NH; in 'PrOH (1.5 eq)

1 mol % Ru[(S)-SegPhos](OAc), :
NH,OAc (5 eq), Ti(OPr), (1 eq)
50 atm H,, MeOH, 80 °C, 24h

: . : 200 psi H,, 110 °C, 24h
1 31 example (97% yield, 99% ee) : : I 0 ;
: Yin and co-workers : : 1 example (123 kg, 71% yield, 94% ee)

e memcemmemememmmsemmsmmmememaane . Brewer and co-workers

Scheme 13. Asymmetric reductive amination for the synthesis of chiral primary amines.

Apart from these catalysts for reductive aminations, few Ru“3 catalysts were also
reported for asymmetric reductive amination of branched ketones for the synthesis of chiral
primary amines (Scheme 13). Till 2019, there was no homogeneous base-metal catalyst
developed for this challenging reaction. Our group developed first base -metal catalyst based
on cobalt-triphos system for reductive amination of various aldehydes and ketones, these

results are discussed in this thesis (Section 3 and Chapter 3.2).
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1.7 Heterogeneous cobalt-based catalyst for reductive amination of

HMF

Development of heterogeneous methodology for preparation of fuels and chemicals
frombiomass-based feedstock has gained substantial attention, due to their renewable nature,
meets green chemistry metrics and can reduce environmental issues caused by rapid
depletion of fossil fuels.# In this respect, development of cost-effective methodologies for the
valorization of biomass and related compounds to platform chemicals for developing novel

chemicals is of central importance.*

BIOMASS

« Cellulose (35-50 wt%)

Reaction on the hydroxy group: U Reaction on the aldehyde group:

- formation of C-X bond : _ v

- formation of ethers & acetals HO o 2 i forllz;atllon of C—fC, C=C & C=C
- esterification |, - oxidative transformations

- amination - formation of C-N & C=N bonds

- constructions of C-C(Ar) bond 5-hydroxymethylfurfural (HMF) - construction of rings

Reaction on the furan ring:

- ring opening or rearrangement
- singlet oxygen oxidation

- Diels-Alder reaction

- hydrogenation

Figure 5. Overview of HMF and its functionalization.

The crude biomass predominantly consists of cellulose (35-50%), hemicellulose (20-

30%), and lignin (20-30%). These three biopolymers transformed into small organic
intermediates called platform chemicals.®> Among these platform chemicals, 5-
hydroxymethylfurfural appears to be rich building block and can be directly produced from C-
6 sugars.*®* HMF has an aldehyde group at C-2 position, a hydroxymethyl group at C-5 position,
including a reactive furan ring, these functional groups offer a wide range of possibility for late-
stage functionalization and chemical transformation for value-added chemicals, fuels, and
polymers (Figure 5).45f Among these latter products N-substituted furfuryl amines represents
an important class of compounds due to their biological activities such as antimuscarinic agent,
carcinogenesis inhibitors, calcium antagonistic activity, and cholinergic agent.44d-.46a-c A|so,
application in surfactants, polymers, agrochemicals.444.7.46d Catalytic reductive amination of
aldehyde group in HMF with an amine source (ammonia, primary or secondary amines) and
molecular hydrogen is an effective method to synthesize these N-substituted chemicals.*4¢ In
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this respect, few heterogeneous catalysts are reported majorly based on noble metals like
Rh,47a pt,47b Pd,47c-d Ru,47e9 and Au.4"" With respect to base-metal heterogeneous catalysts,
Raney-Ni,*82 Raney-Co,489 Ni,*8-f Cu, 48b< and Co“8h based ones are known. Below we discuss
the previous reports on catalytic reductive amination of HMF for the synthesis of primary
amines with cobalt based heterogeneous catalysts.

Raney Co, 1 bar NH3, 10 bar H,, MeOH, 120 °C, 2h

>
ref.489

Co@C-600-EtOH, 7M NH;.MeOH, 20 bar H,, 90 °C, 4h
FF ref.48h FA

\

................................................................................................................................

Co-DABCO-TPA@C-800, 5-7 bar NH3, 40 bar H,, 'BuOH, 120 °C, 16h

f21e -
HO o 0 re HO 0, NH,
| |/
Co@C-600-EtOH, 7M NH;.MeOH, 20 bar H,, 90 °C, 4h
HMF ref.48h ~ AMF

Scheme 14. Heterogeneous Co-catalyzed reductive amination of FF and HMF with ammonia.

Despite many reports in base metal category, not much development has been done
with Co-based catalysts for reductive amination of HMF and related furfural. In 2017, our
group?'e reported MOF -derived graphitic shell encapsulated Co-NPs for reductive aminations
of aldehydes and ketone in presence of ammonia, here we have demonstrated the application
of this Co-NPs in synthesis of primary amines from HMF and related compounds (Scheme
14). Later, in 2019 Weiand co-workers?*8 studied the activity of commercially available catalyst
like Rh/C, Pt/C, Pd/C, Ru/C, Raney Ni, and Raney Co in reductive amination of furfural with
ammonia. Among these, Raney Co found to be more active for the synthesis of furfuryl amine
in 98.8% vyield. By studying the reaction mechanism and catalytic pathways, the high activity
of Raney Co attributed to faster hydrogenolysis of the Schiff base intermediate and using
ammonia in the system greatly promoted hydrogenolysis. The catalyst recycled for 8 times
without any significant loss of activity (Scheme 14). Recently, Ma and co-workers*8" reported
environmentally friendly method for the synthesis of Co-NPs supported on carbonaceous
matrix by using cobalt acetate, citric acid in water or ethanol and successive pyrolysis at 600
°C. Under optimal conditions the active Co@C-600-EtOH catalyst can facilitate reductive
amination of HMF, FF, and related biomass-derived aldehyde compounds (>24 examples) in
good to excellent yields (Scheme 14). TEM/mapping, XRD, XPS, and in situ FTIR revealed

the catalyst contains metallic Co-NPs uniformly dispersed on carbonaceous matrix, due to
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sponge-like structures no aggregation was observed, and these NPs encapsulated with
multilayers of graphene. The reaction pathways revealed metallic-Co activates carbonyl group
and promotes imine formation, while the acid sites on the particle hydrogenates imine. The
catalyst can be reused up to eight times obtaining 88% yield. In this thesis, we discuss the
development of MOF-based Co-catalyst for reductive amination of HMF at mild condition with
H2 and NHs or amines. These results are discussed in this thesis (Section 3 and Chapter 3.3).

1.8 Catalytic hydrogenation of pyridines and other N-heteroarenes

The catalytic hydrogenation of N-heteroarenes has not lost its importance as the
corresponding saturated amines immensely used for the synthesis of biologically active
building blocks and key intermediates in the manufacture of pharmaceuticals, agrochemicals,
and other fine chemicals.#® Nitrogen containing compounds are the central structurd
components of pharmaceuticals (Figure 6).4%9-c
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Figure 6. Piperazine and tetrahydro(iso)quinoline in life-sciences.

In a report of 2014, U.S. FDA approved drugs reveals that 59% of unique small-
molecule drugs contain a nitrogen heterocycle.*® Particularly, piperidine is used as one of the
most common building blocks in organic synthesis. 4% Among the different methods to prepare
piperidine derivatives, hydrogenation of easily accessible pyridines is more efficient.®
Although some homogeneous protocols (Rh,5" Ir52) have been reported for this reaction, as
cost effective and sustainable point heterogeneous systems are desired. However, this
reaction is challenging as the catalyst is often poisoned by the coordination of the metal with
the ring nitrogen of pyridine or piperidine.® In 1928, Adams reported successful catalytic
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hydrogenation of pyridines with PtO2 using HCI in the system.5* The formation of pyridine salt
can block the coordination of the nitrogen to metal center thereby avoiding catalyst
deactivation. Other catalysts were reported based on precious metals like (Rh NPs, Rh/C,
Pt/C, RuO2, Pd/C)5° and in most cases addition of acids was needed to avoid poisoning. For
such reactions, development of low cost and less toxic earth-abundant 3d metals continues to
be primary goal. Till now only a cobalt-based heterogeneous catalyst is known for the
hydrogenation of pyridines which works under drastic conditions limiting its applicability (160
°C, 60 bar H2).%® On the other hand, several non-noble heterogeneous catalysts based on
Raney Ni,%2 Nij,%b Fe, 5cd gnd Co% have been reported for the hydrogenation of (iso)
quinolines and related heterocycles. In this thesis, we discuss previous reports of
heterogeneous catalysts based on iron and cobalt for the hydrogenation of pyridines and other
N-heteroarenes.

1.9 Iron catalyzed hydrogenation of quinolines and N-heteroarenes
In 1987, Stapp and Shaw first demonstrated the use of iron(lll) oxide for the

hydrogenation of 2-methylquinoline at 300 °C (Scheme 15).56¢

Stapp & co-workers Beller & co-workers

XN Fe,0;@Al,0; ~ 7 Fe-N-C (10 mol%) N
| > R TR < R~ [ =R
P A 7 2 !
N H; (5.2 MPa), 300 °C iPrOH:H,0 (3:1), H, (3-5 MPa) N

120-150 °C, 60-72 h 35 example
up to 98% yield

Iz

1 example

Scheme 15. Iron catalyzed hydrogenation of quinolines.

Later, in 2018 Beller and co-workers®dshowed complexation of iron(ll) acetate and N-
aryliminopyridines, supported on carbon and successive pyrolysis gives iron NPs consisting of
Fel, FesC, and FeNx in N-doped carbon matrix. This Fe-N-C catalyst could selectively
hydrogenate of quinolines and isoquinolines, even in the presence of functional groups, such
as halogens, esters, nitriles, and amides (Scheme 15). This methodology was showcased in
the synthesis of natural products and pharmaceutical compounds.

1.10 Cobalt catalyzed hydrogenation of pyridines and N-heteroarenes

In 2018, Chen et al.?® reported first base metal catalyst for the hydrogenation of
pyridines based on Co-metal. Simple impregnation of cobalt acetate, melamine on TiO2 and
subsequent pyrolysis at 800 °C resulted in Co-NPs supported TiO2 with large amount of
nitrogen-modified TiN and oxidized Ti-N-O structure. Under optimal condition the catalyst
hydrogenated numerous substituted pyridines without any acid additives with good activity and
selectivity up to 98% with water as solvent. The catalyst can be recycled up to 5 times up to
92% vyield without much decrease in activity and synthesis of bioactive compounds
(Desoxypipradrol and Isosolenopsin A) were showcased (Scheme 16).
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Scheme 16. Co-Melamine catalyzed hydrogenation of pyridines.

After this no base metal catalyst were reported for this challenging transformation. In
2020, our group developed MOF -based Co-catalyst for this reaction and these results are

discussed in this thesis (Section 3 and Chapter 3.4).

Previously, many Co-based heterogeneous materials have been developed for the
hydrogenation of quinoline is listed below (Table 1)5” and very few catalysts are extensively
studied for the synthesis of tetrahydro quinolines (Entry 1, 6, 10, 11, 14). With these catalysts
many functionalized and structurally diverse tetrahydroquinolines were synthesized with up to
98% vyields. All these catalysts use relatively high temperature and hydrogen pressure,
development of catalyst which works at milder condition is always desired. As an extended
scope hydrogenation of quinoline was also performed with our Co-catalyst (Section 3 and
Chapter 3.4).

Table 1. Co-catalyzed hydrogenation of quinoline.

= A Co-catalyst z |
Ree Il R — R N Ri
N H,, solvent, °C H
Entry Catalyst "z Tem. Solvent Yields eg., etal %
(bar) (°C) (%)
1 C0304-Co/NGr@a-Al203  20-30  120-140  Toluene 49-97 32 Chen (2015)2
2 Zr-MTBC-CoH 40 80-100 Toluene 72-99 7 Ji (2016)P
3 CoOx@CN 30 110-140 MeOH 77-99 9 Wei (2016)°
4 Co@NGC-800 40 120 'PrOH 82 1 Li (2017)¢
5 Tig-BDC-CoH 50 160 Neat 78-100 4 Ji (2018)¢
6 Co-Mo-S-0.83 12-30  120-150  Toluene 50-98 23 Sorribes (2018)"
7 Co-SA/AC@N-CNTs-L 20 100 Ethanol 96-99 9 Gong (2019)¢9
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8 Co-Phen@C 35 120 Toluene 71-98 11 Garima (2019)"
9 Co/AIN 40 100-140 PrOoH 70-99 11 He (2020)'
10 CoClz2+ NaBH4 20-30  130-150 H20 57-99 24 Hervochon (2020)/
1 Co@C 20 80-100 PrOoH 83-99 20 Zhang (2020)*
12 Co-L/Carrier 100 100-150 MeOH 79-99 11 Asaula (2021)"
13 CoW@C NPs 8 100 Toluene 85-98 11 Puche (2021)™
14 Co(OAC)2.4H20 & Zn 30 70-150 H20 50-99 24 Timelthaler (2022)"
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2. Objectives of this work

The development of new catalysts and their applications play crucial roles in organic
synthesis to produce all kinds of chemicals needed for our daily life products including many
molecules used in life sciences. Thus, not surprisingly around 90% of all chemical products in
industry are made via catalysis. Among the various catalytic reactions, catalytic
hydrogenations are widely used and allow for the cost-effective and sustainable production of
fine and bulk chemicals as well as pharmaceuticals, agrochemicals, and other daily life
products. In this context, specifically catalytic hydrogenations applied for the synthesis of
amines are of prime importance because the resulting products are highly valued compounds,
finding interesting applications in chemistry, medicine, biology, material sciences, and energy
technologies. In particular, catalytic hydrogenation of nitroarenes and nitriles as well as
reductive aminations can be applied for the synthesis of all kinds of amines. Hence, the primary
goal of this work was to develop earth abundant Fe- and Co-based nanoparticles and
molecularly defined catalysts for hydrogenations and reductive amination reactions to prepare
different kinds of amines. Here, main objectives were a) to develop 3d-metal catalysts for the
hydrogenation of nitriles to amines and b) to prepare and apply both homogeneous and
heterogeneous 3d metal catalysts for reductive aminations. In this respect, specifically the

hydrogenation of renewables was interesting, too.
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3. Summary of this work

This section includes summary of the research work on the development of Fe- and
Co-based heterogeneous and homogenous (Co) catalysts for hydrogenation and reductive

amination reactions.

3.1 Silica-supported Fe/Fe-O nanoparticles for the catalytic

hydrogenation of nitriles to amines in the presence of aluminium additives

The hydrogenation of nitriles to amines represents an important and largely used
industrial processes because the resulting products constitute important precursors and
central intermediates in chemical, pharmaceutical, agrochemical and material industries. 2”2
The state-of-the-art catalysts for nitrile hydrogenation in industry continue to be Raney-Ni,3
and copper chromite,3%" which require drastic conditions and suffer from toxicity issues. To
overcome these issues alternative nickel- and cobalt- based heterogeneous catalysts have
been reported in recent years.?7-3 Despite of these catalytic systems, from a sustainable and
cost-effective point of view, iron-based heterogeneous catalysts are highly desired."
Surprisingly, until 2021 no Fe-based heterogenous catalysts have been reported for the
hydrogenation of nitriles. Noteworthy, very recently, we reported supported Fe-based
nanoparticles for the nitrile hydrogenation. This Fe-catalyst consisting ofiron/iron oxide (Fe/Fe-
O@SiO2) cores shell particle supported on silica. In a typical procedure, these nanoparticles
have been prepared by pyrolysis of iron acetate on commercial silica (Aerosil-SiO2) at 800 °C

under reductive (Hz2) conditions (Figure 7).

-

1. Stir, DMF, 150 °C
2. Addition of SiO,

Fe(OAc), ; -
3. Stir, DMF, 150 °C, 4 h * e
4. Slow evaporation of
DMF & drying

' Fe ' Fe-O core-shell
K immobilized on SiO, nanoparticles supported on SiO, /

Pyrolysis

800 °C,4 h, H,

Figure 7. Preparation of Fe/Fe-O core-shell structured nanoparticles.
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Scheme 17. Iron-catalyzed hydrogenation of 4-chlorobenzonitrile: Activity of different catalysts.

We started initial optimization with Fe-catalysts prepared on different supports (Vulcan
XC72R carbon, SiOz, y-Al203, and MgO) for the hydrogenation of 4-chlorobenzonitrile 1 to 4-
chlorobenzylamine 2, not only to identify an active catalyst system, but also a selective one
(Scheme 17). Among these, Fe-catalysts (Fe(OAc)2-SiO2-800) supported on SiO2 (8.5 mol%)
showed some activity (26% yield of 2) and high selectivity (>90%) for the formation of desired
primary amine. Upon increasing catalyst loading up to 12.8 mol% the product yield increased
up to 50%, while maintaining the selectivity (>90%). Studying the influence of different acidic
and basic additives, we found the positive effect on reactivity with Lewis acidic additives.
Gratifyingly, in the presence of Al-foil or aluminum triisopropoxide (Al(/-OPr)3) the yield for 4-

chlorobenzylamine 2 dramatically increased to 96-97%.

The crucial role of aluminium additives was explained by monitoring reaction course in
presence and absence of Al-foil and Al(/-OPr)3 (Scheme 18). Surprisingly, in presence and
absence of Al-foil the reactions needed a significant pre-activation time (9 h) to start. In the
presence of Al(i-OPr)s this pre-activation is drastically reduced (3 h). We found in presence of
ammonia, Al-foilis completely dissolved in the solvent (iso-propanol) and forms an active Lewis
acid co-catalyst similar as in Al(/-OPr)s case, which activates the nitrile group.
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Scheme 18. Reaction coursein presence and absence of Al(i-OPr)3, Al-foll.

We performed detailed characterization of the most active, Fe(OAc)2-SiO2-800 catalyst
using TEM, HRTEM, STEM, EDX, XPS, XRD, EPR and Mdssbauer spectroscopy allowed to
explore the chemical and structural model of the Fe/Fe-O@SiO2 catalyst being composed of
SiO2 matrix, fayalite interface (Fe2SiO4) and a-Fe/amorphous-Fe20s core-shell nanoparticles
with globular and rod-shape morphologies of diameter ranging from 10 to 30 nm and length up
to 100 nm growing from the silica matrix and, they are covered by an ultrathin iron oxide layer

with the thickness of afew nm (Figure 8).

Figure 8. TEM and HRTEM imaging for Fe/Fe-O@SiO2.
(a and b) TEM images. (c) HRTEM image (d) HAADF-STEM image and the corresponding elemental mapping of
(e) iron (red), (f) iron/oxygen (red/blue), (g) iron/silica (red/green), (h) iron /silicon/oxygen (red/ green/blue).
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Scheme 19. Selected examples of iron catalyzed hydrogenation of nitriles with Al-foil.

Using this Fe-catalyst in combination with Al-foil or Al(i-OPr)3 in presence of ammonia
and molecular hydrogen >85 functionalized, structurally challenging, aromatic, heterocyclic
and aliphatic including fatty nitriles were hydrogenated to corresponding primary amines under
scalable and industrially viable conditions (Scheme 19). Halogen- and functional groups
containing nitriles were selectively hydrogenated. As a result, alkene, alkyne, ester, boronic
ester, amide, thio-ether groups are well tolerated. In addition, heterocyclic nitriles containing
quinoline, indole, pyrrole, furan, morpholine, and benzofuran motifs gave good to excellent
yields (65-94%). Further, the challenging aliphatic including nitriles were also successfuly

hydrogenated too (Scheme 19).
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Figure 9. Synthesis of fatty amines.

The hydrogenation fatty nitriles are of central importance due to their wide application
of resulting amines. Hydrogenation of fatty nitriles to primary amines majorly relies on Raney -
Ni, Raney-Co and copper chromite or Pd, Ru and Pt based catalysts.3¢ Delightfully, our Fe-
catalyst could hydrogenate seven different fatty nitriles to fatty amines in excellent yields up to
97% (Figure 9). Finally, synthetic utility and practicability of this Fe-based hydrogenation
protocol have been demonstrated by scaling up of both catalyst preparation and (up to 12g)
and synthesis of amine (up to 20g).

3.2 Homogeneous cobalt-catalyzed reductive amination for synthesis of

functionalized primary amines

Reductive amination of carbonyl compounds with ammonia is an efficient method for
the synthesis of linear and branched primary amines.3'.41-43 For this reaction the development
homogeneous catalysts are challenging due to the deactivation of the metal complex by
forming Werner-type complex. Nevertheless, Rh, Ir, and Ru-complexes known to catalyze
reductive amination of carbonyl compounds with ammonia and molecular hydrogen to prepare
primary amines.*'-43 To the best of our knowledge no 3d-metal complexes have been reported
for this reaction until 2019. Noteworthy, we report a specific combination of cobalt salt and
bis(diphenylphosphinoethyl)phenylphosphine (linear triphos) for the reductive amination of
broad carbonyl compounds with ammonia in presence of molecular hydrogen to produce
corresponding primary amines. The resulting primary amines serve as key precursors and
central intermediates to produce advanced chemicals, pharmaceuticals, agrochemicals,

biomolecules, and materials.2”

To find the suitable 3d-metal based complex, we tested in situ metal complexes based
on Fe, Mn, Co salts and phosphorus ligands for the reductive amination of 4-
methylbenzaldehyde with ammonia as the benchmark reaction. Privileged ligands (L1-L8) with
strong coordinating property to metal center were selected to avoid the formation of Werner-
type ammonia complexes. Mn-(L1-L7) and Fe-(L1-L7) systems were inactive (Table 2), while
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Co-(L1-L7) systems exhibited varying activities. Among these, the ones based on linear- and
tripodal-triphos ligands (Co-L7 and Co-L8) gave desired primary amine in 96% and 93% yield,
respectively (Table 2). Applying Co-L7 the optimal results were obtained using 3 mol% of
Co(BF4)2:6H20 and 4 mol% of L7 at 40 bar of hydrogen, 5 bar of ammonia at 100 °C.

Table 2. Reductive amination of 4-methylbenzaldehyde with in situ generated metal-phosphine complexes.

Metal salt (3 mol%)

N ngand (4 mol%)
40 bar H,

1 TFE, 100 °C, 15h
Tested perlIeged Ilgands
Metal precursor | PPh; |Xantphos| dppf dppe BINAP | MACHO T'-!"‘;ar ';ri_pc;‘dal
wy | (L2 (L3) (L4) (L5) (L6) e 8

o ®® ®® ®®®/® ®® % ®@ %
wniorcn o ®® ®® ® 5 & 6 ®® % % %

®® % % 2 ®® @/® % %

Yield of Product 2: ®<1% @ 1-5% (= 90-95% @95-93%
Yield of Product 4: @ 15% (#) 510% @60-80% @ >90%

Ph

’%ﬁ, @_P\Ph PR N p e ST
PSR ~Np P PR
Ph—-P P——Ph PH Ph Ph p-Ph
PH
L1 L2 L3 L4 L7 L8

Reaction conditions: 0.5 mmol 4-methylbenzaldehyde, 3 mol% metal salt, 4 mol% ligand, 5 bar NH3, 40 bar H2,
2mL TFE, 100 °C, 15 h, GC yields using n-hexadecane as standard.

Under the optimized conditions, Co-L7 enabled for the reductive amination of various
functionalized and structurally diverse aromatic, aliphatic and heterocyclic carbonyl
compounds with ammonia to produce corresponding linear and branched primary amines in
good to excellent yields in presence of molecular. As an application in late-stage
functionalization of life science and bio-active molecules, amination of drugs such as
Nabumetone, Pentoxifylline and Azaperone including steroid derivatives of Estrone and

Stanolone were performed too (Scheme 20).
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Scheme 20. Selected examples of Co-triphos catalyzed reductive amination of carbonyl compounds with NH3 and
Ho2.

The molecularly defined Co-L7 (complex A) was also prepared and tested in the model
reaction and found that this defined catalyst also exhibits the similar activity and selectivity to
that of in situ system. The single crystal analysis of complex A revealed that Co center was
coordinated with two phosphine ligands (1:2 ratio of Co:L7), in which one ligand coordinates
via three phosphorus atoms and the second ligand via two phosphorus atoms to cobalt (ll)
species with two tetrafluoroborates as counterions (Scheme 21). Complex crystallized without
exclusion of air gave partially oxidized cobalt-complex (complex B) which is inactive and

indicates a major deactivation of the catalyst by oxidation of phosphine-to-phosphine oxide.

Page | 27



3. Summary of this work

The first step is the dissociation of one L7 ligand from the cationic complex A [(L7)2C0"]?* and
formation of mono-cationic hydride [L7CoH]* (1) species in presence of ammonia and Hz. In
absence of ammonia, no hydrogenation of carbonyl group to the corresponding alcohol
occurred. Next, the primary imine formed from 1 and ammonia generates complex Il. Based
on our previous work and DFT calculations, we propose first substrate coordination followed
by beta hydride addition. Finally, hydrogenolysis with H2 to give primary amine and
regeneration of catalytically active species | (Scheme 21).
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Scheme 21. Proposed reaction mechanism for the Co-triphos catalyzed reductive amination.

To support proposed mechanism, B3PW91 DFT computations for the hydrogenation
of phenylmethanimine (Ph-CH=NH) generated from benzaldehyde and NHs (Figure 10) has
been performed. The mono-cationic complex [L7CoH]* (I) in solvation has fac and mer
conformations under equilibrium, we computed both catalytic cycles and found that mer-l is
more stable than fac-l by 33 kJ/mol, while fac-l based catalytic cycle has lower apparent barrier
than that of mer-1 (108 vs. 140 kJ/mol). Based on Curtin—-Hammett principle, the fac-l based
catalytic cycle is more preferred kinetically. Starting from the mer-l, the coordination of
Ph—-CH=NH to form fac-ll-LP is endergonic by 14 kJ/mol, and the formation of 1r-coordinated
fac-ll-risendergonic by 72 kdJ/mol. The Gibbs free energy barrier of Ph—CH=NH insertion into

fac-lis 71 kJ/mol. The formation of intermediate fac-lll with agostic interaction is endergonic
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by 50 kd/mol. In the second step, H2 coordination to form fac-IV is endergonic by 71 kd/mol.
The metathesis step has Gibbs free energy barrier of 108 kJ/mol for fac-IV. The formation of
fac-V is exergonic by 40 kJ/mol. The release of amine from complex fac-V with the
regeneration of mer-l is exergonic 59 kd/mol. The transition state of H2 metathesis represents
the highest point on the Gibbs free energy surface and is the rate-determining transition state;
and the apparent Gibbs free energy barrier is 108 kJ/mol from mer-l (Figure 10). Based on
our reaction conditions (100-120 °C, 40 bar H2 and 15-24 h reaction time), the barrier is

reasonable. This catalytic cycle is similar with that proposed by Hanson and Jones.
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Figure 10. Gibbs free energy surface for Ph—-CH=NH hydrogenation in TFE solvation.
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3.3 Reductive amination, hydrogenation and hydrodeoxygenation of 5-
hydroxymethylfurfural using silica-supported cobalt-nanoparticles

Development of efficient methods for the valorization of biomass and related
compounds to value added products constitute as an important goal of chemical research.#
Among the major platform chemicals, HMF listed as top 10 renewable chemicals by U.S.
Department of Energy.4d Different catalytic reactions such as hydrogenations,
hydrodeoxygenations, oxidations, and aminations are applied to valorize HMF and produce
value-added chemicals, fuels, and polymers.45-46 Using reductive aminations, the aldehyde
group of HMF can be converted to bio-based primary, secondary, and tertiary amines including
N-methylamines.#5-46 These furan-based amines are applied for the synthesis of diuretics,
antihypertensives, antiseptic agents, and as intermediate in manufacture of polymers, fibers,
as well as perfumes.*® Herein, we report MOF-derived Co-NPs for efficient and selective
reusable reductive amination and hydrogenation catalysts for the valorization of HMF under
mild conditions. To prepare optimal catalyst, first, Co(NO3)2.6H20, terephthalic acid, and
piperazine were mixed in DMF and stirred at 150 °C to generate cobalt-terephthalic-piperazine
MOF. Next, to this mixture, Aerosil silica as support was added and continued the stirring at
150 °Cfor 4 h. After slow evaporation of DMF and drying, cobalt-terephthalic acid-piperazine
MOF template on silica was obtained. Finally, this Co-MOF-SiO2 templated material was
pyrolyzed at 800 °C under argon to obtain silica supported cobalt nanoparticles (Co-
terephthalic-piperazine@SiO2-800; Figure 11).

Catalyst preparation b

1.  Stirring at 150 °C, 30 min e \
2.  Addition of SiQ, 3

- —
3.  Stirring at 150 °C, 4h Ry, Pyrolysis at
4, Slow evaporation of DMF 800 °C. 2h. Ar

b ]
Co-TPA-PZ Silica supported
template on SiO, cobalt-based NPy

Figure 11. Preparation of Co-terephthalic-piperazine@ SiO2-800 catalyst.
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Figure 12. Characterization of Co-terephthalic-piperazine@ SiO2-800 catalyst.
1) STEM images of Co-terephthalic acid-piperazine@SiO2-800 catalyst. Top row HAADF images and bottom row
corresponding ABF images. (A) Distribution of cobalt nanoparticles, (B) metallic Co nanoparticles surrounded by
graphitic layers. (C) Co-oxide particle without carbon shell. 2) XP spectra of the (a) Co2p and (b) N1s of Co- catalyst.

The best catalytic material was characterized using STEM, EDXS, XPS, XRD
techniques, which showed both metallic and oxidic cobalt particles. The metallic cobalt-
particles are 5-15 nm in size (Figure 12. 2A) and surrounded by graphitic shells (Figure 12.
2B). Oxidic cobalt particles are presented without surrounded by graphitic shells instead are
in-between states like metal core particles fully or partially surrounded by Co oxide ( Figure 12.
2C). The Co2p XP spectra (Figure 12. 3a) contains two main peaks at 778.44 and 793.47 eV
correspond to Co2ps2 and Co2p1/2, which are assigned to cobalt in metallic form. Other, two
small satellite peaks at 785.26 and 800.11 eV represent the presence of some high spin Co%
mixed up with the peaks of metallic Co. Weak satellite peaks might be due to presence of
Co304 where mixed Co(ll) and Co(lll) are present. Next, N1s narrow scan spectra (Figure 12.
3b) predicts two types of N with peaks centered at 395.20 and 396.8 eV. Such a significant
downfield shift of both types of nitrogen represents electron density rich N atoms. The peak at
395.20 eV can be attributed to chemisorbed N and at 396.8 eV might be pyridinic N.

First, reductive amination HMF with ammonia in presence of molecular hydrogen to
produce 5-(aminomethyl)-2-furanmethanol (AMF 2) (Table 3) using Co-terephthalic-
piperazine@SiO2-800 was performed. In general, this reaction is challenging and non-
selective as often results in the formation of side-products such as over alkylated products
(secondary imine and secondary amine) or corresponding alcohol as the reduced product 3.
Nevertheless, this catalyst showed high activity and selectivity and obtained 94% of AMF, the
desired product (Table 3, Entry 3 & 4).
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Table 3. Cobalt-catalyzed reductive amination of HMF using NH3 and H2.

HO o 0 Co-catalyst _ HO 0 NH, HO O OH
Ly E— 10 bar Hy, 50 °C, 16h Ly : Ly
1 2 3
Entry Catalyst Solvent Conv. Yield (%)
(%) 5 3
16 Co-terephthalic acid-piperazine@SiO2-800 MeOH >99 80 15
20 Co-terephthalic acid-piperazine@SiO2-800 EtOH >99 89 4
3k Co-terephthalic acid-piperazine@SiO»-800 H.O >09 94 1
4/v! Co-terephthalic acid-piperazine@SiO»-800 H.0O >09 94 1
5t Co-terephthalic acid-piperazine@SiO»-800 H.O 90 80 -
6!*! Co-terephthalic acid-piperazine@SiO--400 H.O 50 - -
71b! Co-terephthalic acid-piperazine@SiO»-600 H.O 85 70 -
8l¥l Co-terephthalic acid-piperazine@SiO2-1000 H.O >99 88 6

Reaction conditions: 0.5 mmol HMF, 5 bar NH3, 25 mg catalyst (5 mol% Co), 10 bar H2, 3 ml solvent, 50 °C, 16
h. [b] same as [a] with 0.1 mL aq.NH3 (33 wt% of NH3 in water). [c] same as [b] with 15 mg catalyst (3 mol% Co).
Al yields are determined by GC using DMAc as standard. In entry 6, 45% secondary imine was observed.
Inentry 7, 12% secondary imine was observed.

Next, we continued the reductive amination of HMF with primary, secondary amines
including N-methylamines and obtained corresponding furan-based amines in up to 95% yield
(Scheme 22). In addition, interesting heterocyclic compounds-based furan-benzimidazole, -
benzothiazole, and -oxazolidine were produced by reacting HMF with ortho-substituted hetero-
anilines. Thus, this Co-based amination protocol makes use of renewable feedstock not only

for the synthesis of amines, but also for accessing heterocycles (Scheme 22).

In addition to reductive aminations, hydrogenation and hydrodeoxygenation of HVIF
also been demonstrated. With our Co-catalyst HMF can be selectively hydrogenated to
produce 2,5-bis(hydroxymethyl)furan (BHMF) in high yields at 70 °C with 15 bar hydrogen
(Scheme 22). This heterocyclicdiol used as key precursor to produce polyurethane foams and
polyesters. Upon increasing the catalyst loading, temperature and pressure (6 mol% Co, 100
°C and 30 bar H2), the HMF underwent hydrodeoxygenation to provide 5-methylfuran-2-
yl)methanol (MFM, Scheme 22). Finally, recycling and stability studies were performed, and
the catalyst can be conveniently recycled and reused 4 times without much significant loss in
catalytic activity, but in 5t run yield of product is decreased. In catalyst stability runs for half

conversion at 10 h, the catalyst was stable up to 3 run later decrease in activity was observed.
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Scheme 22. Selected examples of Co-catalyzed reductive amination, hydrogenation, and hydrodeoxygenation of
HMF.

Page | 33



3. Summary of this work

3.4 A general catalyst based on cobalt core—shell nanoparticles for the
hydrogenation of N-heteroarenes including pyridines

The catalytic hydrogenation of pyridines, quinolines and other N-heteroarenes offers a
straightforward approach for the synthesis of aliphatic cyclic amines.5-5" Piperidines and
1,2,3,4-tetrahydroquinolines are major building blocks for pharmaceuticals, agrochemicals,
biomolecules, and natural products.4® The hydrogenation of pyridines is particularly
challenging due to the catalyst deactivation by the interaction of nitrogen moiety of pyridine
and pieridine with the metal active centers.%2 In this respect, development of active and stable
heterogeneous catalysts for the hydrogenation of pyridines is of centralimportance. Regarding
potential heterogeneous catalysts supported nanoparticles are of prime importance due to their
tunable activities and selectivities in addition to their easy recycling and reusability. In our
previous works we noticed that compared thermal or chemical reduction of simple metal salts
on heterogeneous supports, the template synthesis of metal complexes MOFs in in organic
supports and subsequent pyrolysis produces more active and selective nanoparticles-based
catalysts. Advantageously, a plethora of inexpensive and stable organic ligands/linkers are
commercially available to prepare these metal complexes or MOFs, which can be used as
potential precursorsto synthesize diverse nanomaterials. As an example, we reported the use
of cobalt-MOFs obtained from di-, tri- or tetracarboxylic acids, as appropriate precursors for
the preparation of silica supported Co/Co30a4 core-shell nanoparticles. The optimal material
was obtained by the pyrolysis of in situ generated Co- pyromellitic acid MOF on SiO2 at 800
°C under argon (Scheme 23).

( -
Catalyst preparation:
Co(NO;), - 6H,0 1. Stir, DMF, 150 °C
+ 2. Addition of SiO, _In situ generated Co-PMA Pyrolysis Si0, supported Co/Co0,
Hooc COOH ~ MOF template on SiO, o ? core-shell NPs
@: 3. Stir, DMF, 150 °C 800 °C, 2h, Ar
L HOOC COOH 4. Solvothermal process (Active nanomaterial )
J

Scheme 23. Preparation of Co-pyromellitic acid@SiO2-800 catalyst.

All the new materials prepared were tested for the hydrogenation of nicotinamide as
the benchmark reactions (Table 4). The catalyst prepared using benzoic acid gave completely
inactive material, while other di-, tri-, and tetra-carboxylic acids gave active catalysts (Table 4;
Entries 1-4). Among thee, the one prepared form Co-pyromellitic acid (Co-pyromellitic
acid@Si02-800), exhibited best activity and obtained 97% vyield of desired product,
nipecotamide (2, Table 4; Entries 4). Homogeneous system (Table 4; Entries 8-9) and
pyrolyzed cobalt(ll) nitrate on silica as well as non-pyrolyzed Co-pyromellitic acid on silica
showed no activity (Table 4; Entries 5-6).
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Table 4. Cobalt-catalyzed hydrogenation of nicotinamide and catalyst preparation.

o o]
| NN, Cobalt catalyst " (j)LNHz

N7 50 bar H,, i-PrOH:H,0 N

. 120 °C ;l
ENTRY  CATALYST CONV. (%) YIELD (%)
1 Co-benzoic acid@SiO2-800 <3 <2
2 Co-terephthalic acid @SiO2-800 65 63
3 Co- trimesic acid @SiO2-800 75 73
4 Co-pyromellitic acid@SiO2 >99 97
5 Co(NO3)@Si02-800 <2 <1
6 Co-pyromellitic acid@SiO2 (unpyrolyzed) <2 <1
7 Co(NO3)@SiO2 (unpyrolyzed) - -
8 Co(NO3)26H20 + pyromellitic acid (Homo) - -
9 Co(NO3),6H.0 (Homo) - -

Reaction conditions: 0.5 mmol nicotinamide, 40 mg catalyst (7.5 mol% Co), 50 bar Hz, 3 mL solvent (PrOH:H20;
2:1), 120 °C, 24h. Yields were determined by GC using n-hexadecane as standard.

With the active catalyst in hand, a series of substituted (electron donating, withdrawing)
and functionalized (amide, ester) pyridines were hydrogenated to corresponding piperidines in
good to excellent yields (83-97%) (Scheme 24). Also, quinolines were semi-hydrogenated
under relatively mild condition at 70 °C with 10 bar H2 and produced tetrahydroquinolines in
up to 97% yield. Here, functional groups like halides, hydroxyl, ether, ester were well tolerated.
In addition, quinoline moiety in tocopherol derivative was also selectively semi-hydrogenated
without effecting other structure. Other N-heteroarenes such as quinoxaline, indole,
imidazo[1,2-a]pyridine, 1,5-naphthyridine, acridines, and phenanthroline were also
successfully hydrogenated to give partially reduced products with 97% yields (Scheme 24).
The optimal catalyst was also tested for the reverse dehydrogenation process. As aresult, 2-
methyl-1,2,3,4-tetrahydroquinoline underwent dehydrogenation and yielded 93% of 2-

methylquinoline, which is of interest in the context of LOHC technologies (Scheme 24).
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Scheme 24. Selected examples of Co-catalyzed hydrogenation of N-heteroarenes and dehydrogenation of 2-
methyltetrahydroquinoline.

The optimal catalyst Co-pyromellitic acid@SiO2-800 was characterized using STEM,
XRD, XPS and BET techniques. STEM analysis revealed the formation of metallic Co and
different oxidic-Co NPs with 10-20 nm in sizes (Figure 13). Most of these particles are of core-
shell structure with metallic Co as core covered with oxidic shell (Figure 13, B and C), which
is also confirmed with elemental mapping (Figure 13, D and E). XRD showed the presence of
both metallic and oxidic cobalt phases (Co and Co304). XPS confirmed the presence of mixed
oxidation for Co (Co2psi2in Co(0): 778.49 eV; Co?*: 779.92 eV), the presence of strong satellite
peaks at 786.43 eV and 802.20 eV are indicative for multiple oxidized Co species as satellite

peaks arise due to spin-spin interactions of different Co-species.

Page | 36



3. Summary of this work

Co-L, Co metal

Co:L, Co oxidelis

l! ?: L)

Figure 13. Characterization of Co-pyromellitic acid@SiO2-800 catalyst.

STEM-HAADF (A, B) and -ABF (C) images. STEM-ADF (D) overlaid with false color elemental map showing the
distribution of C, O and maps of the different oxidation states of Co, with the single-color elemental maps (E).

Finally, Co-pyromellitic acid@SiO2-800 was conveniently recycled and reused for 7
runs without significant loss in the activity or selectivity (Figure 14). STEM analysis of catalyst
samples after one and seven reuses showed a partial re-dispersion of cobalt into a thin layer

of Co-oxide on the surface of the support progressing with the number of uses.
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_ >

N
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Figure 14. Catalyst recycling for the hydrogenation of 2-methyl quinoline.

Reaction conditions: 1.4 gram 2-methyl quinoline (10 mmol), 1 g of Co-pyromellitic acid@SiO2-800 (9 mol % Co),
10 bar Hz2, 15 mL t-BuOH, 120 °C, 24 h.
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Silica-supported Fe/Fe-0 nanoparticles for the
catalytic hydrogenation of nitriles to amines in the
presence of aluminium additives

Vishwas G. Chandrashekhar®?, Thirusangumurugan Senthamarai', Ravishankar G. Kadam®?2,
Ondrej Malina?, Josef Kaslik ®?, Radek Zbo¥il ®%3™, Manoj B. Gawande ©®244,
Rajenahally V. Jagadeesh ©®'* and Matthias Beller ©®1><

The hydrogenation of nitriles to amines represents an important and frequently used industrial process due to the broad appli-
cability of the resulting products in chemistry and life sciences. Despite the existing portfolio of catalysts reported for the
hydrogenation of nitriles, the development of iron-based heterogeneous catalysts for this process is still a challenge. Here, we
show that the impregnation and pyrolysis of iron(ll) acetate on commercial silica produces a reusable Fe/Fe-O@SiO, catalyst
with a well-defined structure comprising the fayalite phase at the Si-Fe interface and a-Fe nanoparticles, covered by an ultra-
thin amorphous iron(lll) oxide layer, growing from the silica matrix. These Fe/Fe-O core-shell nanoparticles, in the presence
of catalytic amounts of aluminium additives, promote the hydrogenation of all kinds of nitriles, including structurally challeng-
ing and functionally diverse aromatic, heterocyclic, aliphatic and fatty nitriles, to produce primary amines under scalable and

industrially viable conditions.

chemical processes and is involved in the industrial pro-

duction of more than 90% of fine and bulk chemicals as
well as polymeric materials and many other everyday products'=.
In addition, the synthesis of bioactive compounds for life sciences
and the success of sustainable energy technologies, including green
fuels, depend on efficient catalytic processes'~. Indeed, the suc-
cess of organic synthesis in the last 100 years relied to a large extent
on the discovery and application of suitable catalysts'~. In this
respect, specifically, the development of practical and cost-efficient
hydrogenation strategies constitutes a key achievement of the last
century®. Nowadays, a plethora of molecularly defined metal com-
plexes as well as heterogeneous materials are frequently applied for
the selective hydrogenation of alkynes”®, olefins”*'’, carbonyl com-
pounds'>'?, nitroarenes'>'* as well as (hetero)arenes”'*~". Among
these hydrogenation reactions, the transformation of nitriles to pri-
mary amines is particularly valuable because the latter products are
privileged compounds in chemistry, medicine and biology'**”. In
general, primary amines constitute important precursors and cen-
tral intermediates in the chemical, pharmaceutical, agrochemical
and materials industries'®”. After the original discovery of benzo-
nitrile hydrogenation in the presence of nickel in 1905 (ref. *°), many
catalysts were developed for this and related reactions (Fig. 1)**.
These achievements were mainly possible due to the design of pre-
cious metal systems, which allow reactions to be performed at low
temperature and pressure”-***"=*_ However, despite their tremen-
dous success, their limited availability and higher price constitute
major drawbacks. Thus, state-of-the-art catalysts for nitrile hydro-
genation in industry continue to be Raney nickel’>”*"** and copper

( :atalysis plays a decisive role in many basic and applied

chromite”, which demand harsh conditions and suffer from toxicity

issues. To solve these problems, alternative nickel- and cobalt-based
heterogeneous catalysts have been reported in recent years**=*!,

From a sustainability point of view, iron would be an ideal cata-
lyst system for nitrile hydrogenation because of its abundance (at
4.7% it is the second-most abundant metal in the earth crust), low
price and low toxicity'*'”*=*. Indeed, in the last decade, using
sophisticated/synthetically demanding PNP pincer ligands, active
iron complexes have been developed to hydrogenate nitriles”. In
general, however, these metal complexes are less stable and difficult
to use. In contrast, heterogeneous catalysts show improved stability
and can be easily reused'*'”*>*=*". Unfortunately, to the best of our
knowledge, analogous supported active iron centres for the hydro-
genation of nitriles have not been created yet.

Here, we report a stable and convenient iron-based nanocatalyst
obtained by the pyrolysis of iron acetate on commercial silica that
shows excellent activity and selectivity for the hydrogenation of a
large number of nitriles to produce primary amines in the presence
of catalytic amounts of aluminium additives.

Results

Synthesis and characterization of Fe-based nanocatalysts.
In the last decade, the excellent catalytic performance of
carbon-encapsulated core-shell 3d metal nanoparticles has been
demonstrated in a variety of hydrogenation reactions'*!®!7-23:4046,
These catalysts were prepared by the immobilization and pyroly-
sis of metal complexes or metal organic frameworks on inorganic
supports (for example, carbon, SiO, and Al,O;)'*!%!7?>*404 T this
context, we developed activated Fe,O, nanoparticles, surrounded by

'Leibniz-Institut fir Katalyse e.V., Rostock, Germany. 2Regional Centre of Advanced Technologies and Materials, Czech Advanced Technology and Research
Institute, Palacky University Olomouc, Olomouc, Czech Republic. 3Nanotechnology Centre, Centre of Energy and Environmental Technologies, VSB-
Technical University of Ostrava, Ostrava-Poruba, Czech Republic. “Department of Industrial and Engineering Chemistry, Institute of Chemical Technology
Mumbai-Marathwada Campus, Jalna, Maharashtra, India. ®e-mail: radek.zboril@upol.cz; mb.gawande@marj.ictmumbai.edu.in;
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History of nitrile hydrogenation using heterogeneous catalysts over a century

Fig. 1| Historical overview of heterogeneous nitrile hydrogenation catalysts. The hydrogenation of nitriles using heterogeneous catalysts has a long

history that covers more than a century.
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Fig. 2 | Catalyst preparation. Synthesis of Fe/Fe-O core-shell nanoparticles by the impregnation and pyrolysis of iron(ll) acetate on SiO,. DMF,

N,N-dimethylformamide.

nitrogen-doped graphene, as selective catalysts for the hydrogena-
tion of nitroarenes to anilines. In addition, supported Fe-based
nanoparticles have also been found active for the hydrogenation
of quinolines'’. However, these and related Fe materials showed
no activity for more challenging substrates, including nitriles
(Supplementary Table 1, entries 1 and 2). To identify potential
iron-based heterogeneous catalysts for nitrile hydrogenation, we
prepared a series of iron nanoparticles supported on various sup-
ports. Specifically, commercially available neutral, acidic and basic
inorganic supports, for example, Vulcan XC72R carbon powder,
Aerosil silica (Si0O,), y-ALO; and MgO, were impregnated with
iron(II) acetate. Subsequently, these materials were pyrolysed at
800 °C under reductive (H,) conditions. A schematic illustration of
the synthetic procedure with the SiO, support is presented in Fig.
2. Hereafter, these materials are denoted as Fe(OAc),-support-x,
where x denotes the pyrolysis temperature.

As a benchmark reaction, the hydrogenation of
4-chlorobenzonitrile (1) to 4-chlorobenzylamine (2) was chosen
(Fig. 3), not only to identify an active catalyst system, but also a
selective one. Notably, 1 easily undergoes reductive dehalogena-
tion in the presence of many known hydrogenation catalysts. To
our surprise, during initial control experiments, we observed
some activity (26% yield of 2) and high selectivity (>90%) for the
primary amine in the presence of Fe(OAc),-Si0,-800 (Fig. 3). To
improve the conversion and yield, we varied the reaction conditions
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(temperature, solvent, catalyst loading) and investigated the influ-
ence of additives (Supplementary Tables 1-3). Applying higher
catalyst loadings (up to 12.8 mol%), the product yield increased up
to 50%, and the selectivity for the primary amine remained very
good. Gratifyingly, in the presence of aluminium triisopropoxide,
the yield of 4-chlorobenzylamine (2) dramatically increased to 96%.
Following this excellent result, several other metal alkoxides, alu-
minium compounds as well as Lewis acids and bases were tested as
additives (Supplementary Table 2). Surprisingly, only a few addi-
tives, for example, p-toluenesulfonic acid, showed a positive effect
on the reaction, while most, for example, bases, had a negative
impact. Optimal results, with an almost quantitative yield of 2, were
achieved in the presence of inexpensive aluminium foil (Fig. 3 and
Supplementary Fig. 1). In this case, the aluminium foil completely
dissolved in the solvent (isopropanol), which explains the similar
positive effect of aluminium foil and aluminium triisopropoxide.
Control experiments proved that this dissolution only takes place in
the presence of ammonia (Supplementary Table 4). To elucidate the
crucial role of aluminium additives, we performed kinetic investiga-
tions of the model reaction in the absence and presence of aluminium
foil and aluminium triisopropoxide (Supplementary Figs. 2 and 3).
Surprisingly, all the reactions needed a preactivation time (3-9h) to
start. Only in the presence of aluminium triisopropoxide was this
preactivation drastically reduced. Based on these results and the
testing of the different additives, we assume that both aluminium
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Fig. 3 | Evaluation of Fe catalysts. Hydrogenation of 4-chlorobenzonitrile.
Reaction conditions: 0.5 mmol 4-chlorobenzonitrile, 40 mg catalyst
(8.5mol% Fe), 50 bar H,, 5-7 bar NH;, 3ml i-PrOH, 120 °C, 24 h. Gas
chromatography (GC) yields are given using n-hexadecane as standard.
aWith 60 mg catalyst. *With 20 mol% Al(i-OPr),. “With 20 mol% (3 mg)
Al foil.

triisopropoxide and aluminium foil are converted under the reac-
tion conditions to an active Lewis acid co-catalyst that activates the
nitrile group. These Lewis acidic centres can probably also be gener-
ated on the silica support close to the nanoparticles by reaction with
Si-OH sites on the surface. Notably, catalytic (substoichiometric)
amounts (20mol%) of the aluminium additives were sufficient to
achieve improved yields.

Under the optimized conditions, other supported catalysts, such
as Fe(OAc),-C-800, Fe(OAc),-Al,0,-800 and Fe(OAc),-MgO-800
(Supplementary Figs. 4-6), did not show any activity (Fig. 3). In
these samples we did not observe needle-like well-developed a-Fe
nanoparticles growing from the matrix, as we did in the case of the
optimal catalyst, Fe(OAc),-SiO,-800. In contrast, the iron nanopar-
ticles were highly aggregated and/or encapsulated within the matrix
(Supplementary Figs. 4-6). Similarly, Fe(OAc), on SiO, pyrolysed at
400°C (Fe(OAc),-Si0,-400) was completely inactive (Fig. 3). This
is explained by a not fully developed active Fe nanostructure at low
pyrolysis temperature, which is evident from the powder X-ray
diffraction (PXRD) pattern (Supplementary Fig. 7) and transmis-
sion electron microscopy (TEM) image (Supplementary Fig. 8) of
the Fe(OAc),-SiO,-400 sample. By contrast, Fe(OAc),-SiO,-600
and Fe(OAc),-Si0O,-1,000 exhibited comparable activities to that
of Fe(OAc),-Si0,-800, providing 93 and 94% yields of the desired
product, respectively. This correlates well with the similar size
and well-developed core-shell structure of the Fe(OAc),-SiO,-600
and Fe(OAc),-5i0,-1,000 samples (see the TEM images in
Supplementary Figs. 9 and 10) compared with Fe(OAc),-SiO,-800
(Fig. 4c). As expected, iron(II) acetate, unpyrolysed Fe(OAc),-SiO,
and Al additives alone were completely inactive in the reaction
(Fig. 3). Additionally, we prepared control samples, including pure
amorphous Fe,O; nanoparticles (NPs), fayalite (Fe,SiO,) NPs and
matrix-free Fe-Fe,0, core-shell NPs with a very thin oxidic shell
(Supplementary Figs. 11-13), and investigated their performance
in the model reaction. Notably, the fayalite and Fe,O; NPs were
completely inactive, whereas the Fe-Fe,O; core-shell NPs gave
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30% yield (Supplementary Table 5, entries 1-3). This confirmed the
crucial role of the Fe-Fe,O, core-shell superstructure in triggering
the catalytic process. We believe that the active material involves
Fe centres and/or the Fe-O atomic interface®. The high activity
of the catalyst incorporating the SiO, matrix (Fe(OAc),-SiO,-800)
strongly indicates that the matrix regulates the size of the iron oxide
crystallites”*’. Indeed, it has already been reported that the Cu-O-
SiO, interface in a silica-supported copper (Cu@SiO,) catalyst plays
a key role in H, dissociation to form Cu-H?" and SiO-H?" species™.
Thus, we believe that the silica in Fe(OAc),-SiO,-800 would con-
tribute to the catalytic activity by forming such an active metal-sup-
port (Fe-O-SiO,) interface.

Next, we conducted a detailed characterization of the most active
catalyst Fe(OAc),-Si0,-800. TEM analysis revealed the formation
of core-shell structures with globular and rod-shape morphologies,
with the needle diameters ranging from 10 to 30nm and lengths
up to 100nm (Fig. 4a—c). Energy-dispersive X-ray spectroscopy
(EDS) of this material showed the presence of Si, O and Fe ele-
ments (Supplementary Fig. 14). The high-resolution TEM image
(HRTEM; Fig. 4d) confirms that the metallic part of the catalyst is
composed of an a-Fe core growing from the SiO, matrix. Indeed,
the high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) and elemental mapping images
clearly verify that the Fe core nanoparticles are growing from the
SiO, matrix and are covered by a layer of ultrathin iron oxide with a
thickness of a few nanometres (Fig. 4f-i). Based on this assignment,
the most active Fe(OAc),-SiO,-800 catalyst is abbreviated to Fe/
Fe-O@Si0, in the following text. A representative HAADF-STEM
image of a globular particle and typical depth profile plot showing
the intensity distribution of the Si, O and Fe elements at various
distances from the surface are shown in Fig. 5a,b, respectively. The
depth profiles confirm that the thickness of the oxidic Fe-O shell
is less than 5nm. Clearly, the catalyst surface is composed of iron
nanoparticles, which grow from the SiO, matrix, stabilized by an
extremely thin iron oxide shell.

Furthermore, we performed very detailed chemical mapping
with a focus on the iron-containing surface components that are
responsible for the catalytic activity. All the identified Fe-bearing
surface-active phase was composed of Fe nanoparticles covered
with a very thin shell of iron oxide, irrespective of the size and
morphology (globular, needle-like) of the Fe NPs (Supplementary
Fig. 15).

To identify the chemical and structural character of the cata-
lyst, we analysed the Fe/Fe-O@SiO, sample by PXRD, Mdssbauer
spectroscopy, X-ray photoelectron spectroscopy (XPS) and electron
paramagnetic resonance (EPR) spectroscopy. The PXRD pattern
of Fe/Fe-O@SiO, (Supplementary Fig. 16) shows strong metallic
a-Fe reflections at 20=52.33, 77.16 and 99.60°, corresponding to
crystalline facets of the Fe (110), (200) and (211) planes, respec-
tively (Joint Committee on Powder Diffraction Standards (JCPDS)
card number 04-012-6482). Thus, a-Fe is the dominant crystalline
phase involved in the catalyst superstructure. The low-crystalline
SiO, matrix is represented by a broad peak at 20~ 26°, indicating
the presence of poorly crystalline cristobalite (JCPDS card num-
ber 04-008-7643). The ultrathin iron oxide layer is, in accord with
expectation, not identifiable in the PXRD pattern due to its mostly
amorphous nature. However, detailed PXRD analysis clearly showed
additional low-intensity diffraction peaks corresponding to fayalite
(Fe,SiO,, JCPDS card number 04-002-3681) and crystalline silicon
(Si(0), JCPDS card number 04-014-8844). In summary, PXRD pro-
vided a complex picture of the high-temperature chemistry of the
Fe-Si-O system.

These observations are in line with the XPS analysis, which
confirmed the presence of just Fe, Si and O elements in the survey
spectrum (Supplementary Fig. 17a). The high-resolution O1s spec-
trum of Fe/Fe-O@SiO, (Supplementary Fig. 17b) identifies peaks
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Fig. 4 | TEM and HRTEM imaging of Fe(OAc),-Si0,-800. a-i, TEM (a-c), HRTEM (d) and HAADF-STEM (e) images and elemental mapping of iron (),
iron and oxygen (g), iron and silicon (h), and iron, silicon and oxygen (i) for the Fe(OAc),-Si0,-800 catalyst.

at 530.72 and 533.14 eV, corresponding to Fe-O and Si-O bonds,
respectively. Most importantly, the high-resolution Fe2p spec-
trum (Supplementary Fig. 17d) reveals Fe 2p,, peaks at 710.27 and
712.73 €V, and Fe2p,,, peaks at 723.37 and 725.83 eV, which can be
ascribed to Fe** species™, along with two satellite peaks at 717.41
and 730.51eV. This is strong proof that the amorphous iron oxide
phase covering the Fe(0) core corresponds to amorphous Fe,O, The
formation of iron(III) oxide was confirmed by the hyperfine param-
eters derived from room-temperature Mossbauer spectroscopy (Fig.
5¢). The "Fe Mossbauer spectrum of the sample shows a dominant
sextet (68% of the relative spectrum area) and two doublet compo-
nents. According to the Mossbauer hyperfine parameters, the sextet
with zero isomer shift and a hyperfine field of 32.9T can be unam-
biguously assigned to ferromagnetic a-Fe. The doublet with high
isomer shift (1.18 mms™) and quadrupole splitting (2.64mms™)
clearly belongs to Fe(II) ions in the fayalite structure formed at
the Si-Fe interface™, in perfect agreement with the results of the
PXRD measurements. Finally, the doublet with an isomer shift of
0.35mms™ is typical of high-spin Fe(III) in amorphous iron(III)
oxide with disordered symmetry of the iron environment, as proved
by the relatively high quadrupole splitting (1.31 mms™)**. It is worth
mentioning that possible traces of Fe(III) ions usually involved in
the fayalite structure would overlap the doublet of the iron(III)
oxide phase. Finally, the EPR spectrum of Fe/Fe-O@SiO, shows
broad anisotropic signals with g factor values of g, =2.72, g, =2.04
and g,=1.8 (g,,.=2.19) at 77K (Fig. 5d), which indicates the pres-
ence of ferromagnetic particles corresponding to Fe(0) with distinct
size and morphology. In summary, HRTEM, HAADF-STEM, XPS,
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PXRD, EPR and Mdssbauer spectroscopy allowed us to explore the
chemical and structural character of the Fe/Fe-O@SiO, catalyst,
being composed of a SiO, matrix, a fayalite interface (Fe,SiO,) and
a-Fe—amorphous Fe,O, core-shell nanoparticles growing from the
silica matrix and representing the surface-active phase participating
in the catalytic process. The EPR and Mdssbauer data confirm the
ferromagnetic character of the sample, predetermining the catalyst
for simple magnetic separation.

Hydrogenation of benzonitriles and heterocyclic nitriles. With an
active Fe-based catalyst (Fe/Fe-O@SiO,) in hand, we demonstrated
its general applicability for the selective hydrogenation of all kinds
of nitriles. Although in most of the reactions aluminium foil was
used as an inexpensive additive, experiments performed for com-
parison in the presence of aluminium triisopropoxide gave similar
product yields. First, we carried out the hydrogenation of a series
of aromatic nitriles (Fig. 6). Simple benzonitriles as well as substi-
tuted ones bearing aromatic or alkyl groups gave the correspond-
ing primary amines in yields of up to 96% (Fig. 6, products 3-7).
For the general applicability of any new catalyst, its chemoselectiv-
ity is an important aspect. Thus, from a synthetic point of view, it
is important to note that this iron-based catalyst system is highly
selective for the hydrogenation of the nitrile group in functionalized
and multisubstituted substrates. As an example, amino-substituted
and halogenated benzylic amines were prepared, which are versatile
intermediates in organic synthesis as well as for pharmaceuticals
and agrochemicals. Such products, including the more sensitive
4-iodobenzylamine, were easily produced from the corresponding
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benzonitriles in yields of up to 97% (Fig. 6, products 8-16). In
addition, trifluoromethyl-substituted benzylamines were obtained
in yields of 94 and 95% (Fig. 6, products 17 and 18, respectively).
We were also pleased to find that the nitrile group was also selec-
tively hydrogenated in the presence of the more challenging C=C,
ester, boronic ester, amide, ether, trifluoromethoxy and thioether
groups (Fig. 6, products 19-30). Furthermore, when multisubsti-
tuted nitriles were subjected to hydrogenation, reduction of the CN
group again took place highly selectively towards the corresponding
benzylic amines in yields of up to 95% (Fig. 6, products 31-46).

Heterocyclic amines constitute versatile intermediates in the
pharmaceutical and agrochemical industries. In this respect, the
selective hydrogenation of cyano-substituted heterocycles, for
example, quinolines, indoles, pyrroles, benzodioxoles, benzodiox-
anes, furans, morpholines and phthalanes, is of particular interest.
The corresponding heterocyclic amines were obtained (except for
3-cyanofuran) in yields of 85-94% (Fig. 6).

Hydrogenation of aliphatic nitriles. Compared with aromatic
nitriles, the hydrogenation of aliphatic nitriles is in general more
challenging. Importantly, Fe/Fe-O@SiO, exhibited high activity and
selectivity for these substrates, including dinitriles, under identical
conditions (Fig. 7). Initially, several benzylic cyanides were hydro-
genated to the corresponding primary amines in excellent yields
(Fig. 7, products 57-72). Interestingly, the 2-arylethylamino motif
is a common scaffold in many central nervous system-active com-
pounds. Here, a variety of substituted derivatives were smoothly
hydrogenated and furnished the corresponding primary amines in
yields of up to 98% (Fig. 7, products 57-68). Phenylpropylamines
are another important class of pharmaceutically relevant amines.
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For example, the parent compound (phenylpropylamine) is used in
the synthesis of carboxypeptidase B-type enzyme inhibitors, mus-
carinic receptor antagonists and potential anticancer agents. Here,
it was prepared in 94% yield from the corresponding nitrile (Fig. 7,
product 69).

Although 3-(arylamino)propanenitriles are prepared in a
straightforward manner from anilines and acrylonitrile, the hydro-
genation of such substrates is difficult because retro-Michael addi-
tions can occur. However, this class of compounds was smoothly
hydrogenated under our conditions to give the respective primary
amines in good yields of up to 85% (Fig. 7, products 70-72). Finally,
a selection of aliphatic nitriles was tested. Gratifyingly, Fe/Fe-O@
SiO, also showed good-to-excellent activity and selectivity for these
demanding substrates (Fig. 7, products 73-78). Particularly inter-
esting is the selective reduction of 5-hexenenitrile (Fig. 7, product
78). Notably, hexamethylenediamine (79), the key feedstock for the
production of nylon 66, was prepared in 85% yield by direct hydro-
genation of adiponitrile. Similarly, other diamines were obtained in
90-95% yield (Fig. 7, products 80 and 81).

Synthesis of fatty nitriles. With a worldwide production of fatty
amines of >800,000tonsyr™, the hydrogenation of fatty nitriles
constitutes an important industrial application®. Fatty amines are
valuable oleochemicals mainly used to produce fabric softeners,
flotation agents, emulsifiers, corrosion inhibitors and lubricating
additives™.

Until today, the industrial hydrogenation of fatty nitriles to
amines has relied on well-established Raney Ni or Co catalysts as
well as copper chromite™. These materials have considerable tox-
icity issues for biological systems. Hence, alternative Ru-, Pd- and
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Pt-based catalysts were developed™. Unfortunately, none of these
systems is commercially viable due to the high price of the precious
metals. Gratifyingly, our catalyst is capable of hydrogenating fatty
nitriles in a highly selective manner. As a result, seven different fatty
amines were prepared in excellent yields of 95-97% (Fig. 8, prod-
ucts 82-88).

To further prove the synthetic utility and practicability of our
Fe catalyst, we scaled up both the catalyst preparation (up to 12g;
Supplementary Table 6) and the nitrile hydrogenation protocol (up
to 20g). Regardless of the scale of preparation (1-12g), all the Fe
materials exhibited similar activity and selectivity (Supplementary
Table 7). Next, the catalytic hydrogenation reactions of four selected
aromatic and aliphatic nitriles were performed using quantities
of up to 20g nitrile. Again, similar conversions and yields were
obtained to those achieved with small-scale reactions using up to
100 mg nitrile (Supplementary Fig. 18).

Finally, catalyst recycling was investigated at full and half con-
versions, which is an important aspect for any heterogeneous cata-
lyst. Indeed, the Fe/Fe-O@SiO, catalyst could be reused up to the
fourth run. After that, a decrease in the product yield was observed.
Recycling tests performed at half conversion for 14h showed a drop
in activity from the third run onward (Supplementary Fig. 19).

Conclusions

We have presented here the development of a heterogeneous
iron-based catalyst for the hydrogenation of nitriles. Key to success was
the use of silica-supported Fe nanoparticles covered with an ultrathin
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shell of amorphous iron(III) oxide (Fe/Fe-O@SiO,). These core-shell
nanoparticles were prepared by simple impregnation of iron(II) ace-
tate on commercial silica and subsequent pyrolysis under reductive
conditions. The low cost and environmentally friendly character of
the catalyst, easy recycling as well as upscaling of the synthetic process
represent key advantages and make the material attractive for many
applications. Importantly, the developed silica-supported Fe/Fe-O
core-shell material exhibited high chemoselectivity for the reduction
of functionalized and structurally diverse aromatic, heterocyclic and
aliphatic nitriles, including industrially relevant fatty nitriles, to pro-
duce the corresponding primary amines in good-to-excellent yields.
Aluminium alkoxide species generated in situ from aluminium foil or
aluminium triisopropoxide proved to be important for the co-catalytic
activation of the nitrile substrate.

Methods
General considerations. All nitriles were obtained commercially from various
chemical companies. Before using, the purity of all the nitriles was checked.
Iron(II) acetate (99.99%, cat no. 517933-25G) was obtained from Sigma Aldrich.
Silica (Aerosil OX-50) was obtained from Evonik. Carbon powder (VULCAN
XC72R, with code XVC72R) was obtained from Cabot Corporation. y-Al,O; and
MgO were obtained from Sigma-Aldrich. Al foil was obtained from Sigma-Aldrich
(Mini Bin, HS23534A). For comparison purposes, Al foil used for food covering
was also purchased from a local store (Kaufland, ALUFOLIE; ICP). The percentage
of aluminium in Al-foil was determined by inductively coupled plasma (ICP) and
it was found to be 99.97%. DMF was obtained from Acros Chemicals. Pyrolysis
experiments were carried out in a Lenton tube furnace.

PXRD patterns were measured at room temperature with an Aeris
diffractometer (PANalytical) in Bragg-Brentano geometry equipped with
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an iron-filtered Co Ka radiation source (40kV, 15mA, 1=0.1789nm) and
PIXcell detector. Some samples were measured employing an X’PertPRO MPD
diffractometer (PANalytical) in Bragg-Brentano geometry equipped with a Co
Ko radiation source (40kV, 30mA, 1=0.1789 nm), programmable divergence,
diffracted beam anti-scatter slits and X’Celerator detector. The angular range
of measurement was 5-105° 26 (Fe/Fe-O@SiO, was measured in the range
10-105° 26) with a step size of 0.022 and 0.033° for Aeris and X’Pert PRO MPD
diffractometers, respectively. The crystalline phases in the experimental PXRD
patterns were identified using the X’Pert High Score Plus software™ in conjunction
with the PDF-4+"" and ICSD** databases. The commercially available silicon
standard reference material SRM 640 was used to evaluate the line positions.

Low-resolution TEM imaging of the catalyst morphology was carried out
with a JEOL microscope equipped with a LaB6 emission gun, operating at 160kV.
HRTEM images were obtained with a TITAN 60-300 HRTEM microscope
equipped with an X-FEG-type emission gun, operating at 80kV. This microscope
was equipped with a Cs image corrector and a HAADF-STEM instrument. The
point resolution was 0.06 nm in TEM mode. Elemental mapping was performed
by STEM-EDS with an acquisition time of 20 min. For the HRTEM analysis, the
powder samples were dispersed in ethanol and ultrasonicated for 5min. One drop
of this solution was placed on a copper grid supporting a holey carbon film.

The XPS surface investigation was performed on a PHI 5000 VersaProbe II
XPS system (Physical Electronics) with a monochromatic Al Ka source (15kV,

50 W) and photon energy of 1,486.7 eV. Dual beam charge compensation was used
for all measurements. All spectra were recorded in a vacuum of 1.3 X 10~7Pa at
21°C. A 200-um-diameter spot was analysed for each sample. The survey spectra
were measured with a pass energy of 187.850eV and an electronvolt step of 0.8 eV,
whereas the high-resolution spectra were recorded with a pass energy of 23.500 eV
and an electronvolt step of 0.2 eV. The spectra were evaluated with the MultiPak
software (ULVAC-PHI). All binding energies are referenced to the Cls carbon peak
at 284.80eV.

The transmission *’Fe Mossbauer spectra were collected employing a
Mossbauer MS96 spectrometer operating in constant acceleration mode and
equipped with a 40 mCi 57Co(Rh) source. The Mdssbauer spectra were fitted
with the MossWinn software. The isomer shifts are referenced to a-Fe at room
temperature. EPR spectra were recorded on a JEOL JES-X-320 spectrometer,
operating at the X-band frequency (~9.14 GHz) at 77 K, and equipped with a JEOL
ES 13060DVT5 variable-temperature control apparatus.

All catalytic experiments were carried out in 300 or 100 ml autoclaves (PARR
Instrument). To avoid unspecific reactions, all catalytic reactions were carried out
either in glass vials, which were placed inside the autoclave, or in autoclaves fitted
with a glass/Teflon vessel.

GC and GC-mass spectrometry (GC-MS) were performed on an Agilent
Technologies 6890N instrument. GC conversions and yields were determined by
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GC using flame ionization detection (FID) on an Agilent 6890N chromatograph
equipped with Agilent HP-5MS 30m column (250 mm X 0.25 pm). The mass was
determined by GC-MS using Agilent 6890N chromatograph equipped with Agilent
HP-5MS 30m column (250 mm X 0.25 pm) and Agilent 5973N Mass Selective
Detector (MSD).

'H and *C NMR spectra were recorded on Bruker ARX 300 and ARX 400
spectrometers using [D;]DMSO and CDCI, solvents.

Preparation of Fe/Fe-O®@S$iO, on the 1.5 g scale. A magnetic stirring bar and
280.33 mg Fe(OAc), were transferred to a 50- ml round-bottomed flask and 30 ml
DMEF was added. The reaction mixture was stirred at 50 °C to dissolve the iron
acetate. To this solution, 1.2 g SiO, (Aerosil OX 50) was added, followed by 10 ml
DME Next, a reflux condenser was fitted to the round-bottomed flask containing
the reaction mixture, which was then placed in an aluminium block preheated

at 150°C and stirred for 4 h. Next, the reflux condenser was removed and the
round-bottomed flask containing the reaction products was allowed to stand
without stirring or closing for 20h at 150 °C for the slow evaporation of DMF.
After evaporation of the solvent and ensuring complete drying, the solid material
was cooled to room temperature and ground to a fine powder. This powder was
pyrolysed at a defined temperature (400, 600, 800 or 1,000 °C) for 4h in a tubular
furnace under the flow of 20% H,/N, (ramp: 5°Cmin™', total flow: 31h™') and then
cooled to room temperature.

Elemental analysis of Fe/Fe-O@SiO, by ICP and CHN analysis revealed the
following (wt%) distribution: Fe=6.09%; Si=37.73%; C=0.11%; H=0.41%. The
Brunauer-Emmett-Teller surface area was measured to be 46.04m?>g™".

The same procedure was employed for the preparation of Fe(OAc),-C-800,
Fe(OAc),-y-Al,0,-800 and Fe(OAc),-MgO-800.

Preparation of Fe/Fe-O@SiO, on 6 and 12 g batches. The same procedure was
used for the preparation of Fe/Fe-O@SiO, (Fe(OAc),-SiO,-800) on the 6 and

12 g scale with a slight modification of the pyrolysis procedure, as described in
Supplementary Table 6.

General procedure for the hydrogenation of nitriles. A magnetic stirring bar
and 0.5 mmol of the corresponding nitrile were transferred to a 7-ml glass vial and
then 3 ml i-PrOH was added. Next, 40 mg Fe/Fe-O@SiO, (8.5mol% Fe) and 3mg
Al foil (the Al foil was cut into small pieces and used in the reactions) or 20.42 mg
Al(i-OPr), (20 mol%) were added and the vial was fitted with a septum, cap and
needle. Then, the reaction vials were placed in a 300-ml autoclave (eight vials
containing different substrates at a time). The autoclave was closed, flushed twice
with 20 bar hydrogen and then pressurized with 5-7 bar ammonia gas and 50 bar
hydrogen. The autoclave was placed in an aluminium block preheated at 133°C
and the reactions were allowed to proceed for the required time under stirring.
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During the reactions, the inside temperature of the autoclave was measured to
be 120°C, and this temperature was considered to be the reaction temperature.
After completion of the hydrogenation reactions, the autoclave was cooled to
room temperature. The remaining ammonia and hydrogen were discharged and
the vials containing the reaction products were removed from the autoclave. The
solid catalyst was filtered and washed thoroughly with ethyl acetate. The reaction
products were analysed by GC-MS. The corresponding primary amines were
purified by column chromatography (silica, methanol-dichloromethane). The
amines were converted to their respective hydrochloride salt and characterized
by GC-MS and NMR analysis. To convert the amines to the hydrochloride salts,
1-2 ml methanolic HCI (0.5M HCI in methanol) was added to the ethyl acetate
solution of the respective amine and the mixture stirred at room temperature for
4-5h. Then, the solvent was removed and the resulting hydrochloride salt was
dried under high vacuum. For selected amines, the yields were determined by
GC using the following procedure. After completing the reaction, #n-hexadecane
(100 1) was added as standard to the reaction vials and the reaction products

were diluted with ethyl acetate followed by filtration using a plug of silica and then

analysed by GC.

Gram-scale reactions. A magnetic stirring bar and the corresponding nitrile
were transferred to a glass-fitted 300-ml Parr autoclave and 15-50 ml i-PrOH was
added. Next, the required amount of catalyst (Fe/Fe-O@SiO,, 8.5-10 mol%) and
Al foil (20 mol%; the Al foil was cut into small pieces and used in the reactions)
were added. Then, the autoclave was closed, flushed twice with 20 bar hydrogen

and then pressurized with 5-7 bar NH, followed by 50 bar hydrogen. The autoclave

was placed in an aluminium block preheated at 133-147°C (placed 30 min before
counting the reaction time to achieve the reaction temperature) and the reactions

were stirred for 24 h. During the reactions, the inside temperature of the autoclave

was measured to be 120-135°C. After completion of the reactions, the autoclave
was cooled to room temperature. The remaining ammonia and hydrogen were

discharged, and the reaction products were removed from the autoclave. The solid

catalyst was filtered and washed thoroughly with methanol and ethyl acetate. The

reaction products were analysed by GC-MS and the corresponding products were

purified by column chromatography (silica, dichloromethane-methanol) and
characterized by NMR and GC-MS analysis.

Catalyst recycling. A magnetic stirring bar and 10 mmol benzonitrile were

transferred to a 100-ml autoclave and then 20 ml i-PrOH was added. Next, 900 mg
catalyst (Fe/Fe-O@Si0,) and 408.50 mg Al(i-OPr), were added. The autoclave was

closed, flushed with 20 bar hydrogen and then pressurized with 5-7 bar NH, and

50 bar H,. The autoclave was placed in a preheated aluminium block at 130°C and

the reactions were stirred for the required time. During the reactions, the inside
temperature of the autoclave was measured to be 120 °C. After completion of the

reactions, the autoclave was cooled to room temperature. The remaining ammonia
and hydrogen were then discharged, and the reaction products were removed from

the autoclave. Next, 250 pl n-hexadecane was added as standard to the reaction
products. The catalyst was separated by filtration and the filtrate containing

the reaction products was subjected to GC analysis to determine the yield of
benzylamine. The separated catalyst was washed with ethyl acetate, dried under
vacuum and used without further purification or reactivation for the next run.

Data availability

All data are available from the authors upon reasonable request.
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Homogeneous cobalt-catalyzed reductive
amination for synthesis of functionalized primary
amines

Kathiravan Murugesan', Zhihong Wei', Vishwas G. Chandrashekhar!, Helfried Neumann', Anke Spannenberg’,
Haijun Jiao!, Matthias Beller® ' & Rajenahally V. Jagadeesh® '*

The development of earth abundant 3d metal-based catalysts continues to be an important
goal of chemical research. In particular, the design of base metal complexes for reductive
amination to produce primary amines remains as challenging. Here, we report the combi-
nation of cobalt and linear-triphos (bis(2-diphenylphosphinoethyl)phenylphosphine) as the
molecularly-defined non-noble metal catalyst for the synthesis of linear and branched
benzylic, heterocyclic and aliphatic primary amines from carbonyl compounds, gaseous
ammonia and hydrogen in good to excellent yields. Noteworthy, this cobalt catalyst exhibits
high selectivity and as a result the -NH, moiety is introduced in functionalized and struc-
turally diverse molecules. An inner-sphere mechanism on the basis of the mono-cationic
[triphos-CoH]* complex as active catalyst is proposed and supported with density functional
theory computation on the doublet state potential free energy surface and H, metathesis is
found as the rate-determining step.

TLeibniz-Institut fir Katalyse e.V. an der Universitat Rostock, Albert-Einstein Str. 29a, Rostock D-18059, Germany. *email: matthias.beller@catalysis.de;
jagadeesh.rajenahally@catalysis.de

| (2019)10:5443 | https://doi.org/10.1038/s41467-019-13351-7 | www.nature.com/naturecommunications 1


http://orcid.org/0000-0001-5709-0965
http://orcid.org/0000-0001-5709-0965
http://orcid.org/0000-0001-5709-0965
http://orcid.org/0000-0001-5709-0965
http://orcid.org/0000-0001-5709-0965
http://orcid.org/0000-0001-6079-0962
http://orcid.org/0000-0001-6079-0962
http://orcid.org/0000-0001-6079-0962
http://orcid.org/0000-0001-6079-0962
http://orcid.org/0000-0001-6079-0962
mailto:matthias.beller@catalysis.de
mailto:jagadeesh.rajenahally@catalysis.de
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

atalysis constitutes an indispensable tool for controlling all

kinds of chemical transformations!~11. Although catalysts

are routinely employed in industrial production of fine and
bulk chemicals as well as for exhaust gas decomposition in envir-
onmental technologies and enzymatic processes, there is a constant
need for better and improved catalytic systems!~11. With respect to
organometallic catalysts, their activity and selectivity are controlled
to a large extent by the nature of the metal and the adjacent
ligands!28-11. In this regard, precious metals were generally
believed to be crucial components!>-23. Indeed, organometallic
complexes based on palladium (coupling reactions)!2-14, ruthenium
(metathesis)!>!6, rhodium (hydrogenations and hydroformyla-
tions)!7-19, platinum (hydrosilylations)?%21, and iridium (hydro-
genations)?>>23 have revolutionized organic synthesis. Key for their
success is the use of a broad variety of complexes based on certain
privileged ligands?42°. However, the limited availability (10~7-107%%
proportion of weight in the Earth’s crust) and consequently the
higher price as well as the toxicity of some derivatives of these
metals?®27 have spurred interest towards the development of
alternative earth abundant metal catalysts. Hence in recent years,
3d-metal complexes have been successfully developed for a variety
of reactions including hydrogenation of carboxylic acids, esters,
ketones, nitriles and olefins?®-37. Nevertheless, more challenging
reactions such as reductive amination with ammonia and hydrogen
to access primary amines were scarcely explored38-44. In general,
applying molecularly defined catalysts this transformation suffers
from low selectivity to the desired product due to side reactions
such as over-alkylation or reduction to the corresponding alco-
hols38-44, Tn addition, catalyst deactivation by ammonia constitutes
another problem*>. Thus, to the best of our knowledge no defined
homogeneous catalysts based on available 3d-metals are known for
this transformation and only a few Rh-, Ir-, and Ru-complexes have
been reported to catalyze amination of carbonyl compounds with
ammonia and molecular hydrogen38-44, Thus, in the past reductive
aminations are mainly relied on heterogeneous catalysts of precious
metals383946-50 or Raney nickel3339°051, However, the latter
material is limited in its application due to selectivity, stability and
handling problems. Notably in 2017, we reported specific supported
cobalt nanoparticles derived from metal organic frameworks, which
proved to be general reductive amination catalysts®2. In addition,
very recently, Kempe>3 and our group®* disclosed nickel materials.
Despite these notable advancements, the development of related
homogeneous non-noble metal catalysts remains interesting
because of the inherent advantage regarding activity—in principle,
all the individual metal centers can be active here. Furthermore,
compared to homogeneous catalysts the upscaling of advanced
heterogeneous materials possesses additional challenges.

Here, we report that the specific combination of cobalt and bis
(diphenylphosphinoethyl)phenylphosphine (so-called linear tri-
phos) allows the reductive amination of broad variety of aldehydes
and ketones with ammonia in presence of molecular hydrogen, and
this enables the synthesis of a series of functionalized and structu-
rally diverse linear and branched benzylic, heterocyclic and aliphatic
amines. The resulting primary amines serve as key precursors and
central intermediates for the production of advanced chemicals,
pharmaceuticals, agrochemicals, biomolecules, and materials>>=>7.
Our present work is complementary to the known syntheses of
primary benzylic and aliphatic amines by direct catalytic amination
of alcohols®®-61 and hydroamination using ammonia*>62-64,

Results

Catalyst and reaction design. We started our investigations
to identify potentially active non-noble metal complexes based
on iron, manganese and cobalt for the reaction of 4-
methylbenzaldehyde with ammonia and molecular hydrogen.

In general, the presence of strongly coordinating anions (e.g.,
halides) is inferior for hydrogen catalysis. Hence, Fe
(BF4),06H,0 and Co(BF,),+6H,0 were employed as metal
salts. In case of manganese, the corresponding tetrafluoroborate
salt is not commercially available, therefore the inexpensive
manganese(II) acetate was used. To avoid the formation of well-
known Werner-type ammonia complexes, selected privileged
phosphine ligands (L1-L8) with strong coordination to the
metal center were chosen (Table 1). Testing the in situ gen-
erated respective Fe-phosphorus complexes, all ligands pro-
duced inactive catalysts except for L7. This Fe-L7 system
showed some activity and gave the secondary imine as the main
product. However, no 4-methylbenzylamine was observed. In
case of manganese, none of the ligands led to an active catalyst.
Conversely, Co-complexes based on linear- and tripodal-
triphos ligands (Co-L7 and Co-L8) produced the desired pri-
mary amine in 96 and 93% vyield, respectively. Next applying
Co-L7, important reaction parameters such as catalyst con-
centration, temperature and pressure of hydrogen were tested
(Supplementary Table 1, entries 2-5). Optimal results for the
synthesis of 4-methylbenzylamine were achieved with a com-
bination of 3 mol% of Co(BF,),¢6H,0 and 4 mol% of L7 at 40
bar of hydrogen, 5bar of ammonia and 100 °C. Variation of
different solvents revealed the importance of alcohols, with
2,2,2-trifluoroethanol (TFE) as the best one (Supplementary
Table 2). Notably, this 3d-metal catalyst system allows per-
forming reductive aminations with ammonia under milder
reaction conditions compared to all previously reported pre-
cious metal complexes*0-44,

To know the structure of the in situ-formed cobalt-triphos
complex (C-L7) and to understand its mode of reactivity, the
molecularly defined Co-L7 complex A was prepared (Meth-
ods). Surprisingly, the single crystal analysis of complex A
revealed the coordination of two phosphine ligands (1:2 ratio
of Co:L7) to the Co center, in which one ligand coordinates via
three phosphorus atoms and the second ligand via two
phosphorus atoms (Supplementary methods, complex A).
Performing the crystallization attempts without vigorous
exclusion of air gave the partially oxidized phosphine ligand,
which forms cobalt complex B. Both complexes A and B
were observed as cobalt (II) species consisting of a complex
dication and two tetrafluoroborates. Comparing these two
defined complexes in the benchmark reaction, complex A
exhibited similar activity and selectivity to that of the in situ
generated Co-triphos system, while B is much less active and
produced only 70% of the corresponding secondary imine 4 as
the sole product (Supplementary Table 1, entries 8-9). This
indicates a major deactivation of the catalyst by oxidation of
phosphine to phosphine oxide. poisoning experiments were
performed. As expected, adding Hg or 50 mol%PPh; to the
reaction under standard conditions did not affect the activity
or selectivity of complex A (Supplementary Table 4).

Synthesis of linear primary amines from aldehydes. After
having identified the active homogeneous cobalt catalyst system
[L7CoH] ™, we explored its general applicability for the prepara-
tion of primary amines.

As shown in Fig. 1, substituted, functionalized and
structurally diverse aldehydes underwent amination to produce
linear primary amines in good to excellent yields at 100-120 °
C. Substrates containing either electron-donating or electron-
withdrawing groups were successfully reacted and gave the
desired products. The tested halogenated aldehydes were well
tolerated and produced corresponding amines without sig-
nificant dehalogenations (<5%) (Fig. 1, products 12-15 and

2 | (2019)10:5443 | https.//doi.org/10.1038/541467-019-13351-7 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Table 1 Reductive amination of 4-methylbenzaldehyde with in situ generated complexes.

Metal salt (3 mol%)

Ligand (4 mol%) NH, OH SN N
— + + . /@/\H/\©\ :
40 bar H, :

o |9510@LBIDG B ® 2
e BB 2(9 251%% % |26
A

Yield of Product 2: ®<1% @ 1-5% (— 90-95% @95.93%

Yield of Product 4: | ® 1-5%

L5

+ >90%

#  510% @eo-so%

O C
z0o O O

Reaction conditions: 20.5 mmol 4-methylbenzaldehyde, 3 mol% metal salt, 4 mol% ligand, 5 bar NHs3, 40 bar H,, 2mL TFE, 100 °C, 15 h, GC yields using n-hexadecane as standard.

21). For any catalyst applicable in organic synthesis as well as
drug discovery, achieving a high degree of chemoselectivity is
important, yet challenging. To showcase this aspect, reductive
aminations of various functionalized aldehyde were performed.
Reducible groups such as C-C double bonds and esters
remained untouched. In addition, thioethers and boronic ester
groups are well tolerated (Fig. 1; products 22-25). Primary
amines of 3,4-methylenedioxy and benzo-1,4-dioxane, which
represent versatile motifs in many drugs and natural products,
were prepared in up to 96 % yield (products 26-28). Finally,
also aliphatic aldehydes produced the corresponding amines
(Fig. 1, products 28-30).

Synthesis of branched primary amines from ketones. Compared
to aldehydes, amination of ketones is more challenging, because
the hydrogenation of the sterically hindered imine is more diffi-
cult. Nevertheless, this Co-triphos catalyst system is active and
selective for the reductive amination of ketones, too (Figs. 2, 3). As
a result, 30 ketones were efficiently aminated to produce branched
primary amines in high yields. Substrates bearing easily coordi-
nating groups to the metal such as -NH,, -OH and phenolic
groups as well as pyridines gave 90-95% yield of corresponding
amines (Fig. 2; products 35-36 and 40-43). Further aliphatic
ketones smoothly gave the branched amines in up to 93% yield
(Fig. 2; products 48-52).
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3 mol% Co(BF,),.6H,0

: 4 mol% Triphos (L7) :
P RTp + NH; R NH,
: 40 bar H,, TFE
: 100-120 °C, 24 h :
G oo o o
Ph
6:97%" 7:98% P 8:97% " 9: 86% 10: 93% ©

NHZ ] o F o

11: 92% © 12: 93% 13: 91%
@/\NHz @/\NH
o Ph” 0
16: 95% 17: 93% ©

o
7
N I D/\NHZ
OH F

20: 95% °© 21: 87% ©
24: 94%® 25:91%
28: 92% >‘/(29>;j/\

F
: S
F

14: 81% > ¢ 15: 90% ©
o
o - NH
e @/\NH2 Q/\ 2
o
~N
o o
7
18: 84% 2 © 19: 92% ©
s PR
22: 95% c 23: 87%
o
<°]©/\NH2 E ]@/\NHZ
o ()
26: 96% 27: 94%
30: 85% °©

Fig. 1 Cobalt-triphos catalyzed synthesis of primary amines from aldehydes. Reaction conditions: 20.5 mmol aldehyde, 3 mol% Co(BF4),.6H,0, 4 mol%
triphos (L7), 5-7 bar NH3, 40 bar H,, 2 mL degassed TFE, 100 °C, 24 h. PGC yields using n-hexadecane as standard. SSame as ‘a’ at 120 °C. Isolated as free
amines and converted to hydrochloride salts. Corresponding hydrochloride salts were subjected to NMR analysis.

Amination of life science molecules and steroid-derivatives. For
any potential catalyst, its utility for the refinement of complex
molecules is of central importance. In order to prove the general
applicability of our catalytic system, we performed the amination
of structurally complex ketones, including existing drug and
steroid-based molecules (Fig. 3). Gratifyingly, cobalt-triphos is
highly efficient and selective for the amination of drugs such as
Nabumetone, Pentoxifylline, and Azaperone as well as Estrone
and Stanolone-based steroid derivatives (Fig. 3). This methodol-
ogy offers many opportunities for late stage functionalization of
life science and bioactive molecules.

Discussion

Since Co!(BF,),«6H,0 is the most active cobalt salt for the
reductive amination of 4-methylbenzaldehyde (Supplementary
Table 3), the mono-cationic hydride [L7CoH]* (I) complex is
proposed as the active catalyst along the catalytic cycle (Fig. 4) on
the basis of our results as well as those of the previously reported
cobalt/phosphine-catalyzed ~ hydrogenation  reactions31:6>-68,
Starting from the cationic complex A [(L7),Col]2t, the first step
is the dissociation of one L7 ligand and the formation of the

active cobalt hydride catalyst [L7CoH]™ (I) in the presence of
ammonia and H,. Without ammonia present, no hydrogenation
of 4-methylbenzaldehyde to the corresponding alcohol occurred
(Supplementary Table 1, entries 6-7).Next, the primary imine
formed from 1 and ammonia generates complex II. In agreement
with previous work using ruthenium complexes and based on our
DFT calculations, we propose first substrate coordination and
then beta hydride addition. Finally, coordination of H, followed
by hydrogenolysis releases the primary amine and regenerates
catalytically active species I

To understand the detailed mechanism, we carried out
B3PW91 density functional theory computations for the hydro-
genation of phenylmethanimine (Ph-CH = NH) generated from
benzaldehyde and NHj. In our calculations we used the real-size
complexes and substrate and calculated the catalytic cycle in the
gas phase as well as in a solution of 2,2,2-trifluoroethanol
(dielectric constant = 26.69) without and with van de Waals
dispersion correction. All these data are listed in Supplementary
Information. The potential energy surfaces show the same trend
and shape but differ quantitatively. In the gas phase and in
a solution, the apparent barriers are close (96 vs. 108 kJ/mol),
while that in a solution with dispersion correction is highly
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: o} 3 mol% Co(BF,),.6H,0 NH '
; )j\ 4 mol% Triphos (L7) 2
E ¥ R, + NH; L !
: 40 bar H,, TFE R Ra
: 120°C, 24 h :
NH
NH, NH, NH, NHz ?
©* o O L0
H
\o F [}
31: 95% ° 32: 94%P 33: 96% 34: 94% 35: 90% °
\
o« D* O* O OM
N
36: 95% ° 37: 94% 38: 86% © 39: 91% 40: 95%
41: 94% 42: 93% 43: 88% °© 44: 87%
NH, O NH, NH
® Sa%e ©foﬁ© I
45: 89% 46: 91% 47: 92% 48: 93% (70:30)¢
NH,
NH,
\/\)Niz/\/ I
)W
49:77% © 50: 96% P 51: 90% 52: 88%

Fig. 2 Synthesis of primary amines from ketones using cobalt-triphos catalyst. Reaction conditions: 20.5 mmol ketone, 3 mol% Co(BF4),-6H,0, 4 mol%
triphos (L7), 5-7 bar NHs, 40 bar H,, 2 mL degassed TFE, 120 °C, 24 h. GC yields using n-hexadecane as standard. <Same as ‘a’ with 50 bar H,.
dDjastereomeric ratio. Isolated as free amines and converted to hydrochloride salts. Corresponding hydrochloride salts were subjected to NMR analysis.

|
HN NH, N__O
aas Iy
N N 2
\0 ) I \/\/Y

53: 88% 54: 92% 55: 91%
(Nabumetone-NH,) (Pentoxifylline-NH,)

NH,
F b o} HO
56: 82% 57: 84% (75:25)° 58: 81% (68:32)°
(Azaperone-NH,) (Estrone-NH,) (Stanolone-NH,)

NH,

59: 85% (76:24)° 60: 78% (65:35)°
(17 a-Methylandrostanolone-NH,) (1 a-Methylandrostanolone-NH,)

Fig. 3 Co-catalyzed amination of bioactive compounds. Reaction conditions: 20.5 mmol substrate, 3 mol% Co(BF4),-6H,0, 4 mol% triphos (L7), 5-7 bar
NHs, 40 bar Hy, 2 mL degassed TFE, 120 °C, 24 h. ®Same as ‘a’ with 50 bar H,. cDiastereomeric ratio. Isolated as free amines and converted to
hydrochloride salts. Corresponding hydrochloride salts were subjected to NMR analysis.
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Displacement ellipsoids are drawn at the 30% probability level; phenyl rings are shown as wireframe; hydrogen atoms are omitted for clarity.
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Fig. 5 Gibbs free energy surface for Ph—CH=NH hydrogenation in TFE solvation. Ph—CH=NH hydrogenation by using mono-cationic [triphos-CoH]™ as

active catalyst.

underestimated (29 kJ/mol). In addition to the mono-cationic
catalyst [L7CoH] ¥, we included the di-cationic catalyst [L7Co]™,
and the apparent barriers are much too high (128 kJ/mol in the
gas phase and 212 kJ/mol in a solution, 122 k]J/mol in a solution
with dispersion correction, Supplementary Figs. 8-10) and this
catalytic cycle can be discarded. We therefore discussed our
results of the mono-cationic complex [L7CoH]* (I) in solvation.
Since complex I has fac and mer conformations under equili-
brium, we computed both catalytic cycles and found that mer-I is
more stable than fac-I by 33 kJ/mol, while fac-I based catalytic
cycle has lower apparent barrier than that of mer-I (108 vs. 140
kJ/mol, Supplementary Fig. 6). On the basis of Curtin-Hammett

principle, the fac-I based catalytic cycle is more preferred kine-
tically (Fig. 5). Starting from the mer-I, the coordination of Ph
—CH =NH to form fac-II-LP is endergonic by 14 kJ/mol, and
the formation of m-coordinated fac-II-nt is endergonic by 72 kJ/
mol. The Gibbs free energy barrier of Ph—CH = NH insertion
into fac-I is 71 kJ/mol. The formation of intermediate fac-III with
agostic interaction is endergonic by 50 kJ/mol. In the second step,
H, coordination to form fac-IV is endergonic by 71 kJ/mol. The
metathesis step has Gibbs free energy barrier of 108 kj/mol for
fac-IV. The formation of fac-V is exergonic by 40 kJ/mol. The
release of amine from complex fac-V with the regeneration of
mer-1 is exergonic 59kJ/mol. The transition state of H,
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metathesis represents the highest point on the Gibbs free energy
surface and is the rate-determining transition state; and the
apparent Gibbs free energy barrier is 108 kj/mol from mer-1. On
the basis of our reaction conditions (100-120 °C, 40 bar H, and
15-24 h reaction time), the barrier is reasonable. This catalytic
cycle is similar with that proposed by Hanson and Jones. It is
noted that the result with GD3B] correction (Supplementary
Figs. 9 and 12) has extremely low apparent barrier (29 kJ/mol).

In conclusion, we demonstrate that reductive aminations for
the preparation of primary amines can be easily performed using
non-noble metal-based homogeneous catalysts. Key to success for
this achievement is the use of a specific metal ligand system
(cobalt-triphos), which enables the synthesis of a broad variety of
linear and branched benzylic, heterocyclic, and aliphatic amines
starting from inexpensive and easily accessible carbonyl com-
pounds, gaseous ammonia and hydrogen. Remarkably, this
cobalt-triphos system works under milder reaction conditions
compared to the previously reported precious homogeneous
catalysts for reductive amination with ammonia. Isolation of an
active pre-catalyst revealed the fast oxidation of phosphine moi-
ety as a potential deactivation pathway of the catalyst. Density
functional theory computations verified the proposed inner-
sphere mechanism with the H, metathesis step as the rate-
determining step.

Methods

General considerations. Unless specified, all substrates were obtained commer-
cially from various chemical companies and their purity has been checked before
use. Unless otherwise stated, all commercial reagents were used as received without
purification. All catalytic reactions were carried out in 300 mL and 100 mL auto-
claves (PARR Instrument Company). In order to avoid unspecific reactions, cat-
alytic reactions were carried out either in glass vials, which were placed inside the
autoclave, or glass/Teflon vessel fitted autoclaves. GC conversion and yields were
determined by GC-FID, HP6890 with FID detector, column HP530 m x 250 mm x
0.25 um. 'H, 13C, 1F NMR data were recorded on a Bruker ARX 300 and Bruker
ARX 400 spectrometers using DMSO-ds, CD;0D and CDCl; solvents. HRMS data
were recorded on (1) ESI-HRMS: HPLC System 1200 /ESI-TOF-MS 6210
(Agilent).

X-ray crystal structure analysis of Complex A and Complex B: Data were
collected on a Bruker Kappa APEX II Duo diffractometer. The structures were
solved by direct methods (SHELXS-97: Sheldrick, G. M. Acta Cryst. 2008, A64,
112.) and refined by full-matrix least-squares procedures on F2 (SHELXL-2014:
Sheldrick, G. M. Acta Cryst. 2015, C71, 3.). XP (Bruker AXS) and Mercury
(Macrae, C. F., Edgington, P. R., McCabe, P., Pidcock, E., Shields, G. P., Taylor, R.,
Towler, M., van de Streek, J. J. Appl. Cryst. 2006, 39, 453.) were used for graphical
representations.

Synthesis of cobalt (II) complexes A and B. In 100 mL dried schlenk tube,
340.63 mg of Co(BF,),.6H,0 (1.0 mmol) was stirred in 40 mL of THF (dry and
degassed) for 5 min under argon to dissolve metal salt completely to give pink
colored solution. Then, 535.55 mg of triphos ((phenylphosphanediyl) bis(ethane-
2,1-diyl)) bis (diphenylphosphane) (1.0 mmol) was added to the solution of metal
precursor. Upon adding the ligand, the pink colored catalyst precursor solution was
turned to brown colored solution. To this, another 20 mL of THF (dry and
degassed) was added and stirring was continued for 2 h at RT. In 10 min of stirring
time, the ligand was completely dissolved. After 1h of stirring, the brown color
solid was started to form along with some brown color crystal type material. After
the completion of the reaction, the reaction mixture was stored at —30 °C for
overnight. The THF solution was removed by using syringe and the complex
formed was washed with 10 mL of THF (dry and degassed). Further, it was washed
with dry and degassed hexane (2 x 10 mL) and then dried under high vacuum for 6
h, to get a brown color solid in 48-50% yield. The dark brown crystals were
observed along with brown solid. These crystals were separated carefully and
recrystallized with dry and degassed ethanol under argon. The crystals obtained
were suitable for X-ray analysis. The oxide species of complex B (yellow crystals)
were formed during the crystallization, when we carried out in normal solvent
without dry and degas.

General procedure for synthesis of primary amines. The magnetic stirring bar
and Co(BF,),.6H,O (3 mol%) and linear triphos ((phenylphosphanediyl)bis
(ethane-2,1-diyl))bis(diphenylphosphane) (4 mol%) were transferred to 8 mL glass
vial and then 2 mL degassed (degassed under argon for 15 minutes before adding)
trifluoroethanol (TFE) solvent was added. The colorless solution turned in to pale
yellow first and then finally to brown color by stirring under argon for 15 min.

Then, 0.5 mmol corresponding carbonyl compound was added to the reaction vial.
The vial was fitted with septum, cap, and needle. The reaction vials (8 vials with
different substrates at a time) were placed into a 300 mL autoclave. The autoclave
was flushed with hydrogen twice at 30 bar pressure and then it was pressurized
with 5-7 bar ammonia gas and 40 bar hydrogen. The autoclave was placed into an
aluminum block preheated at 130 °C (placed 30 minutes before counting the
reaction time in ordered to attain reaction temperature) and the reactions were
stirred for a required time. During the reaction, the inside temperature of the
autoclave was measured to be 120 °C and this temperature was used as the reaction
temperature. After the completion of the reactions, the autoclave was cooled to
room temperature. The remaining ammonia and hydrogen were discharged and
the vials containing reaction products were removed from the autoclave. The
reaction mixture was filtered off and washed thoroughly with ethyl acetate. The
reaction products were analyzed by GC-MS. The crude product was purified by
flash column chromatography. The corresponding primary amines were converted
to their respective hydrochloride salt and characterized by NMR and GC-MS
analysis. For converting into hydrochloride salt of amine, 1-2 mL methanolic HCI
(0.5 M HCI in methanol) was added to the ether solution of respective amine and
stirred at room temperature for 4-5 h. Then, the solvent was removed and the
resulted hydrochloride salt of amine is dried under high vacuum. The yields were
determined by GC for the selected amines: After completion of the reaction, n-
hexadecane (100 L) as standard was added to the reaction vials and the reaction
products were diluted with ethyl acetate followed by filtration using a plug of silica
and then analyzed by GC.

Note: Dry and degassed solvent should necessary for this transformation to
achieve high yield and reactivity. Similarly, dry ligand and metal salts have been
employed. And also well-defined complex-A is more active than in situ prepared
system and Complex-A should be stored at —30 °C for maintaining its stability for
a longer time.

Computational methods and models. All calculations were carried out with
Gaussian 09 program®. Geometry optimization was carried out in gas phase
at the B3PW9170 level with the TZVP7! basis set. All optimized structures
were further characterized either as energy minimums without imaginary fre-
quencies or transition states with only one imaginary frequency by frequency
calculations, which provided zero-point vibrational energies and thermo-
dynamic corrections to enthalpy and Gibbs free energy at 298.15 K under 1
atmosphere. On the basis of BSPW91/TZVP geometries in gas phase, two types
single-point energies were calculated, one including solvation effect of 2,2,2-
trifluoroethanol (TFE) as solvent (dielectric constant € = 26.6972) based on
solute electron density (SMD) at the B3PW91/Def2-TZVP73 level (B3PW91-
SMD) and one including solvation’? and van der Waals dispersion’ correction
for the effect of phenyl substitution (B3PW91-SMD-D3). The Gibbs

free energies were further corrected to standard state in solution with a
standard concentration of 1 mol/L (p = 24.5 atm) from standard state in gas
phase (p =1 atm). Both mono-cationic hydride [L7CoH]* (L7 = triphos) and
di-cationic [L7Co(H),]2* complexes are proposed as potential active catalysts
(Table 1).

Data availability

The data that support the findings of this study are available from the corresponding
authors (M.B. and R.V.].) upon reasonable request. The X-ray crystallographic
coordinates for structures reported in this study have been deposited at the Cambridge
Crystallographic Data Centre (CCDC), under deposition numbers CCDC 1897492-
1897493. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Reductive Amination, Hydrogenation and
Hydrodeoxygenation of 5-Hydroxymethylfurfural using
Silica-supported Cobalt- Nanoparticles

Vishwas G. Chandrashekhar,”
Carsten Kreyenschulte,”

Efficient and selective conversion of renewable feedstocks to
essential chemicals and fuels applying green and sustainable
catalytic processes is of central importance and attracts
scientific interest. Among different biomass-based feedstocks,
5-hydroxymethylfurfural (HMF) represents valuable platform
compound widely used for the synthesis of valuable chemicals,
fuels, and polymers. Here we report cobalt nanoparticles
catalyzed reductive amination, hydrogenation and hydrodeox-

Introduction

The valorization of renewable resource, especially biomass and
its based compounds to produce value-added chemicals and
fuels as well as pharmaceutically relevant compounds in more
efficient and sustainable manner continues to be an important
goal of chemical research."' In this regard the development of
resourceful and cost-effective catalytic methodologies to con-
vert biomass and its derived feedstock to essential products is
of central importance.""'¥ Among sugar derived feedstocks, 5-
hydroxymethylfurfural (HMF) represents highly valuable plat-
form compound,”**' which has been listed as the top 10
renewable chemicals by the U.S. Department of Energy.??
Notably, HMF serves as renewable feedstock to produce value-
added chemicals, fuels, and polymers.”®>* In order to valorize
HMF, different reactions such as catalytic hydrogenations,

[a] V. G. Chandrashekhar, Dr. C. Kreyenschulte, Prof. Dr. R. V. Jagadeesh

Leibniz-Institut fiir Katalyse e.V

Albert-Einstein-Stral3e 29A,

18059 Rostock, Germany

E-mail: jagadeesh.rajenahally@catalysis.de
[b] Dr. K. Natte

Chemical and Material Science Division

CSIR - Indian Institute of Petroleum

Haridwar road, Mohkampur,

Dehradun 248005 India
[c] Dr. A.M. Alenad

Chemistry Department, College of Science

Jouf University

P.O. Box: 2014, Sakaka, Kingdom of Saudi Arabia.
[d] Dr. A.S. Alshammari
King Abdulaziz City for Science and Technology
P.O. Box 6086, Riyadh 1442, Kingdom of Saudi Arabia.
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cctc.202101234
© © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH. This is

an open access article under the terms of the Creative Commons Attribution

License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

ChemCatChem 2021, 13, 1-10 Wiley Online Library

These are not the final page numbers! 7'7'

Kishore Natte,"
and Rajenahally V. Jagadeesh*"

Asma M. Alenad,’® Ahmad S. Alshammari,'

ygenation of HMF to produce furan based primary, secondary
and tertiary amines including N-methylamines as well as 2,5-bis
(hydroxymethyl)furan, (5-methylfuran-2-yl)methanol and se-
lected N-, O-, and S-containing heterocycles. Key to success for
this HMF valorization is the use of reusable silica supported
cobalt-based nanoparticles, which have been prepared by the
immobilization and pyrolysis of Co-terephthalic acid-piperazine
MOF template on silica.

hydrodeoxygenations, oxidations, and aminations have been
applied.”?*>** Applying these processes, a variety of com-
pounds for example, 2,5-bis(hydroxymethyl)furan, 2,5-dimeth-
ylfuran, 2,5-dimethyltetrahydrofuran, hexanediols, levulinic acid,
furan-2,5-dicarboxylic acid, alkanes, and bio-based amines could
be accessed from HMF [20-212431

Amines are indispensable compounds widely used in
chemical, pharmaceuticals agrochemical and material
industries.”*** Among these, bio-based amines represent
renewable compounds, which serve as key and intermediates
for the synthesis of advanced chemicals, pharmaceuticals, and
materials.*® To produce these products, especially furan-based
amines, HMF serves as the key starting material, which can be
converted to primary, secondary, and tertiary amines including
N-methylamines.""*7> These furan- based amines are used in
the synthesis of bioactive molecules such as antihypertensives,
diuretics, and antiseptic agents.***? In addition, they also
employed as intermediates in the manufacture of polymers,
fibers and perfumes®®* To prepare furan-based amines,
catalytic reductive amination of HMF using molecular hydrogen
constitute convenient methodology in which aldehyde group
of HMF can be reacted with ammonia, primary and secondary
amines to access different kinds of amines.*** To perform
reductive amination of HMF in more selective and efficient
manner, the use of suitable catalyst systems is crucial.
Regarding catalysts for this transformation, more frequently
precious metal-based homogeneous,”*” and heterogeneous™ ")
systems based on, Rh,"*? P9 Pd,*"~*8 Ry,*#4*=% and Au®"” were
used. With respect to non-noble metal heterogeneous catalysts,
Raney Ni,®? Co,®¥ Cu,*** and Ni®**® based ones are known to
catalyze the reductive amination of HMF. Despite these achieve-
ments the development of earth abundant metal-based cata-
lysts, which should work in more efficient and selective manner
under mild conditions, is still desired for reductive amination of
HMF to produce biobased amines. In particular, nanoparticles-

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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based catalysts are more appropriate due to their unique
advantages such as stability, easy recycling and tunable
activities and selectivities.**®** |n addition to the synthesis of
bio-based amines, catalytic hydrogenation and hydrodeoxyge-
nation of HMF constitute pivotal processes to produce valuable
products and fuels such as 2,5-bis(hydroxymethyl)furan, 5-
methylfurfuryl alcohol, 2,5-dimethylfuran, alcohols, diols, and
alkanes.”*3"

Here we report the preparation of silica supported cobalt-based
nanoparticles as efficient, selective and reusable reductive
amination and hydrogenation catalysts for the valorization of
HMF under mild conditions (Scheme 1). These nanoparticles
have been prepared by the immobilization and pyrolysis of
cobalt-terephthalic acid-piperazine MOF template on silica
under argon at 800°C. Applying these cobalt nanoparticles,
reductive amination of HMF with ammonia, anilines, benzylic
and aliphatic amines was performed to prepare furan based,
primary amines, secondary and tertiary amines as well as N-
methylamines in good to excellent yields (Scheme 1). The
synthetic applicability of this Co-reductive amination protocol
has been showcased for the synthesis of furan-benzimidazole,
furan-2,3-dihydrobenzothiazole, and furan-oxazolidine based
heterocycles (Scheme 1). In addition, hydrogenation and hydro-
deoxygenation of HMF were also carried out to produce 2,5-bis
(hydroxymethyl)furan and 5-methylfurfuryl alcohol (Scheme 1).

Results and Discussion
Preparation of Co-nanoparticles based catalysts
For the preparation of successful nanoparticles-based catalysts,

the use of suitable precursor and appropriate methodology
considered as curial aspects.??62%

2

Regarding potential precursors, compared to simple metal
salts, metal complexes or metal organic formworks are more
promising, which can be easily immobilized and pyrolyzed on
heterogeneous supports to create active and selective nano-
structured catalysts for organic synthesis.***>* Based on this
concept, to prepare desired supported cobalt-nanoparticles,
first we generated cobalt-based MOF in situ and immobilized
on silica and subsequently pyrolyzed this templated material
under argon.”*® |n a typical procedure, Co(NO,),-6H,0 tereph-
thalic acid piperazine were mixed in DMF and stirred at 150°C
to generate cobalt- terephthalic-piperazine MOF. To this
generated MOF in DMF, silica was added and continued the
stirring at 150°C. After slow evaporation of DMF and drying
cobalt-terephthalic acid-piperazine MOF templated on silica
(Co-terephthalic acid-piperazine@SiO,) was formed. Finally, this
MOF-SiO, templated material was pyrolyzed at 800°C under
argon to obtain silica supported cobalt nanoparticles (Co-
terephthalic acid-piperazine@SiO,-800; Figure 1). The same
produce was applied to prepare other materials, pyrolyzed at
different temperatures (400, 600, 1000 °C).

Reductive amination of HMF with NH;: Evaluation of activity
and selectivity of Co-nanocatalysts

The prepared new material, Co-terephthalic acid-piperazine@-
Si0,-800, was tested for its activity in the reductive amination of
HMF 1 with ammonia in presence of molecular hydrogen to
produce 5-(aminomethyl)-2-furanmethanol, AMF 2 (Table 1).
This bifunctional compound, 2 (AMF) constitute as an important
precursor and key intermediate to produce advanced com-
pounds, since it contains primary amine and alcohol, groups
which can be functionalized further.”™ In general, reductive
amination of HMF to obtain selectively the corresponding
primary amine is challenging. This reaction is often non-
selective and results in the formation of side-products such as

N Co-terephthalic acid-
oM [ e J piperazine
{ Hemicellulose (20-30 wt%): BIOMASS Lignin (20-30 wt%) HO\[ f'ﬂ\:j ” template on SiO,
) Pz 1. Stirri °C, i
TPA 1. Stirring at 150 °C, 30 min

HMF

2. Addition of SiO,

3. Stirring at 150 °C, 4h
4. Slow evaporation of DMF

:Ho/\f),/ : HO/\E/)J Pyrolysis
d J e g _y"“\ar H :go ;c
; ‘ H i r
HO ‘°/ : : Ry H '

N H N— H

O Amines 1 HO 0, N=RiH)
H H : + : > | » H
H : H Hy ; : -
; o U 2 O sy, i »
: Ho’\E/),_ :/i Co-nPs@sio)) ann,-,,esfed;Ho o R
g g oot B e ST .
\  Hydrogenation _ H 100 nﬂ
i and : H (X=N,s,0) = -
iHydrodeoxygenation; Silica supported cobalt-based nanoparticles

' H H Reductive
0 i [y Aminations

Scheme 1. Co-nanoparticles catalyzed valorization of HMF.
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2

Figure 1. preparation of cobalt-based nanoparticles by the pyrolysis of Co-
terephthalic-piperazine MOF template on silica.
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Table 1. Cobalt-catalyzed reductive amination of HMF using ammonia in presence of molecular hydrogen.
(o]
HO/\EC/))_// +NH, Co-catalyst HO/\E(>_/NH2+ Ho/\Eo)_/OH
3 ——> / /
1 10 bar H,
50 °C, 16h 2 3
Entry Catalyst Solvent Conv. (%) Yield (%)
2 3
1@ Co-terephthalic acid-piperazine@SiO,-800 MeOH >99 80 15
26! Co-terephthalic acid-piperazine@SiO2-800 EtOH >99 89 4
3@ Co-terephthalic acid-piperazine@SiO,-800 H,0 >99 94 1
40l Co-terephthalic acid-piperazine@SiO,-800 H,0 >99 94 1
5 Co-terephthalic acid-piperazine@SiO,-800 H,0 >99 94 1
6 Co-terephthalic acid-piperazine@SiO,-800 H,0 90 80 -
70 Co-terephthalic acid-piperazine@SiO,-400 H,0 50 - -
8! Co-terephthalic acid-piperazine@Si0,-600 H,0 85 70 -
9! Co-terephthalic acid-piperazine@SiO,-1000 H,0 >99 88 6
10%! Co-nitrate@ Si0,-800 H,0 10 6 -
1% Co-terephthalic acid-piperazine@Sio, H,0 - - -
120 Co-terephthalic acid-piperazine H,0 - - -
13% Co(NO;),-6H,0 H,0 - - -
Reaction conditions: [a] 0.5 mmol HMF, 5 bar NH3, 25 mg catalyst (5 mol% Co), 10 bar H2, 3 ml solvent, 50°C, 16 h. [b] same as [a] with 0.1 mL aq.NH3
(33 wt% of NH3 in water) instead of NH3 (gas). [c] same as [b] with 35 mg catalyst (7 mol% Co). [d] same as [b] with 15 mg catalyst (3 mol% Co). All yields
are determined by GC using DMAc as standard. In entry 7, 45% of corresponding secondary imine was observed. In entry 8, 12% of corresponding
secondary imine was observed.

over alkylated products (secondary imine 4 and secondary
amine 5) or corresponding alcohol as the reduced product 3
(Scheme 2).

In the beginning, HMF was reacted with 5 bar of NH; and
10 bar of H, in the presence 25mg (5mol% Co) of Co-
terephthalic acid-piperazine@SiO,-800 catalyst in methanol as
solvent at 50°C (Table 1, entry 1). Under this reaction con-
ditions, 80% of the desired product 2, was obtained (Table 1,
entry 1). Under same conditions, next reaction was performed
in ethanol and water (Table 1, entries 2-3). Among these, water
was found to be the best and gave 94% of the targeted
product 2. Interestingly, a similar result was obtained using
0.1 mL of aq.NH; (33 wt%) instead of gaseous NH; (Table 1,
entry 4). By increasing the amount of catalyst to 35 mg (7 mol %
Co), same results were obtained that of 25 mg catalyst (Table 1,
entry 5). However, by decreasing the amount of catalyst to
15 mg (3 mol %), both conversion (90 %) of 1 and yield (80%) of
2 were decreased (Table 1, entry 6).

Further to know the effect of temperature on the formation
of active material, Co-terephthalic acid-piperazine@SiO, was

OH OH
OH
—_— ——
/2 N 1, 4
1 2
H
NH; || AMF AMF
oH OH HO. OH HO,
H
o OH 2
\ / /2 o o A\ /4 o H e A\
— N~ -~ — N ~
4 5
Scheme 2. Reductive amination of HMF with ammonia: Desired and side

products

ChemCatChem 2021, 13, 1-10 www.chemcatchem.org

These are not the final page numbers! 77

pyrolyzed at different temperatures (400, 600 and 1000 °C) and
tested their activities and selectivities in the model reaction.
The material pyrolyzed at 400 °C (Co-terephthalic acid-piperazi-
ne@SiO,-400) showed less activity and selectivity and gave
corresponding secondary imine 4 as the products without the
formation of 2 (Table 1, entry 7). The material pyrolyzed at
600°C (Co-terephthalic acid-piperazine@SiO,-600) exhibited
moderate activity and produced 70% of 2 and 12% of
corresponding secondary imine 4 (Table 1, entry 8). On the
other hand, catalyst pyrolyzed at 1000 °C (Co-terephthalic acid-
piperazine@SiO,-1000) displayed good activity and provided
88% of 2 (Table 1, entry 9). In contrast, material prepared using
simple cobalt nitrate without MOF (cobalt nitrate@SiO,-800)
exhibited very less activity and gave 6% of 2 (TableS7,
entry 10). The unpyrolyzed material (Co-terephthalic acid-piper-
azine @Si0,) and MOF (Co-terephthalic acid-piperazine), as well
as catalysts under homogeneous conditions are all completely
inactive (Table 1, entries 11-13).

Characterization of Co-based catalyst

The most active catalyst, Co-terephthalic acid-piperazine@SiO,-
800 was characterized using X-ray powder diffraction (XRD),
scanning transmission electron microscopy (STEM), energy-
dispersive X-ray spectroscopy (EDXS), X-ray photoelectron
spectroscopy (XPS). XRD patterns of Co-terephthalic acid-
piperazine@SiO,-800, displayed the presence of both metallic
and oxidic cobalt particles (Figure S1). In contrast, the very less
active material, cobalt-nitrte@SiO,-800, contained mainly oxidic
cobalt particles. Aberration corrected STEM analysis of Co-
terephthalic acid-piperazine@SiO,-800 catalyst revealed the
formation of metallic cobalt-particles of about 5 to 15 nm in

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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diameter (Figure 2A). Usually, these Co-particles are surrounded
by graphitic shells (Figure 2B, S2). (a)

In addition, oxidic cobalt particles of comparable sizes are Co2pi
also present as are in-between states like metal core particles Satellite
fully or partially surrounded by Co oxide (Figure 2C, S2). The
oxide phase is not covered by graphitic shells. As morphology
of Co metal and Co oxide particles is often quite similar and a
potential carbon coverage of particles only identifiable at
particles sitting close to the edge of the support due to contrast
reasons, it is not possible to determine the ratio between the
metal and the oxide Co phase by STEM.

To know the states of cobalt and nitrogen at the surface of ; . . L . . .
the catalyst, XPS analysis of Co-terephthalic acid-piperazine@- 810 805 800 795 790 785 780 775 770

. . . . Binding Energy / eV

Si0,-800 was conducted (Figure 3). Figure 3a, shows the high

resolution Co2p spectra in which the two main peaks at 778.44 (b)
and 793.47 eV correspond to Co2p3/2 and Co2p1/2, respec-
tively. These peak positions can be assigned to the dominant
presence of cobalt in metallic form. Other, two small satellite
peaks at 785.26 and 800.11 eV represent the presence of some
high spin Co®" mixed up with the peaks of metallic Co. Weak
satellite peaks might be due to presence of Co;0, where mixed
Co(ll) and Co(lll) are present.”™*”! Next, N1s narrow scan spectra
(Figure 3b) predicts two types of N with peaks centred at

Co 2pa2
|

Co 2par
Satellite

Intensity / a.u.

3 N1s

Chemisorbed N

Intensity / a.u.

404 402 400 398 396 394 392 390
Binding energy / eV

(A)

Figure 3. XP spectra of the (A) Co2p and (B) N1s of Co-terephthalic acid-
piperazine@SiO,-800 catalyst

395.20 and 396.8 eV. Such a significant downfield shift of both
types of nitrogen represents electron density rich N atoms. This
prominent download shift in N1s binding energy is caused if N-
atoms are present on the substitutional sites replacing O bound
to metal or doped in the graphitic carbon. The peak at
395.20 eV can be attributed to chemisorbed N and at 396.8 eV
might be pyridinic N.*®

BET surface areas of Co-terephthalic acid-piperazine@SiO,-
800 and cobalt-nitrte@SiO,-800 were found to be 85.587 m?*/g
and 39.722 m?/g, which revealed that the most active catalyst
has more surface area (Figure S5-S6). Hereafter we represent
the most active catalyst, Co-terephthalic acid-piperazine@SiO.-
800 catalyst as Co—Co0;0,@Si0,.

(B)

(€

Co-nanoparticles catalyzed reductive amination of HMF with
amines

After having performed the synthesis of AMF 2, we carried out
the reductive amination of HMF with different amines
(Scheme 3). Interestingly, HMF underwent reductive amination
Figure 2. STEM images of Co-terephthalic acid-piperazine@SiO,-800 catalyst. ith ori d . M N thvl and
Left column HAADF images and right column corresponding ABF images. (A) With primary, secondary amines as well as mono N-methyl an

Distribution of cobalt nanoparticles, (B) metallic Co nanoparticles surrounded N,N-dimethyl amines and provided corresponding furan-based
by graphitic layers. (C) Co-oxide particle without carbon shell. amines in excellent yields up to 95%. Aniline and 4-methyl
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Cortorenhthalic acid Co-terephthalic acid-
O-terep! alic acid- R - . . " OH
HO o L, H piperazine@Sio, 800 ° ‘;‘_RZ(H) HO ‘0/ piperazine@SiO,-800 HO/\EO7—/
~ —_— o
) R TRaH) 50 par H,, EtOH/H,0 /\lT\,)—/ \o 15 bar Hy, MeOH /
70 °C, 16h 1 70 °C, 16h 34:95%2
HO o, HN—@ HO o, HN—@— HO o HN—@—F BHMF
6: 95% (94%) 7: 95% (93%) 8: 90% (90%) o Co-terephthalic acid-
HO 1 piperazine@SiO,-800_ Ho/\f)"
/\II:)—/ _Q_C' HO/\r\)—’ —@—B, H°/\r\)—/ _Q_ 7 Yo 30 bar Hy, Toluene 1 4
/ o
9: 93% 10: 93% 1 100°°C, 16h 35: 89%"”

11: 91%
HO O,
)

12: 95%

/\E)_é 85% 14: 90% (93%)°
HO

15 93% 16: 96% 17:91%

/\E)—\{O /\I’\)—\ " 2013)/{__(}

W

18: 85%"
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21: 89%
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24: 89% (95%)° 25: 90% (93%)°
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Scheme 3. Co-catalyzed reductive amination of HVF with different amines.
Reaction conditions: [a] 0.5 mmol HMF, 0.5 mmol amines, 25 mg Co-
terephthalic acid-piperazine@SiO,-800 (5 mol % Co), 20 bar H,, 3 ml solvent
(EtOH or H,0), 70°C, 16 h. [b] same as [a] at 80°C. [c] same as [a] using

0.1 mL methyl or dimethyl amine solution (12 M in Ethanol) at 50°C. Yields
given parenthesis in green colour refer to the reactions conducted in water.
All isolated yields.

aniline were reacted with HMF and afforded the corresponding
secondary amine in up to 95% (Scheme 3, products 6-7).
Notably, HMF and halogenated anilines (—F, —Cl, —Br, and —I)
were smoothly reacted without being dehalogenation and
offered corresponding products in up to 93% yield (scheme 3,
products 8-11). Due to the versatility of reactivity of halogen
atoms, these furan-based halogenated compounds could serve
as special starting materials or intermediates for the synthesis
of different products. HMF was smoothly aminated with anilines
containing —OCH;, OH, —COOCH; and —CF; groups and
produced functionalized furan-based amines in 85-95% vyields.
(Scheme S5 products 12-15).

Next, benzylic and arylaphatic primary amines were N-
alkylated with HMF and gave corresponding secondary amines
(Scheme 3, products 16-18). In addition, aliphatic primary
amine such as N-hexane amine was also reacted smoothly and
gave 95% of (5-((hexylamino)methyl)furan-2-yl)methanol (prod-
uct 19). As an example of secondary amine, morpholine, N-
methylcyclohexanamine, and thiomorpholine 1,1-dioxide were
reacted with HMF and obtained corresponding tertiary amines
in up to 90% yield (Scheme 4; products 20-22). These kind of
furan-morpholine derived products could be interesting for
drug discovery. Interestingly, furfuryl amine, which is produced
form another renewable feedstock furfural was also N-alkylated
with HMF and provided (5-(((furan-2-ylmethyl)amino)methyl)

ChemCatChem 2021, 13, 1-10 www.chemcatchem.org

HO o HN—@—OH
l

Scheme 4. Co-catalyzed hydrogenation/hydrodeoxygenation of HMF. Reac-
tion conditions: [a] 0.5 mmol HMF, 25 mg catalyst (5 mol % Co), 15 bar H,,
3 ml MeOH, 70°C, 16 h. Isolated yield. [b] 0.5 mmol HMF, 30 mg catalyst
(~6 mol% Co), 30 bar H,, 3 ml Toluene, 100°C, 16 h. GC Yield.

furan-2-yl)methanol as di-furan based amine (Product 23)
Finally, both mono N-methyl and N,N-dimethyl amines, which
are important bulk chemicals, were also efficiently reacted with
HMF and produced corresponding furan-based N-methylated
products (Products 21-22). In general N-methylated amines
represent an important class of amines and these functionalities
found in a number of drugs and biomolecules, that play
significant roles in the function of these life Science
molecules.®”

Synthesis of heterocyclic compounds using Co-nanoparticles

Heterocyclic compounds are an important class of products
widely used in organic synthesis and drug discovery.® Note-
worthy, many pharmaceuticals and natural products contain
heterocyclic motifs, which play vital roles in their activities.™
Based on the importance of heterocyclic compounds, their
synthesis starting from renewable feedstocks applying cost-
effective and green methods is of central importance.

In this regard, we applied our Co-based reductive amination
protocol for the synthesis of N, S and O- containing heterocycle
starting from HMF and different amines (Table 2). Furan-
benzimidazole based heterocyclic compounds (Table 2, 27-29)
were selectively prepared by the Co-catalyzed reductive amina-
tion of HMF with o-phenylenediamine, and N-methyl-o-phenyl-
enediamine, respectively. Next, 2-aminothiophenol was reacted
with HMF and gave furan-dihydrobenzothiazole based products
in 86% yield (Product 31). Further, HMF and phenylalaninol
reacted and gave Furan-oxazolidine based heterocyclic com-
pounds (Product 33).

Co-catalyzed hydrogenation/hydrodeoxygenation of HMF

In addition to reductive aminations, the applicability of our Co-
nanoparticles has also been demonstrated for the hydrogena-
tion/hydrodeoxygenation of HMF. As shown in Scheme 4, HMF
can be selectively hydrogenated to produce 2,5-bis
(hydroxymethyl)furan (BHMF) in high vyields (Product 34) at
70°C with 15 bar hydrogen. This heterocyclic diol 34 serves as
the key precursor to produce polyurethane foams and

5 © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Table 2. synthesis of heterocyclic compounds from HMF and amines using
Co-nanoparticles.

Entry HMF Amine

H,N

26

|
e
H,N

Heterocyclic product  Yield (%)
HO o 0 0,
, /\E/)_’/ Ho/\E/)_< ID 89%
1 27
o (o]
2 HO/\E/)_’/ Ho/\E(;)_< Ij 80%
1 28 9
H,N
o (o] 2 o,
3 Ho/\“:/)_// ID Ho/\[/)_< Ij 86%
HS
1 30
H
4 HO o 0 MN HO o N .
| P | P 90%
HO o)
1 32 33

z7 'z

N 277z

w ZI

w
a2

Reaction conditions: [a] 0.5 mmol HMF, 0.5 mmol amines, 25 mg Co-
terephthalic acid-piperazine@SiO,-800 (5 mol % Co), 10 bar H,, 3 ml EtOH,
50°C, 16 h. All isolated yields.

polyesters.”®”" On increasing the temperature and pressure

(100°C and 30 bar H,), the HMF underwent hydrodeoxygena-
tion to provide 5-methylfuran-2-yl)methanol (Product 35).

Finally, the recycling, reusability, and stability studies of
Co—Co050,@Si0, were performed for the reductive amination of
HMF with mono N-methylamine at two different conditions
(Figure 4). For 16 h of reaction time, the catalyst recycled and
reused up to 4 times. Up to 4" run there is not much significant
loss in either activity or selectivity, but in the 5 run the yield of
product is decreased. To know the catalyst stability the
recycling was carried for half conversion at 10 h of reaction
time and found that the catalyst is stable up to 3™ run and
afterwards the decrease in the activity was observed.

Co0-C030,@SiO0,
+ —NH, ’ |
10 bar Hy, H,0 Y,
1 50 °C, 16h 24

HO O HN—

8

90
80
70
60
50
40
30
20
10

» A=16h
B=10h

Yield of product 24 (%)

1 2 3 4 5
Number of runs

Figure 4. Recycling of Co-terephthalic acid-piperazine@SiO,-800 for the N-
methylation of HMF. Reaction conditions: Condition A: 2 mmol HMF, 0.4 mL
N-methyl amine (12 M in EtOH), 100 mg catalyst (5 mol% Co), 10 bar H,,

10 ml H,0, 50°C, 16 h. Condition B: Same as ‘A’ at 10 h. Yields were
determined by GC.
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Conclusion

We successfully prepared and applied silica supported cobalt-
based nanoparticles as general reductive amination and hydro-
genation catalysts to valorize HMF in an efficient and selective
manner. The optimal Co-nanoparticles-based catalyst has been
synthesized by the immobilization and pyrolysis of Co-tereph-
thalic acid-piperazine MOF on aerosil silica at 800°C for 2 h
under argon. Using these nanoparticles, we performed the
reductive amination of HMF with ammonia, anilines, benzylic,
arylaphatic and aliphatic amines as well as N-methylamines to
produce furan-based primary, secondary, and tertiary amines
including N-methylated products. The applicability of this Co-
catalyzed amination methodology is showcased for the prepa-
ration of selected N-, O-, and S- containing heterocycles. In
addition, this Co-catalyst was also used for the hydrogenation
and hydrodeoxygenation activity for HMF to produce 2,5-bis
(hydroxymethyl)furan, (5-methylfuran-2-yl)methanol.

Experimental Section

Materials and methods

All substrates were obtained commercially from various chemical
companies. Cobalt(ll) nitrate hexahydrate (Alfa Aesar; cat no. 36418-
100G), piperazine anhydrous (PZ; TCl, >98%; cat no. P0446).
Terephthalic acid (Aldrich; cat no. 185361-100G; 98 %). Silica (Aerosil
OX-50) was obtained from Evonik. N,N-dimethylformamide (DMF)
was obtained from Across chemicals. Pyrolysis experiments were
carried out in Nytech-Qex oven. Before using, purity of all the
substrates has been checked by GC-MS.

XRD powder pattern were recorded either on a Panalytical X'Pert
diffractometer equipped with a Xcelerator detector or on a
Panalytical Empyrean diffractometer equipped with a PIXcel 3D
detector system. Both were used with automatic divergence slits
and Cu kal/a2 radiation (40kV, 40 mA; A=0.015406 nm,
0.0154443 nm). Cu beta-radiation was excluded by using nickel
filter foil. Peak positions and profile were fitted with Pseudo-Voigt
function using the HighScore Plus software package (Panalytical).
Phase identification was done by using the PDF-2 database of the
International Center of Diffraction Data (ICDD).

The STEM measurements were performed at 200 kV with a probe
aberration-corrected JEM-ARM200F (JEOL, Corrector: CEOS). The
microscope is equipped with a JED-2300 (JEOL) energy-dispersive
x-ray-spectrometer (EDXS). The aberration corrected STEM imaging
were performed with High-Angle Annular Dark Field (HAADF) and
Annular Bright Field (ABF) detectors simultaneously. The solid
samples were dry deposited without any pretreatment on a holey
carbon supported Cu-grid (mesh 300) and transferred to the
microscope.

XPS (X-ray Photoelectron Spectroscopy) data was obtained with a
VG ESCALAB220iXL (ThermoScientific) with monochromatic Al Ko
(1486.6 eV) radiation. The electron binding energies EB were
obtained without charge compensation. For quantitative analysis
the peaks were deconvoluted with Gaussian-Lorentzian curves, the
peak area was divided by a sensitivity factor obtained from the
element specific Scofield factor and the transmission function of
the spectrometer. CasaXPS was used for XPS peak deconvolution.

© 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH


www.chemcatchem.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemCatChem doi.org/10.1002/cctc.202101234

BET surface areas (BET-SA) of the catalysts were determined on
NOVA 4200e instrument by N,-physisorption at —196°C. Prior to
the measurements, the known amount of catalyst was evacuated
for 2 h at 220°C to remove physically adsorbed water. GC and GC-
MS were recorded on Agilent 6890 N instrument. GC conversion
and yields were determined by GC-FID, HP6890 with FID detector,
column HP530 mx250 mmx0.25 um. TH and 13C NMR data were
recorded on a Bruker ARX 300 and Bruker ARX 400 spectrometers
using DMSO-d6, CD;0D and CDCI; solvents.

Procedure for the preparation of Co-terephthalic
acid-piperazine@SiO,-800 catalyst

In a 50 mL round bottomed flask, 444.5 mg of cobalt (Il) nitrate
hexahydrate and 395.2 mg of piperazine were stirred in 20 mL of
N,N-dimethylformamide (DMF) at 150°C for 5 minutes. To this
mixture, 761.1 mg of terephthalic acid, which was already dissolved
(by heating) in 10 mL DMF was added. Next, the round bottomed
flask containing the reaction mixture was fixed with reflux
condenser and was placed into an aluminum block preheated at
150°C and stirred for 20-30 minutes. Then, 1.2 g of silica (Aerosil-
0OX-50) was added followed by the addition of 10 mL DMF and the
reaction mixture was stirred again at 150°C for 4-5 h. Then after,
the reflux condenser was removed and the round bottomed flask
containing reaction product was allowed to stand without stirring
and closing for 20 h at 150°C to slowly evaporate DMF and to grow
MOF template on carbon. After the evaporation of the solvent and
ensuring the complete drying, the material was cooled to room
temperature and grinded to give a fine powder. The powdered
material was pyrolyzed at 800°C for 2 hours under an argon
atmosphere and then cooled to room temperature after pyrolysis.

Elemental analysis (Wt%) of Co-terephthalic acid-piperazine@SiO.-
800: C0=6.27%, C=16.98%, H=0.10%, Si=32.59% N=0.81%.

Procedure for the reductive amination of HMF with NH;

A magnetic stirring bar and 0.5 mmol HMF were transferred to
4 mL glass vial and then 2.5 mL H,0 and 0.4 mL aq. NH; (33 wt %)
was added. Then, 25 mg of catalyst (Co-terephthalic acid-piperazi-
ne@Si0,-800; 5 mol% Co) was added and the vial was fitted with
septum, cap, and needle. The reaction vial was placed into a 50 mL
autoclave. The autoclave was flushed with hydrogen twice at 20 bar
pressure and then it was pressurized with 10 bar H,. The autoclave
was placed into an aluminium block preheated at 55°C (placed
30 minutes before counting the reaction time in ordered to attain
reaction temperature) and the reactions were stirred for 16 h.
During the reaction, the inside temperature of the autoclave was
measured to be 50°C and this temperature was used as the
reaction temperature. After the completion of the reactions, the
autoclave was cooled to room temperature. The remaining H, were
discharged and the vial containing reaction product was removed
from the autoclave. The solid catalyst was filtered off and washed
thoroughly with ethanol. The reaction products were analysed by
GC-MS. The corresponding primary amines were purified by column
chromatography. The same procedure was followed using 5-7 bar
ammonia gas instead of ag. NH;.

General procedure for the reductive amination of HMF with
anilines/amines

The magnetic stirring bar and 0.5 mmol HMF was transferred to
7 mL glass vial and then 3 mL EtOH/H,0, 0.5 mmol corresponding
aniline/amine was added. Then, 25 mg of catalyst (Co-terephthalic
acid-piperazine@SiO,-800; 5 mol% Co) was added and the vial was
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fitted with septum, cap and needle. The reaction vials (8 vials with
different amines at a time) were placed into a 300 mL autoclave.
The autoclave was flushed with H, twice at 20 bar pressure and
then it was pressurized with 20 bar hydrogen. The autoclave was
placed into an aluminium block preheated at 76°C (placed
30 minutes before counting the reaction time in ordered to attain
reaction temperature) and the reactions were stirred for 16 h.
During the reaction, the inside temperature of the autoclave was
measured to be 70°C and this temperature was used as the
reaction temperature. After the completion of the reactions, the
autoclave was cooled to room temperature. The remaining H, were
discharged and the vials containing reaction products were
removed from the autoclave. The solid catalyst was filtered off and
washed thoroughly with ethanol. The reaction products were
analyzed by GC-MS. The corresponding products were purified by
column chromatography and isolated as semi-solid materials. The
resulted amines were characterized by NMR and HR-MS spectral
analysis.

Procedure for the hydrogenation of HMF

A magnetic stirring bar and 0.5 mmol HMF was transferred to 4 mL
glass vial and then 3 mL MeOH added. Then, 25 mg of catalyst (Co-
terephthalic acid-piperazine@SiO,-800; 5 mol% Co) was added and
the vial was fitted with septum, cap and needle. The reaction vial
was placed into a 50 mL autoclave. The autoclave was flushed with
hydrogen twice at 20 bar pressure and then it was pressurized with
15 bar H,. The autoclave was placed into an aluminium block
preheated at 76 °C (placed 30 minutes before counting the reaction
time in ordered to attain reaction temperature) and the reactions
were stirred for 16 h. During the reaction, the inside temperature of
the autoclave was measured to be 70°C and this temperature was
used as the reaction temperature. After the completion of the
reactions, the autoclave was cooled to room temperature. The
remaining H, were discharged and the vial containing reaction
product was removed from the autoclave. The solid catalyst was
filtered off and washed thoroughly with methanol. The reaction
products were analyzed by GC-MS and NMR without any
purification.

Procedure for the hydrodeoxygenation of HMF

A magnetic stirring bar and 0.5 mmol HMF was transferred to 4 mL
glass vial and then 3 mL Toluene added. Then, 30 mg of catalyst
(Co-terephthalic acid-piperazine@SiO,-800; 6 mol% Co) was added
and the vial was fitted with septum, cap and needle. The reaction
vial was placed into a 50 mL autoclave. The autoclave was flushed
with hydrogen twice at 20 bar pressure and then it was pressurized
with 30 bar H,. The autoclave was placed into an aluminium block
preheated at 110°C (placed 30 minutes before counting the
reaction time in ordered to attain reaction temperature) and the
reactions were stirred for 16 h. During the reaction, the inside
temperature of the autoclave was measured to be 100°C and this
temperature was used as the reaction temperature. After the
completion of the reactions, the autoclave was cooled to room
temperature. The remaining H, were discharged and the vial
containing reaction product was removed from the autoclave. After
completion of the reaction, dimethylacetamide (46 ulL) as standard
was added to the reaction vial followed by filtration using plug of
silica and then analyzed by GC.

Procedure for recycling the catalyst

A magnetic stirring bar and 2 mmol of HMF were transferred to a
50 mL autoclave fitted with a glass vessel and then 10 mL H,O,
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0.4 mL methylamine (12 M in EtOH) was added. Then, 100 mg of
catalyst (Co-terephthalic acid-piperazine@SiO,-800) was added. The
autoclave was flushed with 20 bar hydrogen and then it was
pressurized with 10 bar H,. The autoclave was placed into a pre-
heated aluminium block at 55°C and the reactions were stirred for
16 h. During the reaction, the inside temperature of the autoclave
was measured to be 50°C. After the completion of the reactions,
the autoclave was cooled to room temperature. The remaining
hydrogen was discharged, and the reaction products were removed
from the autoclave. To the reaction products, 100 pL dimeth-
ylacetamide as standard was added. The catalyst was separated
from the reaction mass through filtration and the reaction product
was subjected to GC analysis for determining the yield of product.
The filtered catalyst was washed thoroughly with ethanol, acetone
and dried at 130°C overnight.
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Hydrogenation of N-Heteroarenes Including Pyridines
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Abstract: Herein, we report the synthesis of specific silica-
supported Co/Coz;0, core—shell based nanoparticles prepared
by template synthesis of cobalt-pyromellitic acid on silica and
subsequent pyrolysis. The optimal catalyst material allows for
general and selective hydrogenation of pyridines, quinolines,
and other heteroarenes including acridine, phenanthroline,
naphthyridine, quinoxaline, imidazo[l,2-aJpyridine, and
indole under comparably mild reaction conditions. In addition,
recycling of these Co nanoparticles and their ability for
dehydrogenation catalysis are showcased.

The catalytic hydrogenation of N-heteroarenes represents an
atom-efficient methodology to access aliphatic cyclic amines,
which are of interest for basic organic synthesis, drug
discovery, material sciences, and alternative energy technol-
ogies.! In particular, piperidines and 1,2,34-tetrahydroqui-
nolines are integral parts of pharmaceuticals, agrochemicals,
biomolecules, and natural products.'*¢l For these products,
the catalytic hydrogenation of pyridines™® and quinoli-
nes™*7 offers a straightforward approach compared to
typically applied multistep procedures."* However, catalyst
deactivation might occur easily due to the interaction of
nitrogen moiety of substrates or products with the supported
metal centers.’! In this respect, the hydrogenation of pyr-
idines is known to be particularly challenging. Hence, this
reaction mainly relies on precious-metal-based catalysts.”*"
bee3enl I addition, a cobalt-based heterogeneous catalyst is
known; however, it requires drastic conditions limiting its
applicability (160°C, 60 bar H,).**! On the other hand, for the
facile hydrogenation of quinolones and related N-heteroar-
enes, several non-noble homogeneous® and heterogeneous!”!
catalysts based on Fe,¥ Co,"*" Ni,”1 and Mn["! have been
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successfully developed complementary to state-of-the-art
precious metal catalysts.”! Despite these achievements, still
the development of a general and selective non-noble metal
based catalyst for the hydrogenation of N-heteroarenes
including pyridines under milder reaction conditions contin-
ues to be of scientific interest and is challenging.

The preparation of active supported nanoparticles
depends strongly on the use of appropriate precursors and
optimized preparation techniques. Compared to the thermal
or chemical reduction of simple metal salts,” the template
synthesis of metal-organic frameworks (MOFs) or coordina-
tion polymers (CPs) on a solid support and subsequent
pyrolysis offers an alternative approach, which has become
highly attractive in recent years."” Advantageously, a plethora
of relatively inexpensive and stable organic ligands are
commercially available to prepare MOFs or CPs, which can
be used as precursors to synthesize diverse nanomaterials. As
an example, wel'% and others!'*™ reported the use of cobalt
MOFs and CPs, obtained from diamines and di- or tetracar-
boxylic acids, as appropriate precursors for the preparation of
supported nanoparticles for redox reactions. Based on this
work, herein we report the preparation of silica-supported
Co/Co;0, core-shell nanoparticles by immobilization and
pyrolysis of cobalt-pyromellitic acid template on commercial
silica (Figure 1). Catalytic investigations revealed the superi-
ority of these novel supported nanoparticles for the hydro-
genation of pyridines, quinolines, and other different N-
heteroarenes.

Aromatic carboxylic acids are key building blocks for the
formation of MOFs and metal-containing coordination poly-
mers (MCPs).!""! Based on their use, new innovative materials
have been introduced in the past two decades, which showed
interesting performances, especially in separation technolo-
gies."" In contrast, relatively few applications of such
materials have been demonstrated in modern catalysis,
despite significant efforts.""*** On the other hand, it has
been demonstrated that pyrolysis of MOFs or MCPs can lead
to stable supported nanoparticles with unique structures. For
example, the pyrolysis of cobalt-MOF on carbon and silica led

Pyrolysis
Co-carboxylic acid > Si0, supported
template on Si0, 800°C, Ar (cobalt-nanoparticles

Figure 1. Preparation of cobalt nanoparticles by pyrolysis of Co-carbox-
ylic acid templates on SiO,.

. Stir, DMF, 150 °C

1
Co(NO;),.6H,0 | 2. Addition of Si0,
+ —_—
Carboxylic acid | 3. Stir, DMF, 160 °C
4.

'mal process
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to general reductive amination and arene hydrogenation
catalysts.[19¢1

Based on this and related work,['"*! we became interested
in studying the behavior of supported cobalt nanoparticles
prepared from cobalt salts of different carboxylic acids. For
this purpose, a cobalt salt was mixed with a set of four model
carboxylic acids, which have been used as common organic
linkers for the preparation of MOFs. Specifically, benzoic
acid, terephthalic acid, trimesic acid (1,3,5-benzenetricarbox-
ylic acid), or pyromellitic acid (1,2,4,5-benzenetetracarboxylic
acid) were stirred with cobalt(II) nitrate hexahydrate in DMF
at 150°C."7 To these in situ generated materials, Aerosil silica
was added and the whole mixture was stirred again at the
same temperature for another 4-5 h. After slow evaporation
of the solvent, followed by drying, the templated materials
(Co-carboxylic acid@SiO,) were obtained as colored solids.
Subsequent pyrolysis at 800°C under argon for 2 h led to
different cobalt nanoparticles supported on silica (Figure 1).

All the materials were tested for liquid-phase hydro-
genation of nicotinamide (1) at 120°C and 50 bar of hydrogen.
This benchmark reaction was chosen due to the difficult
nature of hydrogenation of pyridines (vide supra) and the
intrinsic chemoselectivity problem. Moreover, due to the
biochemical relevance of nicotinamide as part of coenzymes,
its catalytic hydrogenation is also considered to be interesting.

Among the prepared materials, the cobalt-pyromellitic
acid on silica at 800°C constitutes the most active and
selective catalyst (Co-pyromellitic acid@SiO,-800), which
allowed for the complete hydrogenation of nicotinamide (1)
and produced the desired product, nipecotamide (2) in 97 %
yield. Notably, there is strong influence on catalysis depend-
ing on the carboxylic acid linker used. Benzoic acid resulted in
a completely inactive material, while other di-, tri-, and
tetracarboxylic acids gave active catalysts (Table 1, entries 1—-
4). Comparison experiments in the presence of simple
cobalt(Il) nitrate or a mixture of it and pyromellitic acid

Table 1: Hydrogenation of nicotinamide: activity of different cobalt
catalysts.

o [¢]
(ﬁ)LNHz Cobalt catalyst . (j)LNHz
NG 50 bar Hy, i-PrOH:H,0 N
120 °C H

1 2
Entry  Catalyst Conv. [%]  Yield [%]
16 Co-benzoic acid@Si0O,-800 <3 <2
20 Co-terephthalic acid @SiO,-800 65 63
3k Co- trimesic acid @Si0,-800 75 73
46l Co-pyromellitic acid@SiO, >99 97
5kl Co(NO;),@SiO,-800 <2 <1
6l Co-pyromellitic acid@SiO, <2 <1
76 Co(NO,),@SiO, - -
8! Co(NO;),-6H,0 + pyromellitic acid ~ — -
9l Co(NO;),-6H,0 - -

Reaction conditions: [a] 0.5 mmol nicotinamide, weight of catalyst
corresponds to 40 mg catalyst (7.5 mol % Co), 50 bar H,, 3 mL solvent
(i-PrOH: H,0; 2:1), 120°C, 24 h. Yields were determined by GC using
n-hexadecane as standard. [b] 0.5 mmol substrate, 7.5 mol% Co-
(NO;),-6 H,0, 7.5 mol % of pyromellitic acid, 50 bar H,, 3 mL solvent
(i-PrOH:H,0; 2:1), 120°C, 24 h yields were determined by GC using
n-hexadecane standard.
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were carried out and showed that both are inactive, too.
Similarly, nonpyrolyzed and pyrolyzed cobalt(II) nitrate on
silica as well as nonpyrolyzed Co-pyromellitic acid on silica
were also not active (Table 1, entries 6-8).

To understand the superior activity of Co-pyromellitic
acid@Si0,-800, detailed structural characterization of this
material was performed using X-ray powder diffraction
(XRD), scanning transmission electron microscopy
(STEM), X-ray photoelectron spectroscopy (XPS), and
Brunauer-Emmett-Teller (BET) techniques.'” XRD analy-
sis of Co-pyromellitic acid@SiO,-800 showed the presence of
both metallic and oxidic cobalt phases (Co and Co;0,)
(Figure S1). In the case of Co(NO;),@SiO,-800, only the
presence of the oxidic cobalt phase was observed (Figure S2).

STEM analysis of the most active catalyst also revealed
the formation of particles consisting of metallic Co and
different Co oxides (Co;0,) with sizes in the range of about
10-20 nm (Figure 2 and Figures S3 and S4). Many of these
particles are of core—shell structure, where the core consists of
metallic Co with an oxide shell as indicated by HAADF
(Figure 2, center and right). The oxide shells and purely oxide
particles are usually polycrystalline. Next, XPS analysis of the
most active catalyst was performed to identify the nature of
cobalt species at the surface of the material. More specifically,
deconvolution of Co2p peaks confirmed the presence of
mixed oxidation for Co (Co2p3/2 in Co’: 778.49 eV; Co*":
779.92 eV) (Figure S9). Although a peak for Co* could not
be deconvoluted, the presence of strong satellite peaks at
786.43 eV and 802.20 eV is indicative for multiple oxidized Co
species, as satellite peaks arise due to spin-spin interactions of
different Co species.'?

Figure 2. STEM-HAADF (left and center) and -ABF (right) images of
Co-pyromellitic acid @SiO,-800 catalyst.

With a successful catalyst for the hydrogenation of
nicotinamide in hand, we explored its applicability for
different N-heteroarenes. As shown in Schemes 1-3, a series
of substituted and functionalized pyridines and quinolines as
well as other heteroarenes underwent complete or partial
hydrogenation to produce cycle aliphatic derivatives in good
to excellent yields.

Noteworthy, simple pyridine was efficiently hydrogenated
and produced the parent piperidine in excellent yield
(product 5). Substituted pyridines with both electron-donat-
ing and -withdrawing groups were hydrogenated to give the
corresponding products in up to 94% yields (Scheme 1).
Interestingly, the catalyst system preferentially reduces the N-
heteroarene ring in the presence of other reducible groups
such as amide and ester (products 2, 3, 9). Similarly, the
presence of substituted arene rings is tolerated (products 10—
12).
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Co-pyromellitic acid@SiO,-800
50 bar Hy, i-PrOH:H;0, 120-135 °C'
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Scheme 1. Hydrogenation of pyridines catalyzed by Co-pyromellitic
acid@Si0,-800.7! Reaction conditions: [a] 0.5 mmol substrate, 40 mg
catalyst (7.5 mol% Co), 50 bar H,, 3 mL (i-PrOH:H,0; 2:1), 120°C,
24 h, yields of isolated products. [b] Yields were determined by GC
using n-hexadecane standard. [c] Same conditions as [a] but with

50 mg catalyst. [d] Same conditions as [a] but with 60 mg catalyst at
135°C for 48 h.

Next, we applied this cobalt catalyst for the hydrogenation
of quinolines (Scheme 2). As a result, nine quinolines were
hydrogenated under comparably mild conditions (70°C,
10 bar of hydrogen) and 1,2,34-tetrahydroquinolines were
produced in up to 97 % yield (products 13, 15, 17, 19, 21, 22,
24, 25, and 28). Here, sensitive substituents (Br, Cl) and
functional groups such as hydroxyl, ether, and ester groups
were well tolerated (products 19, 24-29). Notably, some of the
terahydroquinolines presented in Scheme 2 serve as precur-
sors/intermediates for the preparation of bioactive molecules.
Specifically, the preparation of products 14, 16, 18, 20 and 29
resulted in 5-HT3 receptor antagonist, antitrypanosomal
drug, tubulin polymerization inhibitor, flumequine, and
tocopherol derivatives.

Following the hydrogenation of pyridines and quinolines,
the reduction of other N-heteroarenes such as quinoxaline,
indole, imidazo[1,2-a]pyridine, 1,5-naphthyridine, acridines,
and phenanthroline was performed (Scheme 3). Again, in all
these cases the N-heteroarene rings were selectively reduced
and the corresponding partially reduced products were
obtained in up to 97 % yield.

To prove the synthetic utility and practicability of the
general hydrogenation procedure, several reactions were
completed on 0.5-1g scale (Figure S11). In addition, this
catalyst can be conveniently recycled and reused up to six
times without significant loss in the activity or selectivity
(Figure S12). STEM analysis of catalyst samples after one and
seven reuses showed a partial re-dispersion of cobalt into
a thin layer of Co-oxide on the surface of the support
progressing with the number of uses (Figures S5-S8).

Finally, the optimal catalyst was also tested for the reverse
dehydrogenation process. Because of the microreversibility of
the individual catalytic steps, such a transformation should be
also possible. Indeed, in presence of Co-pyromellitic acid@-
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Scheme 2. Synthesis of tetrahydroquinolines catalyzed by Co-pyromel-
litic acid@SiO,-800. Reaction conditions: [a] 0.5 mmol substrate,

50 mg Co-pyromellitic acid @SiO,-800, (9 mol % Co), 10 bar H,, 3 mL
(i-PrOH:H,0; 2:1), 70°C, 24 h, yields of isolated products. [b] Yields
were determined by GC using n-hexadecane standard. [c] Same
conditions as [a] but at 120°C with 30 bar H,.

@o@o o Coy G
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Scheme 3. Selective hydrogenation of different N-heteroarenes using
Co-pyromellitic acid@SiO,-800. Reaction conditions: [a] 0.5 mmol sub-
strate, 50 mg Co-pyromellitic acid @SiO,-800, 50 bar H,, 3 mL
(i-PrOH:H,0; 2:1), 120°C, 24 h, yields of isolated products. [b] Same
conditions as [a] but at 135°C and 48 h. [c] Yields were determined by
GC using n-hexadecane standard. [d] Same conditions as [a] but using
t-BuOH as solvent.

Si0,-800, 2-methyl-1,2,3,4-tetrahydroquinoline underwent
dehydrogenation and provided 2-methylquinoline in 93 %
yield (Scheme 4). Such reactions are of general interest in the
context of liquid organic hydrogen carriers (LOHC) technol-
ogies.l'¥
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Co-pyromellitic acid@SiO,-800 S
- J-@
N 200 °C, t-BuOH N
16 H 39: 93%
Scheme 4. Dehydrogenation reaction catalyzed by cobalt nanoparticles.
Reaction conditions: 2 mmol substrate, 240 mg catalyst (11 mol %

Co), 10 mL t-BuOH, 200°C, 48 h, GC yield using n-hexadecane
standard.

In conclusion, we report the preparation of novel
supported Co/Co;0, core-shell nanoparticles by template
synthesis of Co-pyromellitic acid on silica and subsequent
pyrolysis. These particles are shown to be active for general
hydrogenation of variety of N-heteroarenes including pyr-
idines, quinolines, acridine, phenanthroline, naphthyridine,
quinoxaline, imidazo[1,2-a]pyridine, and indole. In addition,
we believe this or similar catalysts also offer opportunities for
other hydrogenation and dehydrogenation processes.
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Remaining publications

In chapter 6.1 the manuscript is submitted to the international journal at the time of submitting
the thesis. In chapter 6.2 to 6.6 given published articles and my contribution to each work in
detail.

6.1 Expanding the catalytic hydrogenation toolbox for synthesis of amines

Vishwas G. Chandrashekhar, Wolfgang Baumann, Matthias Beller* and Rajenahally V.

Jagadeesh*
Journal: Submitted to Science on 17" December 2021 (under revision)
Author contributions:

In this paper, | have developed the catalyst, optimized experimental conditions, performed all
catalytic reactions, isolated reported compounds, prepared molecularly defined complex,
performed mechanistic experiments, and co-wrote the paper. My contribution as the first author
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Science Submitted Manuscript

Expanding the catalytic hydrogenation toolbox
for synthesis of amines

Vishwas G. Chandrashekhar, Wolfgang Baumann, Matthias Beller* and Rajenahally V.
Jagadeesh*

Leibniz-Institut fiir Katalyse e.V., Albert-Einstein-Str. 29a, Rostock, D-18059, Germany.

*Corresponding authors.

E-mails: matthias.beller@catalysis.de; jagadeesh.rajenahally@catalysis.de

Amines play an important role in our daily life as an essential part of advanced materials and
many life science products. Thus, the development of efficient and general methodologies for
their synthesis continues to be an actual, yet challenging, goal of chemical research. Among the
many known processes, catalytic hydrogenations are cost-effective and industrially proven
reactions, which are used to produce a wide array of amines today. Here, we report a
homogeneous nickel catalyst that allows the reductive cross coupling of a range of aromatic,
heteroaromatic, and aliphatic nitriles with primary and secondary amines or ammonia. This
general hydrogenation protocol allows for a straightforward and highly selective synthesis of
>230 functionalized and structurally diverse amines including drug molecules and chiral amines.
Applying this methodology, the late-stage functionalization of life science molecules and SN-

isotope labeling can be easily performed, too.

Amines play an essential role as part of proteins, vitamins, and nucleic acids in living beings (/-
5). Since the beginning of the first rational synthesis of amines in the 19" century, their applications
continue to provide new innovations in chemistry, medicine, and biology, as well as material, energy,
and environmental sciences (/-5). Thus, over the last century the production of amines has
continuously grown and today >6 million metric tons per year of valuable fine and bulk chemicals are
produced (6-7). Also, for the next decade a worldwide production growth rate of the amine market by
about 8% annually is predicted due to the growing global demand for high-quality food, clothing, and
changing lifestyles (Fig. 1) (6-7).
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Today, amines are widely used in the manufacture of daily life products, advanced chemicals,
pharmaceuticals, agrochemicals, materials, personal care products, and others (Fig. 1) (/-7). As an
example, most agrochemicals and more than 75% of top 200 selling drugs contain amine/nitrogen
moieties, which play crucial roles in their activities (3,7). Furthermore, there is a growing demand for
new agrochemicals, drugs, and improved personal care products, which require the practical synthesis

of new amine building blocks.

Global Amines Consumption

Estimated Amine USD 32.98
Market Growth Billion g
(2‘
cc’?e
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2019 > 2027 ® Others

Fig. 1. Global amines production and consumption.

Based on the demand of amines, there is a constant need to improve their synthesis applying
more economical and sustainable methodologies. According to the nature of the amine different
methodologies prevail for their production. For example, catalytic hydrogenation of nitriles (8-/2) and
nitroarenes (13-14) are mainly used in industry for making primary aliphatic and aromatic amines,
while reductive amination of carbonyl compounds (/5-18), amination of alcohols (719-20), substitution
of halogenated compounds with amines (2/-22) and hydroaminations (23-24) are mostly used for
making secondary and tertiary amines. Among all the known methodologies, catalytic hydrogenation of
nitriles represents a cost-effective and atom-economical industrial process to produce primary benzylic
and aliphatic amines (8-/2). In fact, nitrile hydrogenation plays a key role in the bulk industrial
production of nylon (utilizing 1,6-hexamethylenediamine), high performance plastics (1,4-
diaminobutane), surfactants (alkyl dimethyl amines), emulsifiers (e.g. aminoethylpiperazine), and
bioactive molecules. Noteworthy, many aromatic, heterocyclic, and aliphatic nitriles are easily
accessible and produced on commercial scale. In addition, they occur in various animal and plant
sources and more than hundred naturally occurring nitriles have been isolated from terrestrial and
marine sources (25-26). Hence, the direct catalytic hydrogenation of nitriles to produce primary amines
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continues to attract significant attention for both academic synthesis and industry (8-72). In contrast,

the synthesis of diverse secondary and tertiary amines including N-methylamines from nitriles by

cross-coupling is highly challenging and does not proceed with high selectivity (27-32). As shown in

Fig. 2, the hydrogenation of nitrile 1 generates primary imine 2. This intermediate is reduced to form

the primary amine 3, which can further react with 2 to produce the secondary imine 4. Subsequent

hydrogenation leads to secondary amine S (homo-coupling pathway). Following a similar reaction

pathway, the corresponding tertiary amine 6 can be formed. Alternatively, in the presence of different

primary or secondary amines 7 and 8, imine 2 can form imines 9 and 10, which produce secondary or

tertiary amines 11 and 12 (cross-coupling pathway). Further, secondary amine 11 can also reacts with 2

to produce 13. Consequently, five different amines can result from the cross-coupling reaction of a

given nitrile with a primary or secondary amine. In addition, the conversion of aromatic nitriles to give

various heterocycles, especially 2.,4,5-substitued imidazoles 14 under hydrogenation conditions has

been described, too (8).
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To perform reductive cross coupling of nitriles with amines in an efficient and selective
manner, the design of suitable catalyst systems is crucial. Obviously, to obtain the desired products 11
or 12, the rate for the hydrogenation step of the initially formed primary imine 2 should be slow
compared to the corresponding secondary imines. In addition, reversible nucleophilic addition of the
amine to the imine and elimination of ammonia should be fast, too. Ideally, the applied catalyst should
be based on 3d-metals due to their availability and price. Here, we present a solution for these
challenges and present a general homogeneous nickel catalyst system for the efficient reductive cross
coupling of nitriles with ammonia or amines, which allows for the synthesis of functionalized and
structurally diverse primary, secondary and tertiary benzylic, heterocyclic, and aliphatic amines

including N-methyl amines and more complex drug targets.

Design of catalyst and reaction optimization

In recent years, multi-dentate phosphines became privileged ligand scaffolds for the preparation
of defined metal complexes with specific catalytic activity for demanding hydrogenation reactions (33-
44). In this respect, the unique behavior of such catalysts for the hydrogenation of esters to ethers (36-
37), carbon dioxide to methanol (38-40) and carboxylic acids to alcohols (4/-42) as well as amides to
amines (43-44) has been demonstrated. Based and inspired by these works, we started to investigate the
performance of 3d-metals in combination with selected di-, tri-, and tetradentate phosphines for cross
coupling of 4-methylbenzonitrile 15 with 4-anisidine 16 to produce 4-methoxy-N-(4-
methylbenzyl)aniline 17 in presence of molecular hydrogen as the model reaction (Fig. 3 and Table
S1). At this point, it should be noted that the coupling of 16 is also demanding because of the lower
nucleophilicity compared to the benzylic amine 18, which obviously leads to self-coupling. Initially,
we tested Fe-, Mn-, Co-, and Ni-salts in combination with bis-(2-diphenylphosphino-
ethyl)phenylphosphine (linear-triphos L1), tris[2-(diphenylphosphino)ethyl]phosphine (tetraphos L2),
and (4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (xantphos L3). To increase the reactivity of the
resulting complexes, metal salts with non-coordinating anions, e.g. tetrafluoroborates and triflates, were
tested, too. In general, compared to Co and Ni, the in situ generated Fe and Mn complexes showed no
or very low catalytic activity in the model reaction (Fig. 3 and Table S1; entries 1-9). Comparing Ni-
and Co-complexes, excellent activity, and selectivity for the formation of 17 (91% yield) is observed in
the presence of Ni-L1. Testing other nickel salts in the presence of this ligand revealed significantly
less active catalysts (Table S1; entries 28-29). However, the high activity can be restored in presence of
Zn(OTf), (Table S1; entry 30). Due to the superior behavior of nickel, other ligands (L4-L9) were also

tested with Ni(OTf)> in the model reaction. Notably, the in situ generated Ni-complexes with L4, LS5,
4



and L8 gave moderate to good yields (40-62% of 17), while L7 and L9 exhibited only poor selectivity
(16-24% of 17), and L6 provided no desired product (Fig. 3 and Table S1; entries 22-27).

Fig. 3. Reductive coupling of 4-methylbenzonitrile and 4-anisidine using in sifu generated metal-
phosphine complexes.
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TFE, 100 °C, 16 h, yields were determined by GC using 4-flourotoluene as standard.



After optimization of key parameters (e.g., catalyst amount, temperature, H> pressure, solvent)
of the model reaction applying Ni-L1 system, an excellent yield (91% of 17) was obtained in
trifluoroethanol (TFE) with 40 bar of hydrogen at 100 °C (Tables S2-S3). While most of the catalyst
evaluation studies were performed with in-situ generated catalysts, we also prepared the defined
Ni(OTf)2-L1 complex, which was characterized by NMR, HRMS and IR. According to the obtained
analytical data formation of 1:1 Ni-L complex is assumed. This isolated complex (Complex A)
exhibited similar activity and selectivity to that of the in-situ system (Table S2; entry 4).

Monitoring the progress of the model reaction at different time intervals in the presence of the
optimal Ni-L1 system revealed initial formation of the secondary imine 19 which is subsequently
reduced in a highly selective manner to the desired amine 17. As shown in Fig. S1 the reaction is
finished after 12 h and the hydrogenation of 19 is rate determining. Looking at the different elementary
reaction steps (Fig. S2) first the catalytic reduction of nitrile 15 takes place to generate primary imine
15A. This intermediate is unstable and immediately couples with aniline 16 to form aminal 15B, which
yields the stable secondary imine 19 upon elimination of ammonia. Finally, 19 undergoes reduction to
give the desired secondary amine 17. The first hydrogenation step as well as the imine formation are
fast compared to subsequent formation of 17. The high chemoselectivity is explained by the slow
hydrogenation of the primary imine 15A compared to the cross-coupling step. Thus, also other

unwanted side products like the symmetrical secondary amine 21 are minimized.

Reductive cross-coupling of nitriles with primary and secondary amines

After having identified the optimal catalyst system Ni-L1 in the benchmark reaction, we
explored its applications for the synthesis of different kinds of amines (Figs. 4-8). First, we performed
reductive cross-coupling reactions of substituted and functionalized aromatic, heterocyclic, and
aliphatic nitriles with p-anisidine or aniline to produce the corresponding amines in good to excellent
selectivity and yields (Fig. 4A). For example, sterically hindered 2,6-dimethyl-benzonitrile and
different halogenated benzonitriles reacted smoothly in up to 90% yield (Fig. 4A; products 24, 26-34).
Similarly, di- and tri-substituted benzonitriles gave the respective secondary amines in up to 90% yield
(Fig. 4A; products 30-34, 37-38). More challenging substrates such as benzonitriles containing
reducible functional groups were smoothly reacted and yielded corresponding amines (Fig. 4A;
products 39-42). Specifically, functional groups such as (thio)ether, ester, amide, and boronic acid ester
are well tolerated. Next, heterocyclic amines based on pyridine, furan, benzodioxole, 1,3-

dihydroisobenzofuran were prepared in 80-92% (Fig. 4A; products 43-48). Further, various araliphatic



and aliphatic nitriles including fatty nitriles efficiently underwent cross coupling with p-anisidine (Fig.
4A; products 49-55).

Like the nitrile part, also a broad variety of structurally diverse primary amines can be
selectively coupled (Fig. 4B). Exemplarily, we used in these studies 4-toluonitrile as the main substrate
(Fig. 4B; products 56-95). Trans-4-aminocyclohexanol, morpholine, and piperazine, which represent
important motifs in drugs and natural products, were easily coupled and gave the corresponding amines
in high yields (Fig. 4B; products 88, 91-92). Apart from primary amines, different secondary amines
including less reactive indole were coupled with 4-tolunitrile and produced corresponding tertiary
amines in up to 94% yields (Fig. 4B; products 89-95). In addition, a-methyl amines also reacted
smoothly with different nitriles to provide the desired products in up to 91% yield (Fig. 4C; products
96-100). Simple methyl- and dimethylamine constitute inexpensive bulk chemicals, which are
produced on 4 million tons/annum; however, their widespread use in organic synthesis is hampered by
their physical properties (gas) and strong binding ability to many metal complexes. Gratifyingly, the
Ni-L1 system exhibited good to excellent activity and selectivity for the reaction of all kinds of
aromatic nitriles with dimethyl- and monomethylamine and provided the corresponding N-methylated
products in up to 92% yields (Fig. SA and 5B; products 101-139). This class of compounds is of
special importance as the N-methyl group represents a ubiquitous motif and integral part of many drugs
and biomolecules, which also plays a significant role in regulating biological activities. Remarkably,
many aliphatic nitriles including dinitriles underwent selective cross coupling with methyl- and
dimethylamine, too (Fig. 5A; products 120-124 and Fig. 5B; products 137-139), albeit oligomerization

and polymerization can be expected as side reactions.
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Fig. 4. Synthesis of secondary and tertiary amines by Ni-catalyzed reductive cross-coupling of
nitriles and amines.



Reaction conditions: 0.5 mmol nitrile, 0.75 mmol amine, 4 mol% Ni(OTf),, 5 mol% linear triphos (L1), 40 bar H,, 3 mL
TFE, 100 °C, 16 h, isolated yields. *With 5 mol% Ni(OTf), and 6 mol% linear triphos (L1) at 120 °C. 1With 2 mmol
amine. #GC yields using 4-flourotoluene as standard.
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Fig. 5. Ni-catalyzed synthesis N-methylated amines.

Reaction conditions: 0.5 mmol nitrile, 150uL N,N-dimethylamine or N-methylamine (12 M in ethanol), 5 mol% Ni(OTf).,
6 mol% linear triphos (LL1), 40 bar H,, 2 mL TFE, 120 °C, 8 h, isolated yields. *With 7 mol% Ni(OTf), and 8 mol% linear
triphos (L1). #GC yields using 4-flourotoluene as standard.



Reductive cross-coupling of nitriles with ammonia

After the successful synthesis of a plethora of secondary, tertiary amines by reductive cross
coupling, we turned our interest to ammonia as amine source. Obviously, products in this case are the
corresponding primary amines, which are typically prepared by traditional hydrogenation of nitriles. To
the best of our knowledge no homogeneous Ni-based catalyst was described for the hydrogenation of
nitriles yet. Indeed, simple hydrogenation of p-toluonitrile 15 under standard conditions in the presence
of Ni/L1 did not provide the desired 4-methylbenzylamine 18. Instead, the formation of the self-
coupled secondary amine 21 as the main product in 85% yield and 10-12% of the tertiary amine 22 was
observed. However, conducting the reaction in presence of ammonia gas at 120 °C, we obtained 87%
of the desired 4-methylbenzylamine 18. To understand this behavior and to know more about the role
of ammonia, we conducted the hydrogenation of p-toluonitrile 15 in presence of '’N-labeled
ammonium acetate. Surprisingly, in this case LCMS and NMR analysis showed the predominant
formation of the '°N-labelled 4-methylbenzylamine (86% yield; 89% / 11% "N/"N-selectivity) (Figs.
S9-S11). This result clearly shows that this transformation does not proceed as a simple hydrogenation,
but alternatively as a reductive coupling process. Indeed, increasing the amount of "N-labeled
ammonium acetate in the hydrogenation of 15 the incorporation of '°N is increased and we obtained
89% labelled product using 5 equiv. of ""NH4OAc (Figs. S9-S10). This indicates an equilibrium
between the '°N-labeled and non-labelled imine via the corresponding aminal. Notably, the selective
formation of primary amine in presence of ammonia requires slightly higher temperature compared to
the cross-coupling of the nitrile with aniline. Interestingly, in the presence of ammonia instead of 4-
methoxyaniline the overall reaction is faster (Fig. S3), but less selective and significant amounts of the
self-coupling product 21 are obtained at 100°C. However, increasing the temperature to 120 °C gave
selectively the corresponding primary amine 18.

Like the reactions with primary and secondary amines, the Ni-triphos catalyst is both active and
selective for the reductive coupling of various nitriles with ammonia to produce corresponding primary
amines (Fig. 6A; products 140-194). For example, mono-, di-, and tri-halogen substituted benzylic
amines were efficiently prepared in up to 93% yield (Fig. 6A; products 144-146, 156-163). Again,
functional groups such as thioether, ketone, ester, amide, hydroxy are well tolerated. Furthermore,
different heterocyclic nitriles based on pyridine, benzothiazole, thiazole, benzotriazole, furan,
isobenzofuran-1(3H)-one, 1,3-dihydroisobenzofuran, 1-phenyl-1H-pyrrole, 4-phenyl-morpholine, and
2-(thiophen-2-yl)-1H-benzoimidazole smoothly underwent reductive coupling and provided the

corresponding heterocyclic primary amines (Fig. 6A; products 164-174). Finally, different araliphatic,
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and (cyclo)aliphatic primary amines were successfully prepared using this catalyst system (Fig. 6A;
products 175-183). Among the latter reactions, the selective conversion of fatty nitriles to fatty amines
represents an important industrial process (45-46). Indeed, >800.000 tons of fatty amines are produced
per annum for the manufacture of fabric softeners, flotation agents, emulsifiers, corrosion inhibitors,
and lubricating additives. Gratifyingly, applying this Ni-triphos catalyst system, different fatty nitriles
were coupled with ammonia to the corresponding fatty amines in 88-90% yield (Fig. 6A; products 184-
186 and 191-192).

Likewise, the synthesis of primary amines, a variety of '*N-labeled primary amines can be
prepared using the corresponding nitriles and '"NH4OAc. Such transformations are interesting for
isotope labeling applications, which help to understand the metabolism of bio-active compounds and to
identify specific metabolites (47-48). To showcase the utility under optimized conditions, eleven '°N-
labled primary amines were prepared including 3 bioactive molecules. In all these cases up to 91% of

5N incorporation is observed (Fig. 6B; products 195-204).
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Fig. 6. Ni-catalyzed reductive cross-coupling of nitriles with ammonia for the synthesis of

primary amines.

Reaction conditions: A: 0.5 mmol nitrile, 5-7 bar NH3, 5 mol% Ni(OTf),, 6 mol% linear triphos (L1), 40 bar H», 2 mL
TFE, 120 °C, 5 h. Isolated as free primary amines and converted to hydrochloride salts for measuring NMR. *For 10 h.
TWith 7 mol% Ni(OTf), and 8 mol% linear triphos (L.1), 10 h. #GC yields using 4-flourotoluene as standard. B: 0.5 mmol
nitrile, 2.5 mmol "NH40Ac, 5 mol% Ni(OTf),, 6 mol% linear triphos (L1), 40 bar Hz, 2 mL TFE, 120 °C, 5 h. Isolated as
free primary amines and converted to hydrochloride salts for measuring NMR. °N incorporation was determined by 'H-
NMR. $With 0.25 mmol nitrile and 1.3 mmol "NHsOAc.

Applications: N-alkylation of chiral amines with nitriles

As demonstrated vide supra, the presented catalyst system exhibited good functional groups
tolerance, which is important for synthetic applications. To highlight the catalyst’s ability for medicinal
and organic chemistry, further on the functionalization of chiral molecules was studied. As shown in
Fig. 7A, N-alkylation of various chiral primary and secondary amines with different nitriles proceeded
smoothly in presence of molecular hydrogen to achieve N-alkylated chiral secondary and tertiary
amines with retention of chirality. Exemplarily, (R)-1-phenylethan-1-amine and (S)-1-phenylethan-1-
amine as well as (S)-1-(naphthalen-1-yl)ethan-1-amine reacted selectively with 4-methylbenzonitrile to
the corresponding chiral benzyl amines in up to 90% yields and 98% ee (Fig. 7A; products 205-207).
Similarly, bromo-substituted chiral 1-phenylethan-1-amines gave the desired N-alkylated amines with
retention of chirality (Fig. 7A; products 208-209). In addition to primary amines, secondary amines led
to reductive coupling with nitriles and provided tertiary chiral amines in up to 85% yields and 99% ee

(Fig. 7A; products 214-215).

Applications: Synthesis of drugs and late-stage functionalization of bio-active compounds

Next, the importance of this methodology for life science applications and industrial process
chemistry was showcased by the preparation of 13 existing drug molecules (Fig. 7B; products 216-
230). Without further optimizations, the corresponding nitriles and secondary or primary amines
reacted selectively in presence of the Ni-triphos catalyst system and molecular hydrogen and gave the
desired molecules in up to 91% yield. For example, Cinacalcet and Tecalcet, which are used to treat
secondary hyperparathyroidism, parathyroid carcinoma, and primary hyperparathyroidism, were

prepared in both chiral (98-99% ee) and racemic form (Fig. 7B; products 223-226).
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Fig. 7. Applicability of Ni-catalyzed cross coupling reactions for the N-alkylation of chiral amines
with nitriles and synthesis of selected drug molecules.

Reaction conditions: 0.25 mmol nitrile, 0.37 mmol amine, 4 mol% Ni(OTf), 5 mol% linear triphos (L1), 40 bar H,, 3 mL
TFE, 100 °C, 16 h, isolated yields. *At 120 °C. 1With 5 mol% Ni(OTf), and 6 mol% linear triphos (L1), 120 °C.

In addition, late-stage functionalization (LSF) represents an important strategy to introduce

specific chemical groups/functionalities in the very last steps of the synthesis (49-50). This process

allows to speed up the preparation of novel intermediates and diverse chemical libraries for drug

discovery (49-50). In this respect, nitrile-containing pharmaceuticals, agrochemicals, and biomolecules

(26) can be selectively functionalized to even more valuable amines.
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Reaction conditions: A: 0.25 mmol nitrile, 0.37 mmol amine, 5 mol% Ni(OTf),, 6 mol% linear triphos (L.1), 40 bar H,,
3 mL TFE, 100 °C, 16 h. B: 0.25 mmol nitrile, 75 pL N, N-dimethylamine (12 M in ethanol), 5 mol% Ni(OTf),, 6 mol%
linear triphos (L1), 40 bar H, 2 mL TFE, 120 °C, 10 h. C: 0.25 mmol nitrile, 5-7 bar NH3, 5 mol% Ni(OTf),, 6 mol% linear
triphos (L1), 40 bar H», 2 mL TFE, 120 °C, 10 h. All are isolated yields.

Indeed, using our Ni-based protocol, the cross-coupling of Cyhalofop-butyl, Citalopram, amino acid
analogues, as well as AT1 angiotensin II receptor antagonist analogue, Febuxostat ester, Letrozole, and
Anastrazole with amines and ammonia (Fig. 8; products 231-250) proceeded smoothly. In all these
cases the -CN groups reacted with amines or ammonia in a highly selective manner without affecting
the core structure of the nitriles. Similarly, derivatives of bio-active amines, e.g., Fluoxetine,
Desloratadine, can be easily alkylated with various nitriles. Finally, to demonstrate the applicability of
this homogeneous catalyst for the synthesis of interesting bio-relevant products, selected examples
were upscaled to multi-gram level without problems (Fig. S12; products 216, 221). In addition, also the
synthesis of primary- (Fig. S12; product 179) dimethyl- (Fig. S12; product 121) and secondary amines
(Fig. S12; product 31) were exemplarily upscaled.
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Introduction

In recent years, 3d metal-based nanoparticles (NPs) emerged as
promising catalysts for the synthesis of functionalized and
complex organic molecules for advanced applications in life
and material sciences.® Traditionally, such syntheses are per-
formed using homogeneous organometallic complexes,”> which
are often sensitive and more difficult to recycle compared to
heterogeneous materials.»” For the preparation of stable but at
the same time active and selective NPs, the use of suitable
precursors and optimal methods is crucial.* Commonly, nano-
particles are prepared by chemical reduction processes, calci-
nation or pyrolysis in the presence of suitable supports and
metal precursors. The resulting materials are applied particu-
larly in industrially-relevant bench mark reactions of less
functionalized molecules.®* However, in recent years there is an
increasing interest to use such catalysts for advanced organic
synthesis, specifically for the preparation of life science prod-
ucts.” In this respect, the preparation of specific NPs by
immobilization and pyrolysis of organometallic complexes or
metal organic frameworks (MOFs) on heterogeneous supports
attracted also attention.™* These supported NPs show high
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of primary, secondary as well as tertiary amines including biologically relevant N-methyl amines.

activity and selectivity for the preparation of functionalized
amines,'®” nitriles,"** carboxylic acid derivatives,¥* and cyclo-
aliphatic compounds.V Although this preparation represents
a highly useful tool to produce novel nano-structured catalysts
on lab-scale, the upscaling can be difficult and requires
specialized equipment.™* Thus, the use of alternative, more
convenient methods is highly desired. One possibility is the
practical in situ generation of active heterogeneous NPs.” Based
on this idea, herein we report a straightforward approach for
the generation of cobalt-based NPs in situ from molecularly-
defined metal complexes and their application in reductive
amination reactions using ammonia and molecular hydrogen
(Fig. 1).

The resulting amines represent privileged molecules widely
used in chemistry, medicine, biology, and material science.® For
their synthesis, catalytic reductive amination of carbonyl
compounds using molecular hydrogen is widely applied as cost-
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Fig. 1 In situ generation of Co-NPs for reductive aminations.
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effective methodology in both academic research and indus-
try.*e*7-* Among reductive aminations, the synthesis of primary
amines, which can be easily functionalized to high value
products, continues to be especially important. /s
Regarding catalysts for this reaction, precious metals-based
ones are known to a large extent.*® However, in recent years
Co-** and Ni'™-based nanocatalysts have successfully been
developed in addition to RANEY® nickel.*

Results and discussion
In situ generation of Co-NPs and their activities

Following our concept, we initially investigated the reaction of
cobalt salen complexes to obtain NPs. For example, using the
cobalt-N,N'-bis(salicylidene)-1,2-phenylenediamine (complex I)
in water-THF as solvent in the presence of ammonia and
molecular hydrogen at 120 °C a black precipitate of Co NPs is
formed, which can be magnetically separated (Fig. 1 and S3t). To
explore their reactivity, preliminary catalytic experiments were
carried out for the reductive amination of 4-bromobenzaldehyde
1 to 4-bromobenzylamine 2 in presence of ammonia and
molecular hydrogen (Fig. 2). Indeed, using a mixture of cobalt(u)
acetate and N,N'-bis(salicylidene)-1,2-phenylenediamine (L1) led
to the formation of 15% of 2. In contrast, testing simple cobalt(u)
acetate under the same conditions produced no desired product.
Remarkably, the defined complex Co-L1 (complex I) exhibited
excellent activity as well as selectivity in the bench mark reaction
(98% of 4-bromobenzylamine). In addition, other molecularly-
defined Co-salen complexes have also been tested (Fig. S1f)
and complexes II-IV showed good activity (85-90% yield), while
complex V resulted in lower product yield (50%). In all cases of
active complexes, the reaction mixtures turned black after some
hours. Hence, we assumed the in situ formed cobalt-NPs are the
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Fig. 2 Reductive amination of 4-bromobenzaldehyde: Activity of
cobalt catalysts®. ®Reaction conditions: 0.5 mmol 4-bromobenzalde-
hyde, 6 mol% Co-complex, (Co NPs), 5 bar NHs, 45 bar Hy, 2.5 mL
H,O-THF (1.5:1), 120 °C, 24 h, GC yields using n-hexadecane as
standard.
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“real” active species for the reductive amination reaction. To
confirm this, we performed a standard mercury test in the pres-
ence of complex I and after addition of 15 mg Hg the reductive
amination reaction did not occur. Hot filtration of NPs and
testing the filtrate for the reaction showed that Co-NPs did not go
into solution as soluble particles. Studying the course of the
benchmark reaction at different intervals of time showed a pro-
longed catalyst preformation time and only after 10 h 4-bromo-
benzylamine started to form (Fig. S3t). Apparently, complex I
generated nanoparticles slowly, which then catalyze the desired
amination process. For comparison, we also prepared cobalt
nanoparticles separately by mixing complex I, ammonia and
hydrogen (see S7af). After isolation, they were tested under
similar conditions and exhibited comparable activity and selec-
tivity to that of in situ generated ones. Due to their physical
properties, the Co NPs could be magnetically separated and were
conveniently re-used up to three times (Fig. 2). However, after the
third cycle we observed a significant decrease in activity and
selectivity. In addition, the stability of the catalyst system was also
confirmed by recycling the NPs after reduced reaction time
(Fig. S4t). Next, we compared the reactivity of these active NPs
with related supported NPs. However, addition of carbon or silica
support to the reaction led to completely inactive materials
(Fig. 2). On the other hand, materials prepared by immobilization
of complex I on carbon or silica and subsequent pyrolysis
produced catalysts with moderate activity (Fig. 2; 40-50% yield of
2). In addition, specific cobalt nanoparticles have been prepared
by using chemical reduction of cobalt salts** and tested for their
activities. However, none of these cobalt nanoparticles formed
the desired product, 4-bromobenzylamine (Table S1,T entries 5-
6). All these results reveal the superiority of the simply in situ
generated Co NPs (Fig. 3).

Characterization of in situ Co-NPs

To understand the reactivity and to know the structural features
of the most active cobalt nanoparticles, we performed detailed

Less active [*]
Carbonor Si0, R "Ra(H) Te
2
supported Co NPs " "0 - Ri™ “Ry(H)
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Fig. 3 Reductive amination of carbonyl compounds in presence of
NHsz and H, using different Co NPs produced from cobalt—salen
complex.
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characterizations using transmission electron microscopy
(TEM), energy dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).

TEM analysis of cobalt-particles at different magnification
showed sheets and at some places thread bundles like
morphology where cobalt nanoparticles are embedded in
carbon and nitrogen framework (Fig. 4). Further detailed
morphological investigations were performed by HRTEM-STEM
analysis. A close inspection of HRTEM images at 20 nm,
revealed the presence of ultra-small (range 2-4 nm) cobalt
nanoparticles (Fig. 4 and S6}) supported on graphitic carbon.
The HAADF-elemental mapping displayed a homogeneous
distribution of the cobalt nanoparticles (Fig. 4). In case of the
recycled catalyst, we observed that these particles were still
intact and there are no noticeable changes in the morphology
(Fig. S87).

XRD patterns of in situ generated and reused Co-
nanoparticles do not show variations on the phase composi-
tion (Fig. S91). Two allotropes of metallic cobalt have been
identified, one with face centered cubic arrangement (Co-fec,
space group Fm3m, PDF card 01-089-7093), and the other one
with hexagonal closed packing (Co-hcp, space group P6s/mmc,
PDF card 01-089-7373). Elemental analysis of the bulk material
showed 96.8 wt% of Co, 0.15 wt% of C and only 0.5 wt% of N.
Complementary, XPS analysis displayed the presence of larger
amounts of C,N, and O (C =34.4,N=1.2,0 =47.24 and Co =
16.8 at%) on the surface (Fig. S10t). The high resolution XP
spectra of NPs in C1s region can be deconvoluted into five peak
components with binding energies of 284.6, 285.6, 286.5, 288.5
and 289.4 eV corresponding to C-C sp?, C-C sp®, C-O/C-N, and

View Article Online
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C=0, and O=C-O type bonds with individual atomic% of
64.09, 19.30, 8.59, 3.20 and 4.82 respectively, showing the
graphitic nature of the carbon material (Fig. 5a). The presence
of a specific N1s peak at 399.7 confirms pyrrolic nitrogen
(Fig. 5b). The three peak components at 529.5, 531.4, and
532.9 eV in O1s spectra originate from the presence of Co(OH),
(6.99%), C=0 (73.09%), and O-C on the surface of cobalt
(19.92%). This reveals partial oxidation at the surface of the
optimal material (Fig. 5¢). In agreement, the two main compo-
nent peaks having binding energy at 780.7 eV (50.81%) and
782.5 €V (22.54%) confirm the presence of Co>* (Co(OH),)
(Fig. 5d).">* Three small peaks having binding energies at 778.09
(2.45%), 781.09 (0.59%) and 783.09 (0.35%) eV indicate the
presence of metallic cobalt.'?

The HR-XPS of reused catalysts revealed that there is no
shifting of binding energy in Co 2p;z,, peak but the ratio of
metallic cobalt vs. cobalt hydroxide was slightly changed
(Fig. S11dt). On the other hand, no perceptible change in the
binding energies of C1s and N1s was discerned except for the
slight shifting of the pyrrolic nitrogen peak from 399.7 eV to
400.2 eV, thus reiterating no apparent alteration in the chemical
nature of the carbon shell of the catalyst (Fig. S11a and bf¥).

It is interesting to note that these cobalt-particles exhibit
ferromagnetic behaviour with distinct values of coercivity field
and remanent magnetization (Fig. S121). Ferromagnetic
behaviour at room temperature is due to the stronger effect of
the magnetic dipole interaction compared with thermal fluc-
tuations. We do not observe any blocking temperature sug-
gesting the size of nanoparticles above 10-15 nm (e.g. the
system is not superparamagnetic at room temperature).

Fig. 4 TEM images of in situ generated Co-NPs from complex I. (a and b) HRTEM images of cobalt catalyst, (C) magnified STEM image, (d—g)
elemental mapping images where C, N, O and Co are in blue, yellow, green and red colours.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 HR-XPS spectra of in situ generated Co NPs.

Synthesis of linear primary amines

Then, we tested the general applicability of our in situ generated
nanoparticles for the synthesis of primary amines. As shown in
Schemes 1 and 2, a variety of structurally diverse and func-
tionalized benzylic, heterocyclic and aliphatic linear and
branched primary amines can be prepared in good to excellent
yields. Simple and substituted aldehydes underwent smooth
reaction to give primary benzylic amines in up to 92% yield
(Scheme 1, products 3-7). For example, fluoro-, chloro-, and
bromo-substituted benzaldehydes produced corresponding
amines without significant dehalogenations in 86-92% yields
(Scheme 1, entries 8-12). Different functionalized benzylic
amines containing methoxy, trifluoromethoxy, dimethylamino,
and ester groups as well as C-C double bonds were synthesized
in up to 95% yield (Scheme 1, products 14-23). In addition to
benzylic amines, primary aliphatic ones were also prepared
under similar conditions (Scheme 1, products 25-27). Interest-
ingly, the natural product perillaldehyde was successfully ami-
nated to produce the corresponding amine in 87% yield
(product 27).

Synthesis of branched primary amines

Next, we tested the reductive amination of ketones (Scheme 2),

which is more challenging compared to aldehydes.
Nevertheless, at higher temperature (130 °C) nine aromatic

and six aliphatic branched primary amines were prepared in up
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to 92% yield. In addition, separately prepared Co NPs from
complex I, gave similar yields of amines to those obtained by in
situ generated nanoparticles.

Synthesis of secondary and tertiary amines

Apart from primary amines synthesis, we explored the appli-
cability of Co-NPs for the synthesis of secondary and tertiary
amines. Interestingly, testing complex I which generates the
active NPs vide supra for the reaction of benzaldehyde and
aniline at 120 °C in presence of molecular hydrogen (40 bar) led
to the formation of imine (N-benzylideneaniline) as the sole
product. Under these conditions no nanoparticles could be
isolated after the reaction.

Apparently, the presence of both ammonia and hydrogen are
required for the generation of the active NPs! Indeed, using iso-
lated Co NPs, which were prepared from complex I, ammonia and
hydrogen, led to excellent activity and selectivity for the synthesis
of secondary and tertiary amines including N-methyl amines
(Scheme 3). As representative examples different benzaldehydes
were reacted with substituted anilines and the corresponding N-
benzylanilines were obtained in 87-98% yields (Scheme 1; prod-
ucts 41-45). Similarly, reactions of different benzaldehydes with
benzylic and aliphatic amines produced selectively the corre-
sponding secondary and tertiary amines (Scheme 3; products 46-
55). In addition, aliphatic aldehydes and 4-fluoroaniline under-
went reductive amination and gave the corresponding secondary
amines (Scheme 3, products 56-57). Finally, N,N'-dimethylamines

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 In situ generated Co-nanoparticles catalyzed synthesis of

linear primary amines from aldehydes®. ®Reaction conditions:
0.5 mmol aldehyde, 6 mol% complex | (22 mg), 5-7 bar NH3, 45 bar H,,
2.5 mL H,O=THF (1.5 : 1), 120 °C, 24h, isolated yields. ® Same as ‘a’ at
130 °C. € Same as ‘a’ in 2.5 mL H,0. ® same as ‘a’ using prepared and
isolated Co-NPs from complex | (2 mg; 6.5 mol% Co).

In situ Co-nanoparticles NH;
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Scheme 2 Synthesis of branched primary amines from ketones using
in situ generated Co-nanoparticles®. ®Reaction conditions: 0.5 mmol
ketone, 6 mol% complex | (22 mg) 5-7 bar NH3, 45 bar H,, 2.5 mL H,0,
130 °C, 24 h, isolated yields. ® Same as ‘a’ in H,O-THF (L5 : 1 ratio).
“Using prepared and isolated Co-NPs from complex | (2 mg; 6.5 mol%
Co).

NH, NH,

were also prepared from three different aldehydes and aqueous
N,N'-dimethyl amine (Scheme 3, products 58-60).

Reaction upscaling

In order to demonstrate the synthetic utility of this novel
reductive amination protocol, we performed the amination of 5

This journal is © The Royal Society of Chemistry 2020
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Scheme 3  Synthesis of secondary, tertiary and N-methyl amines using
Co-nanoparticles prepared from complex I°. *Reaction conditions:
0.6 mmol aldehyde, 0.5 mmol amine, 2 mg Co-NPS (6.5 mol% Co), 45
bar H,, 2.5 mL H,O, 130 °C, 20 h, isolated yields. "Same as ‘a’ using
1 mL aqg. N,N'-dimethylamine instead of amine.

carbonyl compounds in 5-10 g scale (Scheme 4). As expected, all
the tested reactions could be successfully upscaled and the

yields (92-96%) of the corresponding primary amines were

comparable to that of small scale (0.5 mmol) reactions.

Experimental
General considerations

All substrates were obtained commercially from various chem-
ical companies and their purity has been checked before use.
Cobalt(u) acetate tetrahydrate (cat no. 208396-50G), salicy-
laldehyde, phenylenediamine and other ligand precursors were
purchased from Sigma-Aldrich. Silica (silicon(iv) oxide,

NH, NH,
Br cl

2: 96% 9: 93% 14: 93% 28: 93% P 31:92%°
(10g-scale) (10g-scale) (5g-scale) (5g-scale 5g-sclae)

Scheme 4 Gram-scale synthesis of selected primary amines using in
situ generated Co-NPs 2. ®Reaction conditions: 5-10 g of carbonyl
compound, weight of complex | corresponds to 6 mol%, 5-7 bar NH=,
45 bar Hp, 75-150 mL H,O-THF (1: 1), 120 °C, 24h, isolated yields.
P Same as ‘a’ at 130 °C in 75 mL H,0.
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amorphous fumed, S.A. 300-350 m® g~ ') was obtained from Alfa
Aesar. Carbon powder, VULCAN® XC72R with Code XVC72R
and CAS No. 1333-86-4 was obtained from Cabot Corporation
Prod. The pyrolysis experiments were carried out in a Nytech-
Qex oven.

X-ray diffraction patterns were recorded with an Empyrean
(PANalytical, The Netherlands) diffractometer in the Bragg-
Brentano geometry, Co-Ko radiation (40 kv, 30 mA, A = 0.1789
nm) equipped with a PIXcel3D detector (1D mode) and
programmable divergence and diffracted beam anti-scatter
slits. The measurement range was 26: 5-105°, with a step size
of 0.026°. The identification of crystalline phases was per-
formed using the High Score Plus software (PANalytical) that
includes the PDF-4" database.

TEM images were obtained using a HRTEM TITAN 60-300
with X-FEG type emission gun, operating at 80 kV. This micro-
scope is equipped with a Cs image corrector and a STEM high-
angle annular dark-field detector (HAADF). The point resolution
is 0.06 nm in TEM mode. The elemental mappings were ob-
tained by STEM-Energy Dispersive X-ray Spectroscopy (EDS)
with an acquisition time of 20 min. For HRTEM analysis, the
powder samples were dispersed in ethanol and ultrasonicated
for 5 min. One drop of this solution was placed on a copper grid
with holey carbon film.

XPS surface investigation has been performed on the PHI
5000 VersaProbe II XPS system (Physical Electronics) with
monochromatic Al-Ka source (15 kV, 50 W) and photon energy
of 1486.7 eV. Dual beam charge compensation was used for all
measurements. All the spectra were measured in the vacuum of
1.3 x 1077 Pa and at room temperature of 21 °C. The analyzed
area on each sample was a spot of 200 pm in diameter. The
survey spectra were measured with pass energy of 187.850 eV
and electronvolt step of 0.8 eV while for the high resolution
spectra was used pass energy of 23.500 eV and electronvolt step
of 0.2 eV. The spectra were evaluated with the MultiPak (Ulvac -
PHI, Inc.) software. All binding energy (BE) values were refer-
enced to the carbon peak C 1s at 284.80 eV.

Magnetic properties of cobalt-nanoparticles were analyzed
using a Quantum Design Physical Properties Measurement
System (PPMS Dynacool system) with the vibrating sample
magnetometer (VSM) option. The experimental data were cor-
rected for the diamagnetism and signal of the sample holder.
The temperature dependence of the magnetization was recor-
ded in a sweep mode of 1 K min~" in the zero-field-cooled (ZFC)
and field-cooled (FC) measuring regimes. To get the ZFC
magnetization curve, the sample was firstly cooled down from
300 to 5 K in a presence of zero magnetic field and the
measurement was carried out on warming from 5 to 300 K
under the external magnetic field (1000 Oe). In the case of the
FC magnetization measurements, the sample was cooled from
300 to 5 K in an external magnetic field (1000 Oe) and the
measurement was carried out on warming from 5 to 300 K at the
same value of the external magnetic field (1000 Oe). Hysteresis
loops were measured at room temperature (300 K) and at low
temperature (5 K).

GC conversion and yields were determined by GC-FID,
HP6890 with FID detector, column HP530 m x 250 mm X
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0.25 pm. 'H, **C, NMR data were recorded on a Bruker ARX 300
and Bruker ARX 400 spectrometers using DMSO-ds and CDCl;
solvents.

All catalytic reactions were carried out in 300 mL and 100 mL
autoclaves (PARR Instrument Company). In order to avoid
unspecific reactions, catalytic reactions were carried out either
in glass vials, which were placed inside the autoclave, or glass/
Teflon vessel fitted autoclaves.

Preparation of Co-salen complexes (see scheme S17)

(a) Preparation of salen ligand (L1). Salicylaldehyde (4 mmol;
in 15 mL ethanol), 1,2-phenylenediamine (2 mmol; in 10 mL
ethanol) were separately dissolved in ethanol. Then, the etha-
nolic solution of 1,2-phenylenediamine was slowly added to
salicylaldehyde solution. The resulting reaction mixture was
refluxed at 80 °C for 8 h to obtain a solid compound. The
reaction mixture was cooled to room temperature and the
product was isolated by filtration. Then, the solid product was
washed with 30 mL of cold ethanol twice and dried in vacuo to
get corresponding salen ligand (L1) in 98% yield. Other salen
ligands were prepared by using similar method.

(b) Preparation of Co-salen complex (complex I).* 1 g of
Co(OAc),4H,0, (4 mmol; in 15 mL ethanol) and 1.28 g of N,N'-
bis(salicylidene)-1,2-phenylenediamine (ligand L1) (4 mmol; in
20 mL ethanol) were separately dissolved in ethanol. The cobalt
acetate solution was slowly added to the solution of ligand. The
resulting red suspension was refluxed for 18 h at 80 °C to give
a reddish-brown solid compound. The obtained solid
compound was filtered. Then the obtained solid compound was
washed with 10 mL of cold ethanol and dried in vacuo to get
corresponding cobalt salen complex I in 94% yield. The same
procedure was applied to prepare other cobalt salen complexes
using different salen ligands.

Procedure for reductive amination

(a) Procedure for the synthesis of primary amines. The
magnetic stirring bar, 0.5 mmol of the carbonyl compound
(aldehyde or ketone) and 22 mg complex I (in case of in situ
generated Co NPs) or 2 mg of prepared and isolated Co NPs were
transferred to an 8 mL glass vial. Then, 2 mL of solvent (water or
THF/H,O (1.5:1)) was added and the vial was fitted with
septum, cap and needle. The reaction vials (8 vials with different
substrates at a time) were placed into a 300 mL autoclave. The
autoclave was flushed with hydrogen twice at 40 bar pressure
and then it was pressurized with 5-7 bar ammonia and 45 bar
hydrogen. The autoclave was placed into an aluminium block
preheated at 135 °C in case of aldehydes and 145 °C in case of
ketones and the reactions were stirred for the required time.
During the reaction, the inside temperature of the autoclave was
measured to be 120 °C in case of aldehydes and 130 °C in case of
ketones and this temperature was used as the reaction
temperature. After completion of the reactions, the autoclave
was cooled to room temperature. The remaining ammonia and
hydrogen were discharged and the vials containing reaction
products were removed from the autoclave. The reaction
mixtures containing the products were filtered off and washed

This journal is © The Royal Society of Chemistry 2020
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thoroughly with ethanol. The reaction products were analyzed
by GC-MS. The crude product was purified by column chro-
matography using ethyl acetate and n-heptane as the eluent.
The corresponding primary amines were converted to their
respective hydrochloride salt and characterized by NMR and
GC-MS analysis. For converting into hydrochloride salt of
amine, 0.3-0.5 mL 7 M HCl in dioxane or 1.5 M HCI in methanol
was added to the dioxane solution of respective amine and
stirred at room temperature for 4-5 h. Then, the solvent was
removed and the resulted hydrochloride salt of amine was dried
under high vacuum. The yields were determined by GC for the
selected amines: after completing the reaction, n-hexadecane
(100 pL) as standard was added to the reaction vials and the
reaction products were diluted with ethyl acetate followed by
filtration using plug of silica and then analyzed by GC.

(b) Procedure for the synthesis of secondary and tertiary
amines. The magnetic stir bar, 0.5 mmol of amine and
0.6 mmol aldehyde were transferred to an 8 mL glass vial. Then
2 mg of Co NPs and 2 mL of water as solvent were added. The
vial was fitted with septum, cap and needle. The reaction vials (8
vials with different substrates at a time) were placed into
a 300 mL autoclave. The autoclave was flushed with hydrogen
twice at 40 bar pressure and then it was pressurized 45 bar
hydrogen. The autoclave was placed into an aluminium block
preheated at 145 °C and the reactions were stirred for the
required time. During the reaction, the inside temperature of
the autoclave was measured to be 130 °C and this temperature
was used as the reaction temperature. After completion of the
reactions, the autoclave was cooled to room temperature. The
remaining hydrogen was discharged and the vials containing
the reaction products were removed from the autoclave. The
reaction mixtures containing the products were filtered off and
washed thoroughly with ethanol. The reaction products were
analyzed by GC-MS. The crude product was purified by column
chromatography using ethyl acetate and n-heptane as the
eluent. The corresponding amines were characterized by NMR
and GC-MS analysis.

Isolation of in situ generated cobalt nanoparticles

After the completion of the reductive amination reaction of
carbonyl compound in presence of ammonia and hydrogen as
described in Section S3a,f the in situ generated cobalt nano-
particles from the solution containing products were separated
using the magnetic stir bar. Then, they were separated from the
magnetic stir bar and washed with water and ethanol. Finally
the recycled Co NPs were dried under vacuum and stored in
a glass vial.

Elemental analysis (wt%): Co = 96.8% C = 0.15% and N =
0.5%.

Recycling of in situ generated cobalt-nanoparticles

A magnetic stirring bar and 5 mmol 4-bromobenzaldehyde were
transferred to a glass fitted 100 mL autoclave and then 20 mL
THF-water (1.5 : 1) was added. Subsequently, 20 mg isolated in
situ generated Co NPs were added. The autoclave was flushed
with 40 bar hydrogen and then it was pressurized with 5-7 bar

This journal is © The Royal Society of Chemistry 2020
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ammonia gas and 45 bar hydrogen. The autoclave was placed
into the heating system and the reaction was allowed to prog-
ress at 120 °C (temperature inside the autoclave) by stirring for
24 h. After completion of the reaction, the autoclave was cooled
and the remaining ammonia and hydrogen pressure was dis-
charged. To the reaction products, 200 puL n-hexadecane as
standard was added. The catalyst was then separated by
centrifugation and the supernatant containing the reaction
products was subjected to GC analysis for determining
conversion and yield. The separated catalyst was then washed
with ethanol, dried under vacuum and used without further
purification or reactivation for the next run.

Gram-scale reactions

The Teflon or glass fitted 300 mL autoclave was charged with
a magnetic stirring bar and 5-10 g of carbonyl compound
(aldehyde or ketone) and complex I (weight of complex I
corresponds 6 mol%). Then, 75-150 mL of solvent (THF/H,O
(1.5:1) in case of aldehyde and H,O in case of ketones) was
added and the autoclave was flushed with hydrogen twice at 40
bar pressure. Afterwards, it was pressurized with 5-7 bar
ammonia and 45 bar hydrogen. The autoclave was placed into
an aluminium block preheated at 135 °C in case of aldehydes
and 145 °C in case of ketones and the reactions were stirred for
the required time. During the reaction, the inside temperature
of the autoclave was measured to be 120 °C in case of aldehydes
and 130 °C in case of ketones and this temperature was used as
the reaction temperature. After completion of the reaction, the
autoclave was cooled to room temperature and the remaining
ammonia and hydrogen were discharged. The reaction mixtures
containing the products were filtered off and washed thor-
oughly with ethanol. The reaction products were analysed by
GC-MS and the crude primary amine product was purified by
column chromatography using ethyl acetate and n-heptane as
the eluent.

Preparation of cobalt-nanoparticles

(a) Preparation of Co NPs from complex I. A magnetic stir bar
and 1.0 g of cobalt-salen complex (complex I) were transferred
to a glass fitted 100 mL autoclave. Then, 20 mL THF-water
(1:1) was added. The autoclave was flushed with 40 bar
hydrogen and then it was pressurized with 5-7 bar ammonia
and 45 bar hydrogen. The autoclave was placed into the heating
system and the reaction was allowed to progress at 120 °C
(temperature inside the autoclave) by stirring for 24 h. After 24 h
of reaction time, the autoclave was removed from the heating
system and cooled to room temperature. The remaining
ammonia and hydrogen pressure was discharged. The cobalt
nanoparticles formed were separated from solution by using the
magnetic stir bar. Then, the nanoparticles were separated from
the magnetic stir bar and washed with water and ethanol.
Finally obtained nanoparticles were dried under vacuum and
stored in a glass vial.

(b) Preparation of carbon and silica supported Co-nano-
particles. In a 50 mL round bottomed flask, cobalt salen
complex (316.8 mg) and 25 mL of ethanol were refluxed at 80 °C
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for 15 minutes. To this, 700 mg of Vulcan XC 72R carbon
powder or SiO, was added and then the whole reaction mixture
was refluxed at 80 °C for 4-5 h. The reaction mixture was cooled
to room temperature and the ethanol was removed in vacuum.
The solid sample obtained was dried in high vacuum, after
which it was grinded to a fine powder. Then, the grinded
powder was pyrolyzed at 800 °C for 2 hours under an argon
atmosphere and cooled to room temperature.

(c) Preparation of other cobalt nanoparticles reported in
literature."* Method-I: 1.0 g of cobalt acetate and 1.5 mL of oleic
acid were mixed in 40 mL of diphenyl ether (DPE) and the
reaction mixture was heated to 200 °C under N, atmosphere.
Then, 1.0 mL of TOP (trioctylphosphine) was added and the
mixture was again heated to 250 °C. Subsequently, the reducing
solvent such as 4.0 g of 1,2-dodecanediol dissolved in 10 mL
DPE at 80 °C, was injected into the reaction mixture. Then
whole reaction mixture was held at 250 °C for 30 min until the
completion of the reduction. The reaction products were cooled
to room temperature and ethanol was added to precipitate
nanoparticles. The formed cobalt nanoparticles were separated
by centrifugation and were finally dried and stored in glass vial.

Method-II: 2 mmol of cobalt acetate and 0.4 mmol of oleic
acid were mixed in 1 mL ethanol. Then, 3 mmol of NaBH,
dissolved in 1 mL of ethanol, was slowly added to the above
mixture at room temperature under stirred condition. The
whole mixture was stirred at room temperature for 4 h. The
formed cobalt nanoparticles were separated by centrifugation
and finally dried and stored in glass vial.

Conclusions

In conclusion, we demonstrated that the in situ formation of
cobalt nanoparticles from molecularly defined precursors is
straightforward and convenient. Such approach can be used as
a versatile tool to prepare selective and active heterogeneous
catalysts. In our specific case, Co NPs are formed from cobalt-
salen complexes (e.g. cobalt(u)-N,N-bis(salicylidene)-1,2-
phenylenediamine) in the presence of ammonia and
hydrogen. Thereby, well-defined ultra-small metallic cobalt and
cobalt hydroxide nanoparticles embedded in a cobalt-nitrogen
framework are formed. The resulting NPs are stable in the
presence of air and water and allow for the preparation of
various functionalized and structurally diverse linear and
branched benzylic, heterocyclic and aliphatic primary amines
as well as secondary and tertiary amines. Moreover, they can be
easily magnetically separated enabling easy catalyst recycling
and product purification.
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The development of base metal catalysts for industrially relevant amination and hydrogenation reactions by
applying abundant and atom economical reagents continues to be important for the cost-effective and
sustainable synthesis of amines which represent highly essential chemicals. In particular, the synthesis of
primary amines is of central importance because these compounds serve as key precursors and central
intermediates to produce value-added fine and bulk chemicals as well as pharmaceuticals,
agrochemicals and materials. Here we report a Ni-triphos complex as the first Ni-based homogeneous
catalyst for both reductive amination of carbonyl compounds with ammonia and hydrogenation of
nitroarenes to prepare all kinds of primary amines. Remarkably, this Ni-complex enabled the synthesis of
functionalized and structurally diverse benzylic, heterocyclic and aliphatic linear and branched primary
amines as well as aromatic primary amines starting from inexpensive and easily accessible carbonyl

compounds (aldehydes and ketones) and nitroarenes using ammonia and molecular hydrogen. This Ni-
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Accepted 25th March 2020 catalyzed reductive amination methodology has been applied for the amination of more complex

pharmaceuticals and steroid derivatives. Detailed DFT computations have been performed for the Ni-
triphos based reductive amination reaction, and they revealed that the overall reaction has an inner-
sphere mechanism with H, metathesis as the rate-determining step.
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Introduction

Catalytic reductive aminations and hydrogenations constitute
essential processes widely applied in research laboratories and
industries for the synthesis of fine and bulk chemicals as well as
molecules used in life sciences.” In particular, the selective and
efficient synthesis of amines by applying these processes start-
ing from inexpensive and easily available starting materials,
and green and abundant reagents using non-noble metal-based
catalysts continues to be an important goal of chemical
research. In general, amines are highly essential fine and bulk
chemicals used in chemistry, medicine, biology and materials.
Noteworthily, amine functionalities constitute integral parts of
a large number of life science molecules and play significant
roles in their activities.” As an example, more than 75% of 200
top selling drugs of the year 2018 contain amine/nitrogen
moieties.* Among different kinds of amines, primary amines
are highly valued because these compounds serve as key
precursor and central intermediates for the synthesis of
advanced chemicals, pharmaceuticals, agrochemicals and
materials. The reductive amination of carbonyl compounds
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with ammonia® and the hydrogenation of nitroarenes* are
found to be more expedient processes to synthesize benzylic,
aliphatic and aromatic primary amines.>* Notably for the
advancement of more sustainable and cost-effective synthesis of
this class of amines, the development of base metal catalysts is
highly desired and continues to attract scientific interest.
Catalytic reductive aminations, especially for the synthesis of
primary amines are challenging processes and are often non-
selective and suffer from side reactions such as over alkylation
and reduction to the corresponding alcohols.®* Hence in order to
perform these reactions in an efficient and highly selective
manner the development of suitable catalysts is of central
importance. Regarding potential catalysts for reductive amina-
tion to prepare primary amines from carbonyl compounds
using ammonia and molecular hydrogen, mainly heteroge-
neous catalysts based on Rh,** Ru,*™¢" Ni***" and Co** are
applied. Compared to that of heterogeneous materials, the
design of homogeneous catalysts for this reaction is highly
challenging due to the inactivation of metal complexes in the
presence of ammonia by forming Werner-amine type complexes
and common problems such as formation of secondary and/or
tertiary amines and over hydrogenation of carbonyl compounds
to corresponding alcohols associated with reductive amina-
tions.> Nevertheless, in recent years, a few Rh,* Ru,**¢/ Ir*? and
Co*-based complexes have been established to catalyze the
synthesis of primary amines from carbonyl compounds and

This journal is © The Royal Society of Chemistry 2020
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ammonia. Despite these achievements, still the development of
base metal homogeneous catalysts for the synthesis of benzylic
and aliphatic primary amines is highly desired and attracts
scientific interest.

The catalytic hydrogenation of nitroarenes represents an
indispensable and widely applied process for the synthesis of
aromatic amines (anilines).*>** In general this reaction mainly
relies on heterogeneous catalysts. Unfortunately, homogeneous
catalysts for the hydrogenation of nitro compounds are scarcely
explored and using them remains a challenge.*¥ Hence the
development of suitable homogeneous -catalysts, especially
based on non-noble metals, for the synthesis of functionalized
anilines continues to be important is also of significant interest.
Here, we report a Ni-based complex for both reductive amina-
tion of carbonyl compounds with ammonia and hydrogenation
of nitroarenes for the general synthesis of all kinds of primary
amines.

Ni-based complexes are well known to catalyze a number of
synthetic processes®™' including hydrogenations,® CH-activa-
tions,” coupling reactions® and amination of alcohols,*® as well
as polymerizations' and photo-redox reactions." The key to
success for this Ni-catalysis in organic synthesis is the use of
a broad variety of complexes based on specific ligands.>™
Although Ni-based homogeneous catalysts are well recognized
for a variety of reactions, they are still underdeveloped for
reductive aminations as well as for the hydrogenation of nitro
compounds.>™ To the best of our knowledge until now there
has been no homogeneous Ni-based catalyst known for both of
these reactions to synthesize primary amines. Certainly, there is
potential interest in the development of homogeneous Ni-based
reductive amination and hydrogenation catalysts for the general
and selective synthesis of primary amines. In addition to
synthetic applications, it is also important to know the mode of
action of Ni-complexes, formation of catalytically active species,
and reactivity and selectivity towards reductive amination as
well as their compatibility with ammonia. In this respect, here
we report a Ni-linear triphos (bis(diphenylphosphinoethyl)
phenylphosphine) complex as the first homogeneous Ni-based
catalyst for both reductive amination and hydrogenation of
nitroarenes. Remarkably, this Ni-triphos complex enabled the
synthesis of functionalized and structurally diverse benzylic,
heterocyclic, and aliphatic linear and branched primary amines
as well as aromatic primary amines starting from inexpensive
and easily accessible carbonyl compounds (aldehydes and
ketones) and nitroarenes using ammonia and molecular
hydrogen. In addition, we also performed DFT studies to know
the active catalytic species and mode of reactivity as well as to
propose the plausible Ni-based reductive amination
mechanism.

Results and discussion
Design of the Ni-catalyst for the reductive amination reaction

In recent years triphos-based non-noble metal complexes have
emerged as promising catalysts for hydrogenation®**2*=¥* and
amination reactions.’****¢ Due to the strong coordination
nature to the central metal atom, triphos-based complexes are

This journal is © The Royal Society of Chemistry 2020
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suitable to activate hydrogen and ammonia. Inspired by
previous amination®*?%* and hydrogenation = 6%!2e-e13fk
processes, we started to design tridentate-Ni complexes for the
synthesis of different kinds of primary amines by reductive
amination of carbonyl compounds and hydrogenation of
nitroarenes.

First we tested the combination of Ni(BF,),-6H,0 and linear
triphos (L1; bis(diphenylphosphinoethyl) phenylphosphine) as
the in situ catalyst for the reductive amination of veratraldehyde
1 (3,4-dimethoxy benzaldehyde) to veratrylamine 2 (3,4-dime-
thoxy benzylamine) in the presence of ammonia and molecular
hydrogen as a benchmark reaction (Table 1). Gratifyingly, this in
situ complex exhibited high activity and selectivity for the
reductive amination of veratraldehyde 1 and obtained 96% of
the desired product, veratrylamine 2 (Table 1, entry 1). In order
to know the reactivity of other tridentate ligands, we tested

Table 1 Ni-catalyzed reductive amination of veratraldehyde: activity
and selectivity of Ni-complexes®

~o + g
3
Ni(BF,),.6H20 (4 mol%) 0. S o
Ligand (4 mol%) - ID/\N’\C[ ~
—_—T
40 bar H, SNo 4 0~

TFE, 100 °C, 15h

(o}
+ 3
o

1

Entry Ligand Conv. (%) 2 3 4 5
14 L1 >99 96 — 3 —
2¢ L2 15 — — 13 —
34 L3 23 — — 21 —
4 L4 20 — — 18 —
5¢ L5 12 — — 10 —
6 L6 5 — — 3 —
7¢ L7 5 — — 3 —
8° L1 >99 92 — 6 —
9¢ L1 >99 91 — 7 —
107 L1 >99 93 — 5 —
11¢ — 10 — — 8 —
i Ph R Ph C N c
sp NN Ysp NN -0y
Php P p- P P R R R
oo, b Pho Ph Sy Cy
iPr P oen o Ph
~ /\/ \/\ -
PrePNSNSNPNpe R
H Ph Ph
L4 L5
N\
® Z
t-Bu _t-Bu | N N | N
P s N B ~N N 2
t-Bu t-Bu L7
“ Reaction conditions: 0.5 mmol veratraldehyde, 4 mol%

Ni(BF,),-6H,0, 4 mol% ligand, 5 bar NH;, 40 bar H, 2 mL
trifluoroethanol (TFE), 100 °C, 15 h, and GC yields using n-
hexadecane as the standard. * Same as ‘a’ with 20 bar H,. € Same as
‘@’ at 80 °C. ¢ Same as ‘a’ with 3 mol% catalyst.
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different PNP, POP and NNN ligands (Table 1, entries 2 to 7). All
these tested tridentate ligands (L2-L7) showed poor activity
with a conversion of up to 25% and in none of these cases the
formation of primary amine 1 was observed (Table 1, entries 2 to
7). Notably, the Ni-triphos system was well tolerated with
ammonia and due to strong coordination, and this PPP-ligand
was found to be appropriate to avoid the formation of a Werner-
type ammonia complex. Applying this active system (Ni(BF,),—
L1), next we performed the optimization of the benchmark
reaction by evaluating the effect of hydrogen pressure, reaction
temperature and catalyst loading (Table 1; entries 8-10). These
results revealed that in order to achieve the best yield of 2, a 40
bar hydrogen pressure, 5 bar ammonia pressure, 100 °C reac-
tion temperature and 4 mol% catalyst (1 : 1 Ni(BF,),-6H,0-L1)
are required. Further to know the effect of solvents, different
polar (MeOH, EtOH, t-BuOH, t-amyl alcohol, TFE) and non-
polar solvents (toluene, THF) were tested (Table S17). Among
these solvents, trifluroethanol (TFE) was found to be the best
solvent. However, in other tested solvents, we did not observe
the formation of the desired product, primary amine 2.

After having obtained the best results with the in situ
generated, Ni(BF,),-6H,0-L1 system, we were interested in
preparing a molecularly defined complex and testing its activity
in the model reaction. Unfortunately, we could not isolate
Ni(BF,),-L1 complex due its stability problem. However, the
NiCl,-L1 complex was prepared, isolated and tested in the
benchmark reaction (see the ESIt)*. Noteworthily, this defined
complex also exhibited similar activity to the in situ Ni(BF,),-
-6H,0-L1 complex and obtained 97% of veratrylamine 2. In
addition, the in situ NiCl,-L1 complex also showed good activity
and obtained 90% of the desired primary amine 2. We
attempted to isolate a nickel hydride complex; however, we
could not due to its highly unstable nature. In order to know the
nature of the reaction, catalytic poisoning tests were performed
with Hg and PPh; (Table S37). Addition of either Hg or PPh; to
the reaction under standard conditions did not affect either the
activity or selectivity of the active Ni-complex. These results
showed that the reaction proceeds via homogeneous catalysis.

DFT computational study

Parallel to our experimental studies we carried out detailed
density functional theory computations on the reductive ami-
nation reaction mechanisms. Since both in situ Ni(BF,),6H,O-
triphos (L1) and the well-defined NiCl,-L1 complexes showed
the same activity and selectivity, we used this well-defined
complex as the pre-catalyst, which can be converted with NH; to
the active catalyst bearing the Ni-H bond [L1NiH]'(I). In our
computations we used the real-size catalyst as well as phenyl-
methanimine (Ph-CH=NH) for benzaldehyde as the substrate
for the reaction. To evaluate the effect of the van der Waals
dispersion correction (GD3BJ) and solvation (SMD) of 2,2,2-tri-
fluoroethanol (TFE) we tested different combinations and
several functionals. Based on these testing results, we discussed
our results including dispersion and solvation (B3PW91-
GD3BJ-SMD). The computational details for the models and
methods are listed in the ESI(S7).t
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Since complex I can have fac (facial) and mer (meridional)
conformations, we first computed their relative energy (Fig. 1).
It is found that the I-mer is more stable than I-fac by 4.6 kcal
mol; and I-mer should be the dominant isomer under equilib-
rium (>99.9%). Since complex I has 16 valence electrons, we
tested the stability of the triplet state, and the singlet state is
more stable than the corresponding triplet state by 51.8 and
50.2 keal mol ™" for the fac- and mer-coordination, respectively.
Under the coordination of imines, however, the complex (M1-
fac-syn) from I-fac is more stable than that (M1-mer) from I-mer
by 3.2 keal mol™* (>99%), indicating that M1-fac-syn should be
the major component in the reaction medium and this indi-
cates the stability change upon substrate coordination. Indeed,
imine coordination to I-mer is slightly endergonic by 0.2 kcal
mol !, while imine coordination to I-fac is exergonic by 7.6 kecal
mol . 1t is also noted that M1-fac-syn is more stable than M1-
fac-anti by 2.4 kcal mol .

Therefore, we used M1-fac-syn for our computations. It is
also noted that only the potential energy surface of the fac-
coordination has been obtained; and it is not possible to have
the potential energy surface for the mer-coordination. For the
mer-coordination, only the complexes of imine and amine
coordination have been found and they have higher energy and
are less stable than the fac-coordination. The computed
potential free energy surface is shown in Fig. 2.

In M1-fac-syn, imine coordination is the nitrogen lone pair
instead of the expected C=N double bond. Starting from M1-
fac-syn, the first step is the transfer of the hydride to the carbon
center of the C=N double bond via the transition state (TS1)
due to the different electronegativities of C and N atoms. This
hydride transfer results in the formation of an amido complex
with C-H agostic interaction with the Ni center, M2. This
hydride transfer needs a free energy barrier of 11.0 kcal mol *
and is endergonic by 10.6 kcal mol~'. The next step is the

€] €]
SN Pth_‘ ]
>p, ] Pth
CP/"‘Ni\ < / \
Phy H th
I-fac I-mer
[4.6] [0.0]
||3h c}
Ph Pth N
Ph r—Pth e r— Ny ~PPhz
T A,
C P/N'\ Pra Hiv
P/N'\ Pha  HN= N
Phy H Ph Ph
M1-fac-syn M1-fac-anti M1-mer
[-3.2] [-0.9] [0.0]
ITh (o}
PPh
Ph r’Pth @ P\ 2
‘ o Ph / \
“Ni—N~ th H2N
P/ g
Phy H Ph
M4-fac-syn M4-mer
[-3.7] [0.0]

Fig. 1 Relative energies (kcal mol™) of the Ni-catalyst and Ni-
complexes.
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Fig.2 Potential free energy surface (kcal mol™) with the reference of
I-mer, Ph—CH=NH and H..

breaking of the C-H agostic interaction via H, coordination
with the formation of intermediate M3, and this step is ender-
gonic by 10.9 kcal mol . In M3, molecular H, coordination has
been found instead of oxidative addition. Having formed M3
with molecular H, coordination, the next step is metathesis
(hydrogenolysis) instead of reductive elimination and the
formed amine (Ph-CH,-NH,) still coordinates to the Ni center,
M4. This step needs a free energy barrier of 4.4 kcal mol " and is
strongly exergonic by 34.5 kcal mol ™.

On the basis of I-mer and Ph-CH=NH, the apparent free
energy barrier is 22.9 kcal mol™ ", and this barrier is in reason-
able agreement with an applied high reaction temperature of
100-120 °C and a long reaction time of 24 hours. In addition,
the endergonic molecular H, coordination and the high
apparent barrier reasonably explain the need for a high H,
pressure of 40-50 bar. It is noted that the computed apparent
barrier is 41.6 kcal mol " in the gas phase, and 41.9 kcal mol ™
under the consideration of the solvation effect. In the case of
van der Waals dispersion correction, the apparent barrier
becomes 19.2 in the gas phase. In the case of solvation and
dispersion corrections, the apparent barrier is 22.9 kcal mol .
This demonstrates the effect of dispersion correction. In addi-
tion, we tested other functional methods including solvation
and dispersion corrections and found that the apparent barrier
is 28.1, 21.1, 25.4 and 27.8 kecal mol~* for B3LYP, BP86, MO6L
and MN15, respectively.

Having studied the catalytically active species by DFT
calculations, we proposed the plausible mechanism for the Ni-
triphos catalyzed reductive amination of carbonyl compounds
with ammonia and molecular hydrogen (Scheme 1). After the
generation of the active catalyst with the Ni-H functionality (I),
the mechanism has three main steps, (i) substrate coordination
(Im) followed by the Ni-H selective insertion into the C=N
double bond (TS1) and the formation of agostically interacting
intermediate (III); and (ii) H, coordination (IV) followed by H,
metathesis (TS2) and the formation of amine coordinated
intermediate (V). The final step is the release of the amine and
regeneration of the active catalyst. Overall, the reaction has an

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Plausible reaction mechanism for the NiCly-triphos cata-
lyzed reductive amination for the synthesis of primary amines.

inner-sphere mechanism and the rate-determining step is H,
metathesis, and the apparent barrier is about 23 kcal mol ™. All
this reasonably explains the need for a high H, pressure of 40—
50 bar and the long reaction time (Table 1).

Synthesis of benzylic and aliphatic linear primary amines

After having investigated the nickel-triphos (L1) as the most
active catalyst system, we explored its (in situ system) general
applicability for the preparation of various primary amines
starting from carbonyl compounds. As shown in Schemes 2 and
3 this Ni-triphos catalyst allowed for the amination of both
aldehydes and ketones with ammonia in the presence of
molecular hydrogen and obtained structurally diverse and
functionalized linear and branched primary amines. Simple
aldehydes and substrate bearing electron -donating and -with-
drawing groups including halide substituted ones were reacted
smoothly and the corresponding primary amines were obtained
in good to excellent yields (Scheme 2, products 6-11). For any
given amination/hydrogenation catalyst, achieving a high
degree of chemoselectivity is challenging and important in
organic synthesis and drug discovery.

To demonstrate this aspect, reductive amination of various
functionalized aldehydes was performed. Interestingly, the
functionalized aldehydes containing ether, phenolic, C-C
double bond, ester, boronic acid ester and thioether groups
were all highly selectively aminated and the corresponding
linear primary amines were obtained in up to 96% yield,
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Scheme 2 Synthesis of linear primary amines using the Ni-triphos
complex.? “Reaction conditions: 0.5 mmol aldehyde, 4 mol%
Ni(BF4)2-6H,0, 4 mol% triphos (L1), 5-7 bar NHs, 40 bar H,, 2 mL
degassed trifluoroethanol (TFE), 100 °C, 24 h, and isolated yields. °GC
yields using n-hexadecane as the standard. Isolated as free amines and
converted to hydrochloride salts. The corresponding hydrochloride
salts were subjected to NMR analysis.

without the reduction of other functional groups (Scheme 2,
products 12-21). In addition, heterocyclic primary amines were
prepared in up to 95% yield (Scheme 2, products 22-25 and 28).
Primary amines of 3,4-methylenedioxy and benzo-1,4-dioxane,
which represent versatile motifs in many drugs and natural
products, were prepared in up to 96% yield (Scheme 2, products
24 to 25 and 28). Further, aliphatic aldehydes, which are diffi-
cult to react were also aminated and the corresponding primary
amines were obtained in good to excellent yields (Scheme 2;
products 26-29).

Synthesis of branched primary amines from ketones

Compared to that of linear primary amines, the synthesis of
branched primary amines starting from ketones is more chal-
lenging, because the reduction of corresponding imines from
ketones is more difficult than that of the imines of corre-
sponding aldehydes.

Remarkably, the Ni-triphos complex is highly active and
selective for the reductive amination of ketones with ammonia

4336 | Chem. Sci,, 2020, 1, 4332-4339
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Scheme 3 Nickel-triphos catalysed synthesis of branched primary
amines.? ?Reaction conditions: 0.5 mmol ketone, 4 mol% Ni(BF4),-
-6H,0, 4 mol% triphos (L1), 5-7 bar NHs, 50 bar Hj, 2 mL degassed
trifluoroethanol (TFE), 120 °C, 24 h, and isolated yields. °GC vyields
using n-hexadecane as the standard. Isolated as free amines and
converted to hydrochloride salts. The corresponding hydrochloride
salts were subjected to NMR analysis.

and hydrogen. As a result, all kinds of ketones were efficiently
aminated to produce corresponding branched primary amines
in high yields (Scheme 3). In addition to the simple and func-
tionalized ketones, the ones bearing easily coordinating groups
such as -NH, and -OH phenolic groups as well as pyridines to
metals were also smoothly reacted with ammonia and gave
corresponding primary amines in up to 94% yield (Scheme 3,
products 41, 44-46, 53 and 56). In addition, the synthesis of

This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Homogeneous Ni-catalyzed synthesis of aromatic primary
amines.? ?Reaction conditions: 0.5 mmol substrate, 4 mol% Ni(BF,4),-
-6H,0, 4 mol% triphos (L1), 50 bar H,, 2 mL degassed trifluoroethanol
(TFE), 120 °C, 24 h, and °GC yields using n-hexadecane as the
standard.

various aliphatic branched primary amines, which are difficult
to prepare,*” was performed with different ketones using this
Ni-triphos system (Scheme 3, products 44-51). A more valuable
application of this Ni-based protocol has been demonstrated by
performing the amination of structurally complex life science
molecules and steroid derivatives (Scheme 3). Gratifyingly, by
applying the Ni-triphos catalyst the -NH, moiety has been
introduced in nabumetone, pentoxifylline, azaperone, estrone,
androsterone and stanolone (Scheme 3, products 54-60).

Synthesis of aromatic primary amines by Ni-catalyzed
hydrogenation of nitroarenes

The design of homogeneous catalysts for the hydrogenation of
nitroarenes to anilines continues to be challenging.*¥ Here we
explored the applicability of Ni-triphos as a homogeneous
catalyst for the hydrogenation of nitroarenes. Advantageously
this in situ generated Ni-L1 complex also exhibited excellent
activity for the hydrogenation of nitroarenes (Scheme 4).

Nitrobenzenes containing both electron-donating and
-withdrawing groups were selectively hydrogenated to obtain
corresponding anilines in up to 95% yield (Scheme 4, products
62 to 72). Functionalized nitroarenes containing esters, amides
and ethers as well as halide groups were hydrogenated to
anilines by tolerating these functional groups without being
reduced (Scheme 4, products 66-70).

Conclusions

In conclusion, for the first time we introduced a homogeneous
Ni-based catalyst for both reductive amination of carbonyl
compounds and hydrogenation of nitroarenes to prepare all
kinds of primary amines. The key to success for this synthesis is
the use of a linear triphos-ligated Ni-complex. By applying this
Ni-based homogeneous catalyst, starting from inexpensive and
easily available carbonyl compounds and nitroarenes using

This journal is © The Royal Society of Chemistry 2020
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abundant and atom economical reagents such as ammonia and
molecular hydrogen, commercially and industrially important
as well as pharmaceutically relevant aromatic, heterocyclic, and
aliphatic primary amines were synthesized in good to excellent
yields. DFT computations revealed that the overall reaction has
an inner-sphere mechanism with H, metathesis as the rate-
determining step and this reasonably explains the need for the
high H, pressure and long reaction time on the basis of the
computed apparent barriers.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

We gratefully acknowledge the European Research Council, (EU
project 670986-NoNaCat), the State of Mecklenburg-Vorpom-
mern and the Leibniz Foundation (ZW, Leibniz Competition,
SAW-2016-LIKAT-1). We thank the analytical staff of the Leibniz-
Institute for Catalysis, Rostock for their excellent service.

Notes and references

1 (a) S. Gomez, J. A. Peters and T. Maschmeyer, Adv. Synth.
Catal., 2002, 344, 1037-1057; (b) A. Heshmatollah,
Y. Hossein and S. Fatemeh, Curr. Org. Chem., 2015, 19,
1021-1049; (¢) M. Orlandi, D. Brenna, R. Harms, S. Jost
and M. Benaglia, Org. Process Res. Dev., 2018, 22, 430-445;
(d) D. Formenti, F. Ferretti, F. K. Scharnagl and M. Beller,
Chem. Rev., 2019, 119, 2611-2680; (¢) F. Pohlki and S. Doye,
Chem. Soc. Rev., 2003, 32, 104-114; (f) D. B. Bagal and
B. M. Bhanage, Adv. Synth. Catal., 2015, 357, 883-900; (g)
D. B. Bagal and B. M. Bhanage, Recent Advances in
Transition Metal-Catalyzed Hydrogenation of Nitriles, Adv.
Synth. Catal., 2015, 357, 883-900; (#) J. G. de Vries and
C. J. Elsevier, in Handbook of Homogeneous Hydrogenation,
Wiley-VCH, NewYork, 2007; (i) S. Nishimura, Handbook of
Heterogeneous Catalytic Hydrogenation for Organic Synthesis,
Wiley, New York, 2001; () F. Shi and X. Cui, in Catalytic
Amination for N-Alkyl Amine Synthesis, Academic Press,
2018; (k) Reductive amination review, https://erowid.org/
archive/rhodium/chemistry/reductive.amination.html,
2004; (I) T. Yan, B. L. Feringa and K. Barta, Nat. Commun.,
2014, 5, 5602; (m) T. Yan, B. L. Feringa and K. Barta, Sci.
Adv., 2017, 3, eaao6494; (n) T. Yasukawa, R. Masuda and
S. Kobayashi, Nat. Catal., 2019, 2, 1088-1092; (o)
C. Gunanathan and D. Milstein, Angew. Chem. Int. Ed.,
2008, 47, 8661-8664.

(@) S. D. Roughley and A. M. Jordan, J. Med. Chem., 2011, 54,
3451-3479; (b) V. Froidevaux, C. Negrell, S. Caillol,
J.-P. Pascault and B. Boutevin, Chem. Rev., 2016, 116,
14181-14224; (¢) S. A. Lawrence, Amines: Synthesis,
Properties and Applications, Cambridge University Press,
Cambridge, UK, 2004; (d) A. Ricci, Amino Group Chemistry:
From Synthesis to the Life Sciences, Wiley VCH, Weinheim,
2008; (e)

[\°)

https://njardarson.lab.arizona.edu/sites/

Chem. Sci., 2020, M, 4332-4339 | 4337


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc01084g

Open Access Article. Published on 25 March 2020. Downloaded on 5/17/2020 4:27:59 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

njardarson.lab.arizona.edu/files/2018 Top200Pharmaceutical
RetailSalesPosterLowResFinalV2.pdf.

(@) R. V. Jagadeesh, K. Murugesan, A. S. Alshammari,
H. Neumann, M.-M. Pohl, J. Radnik and M. Beller, Science,
2017, 358, 326-332; (b) K. Murugesan, T. Senthamarai,
M. Sohail, A. S. Alshammari, M.-M. Pohl, M. Beller and
R. V. Jagadeesh, Chem. Sci., 2018, 9, 8553-8560; (c)
T. Senthamarai, K. Murugesan, J. Schneidewind,
N. V. Kalevaru, W. Baumann, H. Neumann, P. C. J. Kamer,
M. Beller and R. V. Jagadeesh, Nat. Commun., 2018, 9,
4123; (d) K. Murugesan, M. Beller and R. V. Jagadeesh,
Angew. Chem., Int. Ed., 2019, 58, 5064-5068; (e)
K. Murugesan, Z. Wei, V. G. Chandrashekhar,
H. Neumann, A. Spannenberg, H. Jiao, M. Beller and
R. V. Jagadeesh, Nat. Commun., 2019, 10, 5443; (f)
J. Gallardo-Donaire, M. Ernst, O. Trapp and T. Schaub, Adv.
Synth. Catal., 2016, 358, 358-363; (g) J. Gallardo-Donaire,
M. Hermsen, J. Wysocki, M. Ernst, F. Rominger, O. Trapp,
A. S. K. Hashmi, A. Schéfer, P. Comba and T. Schaub, J.
Am. Chem. Soc., 2018, 140, 355-361; (k) G. Hahn,
P. Kunnas, N. de Jonge and R. Kempe, Nat. Catal., 2018, 2,
71-77; (i) T. Gross, A. M. Seayad, M. Ahmad and M. Beller,
Org. Lett., 2002, 4, 2055-2058; (j) X. Tan, S. Gao, W. Zeng,
S. Xin, Q. Yin and X. Zhang, J. Am. Chem. Soc., 2018, 140,
2024-2027; (k) M. Chatterjee, T. Ishizaka and
H. Kawanami, Green Chem., 2016, 18, 487-496; () B. Dong,
X. Guo, B. Zhang, X. Chen, J. Guan, Y. Qi, S. Han and
X. Mu, Catalysts, 2015, 5, 2258-2270; (m) S. Nishimura,
K. Mizuhori and K. Ebitani, Res. Chem. Intermed., 2016, 42,
19-30; (n) J. Krupka, L. Dluhos$ and L. Mrozek, Chem. Eng.
Technol., 2017, 40, 870-877; (0) Z. Wang, Mignonac reaction,
in Comprehensive organic name reactions and reagents, John
Wiley & Sons, New Jersey, 2010; (p) T. Riermeier,
K.-J. Haack, U. Dingerdissen, A. Boerner, A. V. Tararov and
R. Kadyrov, Method for producing amines by homogeneously
catalyzed reductive amination of carbonyl compounds,
Weniger, US, 2005, vol. 6, pp. 884-887B1; (g) T. Komanoya,
T. Kinemura, Y. Kita, K. Kamata and M. Hara, J. Am. Chem.
Soc., 2017, 139, 11493-11499; (r) G. Liang, A. Wang, L. Li,
G. Xu, N. Yan and T. Zhang, Angew. Chem., Int. Ed., 2017,
56, 3050-3054; (s) J. Bodis, L. Lefferts, T. E. Miller,
R. Pestman and J. A. Lercher, Catal. Lett., 2005, 104, 23-28.
(@) T. Schwob and R. Kempe, Angew. Chem., Int. Ed., 2016, 55,
15175-15179; (b) R. V. Jagadeesh, A.-E. Surkus, H. Junge,
M.-M. Pohl, J. Radnik, ]J. Rabeah, H. Huan,
V. Schiinemann, A. Briickner and M. Beller, Science, 2013,
342, 1073-1076; (c) J. F. Knifton, J. Org. Chem., 1976, 41,
1200-1206; (d) R. M. Deshpande, A. N. Mahajan,
M. M. Diwakar, P. S. Ozarde and R. V. Chaudhari, J. Org.
Chem., 2004, 69, 4835-4838; (e) G. Wienhofer, M. Baseda-
Kriiger, C. Ziebart, F. A. Westerhaus, W. Baumann,
R. Jackstell, K. Junge and M. Beller, Chem. Commun., 2013,
49, 9089-9091; (f) Z.J. Yao, J.-W. Zhu, N. Lin, X.-C. Qiao
and W. Deng, Dalton Trans., 2019, 48, 7158-7166; (g)
G. Hahn, J.-K. Ewert, C. Denner, D. Tilgner and R. Kempe,
ChemCatChem, 2016, 8, 2461-2465; (h) P. Ryabchuk,
G. Agostini, M.-M. Pohl, H. Lund, A. Agapova, H. Junge,

4338 | Chem. Sci, 2020, 1, 4332-4339

5

6

7

10

View Article Online

Edge Article

K. Junge and M. Beller, Sci. Adv., 2018, 4, eaat0761; (i)
Y. Hu, Y. Yu, X. Zhao, H. Yang, B. Feng, H. Li, Y. Qiao,
L. Hua, Z. Pan and Z. Hou, Sci. China Chem., 2010, 53,
1541-1548; (j) S. Pisiewicz, D. Formenti, A.-E. Surkus,
M.-M. Pohl, J. Radnik, K. Junge, C. Topf, S. Bach-mann,
M. Scalone and M. Beller, ChemCatChem, 2016, 8, 129-134;
(k) F. Yang, M. Wang, W. Liu, B. Yang, Y. Wang, ]J. Luo,
Y. Tang, L. Hou, Y. Li, Z. i. Li, B. Zhang, W. Yang and Y. Li,
Green Chem., 2019, 21, 704-711; (/) N. Mahata, A. F. Cunha,
J. J. M. Orféo and J. L. Figueiredo, Appl. Catal. Gen., 2018,
351, 204-209; (m) W. She, T. Qi, M. Cui, P. Yan, S. W. Ng,
W. Li and G. Li, ACS Appl. Mater. Interfaces, 2018, 10,
14698-14707.

(@) S. Z. Tasker, E. A. Standley and T. F. Jamison, Nature,
2014, 509, 299-309; (b) J. A. Garduno, A. Arevalo and
J. J. Garcia, Dalton Trans., 2015, 44, 13419-13438.

(@) M. Beller, K. Murugesan, C. B. Bheeter, P. R. Linnebank,
A. Spannenberg, J. N. H. Reek, R. V. Jagadeesh and M. Beller,
ChemSusChem, 2019, 12, 3363-3369; (b) N. G. Léonard and
P. J. Chirik, ACS Catal, 2018, 8, 342-348; (c)
T. J. Mooibroek, E. C. M. Wenker, W. Smit, I. Mutikainen,
M. Lutz and E. Bouwman, Inorg. Chem., 2013, 52, 8190-
8201; (d) K. V. Vasudevan, B. L. Scott and S. K. Hanson,
Eur. J. Inorg. Chem., 2012, 2012, 4898-4906; (e)
I. M. Angulo, A. M. Kluwer and E. Bouwman, Chem.
Commun., 1998, 2689-2690; (f) S. Chakraborty,
P. Bhattacharya, H. Dai and H. Guan, Acc. Chem. Res.,
2015, 48, 1995-2003.

(@) S. A. Johnson, Dalton Trans., 2015, 44, 10905-10913; (b)
Y. Nakao, Shokubai, 2008, 50, 705-709; (¢) A. C. Williams,
in Nickel-catalyzed C-H activation, CRC Press, 2015, pp.
113-144; (d) F. Julia-Hernandez, T. Moragas, ]. Cornella
and R. Martin, Nature, 2017, 545, 84; (e) N. A. Harry,
S. Saranya, S. M. Ujwaldev and G. Anilkumar, Catal. Sci.
Technol., 2019, 9, 1726-1743; V. G. Landge, C. H. Shewale,
G. Jaiswal, M. K. Sahoo, S. P. Midya and E. Balaraman,
Catal. Sci. Technol., 2016, 6, 1946-1951.

(@) M. Henrion, V. Ritleng and M. J. Chetcuti, ACS Catal.,
2015, 5, 1283-1302; (b) R. Shi, Z. Zhang and X. Hu, Acc.
Chem. Res., 2019, 52, 1471-1483; (c¢) C. M. Lavoie and
M. Stradiotto, ACS Catal., 2018, 8, 7228-7250; (d) L. Guo
and M. Rueping, Acc. Chem. Res., 2018, 51, 1185-1195; (e)
M. O. Konev and E. R. Jarvo, Angew. Chem., Int. Ed., 2016,
55, 11340-11342; (f) C. Liu, S. Tang, D. Liu, J. Yuan,
L. Zheng, L. Meng and A. Lei, Angew. Chem., Int. Ed., 2012,
51, 3638-3641.

(@) J. B. Sweeney, A. K. Ball, P. A. Lawrence, M. C. Sinclair and
L. J. Smith, Angew. Chem., Int. Ed., 2018, 57, 10202-10206; (b)
M. Vellakkaran, K. Singh and D. Banerjee, ACS Catal., 2017,
7, 8152-8158.

(@) F. AlObaidi, Z. Ye and S. Zhu, Polymer, 2004, 45, 6823~
6829; (b) R. P. Quirk and W. Yu, High Perform. Polym.,
2005, 17, 349-360; (¢) D. G. Yakhvarov, K. R. Basvani,
M. K. Kindermann, A. B. Dobrynin, I. A. Litvinov,
O. G. Sinyashin, P. G. Jones and J. Heinicke, Eur. J. Inorg.
Chem., 2009, 1234-1242.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc01084g

Open Access Article. Published on 25 March 2020. Downloaded on 5/17/2020 4:27:59 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

11 (a)]. A. Milligan, J. P. Phelan, S. O. Badir and G. A. Molander,
Angew. Chem., Int. Ed., 2019, 58, 6152-6163; (b) J. Twilton,
C. Le, P. Zhang, M. H. Shaw, R. W. Evans and
D. W. C. MacMillan, Nat. Rev. Chem., 2017, 1, 0052; (c)
K. L. Skubi, T. R. Blum and T. P. Yoon, Chem. Rev., 2016,
116, 10035-10074.

12 (@) Z. Liu, Z. Yang, P. Wang, X. Yu, Y. Wu, H. Wang and
Z. Liu, ACS Sustainable Chem. Eng., 2019, 7, 18236-18241;
(b) L. 1Iffland, A. Khedkar, A. Petuker, M. Lieb,
F. Wittkamp, M. van Gastel, M. Roemelt and U.-P. Apfel,
Organometallics, 2019, 38, 289-299; (¢) F. Ferretti,
F. K. Scharnagl, A. Dall'Anese, R. Jackstell, S. Dastgir and
M. Beller, Catal. Sci. Technol, 2019, 9, 3548-3553; (d)
B. Emayavaramban, P. Chakraborty and B. Sundararaju,
ChemSusChem, 2019, 12, 3089-3093; (e) W. Liu, B. Sahoo,

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

A. Spannenberg, K. Junge and M. Beller, Angew. Chem., Int.
Ed., 2018, 57, 11673-11677; (f) A. Cavaille, B. Joyeux,
N. Saffon-Merceron, N. Nebra, M. Fustier-Boutignon and
N. Mezailles, Chem. Commun., 2018, 54, 11953-11956; (g)
J. Schneidewind, R. Adam, W. Baumann, R. Jackstell and
M. Beller, Angew. Chem., Int. Ed., 2017, 56, 1890-1893; (h)
J. R. Cabrero-Antonino, R. Adam, V. Papa, M. Holsten,
K. Junge and M. Beller, Chem. Sci., 2017, 8, 5536-5546; (i)
T. M. Buscagan, P. H. Oyala and J. C. Peters, Angew. Chem.,
Int. Ed., 2017, 56, 6921-6926; (j) T. J. Korstanje, J. Ivar van
der Vlugt, C. J. Elsevier and B. de Bruin, Science, 2015, 350,
298-302; (k) F. K. Scharnagl, M. F. Hertrich, G. Neitzel,
R. Jackstell and M. Beller, Adv. Synth. Catal., 2019, 361,
374-379.

Chem. Sci., 2020, 1, 4332-4339 | 4339


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc01084g

nature
prOtOCOIS https://doi.org/10.1038/s41596-019-0258-z

‘ '.) Check for updates

PROTOCOL

Reductive amination using cobalt-based
nanoparticles for synthesis of amines

Kathiravan Murugesan, Vishwas G. Chandrashekhar, Thirusangumurugan Senthamarai,
Rajenahally V. Jagadeesh™ and Matthias Beller

Reductive aminations are an essential class of reactions widely applied for the preparation of different kinds of amines, as
well as a number of pharmaceuticals and industrially relevant compounds. In such reactions, carbonyl compounds
(aldehydes, ketones) react with ammonia or amines in the presence of a reducing agent and form corresponding amines.
Common catalysts used for reductive aminations, especially for the synthesis of primary amines, are based on precious
metals or Raney nickel. However, their drawbacks and limited applicability inspired us to look for alternative catalysts.
The development of base-metal nanostructured catalysts is highly preferable and is crucial to the advancement of
sustainable and cost-effective reductive amination processes. In this protocol, we describe the preparation of carbon-
supported cobalt-based nanoparticles as efficient and practical catalysts for synthesis of different kinds of amines by
reductive aminations. Template synthesis of a cobalt-triethylenediamine-terephthalic acid metal-organic framework on
carbon and subsequent pyrolysis to remove the organic template resulted in the formation of supported single cobalt
atoms and nanoparticles. Applying these catalysts, we have synthesized structurally diverse benzylic, aliphatic and
heterocyclic primary, secondary and tertiary amines, including pharmaceutically relevant products, starting from
inexpensive and easily accessible carbonyl compounds with ammonia, nitro compounds or amines and molecular
hydrogen. To prepare this cobalt-based catalyst takes 26 h, and the reported catalytic reductive amination reactions can
be carried out within 18-28 h.

Introduction

Among different kinds of chemicals, amines represent highly valuable compounds widely applied
in many science areas, including chemistry, biology, medicine, materials and energy'”’. As an
example, the majority of top-selling drugs contain nitrogen and/or amino groups, which constitute
integral parts and play vital roles in their activities’. For the synthesis and functionalization of
amines, catalytic reductive aminations using molecular hydrogen represent a resourceful method
used in both academic laboratories and industry®*°. Common catalysts known for these reactions
are based on precious metals®'” and Raney nickel®”*’. However, for the advancement of cost-
effective and selective reductive amination processes, the development of non-noble metal-based
catalysts is preferable and continues to attract substantial interest. Compared to traditional
homogeneous catalysts, heterogeneous catalysts offer advantages such as stability and recyclability.
Among heterogeneous catalysts, supported nanoparticles™ ™’ or single metal atoms®”™” are of prime
importance because of their low energy consumption and high activities and selectivities. In this
regard, in recent years these materials have become the subject of increasing interest as catalysts
for organic synthesis®**~*’, With respect to reductive aminations using molecular hydrogen, to
our knowledge, only a few nanocatalysts have been developed”'~*°. Among these, carbon-supported
Co30,4 nanoparticles surrounded by nitrogen-doped graphene layers, developed by our group,
represent excellent catalysts for oxidation and hydrogenation reactions, as well as reductive
amination®’, These cobalt oxide nanoparticles are prepared by the immobilization of a
cobalt-phenanthroline complex on carbon and subsequent pyrolysis at 800 °C under argon for 2 h.
This cobalt oxide-based nanocatalyst worked well for the reductive amination of aldehydes and nitro
compounds or amines to produce secondary/tertiary amines**. Unfortunately, this catalyst is not
active for the synthesis of primary amines from carbonyl compounds and ammonia in presence of
molecular hydrogen.

Leibniz-Institut fiir Katalyse e.V. an der Universitit Rostock, Rostock, Germany. ®e-mail: jagadeesh.rajenahally@catalysis.de;
matthias.beller@catalysis.de
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Fig. 1| Preparation of carbon-supported single cobalt atoms and nanoparticles encapsulated within graphitic shells using a MOF template.

We recently developed a new type of carbon-supported cobalt nanoparticle and single atom-based
catalysts®”. The ordered arrangement of cobalt nanoparticles and single atoms is achieved by using a
cobalt metal-organic framework (MOF) as a template on carbon and subsequent pyrolysis under an
inert atmosphere””. The resulting cobalt nanoparticles were found to be general and selective catalysts
for reductive aminations to prepare different kinds of amines™.

Here, we describe the detailed procedure for the synthesis of these cobalt-based nanocatalysts and
their application to obtain various amines of commercial and industrial importance. Notably, MOFs
represent suitable precursors and self-scarifying templates for the preparation of nanomaterials under
pyrolytic methods®*>*°.

In a representative procedure, the most active material is prepared by immobilization of an
in situ-generated cobalt-triethylenediamine (DABCO; 1)-terephthalic acid (TPA; 2) (Co-DABCO-
TPA) MOF on carbon and subsequent pyrolysis of the templated material under argon atmosphere
(Fig. 1)°. To identify a suitable MOF precursor, different MOFs, such as Co-DABCO-TPA,
Co-DABCO and Co-TPA, were generated in situ and used for the preparation of catalytic
materials. In particular, cobalt nitrate, DABCO and TPA in a molar ratio of 1:3:3 are mixed in
N,N-dimethylformamide (DMF) and stirred at 150 °C to generate the MOF used in this procedure.
After MOF formation, carbon is added (Vulcan XC72R) and the mixture is stirred again at 150 °C.
Slow evaporation of the solvent (DMF) generates the desired template material (Co-DABCO-
TPA@C). Pyrolysis at 800 °C leads to the formation of carbon-supported single cobalt atoms and
nanoparticles (Co-DABCO-TPA@C-800). Under a similar procedure, other cobalt materials using
Co-MOFs containing single linkers such as Co-DABCO and Co-TPA are also prepared.

The resulting materials are characterized using Cs-corrected scanning transmission electron
microscopy (STEM), energy-dispersive X-ray spectroscopy (EDXS), electron energy loss spectroscopy
(EELS), X-ray photoelectron spectroscopy (XPS), and X-ray powder diffraction (XRD) spectral
analysis”® (see Supplementary Figures for detailed characterizations). The most active material
(Co-DABCO-TPA@C-800) is characterized by the formation of graphitic shells encapsulating
metallic cobalt particles with sizes ranging from <5 to 30 nm (Fig. 2, Supplementary Figs. 1a and 2a).
The EDXS (Supplementary Fig. 4a, left) shows mainly the presence of metallic Co particles within the
carbon matrix. In addition to these small metallic particles, single Co atoms, visible as bright dots by
high-resolution, high-angle annular dark-field (HR-HAADF) STEM, were also detected within
so-called cloudy regions of short-range ordered carbon (Fig. 2, Supplementary Figs. 1a and 2a, right).
Apart from these, a small quantity of oxidic cobalt (Co(II)) in the surface of core shell particles is also
present. To obtain information on Co, C and N relations, the parallel mapping of EDXS for all
elements and EELS (Supplementary Fig. 1b) are performed. Compared to EDXS, the EELS technique
allows the detection of nitrogen species because, in the case of EDXS, the overlap of the C and N
edges minimizes, allowing visualization of small amounts of N. These analyses identified the presence
of nitrogen located in the vicinity of metallic Co particles and single Co atoms within short-range
ordered carbon (Supplementary Fig. 1). The XRD analysis of the Co-DABCO-TPA@C-800 catalyst
also showed predominately the presence of metallic Co particles, along with small quantity of cobalt
oxide particles (Supplementary Fig. 7). XPS analysis showed two states of nitrogen. One is correlated
to imine-like N known from pyridine (~98 eV) and the other, displaying at higher binding energy,
corresponds to N bonded to Co (Supplementary Fig. 10a, right). These characterization data are
summarized in Table 1.

Hereafter, we denote the most active catalyst, Co-DABCO-TPA@C-800 as Co/GS@C, where ‘GS’
stands for graphitic shells.
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Single atoms

Fig. 2 | TEM images of Co/GS@C (Co-DABCO-TPA@C-800) catalyst. a, Distribution of cobalt nanoparticles. b, Graphitic shell encapsulated Co
nanoparticles. ¢, Single cobalt atoms. Scale bars, 20 nm (a); 2 nm (b,c).

Table 1 | Characterization data for Co-DABCO-TPA@C-800 catalyst

Entry Technique Required analysis Data found
2 STEM Distribution, morphology, size Graphitic shells encapsulated metallic cobalt particles
and nature of nanoparticles with sizes from <5 nm to a maximum of 30 nm. Cobalt

single atoms. Small quantity of cobalt oxide
nanoparticles.

3 EDXS Elemental detection and mapping Metallic cobalt with small quantity of oxidic cobalt
particles
4 EELS Detection and distribution of Presence of nitrogen is detected and located in the
nitrogen vicinity of metallic Co particles and single Co atoms

within short-range order carbon

5 XPS Nature and states of nitrogen XPS analysis showed two states of nitrogen. One is
correlated with imine-like N known from pyridine
(~398 eV) and the other, displaying at higher
binding energy, corresponds to N bonded to Co

6 XRD Different phases of cobalt Predominate presence of metallic Co particles, along
with small quantity of cobalt oxide particles

We tested commercial and prepared cobalt materials for the reductive amination of veratraldehyde
(3,4-dimethoxybenzaldehyde; 3) to veratrylamine (3,4-dimethoxybenzylamine; 4) using ammonia and
molecular hydrogen. In this benchmark reaction, the synthesis of the desired primary amine competes
with the formation of unwanted secondary and tertiary amines/imines or alcohols. First, we tested
commercial Raney nickel and Raney cobalt in the benchmark reaction and found that these two
materials exhibited lower selectivity toward the formation of primary amine and as a results produced
only 30-50% of veratrylamine (Table 2, entries 1-2). In these two cases, formation of the corres-
ponding alcohol (45-64%) and secondary amine (2-3%) as side products was observed, which
obviously lowered the selectivity toward the primary amine, a desired product in the present study.
However, the cobalt materials prepared by the immobilization and pyrolysis of a Co-DABCO-TPA@C
MOF on carbon (400-1,000 °C) exhibit significant activities (16-88% of 4; Table 2, entries 3-6).

Among these materials, the ones pyrolyzed at 800 °C showed maximum activity and produced
veratrylamine in an 88% yield (Table 2, entry 3). Pyrolysis of cobalt-MOF’s on carbon using
cobalt nitrate with either DABCO (Co-DABCO@C-800) or TPA (Co-TPA@C-800) alone yielded
less active catalysts (15-20% yields; Table 2, entries 7-8). We also tested our previously reported”*
cobalt oxide-based nanocatalyst (Co-phenanthroline@C-800), prepared by the pyrolysis of
Co-phenanthroline complex on carbon, and found that this catalyst is not active enough for the
reductive amination to produce the desired primary amines (Table 2, entry 9). As expected,
homogeneous cobalt salts, different cobalt-based MOFs, and non-pyrolyzed materials were com-
pletely inactive (Table 2, entries 10-13).

The general applicability of the Co/GS@C catalyst for the reductive amination of carbonyl
compounds to access all kinds of amines is shown in Figs. 3-8 *°. A series of functionalized and
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Table 2 | Activity of supported cobalt nanoparticles and commercial heterogeneous catalysts for
the reductive amination of veratrylamine using ammonia and hydrogen

o Catalyst (0}
7 No " NHS Y - 7 NH,
o 40 bar H, t-BuOH, 120 °C ~o
3 4

Entry Catalyst Yield of veratrylamine (%)
1 Raney nickel 50
2 Raney cobalt 30
3 Co-DABCO-TPA@C-800 88
4 Co-DABCO-TPA@C-400 16
5 Co-DABCO-TPA@C-600 75
6 Co-DABCO-TPA@C-1000 83
7 Co-DABCO@C-800 15
8 Co-TPA@C-800 20
9 Co-phenanthroline@C-800 1
10 Co(NO3), - 6H,0 1
11 Co-DABCO-TPA 1
12 Co-DABCO-TPA MOF 1
13 Co-DABCO-TPA@C 1

Reaction conditions: 0.5 mmol of 3,4-dimethoxybenzaldehyde, weight of catalyst corresponds to 3.5 mol% C, 5-7 bar NH3, 40 bar H,, 120 °C, 3 mL of
t-BuOH, 15 h. Yields were determined by GC using n-hexadecane (100 pL) as standard. In the case of Raney nickel, 45% of corresponding alcohol and
2% of secondary amine were observed as side products. In the case of Raney cobalt, 64% of corresponding alcohol and 3% of secondary amine were
observed as side products. The synthesis of Co-DABCO@C-800 and Co-DABCO-TPA MOF is described in Supplementary Method 2.

structurally diverse primary, secondary, and tertiary amines, including existing drug molecules, were
prepared in good to excellent yields (5-66). Industrially relevant primary aliphatic amines were
obtained from various aldehydes and ketones Fig. 3). Interestingly, this primary amine synthetic
methodology can been applied for the introduction of an -NH, moiety in structurally complex
and pharmaceutically applicable molecules, such as steroid derivatives, with high functional group
tolerance (Fig. 4).

Next, various aldehydes were reacted directly with nitroarenes (products 37-44) or amines
(products 45-50) in the presence of molecular hydrogen to obtain the corresponding secondary and
tertiary amines (Fig. 5). For example, the alkylation of amino acid esters such as tyrosine methyl ester
with different aldehydes proceeded smoothly in up to an 89% yield (products 47-49), albeit race-
mization was observed. Under the present experimental reaction conditions, it is quite difficult to
obtain retention of chirality without racemization in the case of reductive N-alkylation of amino
acids. However, Fering et al. have shown the possibility of retention of chirality with single isomers in
the case of N-alkylation of unprotected amino acids with alcohols by homogeneous Ru-catalyst*’. By
contrast, the reductive N-alkylation of (S)-(—)-a-methylbenzylamine and (R)-(+)-a-methylbenzy-
lamine took place without racemization of the stereocenter (products 51-52). Furthermore, we
applied this cobalt catalyst for the preparation of N-methylamines (Fig. 6), which represent an
important motif in numerous drugs (e.g.. Oxycontin, Venlafaxine, Lexapro). Hence, different car-
bonyl compounds were reacted with aqueous N,N-dimethylamine (DMA) to yield products 53-57. In
addition, N-methyl amines were also prepared directly from nitro compounds or amines using
aqueous formaldehyde as a methylation source (products 58-61).

The synthetic applicability of this novel amination protocol is showcased by applying the catalyst
system to the preparation of different existing drug molecules such as piribedil (62), buclizine (63),
fenpropimorph (64), befuraline (65), and fipexide (66) in good to excellent yields (Fig. 7).

Reaction scale-up was demonstrated by performing the reductive amination of three substrates at the
5- to 20-g scale (Fig. 8). In all these cases, excellent yields were obtained (similar to those of the small-
scale reactions (100-150 mg). In addition to excellent activity and selectivity, our Co/GS@C catalyst
exhibits high stability and can be easily recycled six times without any reactivation (Table 3; Box 1).
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Fig. 3 | Co/GS@C-catalyzed reductive amination of aldehydes and ketones for the synthesis of linear and
branched primary amines. Reaction conditions: 0.5 mmol of substrate, 25 mg of catalyst (3.5 mol% Co), 5-7 bar
NHs, 40 bar H,, 3 mL t-BuOH, 120 °C, 15 h, with exceptions as follows. 20-30: in THF (dry) solvent; 21, 22,31: for 20
h; 23: for 30 h with 35 mg of catalyst. 24: for 24 h. Isolated yields reported unless otherwise indicated. Isolated as
free amines and converted to hydrochloride salts for measurement of NMR and HRMS spectra.

NH,
\O
32: 90% 33:77% 34: 90%
(Nabumetone-NH,) (Pentoxifylline-NH,) (Androsterone-NH,)

35: 86% 36:91%
(Stanolone-NH,) (Estrone-NH,)

Fig. 4 | Co/GS@C-catalyzed amination of pharmaceuticals and steroid derivatives. Reaction conditions: 0.5 mmol
of ketone, 25 mg of catalyst (3.5 mol% Co), 5-7 bar NHs, 40 bar H,, 3 mL of THF (dry), 120 °C, 15 h, with exceptions
as follows. 33, 34: for 24 h. Isolated yields reported unless otherwise indicated. Isolated as free amines and
converted to hydrochloride salts for measuring NMR and HRMS.

Although this cobalt-based reductive amination protocol can be applied to the synthesis of
different kinds of amines, it still displays limitations such as (i) poor reactivity of ketones with amines
to produce branched secondary or tertiary amines and, (ii) racemization of N-alkylated products of
amino acids without retention of chirality.
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Fig. 5 | Co/GS@C-catalyzed synthesis of secondary and tertiary amines. Reaction conditions: 0.5 mmol of
nitroarene, 0.75-1 mmol of aldehyde, 25 mg of catalyst (3.5 mol% Co), 20 mg of Amberlite IR-120, 3 mL of t-BuOH,
120 °C, 24 h, with exceptions as follows. 45-52: 0.5 mmol of amine, 0.75 mmol of aldehyde. 46: 30 mg of catalyst,
30 h. 50-52: 10 mmol of amine, 15 mmol of benzaldehyde, 500 mg of catalyst (3.5 mol% Co), 400 mg of Amberlite
IR-120, 15 mL of t-BuOH, 120 °C, 24 h. Isolated yields. ee, enantiomeric excess.
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Fig. 6 | Co/Gs@C-catalyzed preparation of N-methylamines. a, Reactions of aldehydes with dimethylamine.

Conditions: 0.5 mmol of aldehyde, 100 plL of aqueous dimethylamine (40 %), 25 mg of catalyst (3.5 mol% Co),

3 mL of t-BuOH, 120 °C, 24 h; isolated yields. b, Reactions of nitroarenes or amines with formaldehyde. Conditions:

0.5 mmol of nitroarene, 100-200 pL of aqueous formaldehyde (37%), 11 THF/H,O (3 mL), with the

following exception. 61: 0.5 mmol of amine, 100-200 pL of aqueous formaldehyde (37%), 1:1 THF/H,0O (3 mL).
Isolated yields.
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Fig. 7 | Preparation of drug molecules. Reaction conditions: T mmol of amine, 1.5 mmol of aldehyde, 50 mg of
catalyst (3.5 mol% Co), 3 mL of t-BuOH, 120 °C, 24 h, with exceptions as follows. 65, 66: 2 mmol of amine, T mmol
of aldehyde; synthesis of amine followed by acylation with acid chlorides (see Supplementary Method 2 for detailed

procedure). Isolated yields.
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Fig. 8 | Reaction upscaling. Reaction conditions: 5-20 g of substrate, 25 mg of Co/Gs@C (3.5 mol% Co) for each
0.5 mmol of substrate, 5-7 bar NHs, 40 bar H,, 50-150 mL dry THF, 120 °C, 24 h. Isolated yields.

Table 3 | Recycling of Co/GS@C for the reductive amination of 4-(4-hydroxyphenyl)butan-2-one (67)

NH,
ColGs@C
+ NH;3 o

HO 40 bar Hy, 120°C  HO
67 30

No. of runs Yield of 4-(3-aminobutyl)phenol (%)

90
90
89
89
88
87
87

N oo w2

Reaction conditions: 5 mmol, 250 mg of catalyst (3.5 mol%), 5-7 bar NH3, 40 bar H, 20 mL of dry THF, 120 °C, 15 h, isolated yields.

Experimental design

Catalyst preparation

The experimental procedure and setup reported below are applicable to the preparation of the catalyst
on a 1- to 5-g scale. Following this experimental procedure, all the catalytic materials prepared
exhibited similar activity and selectivity toward reductive amination reactions.

Characterization of catalysts
The catalytic materials have been systematically characterized using STEM, EDXS, EELS, XPS, and
XRD spectral analysis.

Catalytic reactions
The described protocol was applied to reactions ranging from a 0.5-mmol to a 120-mmol

scale. Similar yields were obtained in this range. The detailed experimental procedures to synthesize
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Box 1| Catalyst-recycling experiments with 4-(4-hydroxyphenyl)butan-2-one (Raspberry ketone)
@® Timing 15 h

This reaction is performed to test and to demonstrate recycling and reusability of the catalyst. The catalyst can
be recycled and reused up to six times without any substantial loss of catalytic activity or selectivity. In each step,
after the reaction, the catalyst is separated (recycled) and reused without any reactivation (six times).

Procedure

1 Charge the Teflon or glass fitted 100-mL autoclave with a magnetic stir bar and 20 mL of THF solvent. Then
add 821 mg of 4-(4-hydroxyphenyl)butan-2-one (5.0 mmol).

2 Weigh 250 mg (3.5 mol%) of the cobalt-based catalyst prepared in Step 8 of the main Procedure and add it to
the autoclave.

3 Perform the reaction in an autoclave as described in Step 1TA(iv-vi).

4 After completion of the reaction, let the autoclave cool to room temperature. Discharge the remaining
ammonia and hydrogen and remove the reaction solution from the autoclave.

5 Transfer all of the reaction mixture to a centrifuge tube. Centrifuge the solution and separate the catalyst by
decanting the supernatant.
A CRITICAL STEP Apply a centrifugation rate of 4,032g (6,000 r.p.m.) at room temperature (25 °C) for
5-10 min.

6 Wash the catalyst with an excess of ethyl acetate three times and dry the material in vacuo.
B PAUSE POINT The dried catalyst can be stored for hours without further ado. Reuse it directly without
further reactivation or purification for the next run.

the different amines given in Step 11A-E have been optimized (e.g., solvent, temperature,
stirring time).

Different MOFs, such as Co-DABCO-TPA, Co-DABCO, and Co-TPA, were generated in situ
under similar experimental procedures and have been used as precursors for the preparation of
supported cobalt nanoparticles. The same procedure was applied to generate different MOFs and
immobilize them on carbon, followed by pyrolysis to obtain cobalt nanoparticles.

Materials
Reagents
! CAUTION For the handling of reaction gases (hydrogen and ammonia), appropriate safety measures
should be taken. Hydrogen is a flammable gas and hence it should be handled carefully. When filling the
autoclave with hydrogen, care should be taken to avoid allowing the gas to leak out. Gaseous ammonia is
corrosive and an irritant and can be fatal when inhaled. Check the material safety data sheets for
hydrogen and ammonia before handling. The autoclaves should be handled carefully; hence, proper
training is required. Convenient and pre-checked autoclaves should be used in order to avoid hydrogen
leakage A CRITICAL All solvents are used as received commercially without any purification.
e Cobalt(II) nitrate hexahydrate (Co(NO3), - 6H,0; Alfa Aesar, cat. no. 36418-100G)
* 1,4-Diazabicyclo[2.2.2]octane (DABCO; ReagentPlus, 299%; Sigma-Aldrich, cat. no. D27802-25G)
e Terephthalic acid (TPA, 98%; Sigma-Aldrich, cat. n0.185361)
* Aqueous formaldehyde (37%, stabilizer with ~10% methanol; Sigma-Aldrich, cat. no. 252549)
® Aqueous dimethylamine solution (40 wt% in H,O; Sigma-Aldrich, cat. no. 426458)
e Tetrahydrofuran (THF; 99.8%; stabilizer free; extra dry; Acros Organics, cat. no. 45070010)
e Methanol (MeOH; J.T. Baker, cat. no. 9070-01)
e Tertiary butanol (£-buOH, 99.8%; Acros Organics, cat. no. 390690025)
* N,N-Dimethylformamide (DMF, 99%; Sigma-Aldrich, cat. no. 348435000)
e Methanolic HCI (0.5 M HCI in methanol, Alfa Aesar, cat. no. H31570)
¢ Dioxane HCI (4 N HCI in dioxane; TCI Europe, cat. no. H1062)
e Vulcan XC72R carbon black (Cabot, cat. no. LOT-1584452)
* 3-Chloro-4-fluoronitrobenzene or 2-chloro-1-fluoro-4-nitrobenzene (98.0%; Sigma-Aldrich, cat. no.

233234)
e Ethyl acetate (Walther CMP, cat. no. WAL10521 5000)
e n-Hexane (Walther CMP, cat. no. BAK8669 9025)
* Hexadecane (ReagentPlus, 99%; Sigma-Aldrich, cat. no. H6703)
o Silica gel (high-purity grade, pore size 60 A, 130-270 mesh, for column chromatography; Sigma-
Aldrich, cat. no. 288608)

e Sodium sulfate (Na,SO,, ReagentPlus, 299.0%; Sigma-Aldrich, cat. no. $9627)
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® Deionized water

* Hydrogen (99.999%; Air Liquide)

* Argon

e Helium (He)

° Ammonia gas (99.999%; Linde)

¢ Dimethylsulfoxide (DMSO-dg) (Sigma-Aldrich, cat. no. 151874)

e Deuterated methanol (CD;0D) (Sigma-Aldrich, cat. no. 151947)

e Deuterated chloroform (CDCl;) (Sigma-Aldrich, cat. no. 151823)

* Holey carbon-supported Cu grid (mesh 300)

* 3,4,5-Trimethoxybenzaldehyde (98.0%; Sigma-Aldrich, cat. no. T68403)

* 4-(4-Hydroxyphenyl)butan-2-one (>99.0%; TCI Europe, cat. no. H0604)

e 2-Chloro-1-fluoro-4-nitrobenzene (98.0%; Sigma-Aldrich, cat. no. 233234)
¢ 2,3-Dihydrobenzo[b][1,4]dioxine-6-carbaldehyde (98.0%; Sigma-Aldrich, cat. no. 264598)
e Amberlite IR-120 (Sigma-Aldrich, cat. no. 1.15966)

¢ 4-(Phenoxymethyl)benzaldehyde (Maybridge, cat. no. CC63704CB)

* 4-Nitro-N-propylbenzamide (98.0%; Sigma-Aldrich, cat. no. 394130)

Equipment

¢ Round-bottom (RB) flasks (50, 100 and 250, pear-shaped, NS 29/32; Fisher Scientific, cat. no. 10303511)

e Teflon-coated magnetic stir bars (19 x 41.3 mm; VWR, cat. no. 58949-210,)

e Pasteur pipettes (glass, 230 mm, with cotton stoppers;, Carl Roth, cat. no. E327.1)

e Filter funnel (Buchner, 30 mL, glass-fritted disk, porosity = fine; VWR, cat. no. 89426-722)

» Magnetic stir plate with heating functionality (temperature range 50-300 °C, stirring speed 100-1,250 r.p.m.;
Heidolph, model no. MR 3001 K)

e Aluminum block

* Weighing balance

¢ Vacuum pump

® Mortar and pestle (polytetrafluoroethylene (PTFE) stir bar, cylindrical, 10 x 6 mm; Cowie, cat. no.
001.110.6)

* Rotary evaporator

e Crucible and lid (china, 65 mL, 60 mm; Carl Roth, cat. nos. 1.222.1 and 1.239.1)

¢ Crucible and lid (china, 11 mL, 35 mm; Carl Roth, cat. nos. 1.218.1 and 1235.1)

¢ Oven (Neytech Qex)

e Autoclaves (100, 300 mL; Parr Instrument)

* Glass centrifuge tube

¢ TEM instrument (JEOL, model no. JEM-ARM200F) equipped with corrector (CEOS), energy-dispersive
X-ray-spectrometer (JEOL, model no. JED-2300), and a dual-EELS system (Gatan, Enfinium ER model)

e Diffractometer equipped with a linear position-sensitive detector (PSD; Stoe, STADI P model)

e X-ray photoelectron spectrometer (Thermo Fisher Scientific, model no. VG ESCALAB 220i XL)

 Gas chromatograph (Agilent, model no. 6890N network) equipped with a mass selective detector (Agilent,
model no. 5973 network) and a 30 m x 0.250 mm x 0.25-um column (Agilent, model no. HP-5MS; cat. no.
19091S-433)

* Gas chromatograph (Agilent 6890 series) with a flame ionization detector (FID) and a 30 m x 0.320 mm X
0.25-um column (Agilent, model no. HP-5; cat. no. 19091J-413)

o Spectrometers (Bruker, model nos. AV 300 and AV 400)

* High-resolution electrospray ionization mass spectrometry (ESI-HRMS) instrument (HPLC system; Agilent,
model no. 1200) and an electrospray ionization-time of flight-MS (ESI-TOF-MS) system (Agilent,
model no. 6210)

e Electron ionization mass spectrometry (EI-HRMS) instrument (mass spectrometer; Thermo Fisher
Scientific, model no. MAT 95XP)

e Reflux condenser

® Needles

e Aluminum plate

o Silica gel (pore size 3 or 4)

o Silica gel column (length, 200 mm; inner diameter, 15 mm; volume, 35 mL)

o Silica gel column (length, 1,000 mm; inner diameter, 75 mm; volume, 200 mL)

® Beaker

NATURE PROTOCOLS | VOL 15| APRIL 2020 |1313-1337 | www.nature.com/nprot 1321


www.nature.com/nprot

PROTOCOL NATURE PROTOCOLS

1322

‘e

Fig. 9 | Heat treatment of the prepared Co-MOF@C material with a Neytech Qex oven.

Software
e WinX W (https://www.stoe.com/product/software-powder-xrd/)
e NMR-MestReNova (https://mestrelab.com/software/mnova/nmr/)

Equipment setup

Pyrolysis furnace (oven)

In our lab, a Neytech Qex oven is used to pyrolyze the material. The following temperature
program is applied: conditions 25 °C/min, ~10 mL/min argon. The solid material to be pyrolyzed is
transferred to a crucible and placed in the oven (Fig. 9). After placement of the crucible with lid, the
chamber is closed and then the temperature of the oven is set to 100 °C. The air in the oven is
evacuated by generating pre-vacuum for 5 min and then the chamber is flooded with argon for
60 s. The oven is heated again and evacuates another two times (three in total). The temperature of
the oven is increased to 800 °C with constant argon flow and held at the same temperature (800 °C)
for 2 h. After the completion of pyrolysis time, the oven is cooled to 100 °C and then the chamber
is opened.
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TEM

The TEM measurements are performed at 200 kV with an aberration-corrected instrument with
a corrector. The microscope is equipped with an EDXS instrument and a dual-EELS system for
chemical analysis. The aberration-corrected STEM imaging (HAADF and annular bright field (ABF))
is performed under the following conditions: HAADF and ABF imaging both are done with a spot
size of approximately 0.1 nm, a convergence angle of 30-36° and collection semi-angles for HAADF
and ABF of 90-170 mrad and 11-22 mrad, respectively. Dual EELS is done at a cathodoluminescence
(CL) of 4 cm, an illumination semi-angle of 21.3 mrad and an entrance aperture semi-angle of
19.8 mrad.

XRD

XRD powder patterns are recorded on a Stoe STADI P diffractometer equipped with a linear PSD
using Cu Ka radiation (\ = 1.5406 A). Processing and assignment of the powder patterns is done
using WinX W software (Stoe) and the Powder Diffraction File (PDF) database of the International
Centre for Diffraction Data (ICDD).

XPS

XPS data are obtained with an X-ray photoelectron spectrometer with monochromatic Al Ka
(1486.6 eV) radiation. The electron-binding energies (Eg) are obtained without charge compensation.
For quantitative analysis, the peaks are deconvoluted with Gaussian-Lorentzian curves and the peak
area is divided by a sensitivity factor obtained from the element-specific Scofield factor and the
transmission function of the spectrometer.

Autoclaves for carrying out reductive amination reactions

All catalytic experiments are performed in either a 100- or 300-mL autoclave by placing it into a pre-
heated aluminum block (Fig. 10). A CRITICAL To avoid unspecific reactions, all catalytic reactions are
performed in either glass vials, which were placed inside the autoclave, or Teflon/glass vessel-fitted
autoclaves.

Gas chromatography-mass spectrometry

Perform gas chromatography-mass spectrometry (GC-MS; instrument coupled to both GC and MS
instruments used for the analysis of organic compounds) analyses with column temperature limits of
—60 °C to 325 °C and helium as carrier gas. A representative method for monitoring the reaction is
shown in the table below.

Time (min) Temperature (°C) Temperature ramp
0-2 40

2-11 250 21 °C/min

1-19 250

Gas chromatography

Perform gas chromatography (GC) analysis on a GC system with an FID and a 30 m x 0.320 mm x
0.25-pum column, with column temperature limits of —60 °C to 325 °C and hydrogen as carrier gas.
A representative method for monitoring the reaction is as shown in the table below.

Time (min) Temperature (°C) Temperature ramp
0-2 80

2-10 160 10 °C/min

10-19 300 14 °C/min

19-24 300

NMR spectral analysis

'H, 'C NMR data are recorded on spectrometers using DMSO-ds, CD;OD and CDCl; solvents.
Temperature should be ~25 °C (unless stated otherwise). Chemical shift reference (shifts are given
relative to tetramethylsilane) normal is 7.27 (*H) and 77.0 (**C) for CDCls; 3.32 (*H) and 49.0 (**C)

NATURE PROTOCOLS | VOL 15| APRIL 2020 |1313-1337 | www.nature.com/nprot 1323


www.nature.com/nprot

PROTOCOL NATURE PROTOCOLS

Fig. 10 | Equipment setup for reductive amination reactions. a, Pressurizing the autoclave. b, Autoclave placed into
an aluminum block.
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a b

Procedure

Fig. 11 | Starting materials for the preparation of Co/GS@C catalyst. a-d, Cobalt(ll) nitrate hexahydrate (Co(NO3)»
6H,0; a); 1,4-diazabicyclo[2.2.2]octane (DABCO; b); TPA (c); Vulcan XC72R carbon powder (d).

for CD;0D; 2.49 ("H) and 39.5 (*°C) for DMSO-ds. NMR-MestReNova software is used to integrate
the spectra.

HRMS spectral analysis
HRMS data were recorded on (i) an ESI-HRMS instrument and (ii) an EI-HRMS instrument, 70 eV.

Catalyst preparation

A CRITICAL The catalyst preparation has been adapted for the different scales. All catalyst preparation
steps (Steps 1-6) can be performed in air, except for the pyrolysis of the immobilized MOF on carbon
(Step 8).

Wet impregnation of Vulcan XC72R carbon powder @ Timing 26 h

1 Calculate the appropriate weights of cobalt nitrate ((Co(NOs3), - 6H,0), DABCO, TPA and Vulcan
XC72R carbon powder required for the preparation of 1 g, 3 g or 5 g of catalyst (see entries 1-3 in
the table below; Figs. 11-15). See Fig. 11 for starting materials.

Entry Co/Gs@C (g) Co(NO3), - 6H,0 (g) DABCO (g) TPA (g) Vulcan XC72R (g) DMF (mL)

1 1 0.148 0171 0.253 0.5 20
2 3 0.444 0.513 0.761 1.5 40
3 5 0.740 0.855 1.265 2.5 60

2 Use a 100-mL RB flask for a 5-g-scale catalyst preparation and charge with Co(NO3), - 6H,0 and
DABCO. For small-scale reactions, use smaller flasks as appropriate (50 mL).
? TROUBLESHOOTING

3 Add the appropriate amount of DMF (20 mL). Stir the mixture for 2-3 min at room temperature
(25 °C), which leads to a dark blue solution. Set the speed of stirring to ~750 r.p.m.
? TROUBLESHOOTING
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Fig. 12 | Addition of cobalt nitrate and DABCO in DMF. a-e, Reaction setup (a); addition of Cobalt(ll) nitrate
hexahydrate (Co(NOs), - 6H,0; b); addition of 1,4-diazabicyclo[2.2.2]octane (DABCO) to cobalt(ll) nitrate
hexahydrate (c); addition of DMF to the mixture of cobalt(ll) nitrate and DABCO (d); after 2-3 min of stirring the
mixture of cobalt(ll) nitrate and DABCO in DMF (e).

Add the solution of TPA in hot DMF (15 mL) to the dark blue solution obtained in Step 3. The
dark blue solution should turn into a solution with a light-blue precipitate. Then place the RB flask
containing the reaction mixture into an aluminum block preheated to 150 °C and stir the mixture
for 20-30 min with a fixed reflux condenser. The color of the solution should change to the pale
green of the Co-DABO-TPA MOF after 20 min. Keep the stirring speed at ~750 r.p.m.

? TROUBLESHOOTING

Slowly add the appropriate amount of Vulcan XC72R carbon black powder to the solution,
followed by addition of DMF (10 mL), and stir the suspension at 150 °C for 4 h. Keep the stirring
speed at ~750 r.p.m.

A CRITICAL STEP Vulcan XC72R carbon black is a fine powder and should be handled carefully
while wearing protective clothes and with local exhaust ventilation. Note, the ratio of cobalt to
linkers should be 1:3:3 (Co(NOs), - 6H,O/DABCO/TPA). TPA dissolves only in hot DMF.
Remove the reflux condenser and allow the RB flask containing the reaction products to stand
without stirring or closing for 20 h at 150 °C in order to slowly evaporate the DMF and to grow the
Co-MOF template on the carbon.

A CRITICAL STEP After the evaporation of the solvent and ensuring that the material is completely
dry, the material should be cooled to room temperature and ground to obtain a fine powder.

Heat treatment of the Co-MOF template on carbon @ Timing 8 h

7

Grind the dried material isolated in Step 6 into a fine powder and transfer it to a suitable crucible
with a lid (Fig. 16).

Place the crucible in the chamber of the oven (Fig. 9) and pyrolyze the material at 800 °C for 2 h
under an argon atmosphere (Equipment setup). The average percentage mass loss of the catalyst
after pyrolysis was found to be ~50 %.

A CRITICAL STEP After the pyrolysis, the catalytic material should be cooled to room temperature
in the closed chamber.

B PAUSE POINT The obtained material can be stored for at least 4 months in closed glass vials at
room temperature without taking any special precautions.
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Fig. 13 | Preparation of TPA solution in DMF. a-e, Addition of TPA to the other RB flask (a); addition of DMF to TPA

in RB flask (b); after addition of DMF to TPA at room temperature (c); placing the undissolved TPA in the aluminum
block for heating at 150 °C for 5 min with stirring (d); TPA solution after 5 min of heating at 150 °C (e).

Catalyst characterization @ Timing variable

9

10

Characterize the material by STEM, EDXS, EELS, XPS, and XRD spectral analysis. Refer to the Materials
section for setup of the TEM, XPS and XRD equipment. For TEM, deposit the samples on a holey
carbon-supported Cu grid (mesh 300) without any pretreatment, and transfer it to the microscope.
Before using the material, check that the spectra are similar to those shown in the Supplementary
Information (see also Table 1).

Amination reactions

11

The prepared catalyst can be used for reductive amination reactions (Fig. 17). Procedures for
each reaction type are described in options A-E. Options A and B are used to prepare (3,4,5-
trimethoxyphenyl)methanamine and 4-(3-aminobutyl)phenol, respectively. Option C is for
reductive amination of nitro compounds and aldehydes, such as the synthesis of 3-chloro-N-
((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methyl)-4-fluoroaniline. Options D and E are for the
synthesis of tertiary amines. Option D is for reductive amination of carbonyl compounds and
dimethyl amine to prepare, for example, N,N-dimethyl-1-(4-(phenoxymethyl)phenyl)methana-
mine. Option E is for reductive amination of nitro compounds with formaldehyde solution, for
example, for the preparation of 4-(dimethylamino)-N-propylbenzamide.
(A) Synthesis of (3,4,5-trimethoxyphenyl)methanamine hydrochloride @ Timing 15 h
(i) Prepare the glass vial with a magnetic stir bar (Fig. 17a) and add 3 mL of t-buOH as
solvent.
(ii) Add 98.1 mg of 3,4,5-trimethoxybenzaldehyde (0.5 mmol) to the prepared glass vial.
(iii) Weigh carefully 25 mg of the cobalt-based catalyst (3.5 mol%) prepared in Step 8 and add it
to the reaction mixture. Fit the prepared vial with septum, cap and needle and place it in an
aluminum plate inside a 300-mL autoclave (Fig. 17b).
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Fig. 14 | Preparation of Co-DABCO-TPA MOF. a-e, Addition of TPA solution to cobalt nitrate+DABCO mixture in
DMF (a); color of the reaction mixture after addition of TPA solution to cobalt nitrate+DABCO mixture in DMF (b);
placement of the reaction mixture in the aluminum block (¢); fixation with reflux condenser and stirring at 150 °C
(d); color of the reaction mixture after 30 min of stirring at 150 °C (e).

(iv)
W)

(vii)

To evacuate the air, flush the autoclave with 40 bar hydrogen gas twice. Then, pressurize
the autoclave with 5-7 bar ammonia gas and 40 bar hydrogen (Fig. 17b).

Pre heat the aluminum block to 130 °C. Place the autoclave into the preheated aluminum
block. Stir the reaction for 15 h, setting the speed of stirrer to 750 r.p.m. (Fig. 17b).

A CRITICAL STEP The temperature inside the autoclave and at the aluminum block might
vary depending on the autoclave. To avoid this difference, the temperature of the
aluminum block (heating system) should be verified and set to obtain the exact reaction
temperature inside the autoclave. The temperature measured inside the autoclave is
considered to be the reaction temperature. In our case, we observed 10 °C temperature
differences between the aluminum block and inside the autoclave. For this reason, the
temperature of the aluminum block is set to 130 °C (10 °C higher than the reaction
temperature). When charging the autoclave with ammonia and hydrogen, ammonia should
be pressurized first and then hydrogen.

After completion of the reaction, cool the autoclave to room temperature. Discharge the
remaining hydrogen and ammonia and then remove the samples from the autoclave.

A CRITICAL STEP The reaction times differ between substrates (Fig. 3). Work up the
sample using a Pasteur pipette with cotton stopper, filter off the catalyst from the reaction
solution through a short plug of silica gel (~3 cm), and rinse it with 4 mL of ethyl acetate
For each reaction with a different kind of substrate (Fig. 3), monitor the progress of the
reaction by GC-MS. To identify the desired product, take an aliquot (100 ul) of the filtrate
and perform GC-MS as described in the ‘Equipment setup’ section.
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Fig. 15 | Impregnation of Co-DABCO-TPA MOF on carbon. a-c, Addition of Vulcan XC72R carbon black support (a);
after addition of Vulcan XC72R carbon powder support (b); after 20 h of drying by slow solvothermal process (€).

(viii) For quantitative analysis of products by GC, add hexadecane (100 pl) as a standard to the
filtrate containing the reaction products. Take an aliquot (200 pl) of this filtrate for GC
analysis with the calibrated method of the substrate and the product according to the
instructions in the ‘Equipment setup’ section.

(ix) After completion of the reaction, cool the autoclave to room temperature. Discharge the

remaining hydrogen and ammonia and then remove samples from the autoclave.
A CRITICAL STEP It should be noted that the reaction times differ between substrates
(Fig. 3). Work up the sample using a Pasteur pipette with a cotton stopper, filter off the
catalyst from the reaction solution through a short plug of silica gel (~3 cm) and rinse it
with 4 mL of ethyl acetate.

(x) Purification. After completion of the autoclave reaction, remove the sample from the
autoclave. Separate the catalyst from the solution using a 30-mL Buchner filter funnel with
an embedded silica filter (pore size 3 or 4). Wash the catalyst along with the filter funnel,
using ethyl acetate (3 x 5 mL).

(xi) Collect all the filtrate fractions and concentrate the solution under reduced pressure
(at 240 mbar for 15 min, then further reduced to 10 mbar for 10 min), using a rotary
evaporator at a temperature of 40 °C.

(xii) Purify the crude product by flash column chromatography. Use a silica gel column with the
following size: length, 200 mm; inner diameter, 15 mm; and volume, 35 mL. As eluent, use
a mixture of ethyl acetate and hexane (1:10 ethyl acetate/hexane progressively brought to
1:5 ethyl acetate/hexane).

(xiii) Collect the fractions of the pure product into a beaker, stir with anhydrous Na,SO, for
5 min, and filter it off using a Buchner funnel.

(xiv) Remove the solvent from the filtrate under reduced pressure, using a rotary evaporator at a
temperature of 40 °C, and dry the obtained product in vacuo.

(xv) Convert amines into their respective hydrochloride salts. To obtain the corresponding salts,
add 1-2 mL of methanolic HCI or dioxane HCI (0.5 M HCI in methanol or 4 N HCI in
dioxane) to the ether solution of the respective amine and stir the mixture at room

temperature for 4-5 h. Then remove the solvent and dry the resulting hydrochloride salt of
amine under vacuum.
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Fig. 16 | Grinding of the dried catalyst and pyrolysis. a,b, Grinding of the dried catalyst Co-DABCO-TPA solid
material (a); used crucible with lid after pyrolysis (b).

(xvi) Analyze the structure and purity of the product by GC-MS, HRMS and NMR spectral
analysis.
? TROUBLESHOOTING
(B) Synthesis of 4-(3-aminobutyl)phenol hydrochloride ® Timing 15 h
A CRITICAL The reaction described here is at a 05-mmol scale. This reaction can be scaled up
to a 20-g scale. Refer to Box 2 for a detailed procedure for doing this.
(i) Prepare the glass vial with a magnetic stir bar (Fig. 17a) and add 3 mL of dry THF.
? TROUBLESHOOTING
(ii) Add 82.1 mg of 4-(4-hydroxyphenyl)butan-2-one (0.5 mmol) to the prepared glass vial.
(iii) Weigh carefully 25 mg of the cobalt-based catalyst (3.5 mol%) prepared in Step 8 and
add it to the glass vial containing the reaction mixture. Fit the prepared vial with
septum, cap and needle and place it into an aluminum plate inside a 300-mL autoclave
(Fig. 17b).
(iv) Perform the reaction in an autoclave as described in Step 11A (iv-xiii) to obtain
4-(3-aminobutyl)phenol hydrochloride.
(v) Analyze the structure and purity of the product by GC, GC-MS, HRMS and NMR spectral
analysis.
? TROUBLESHOOTING
(C) Reductive amination of 2,3-dihydrobenzo[b][1,4]dioxine-6-carbaldehyde with 2-chloro-1-
fluoro-4-nitrobenzene @ Timing 24 h
(i) Place a magnetic stir bar in an 8-mL reaction vial and add 3 mL of #-buOH solvent
(Fig. 17).
(ii) Add 87.7 mg of 2-chloro-1-fluoro-4-nitrobenzene (1.0 equiv.) and 82.1 mg of 2,3-dihydrobenzo
[b][1,4]dioxine-6-carbaldehyde (1.5 equiv.) to the glass vial.
(iti) Add 25 mg of the cobalt-based catalyst (3.5 mol%) prepared in Step 8 and 20 mg of Amberlite
IR-120 to the glass vial containing the reaction mixture.
? TROUBLESHOOTING
(iv) Flush the autoclave with hydrogen at 40 bar pressure twice and pressurize it with hydrogen
to 40 bar.
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Fig. 17 | Glass reaction vials and autoclave setup. a-c, Glass vials with magnetic stir bars, caps with septa, needles
and aluminum plate for placing vials (a); 300-mL autoclave (left) and autoclave with prepared reaction vials (right;
b); pressurized autoclave (c).

(v) Place the autoclave into an aluminum block preheated to 130 °C and stir the reaction mixture

for 24 h at 130 °C (Fig. 17a). Set the stirring rate to 650-700 r.p.m.
A CRITICAL STEP The temperature of the aluminum block (heating system) should be verified
by a temperature sensor to obtain the required reaction temperature. While heating up the
reaction system, a temperature gradient between the aluminum block and the reaction vial
inside the autoclave occurs. Preheat the autoclave for 30 min in order to achieve the desired
reaction temperature before starting to count the reaction time.

(vi) Implement Step 11A(vi-xii) to obtain the pure product of 3-chloro-N-((2,3-dihydrobenzo([b]
[1,4]dioxin-6-yl)methyl)-4-fluoroaniline as an oil. For the chromatographic purification of the
desired product, use a silica gel column with the following size: length, 200 mm; inner diameter,
15 mm; and volume, 35 mL. As eluent, use a mixture of ethyl acetate and hexane (100% hexane
progressively brought to 1:1 ethyl acetate/hexane).

(vii) Analyze the structure and purity of the product by GCMS, HRMS and NMR spectral analysis.

(D) Synthesis of N-methylamines: reaction between 4-(phenoxymethyl)benzaldehyde and
dimethylamine @ Timing 24 h)
(i) Place a magnetic stir bar in an 8-mL reaction vial and add 3 mL of -buOH solvent
(Fig. 17).

(ii) Add 100 pL of aqueous dimethylamine (40 wt% in H,O) and 111.2 mg of 4-(phenoxymethyl)
benzaldehyde to the glass vial.

(iii) Add 25 mg of the cobalt-based catalyst (3.5 mol%) prepared in Step 8 to the glass vial
containing the reaction mixture.

(iv) Flush the autoclave with hydrogen at 40-bar pressure twice and pressurize it with hydrogen
to 40 bar.
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Box 2 | Reaction scale-up for the synthesis of 4-(3-aminobutyl)phenol hydrochloride ® Timing
15 h

1332

The reaction described in the Procedure is scaled up to 20 g. This scaled-up method generates 17.6 g of product
(4-(3-aminobutyl)phenol) hydrochloride. In scaling up any of these reactions, the steps below need to be
optimized.
For other upscaling reactions (5- to 20-g scale), the amounts of catalyst and solvent need to be altered. An
amount of catalyst equivalent to 3.5 mol% and an amount of solvent equivalent to 10 mL for 1 g of substrate.
Other parameters, such as reaction time, temperature, and pressure of hydrogen and ammonia, are applied in a
manner similar to that used for small-scale reactions (0.5. mmol).

Procedure
Charge the Teflon or glass fitted 300-mL autoclave with a magnetic stir bar and 150 mL of THF solvent. Then
add 20 g of 4-(4-hydroxyphenyl)butan-2-one (121.8 mmol).

Weigh 3.6 g (3.5 mol%) of the cobalt-based catalyst prepared in Step 8 of the main Procedure and add it to
the autoclave.

Perform the reaction in an autoclave as described in Step 1A(v-vi).

After completion of the reaction, let the autoclave cool to room temperature. Discharge the remaining
ammonia and hydrogen and remove the reaction solution from the autoclave.

For purification, implement Step 1A(viii-xii). For purification, use a silica gel column with the following size:
length, 1,000 mm; inner diameter, 75 mm; and volume, 200 mL. As eluent, use a mixture of ethyl acetate and
hexane (1:10 ethyl acetate/hexane progressively brought to 1:5 ethyl acetate/hexane).

1

2

3

)

(vii)

Place the autoclave into an aluminum block preheated to 130 °C and stir the reaction mixture
for 24 h at 130 °C (Fig. 17a). Set the stirring rate to 650-700 r.p.m.

A CRITICAL STEP The temperature of the aluminum block (heating system) should be
verified by a temperature sensor to obtain the required reaction temperature. While heating
up the reaction system, a temperature gradient between the aluminum block and the reaction
vial inside the autoclave occurs. Preheat the autoclave for 30 min in order to achieve the
desired reaction temperature before starting to count the reaction time.

Implement Step 11A(vi—xii) to obtain the pure product N,N-dimethyl-1-(4-(phenoxymethyl)
phenyl)methanamine as a yellow gum. For the chromatographic purification of the desired
product, use a silica gel column with the following size: length, 200 mm; inner diameter,
15 mm; and volume, 35 mL. As eluent, use a mixture of ethyl acetate and hexane (100%
hexane progressively brought to 1:1 ethyl acetate/hexane).

Analyze the structure and purity of the product by GCMS, HRMS and NMR spectral
analysis.

(E) Synthesis of N-methylamines: reaction between 4-nitro-N-propylbenzamide and aqueous
formaldehyde @ Timing 24 h

(i)
(ii)

(iii)
(iv)

v)

(vii)

Charge an 8-mL glass vial with a magnetic stir bar and add 3 mL of a THF-H,O (1:1)
solvent mixture (Fig. 17).

Add 100 pL of aqueous formaldehyde (37% in water, stabilized with ~10% methanol), and
104.1 mg of 4-nitro-N-propylbenzamide to the glass vial.

Add 25 mg of the cobalt-based catalyst (3.5 mol%) prepared in Step 8 to the solution.
Flush the autoclave with hydrogen at 40-bar pressure twice and pressurize it with hydrogen
to 40 bar.

Place the autoclave into an aluminum block preheated to 130 °C and stir the reaction
mixture for 24 h at 130 °C (Fig. 17a). Set the stirring rate to 650-700 r.p.m.

A CRITICAL STEP The temperature of the aluminum block (heating system) should be
verified by a temperature sensor to obtain the required reaction temperature. While heating
up the reaction system, a temperature gradient between the aluminum block and the
reaction vial inside the autoclave occurs. Preheat the autoclave for 30 min in order to
achieve the desired reaction temperature before starting to count the reaction time.
Implement Step 11A(vi—xii) to obtain the pure product 4-(dimethylamino)-N-propylben-
zamide as brown solid. For the chromatographic purification of the desired product, use a
silica gel column with the following size: length, 200 mm; inner diameter, 15 mm; and
volume, 35 mL. As eluent, use a mixture of ethyl acetate and hexane (100% hexane
progressively brought to 1:1 ethyl acetate/hexane).

Analyze the structure and purity of the product by GCMS, HRMS and NMR spectral
analysis.
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Troubleshooting

Troubleshooting advice can be found in Table 4.

Table 4 | Troubleshooting table

Step Problem

Possible reason

Solution

2-4 The catalytic activity is
lower than expected

Dissolving of both linkers and cobalt nitrate
together or dissolving of TPA and cobalt
nitrate together.

DABCO and cobalt nitrate should be dissolved
in DMF first. Next, TPA that has already been
dissolved in DMF should be added.

TA(xvi), NH, peak in '"H NMR It is possible that the NH, peak merged with Convert amines into HCI salts and measure
1B(v) observed the residual solvent-water peak in DMSO NMR in DMSO
1B() The yield of the product is If an old bottle of THF was used, water might Use fresh and dry THF
lower than expected be present in the THF
NCii) The yield of the product is Less effective formation of the The Amberlite IR-120 is needed as an additive
lower than expected secondary imine to form the corresponding imine effectively
Timing

Anticipated results

Catalyst preparation

Steps 1-6, wet impregnation of Vulcan XC72R black carbon powder: 26 h

Step 7 and 8, heat treatment of the adsorbed Co-DABCO-TPA MOF on carbon: 8 h

Steps 9 and 10, catalyst characterization: variable

Amination reactions

Step 11A, synthesis of (3,4,5-trimethoxyphenyl)methanamine hydrochloride: 15 h

Step 11B, synthesis of 4-(3-aminobutyl)phenol hydrochloride: 15 h

Step 11C, reductive amination of 2,3-dihydrobenzo[b][1,4]dioxine-6-carbaldehyde with 2-chloro-1-
fluoro-4-nitrobenzene: 24 h

Step 11D, synthesis of N-methylamines: reaction between 4-(phenoxymethyl)benzaldehyde and
dimethylamine: 24 h

Step 11E, synthesis of N-methylamines: reaction between 4-nitro-N-propylbenzamide and aqueous
formaldehyde: 24 h

Box 1, catalyst-recycling experiments with 4-(4-hydroxyphenyl)butan-2-one: 15 h

Box 2, reaction scale-up for the synthesis of 4-(3-aminobutyl)phenol hydrochloride: 15 h

Co-DABCO-TPA@C-800 catalyst

TEM analysis and data

Aberration-corrected STEM analysis of the most active material (Co-DABCO-TPA@C-800; Co/
GS@C) shows the formation of mainly metallic cobalt particles with diameter ranging from <5 nm to
30 nm (Fig. 2 and Supplementary Fig. 1). The EDXS (Supplementary Fig. 1a, left) shows mainly the
presence of metallic Co particles within the carbon matrix. Most of these particles are surrounded
by a combination of some graphitic layers and short-range ordered graphitic shells (Supplementary
Fig. la, middle). In addition, a smaller quantity of core-shell particles with cobalt oxide shells at
metallic Co is also present (Supplementary Fig. 2a). In regions of short-range ordered carbon, we
detected single Co atoms as bright dots in HAADF images (Supplementary Fig. 1a, right).

To get information on the cobalt-carbon-nitrogen relation, the parallel mapping of EDXS for all
elements and EELS (Supplementary Fig. 1b) optimized for carbon, nitrogen and oxygen were per-
formed. Because the nitrogen signal is superimposed on the carbon signal in EDXS, these maps were
used only for the Co distribution. Figure 2b shows the maps of C, N and Co (left image) in the
neighborhood of a metallic particle wrapped by graphitic carbon. The C-N overlay in the HAADF
image (middle image) gives evidence that nitrogen is located not only in the graphitic shell on the
Co particle but surprisingly also in short-range ordered carbon, which is not part of the graphitic shell
and corresponds to features with single atoms shown in Supplementary Fig. la. Co traces are
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detectable everywhere in the nitrogen-containing carbon at low concentrations. By contrast, the
less active material, Co-DABCO@C-800, contained mainly hollow cobalt oxide (Co;O,4) particles
(Supplementary Fig. 2b). In addition to Co;0,, some Co-Co30, core-shell particles were also pre-
sent. Although sub-nanometer Co structures were found in this material, no single Co atoms were
detected. Similarly, Co-TPA@C-800 (Supplementary Fig. 2¢) also contained mainly cobalt oxide
(Co030,) particles encapsulated within graphitic shells, along with a small quantity of metallic cobalt
in Co-Co;0, core-shell structures. No single Co atoms or sub-nanometer Co structures were
detected in this material. Cobalt nitrate@C-800, which was completely inactive, contained hollow
Co;0, with short-range ordered carbon from the support in the vicinity (Supplementary Fig. 2d). To
understand the formation mechanism of the active catalyst, materials pyrolyzed at lower temperatures
were also characterized (Supplementary Fig. 3). In Co-DABCO-TPA@C-400, a minor amount of
metallic cobalt was present in the core of cobalt-cobalt oxide core-shell structures, and no formation
of graphitic shells was observed. Co-DABCO-TPA@C-600 contained more metallic cobalt, and
incipient formation of graphitic shells enveloping the metallic Co was evident. Apparently, this
structural process is critical to high activity and stability. For the most active Co-DABCO-TPA@
C-800, single Co atoms within some of the graphitic structures were detected. In the case of
Co-DABCO-TPA@C-1000, most of the Co was present in metallic crystallite morphology completely
covered by graphitic structures. In all the active catalysts, cloudy regions of cobalt species in the 1- to
2-nm range were detected.

XRD analysis and data
The different phases of cobalt in both active and less active catalysts have been also confirmed by
XRD data (Supplementary Figs. 7 and 8) that accorded with the TEM analysis.

XPS analysis and data

The nature and quantity of nitrogen in these materials were further explored by XPS (Supplementary
Figs. 10 and 11). Surprisingly, the combination of the two linkers increased the quantity of nitrogen
in the near-surface region compared to either linker alone (Supplementary Fig. 12). The N content
in Co-DABCO-TPA@C-800 was three times higher than in Co-DABCO®@C-800, whereas in
Co-TPA@C-800, only traces of N were observed. In both Co-DABCO-TPA@C-800 and Co-DAB-
CO@C-800, two N-states could be detected (Supplementary Fig. 10): one correlating with imine-like
N known from pyridine (~398 eV)*"*** and the other manifesting a higher binding energy, corre-
sponding to N bonded to the metal. For the former sample a clear separation of the two peaks was
observed due to the slightly higher binding energy. For Co-DABCO-TPA@C pyrolyzed at different
temperatures, iminic N was observed, and the binding energy of the Co-N bond increased
as pyrolysis temperature ascended to 800 °C (Supplementary Fig. 10). In comparison to all
other samples, the observation of the two N states was unique to these active systems (Supplementary
Fig. 11)*"*%. It seems that for the optimal catalyst, the bonding between Co and N is most pro-
nounced. In the material pyrolyzed at 1,000 °C, the formation of nitrides could be observed as
well (Supplementary Fig. 11). In the un-pyrolyzed and 1,000 °C samples, the amount of Co in the
near-surface region was too low for a reasonable peak fitting; for all other samples, the metal content
was nearly the same.

(3,4,5-Trimethoxyphenyl)methanamine hydrochloride

Column chromatography on silica gel (method: 10% ethyl acetate/hexane—60% ethyl acetate/hexane;
Fig. 15) yielded the free amine, which is further converted into the corresponding hydrochloride
salt to obtain the title compound in solid form (88%, 173.5 mg). 'H NMR (300 MHz, rt, DMSO-dy)
0y = 8.69 (br s, 3H, NH,-HCI), 6.98 (s, 2H, 2x CH), 3.95 (s, 2H, CH,), 3.78 (s, 6H, 2x OCH,),
3.65 (s, 3H, OCH;). °C NMR (75 MHz, rt, DMSO-de) 8¢ = 153.25 (2x C), 137.72 (C), 130.12 (C),
107.07 (2x CH), 60.48(OCHs;), 56.50 (2x OCHj;3), 42.86 (CH,) p.p.m. HRMS (EI): calcd. for
CoH 505N, [M]+ 197.1046; found 197.1042. White solid.

4-(3-Aminobutyl)phenol hydrochloride

Column chromatography on silica gel (method: 10% ethyl acetate/hexane—60% ethyl acetate/hexane;
Fig. 18) yielded the free amine, which is further converted into the corresponding hydrochloride
salt to get the title compound in solid form (89%, 146.8 mg). 'H NMR (300 MHz, rt, DMSO-dy)
0y = 9.14 (br s, 1H, OH), 8.40 - 8.03 (br s, 3H, NH,.HCI), 6.98 (d, ] = 8.4 Hz, 2H, 2x CH),
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Fig. 18 | Structures of selected amines prepared in Step 11A-E. a-e, (3,4,5-trimethoxyphenyl)methanamine
hydrochloride (Step 11A; a); 4-(3-aminobutyl)phenol hydrochloride (Step 11B; b); 3-chloro-N-((2,3-dihydrobenzo[b]
[1,4]dioxin-6-yl)methyl)-4-fluoroaniline (Step 11C; ¢); N,N-dimethyl-1-(4-(phenoxymethyl)phenyl)methanamine
(Step 11D; d); A4-(dimethylamino)-N-propylbenzamide (Step 11E; e).

6.71 (d, ] = 8.4 Hz, 2H, 2x CH), 3.20 - 2.93 (m, 1H, CH), 2.68 - 2.35 (m, 2H, CH,), 2.00 - 1.80 (m,
1H, CH), 1.77 - 1.56 (m, 1H, CH), 1.22 (d, ] = 6.5 Hz, 3H, CH;). >C NMR (75 MHz, rt, DMSO-d,)
8c = 155.52 (C), 130.79 (C), 128.94 (2x CH), 115.14 (2x CH), 46.37 (CH), 36.10 (CH,), 29.96 (CH,),
17.94 (CHj3) p.p-m. Traces of dioxane solvent peaks were observed in NMR. HRMS (ESI-TOF, m/z):
calcd. for C;oH;5NO [M+H]+ 166.1226; found 166.1226. Off white solid.

3-Chloro-N-((2,3-dihydrobenzo[b][1,41dioxin-6-yl)methyl)-4-fluoroaniline

Column chromatography on silica gel (method: 0% ethyl acetate/hexane-40% ethyl acetate/hexane;
Fig. 18) provided the title compound as colorless liquid (81%, 237.5 mg). 'H NMR (300 MHz, rt,
chloroform-d) 6y = 6.79 - 6.74 (m, 1H, CH), 6.71 - 6.68 (m, 1H, CH), 6.67 (d, ] = 0.4 Hz, 1H, CH),
6.66 — 6.59 (m, 1H, CH), 6.42 (dd, ] = 6.1, 2.9 Hz, 1H, CH), 6.24 (ddd, ] = 8.9, 3.8, 2.9 Hz, 1H, CH),
4.05 (s, 4H, 2x CH,), 3.95 (s, 2H, CH,), 3.81 (br s, 1H, NH). ?C NMR (75 MHz, rt, chloroform-d)
dc = 15090 (d, ] = 237.3 Hz, ipso C), 145.14 (d, ] = 2.1 Hz, C), 143.73 (C), 142.94 (C),
131.99 (C), 120.99 (d, ] = 18.4 Hz, C), 120.44 (CH), 117.49 (CH), 116.83 (d, J = 21.9 Hz, CH), 116.34
(CH), 113.76 (d, ] = 0.7 Hz, CH), 112.08 (d, ] = 6.3 Hz, CH), 64.40 (OCH,), 64.35 (OCH,), 47.99
(CH,) p.p-m. HRMS (ESI-TOF, m/z): calcd. for C;sH;;CIFNO, [M+H]+ 292.0535; found 292.0529.
Colorless liquid.

N,N-Dimethyl-1-(4-(phenoxymethyl)phenyl)methanamine

Column chromatography on silica gel (method: 10% ethyl acetate/hexane—50% ethyl acetate/hexane;
Fig. 18) yielded the title compound in liquid form (86%, 207.7 mg). 'H NMR (300 MHz, rt,
chloroform-d) &y = 7.39 - 7.19 (m, 5H, 5x CH), 7.13 (d, ] = 8.6 Hz, 2H, 2x CH), 6.84 (d, ] = 8.6 Hz,
2H, 2x CH), 4.94 (s, 2H, CH.,), 3.29 (s, 2H, CH,), 2.14 (s, 6H, 2x CH;). >*C NMR (75 MHz, rt,
chloroform-d) §c = 158.10 (C), 137.11 (C), 130.75 (C), 130.45 (2x CH), 128.62 (2x CH), 127.98 (2x
CH), 127.54 (CH), 114.65 (2x CH), 70.04 (CH,), 63.62 (CH,), 45.12 (2x CH,) p.p.m. HRMS (EI):
caled. for C;sH;9OIN1 [M]+ 241.1461; found 241.1463. Yellow gum.

4-(Dimethylamino)-N-propylbenzamide

Column chromatography on silica gel (method: 10% ethyl acetate/hexane—70% ethyl acetate/hexane;
Fig. 18) yielded the title compound in solid form (81%, 167.3 mg). 'H NMR (300 MHz,
rt, chloroform-d) dy = 7.61 (d, ] = 8.9 Hz, 2H, 2x CH), 6.57 (d, ] = 8.9 Hz, 2H, 2x CH), 6.15 (br s,
1H, NH), 3.45 — 3.20 (m, 2H, CH,), 2.92 (s, 6H, 2x CH,), 1.73 - 1.40 (m, 2H, CH,), 0.88 (t, ] = 7.4
Hz, 3H, CH;). >C NMR (75 MHz, rt, chloroform-d) 8c = 167.49 (CO), 152.32 (C), 128.33 (2x CH),
121.66 (C), 111.07 (2x CH), 41.59 (CH,), 40.17 (2x CH3), 23.13 (CH,), 11.53 (CH;) p.p.m. HRMS
(EI): caled. for C,H gOIN, [M]+ 206.1413; found 206.1415. Brown solid.

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.
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Catalytic reductive aminations using molecular
hydrogen for synthesis of different kinds
of amines

Kathiravan Murugesan, (2) +¢ Thirusangumurugan Senthamarai,f°
Vishwas G. Chandrashekhar, ) 12 Kishore Natte, (2° Paul C. J. Kamer, (2@
Matthias Beller (2 ** and Rajenahally V. Jagadeesh () *@

Reductive aminations constitute an important class of reactions widely applied in research laboratories
and industries for the synthesis of amines as well as pharmaceuticals, agrochemicals and biomolecules.
In particular, catalytic reductive aminations using molecular hydrogen are highly valued and essential for
the cost-effective and sustainable production of different kinds of amines and their functionalization.
These reactions couple easily accessible carbonyl compounds (aldehydes or ketones) with ammonia,
amines or nitro compounds in the presence of suitable catalysts and hydrogen that enable the
preparation of linear and branched primary, secondary and tertiary amines including N-methylamines
and molecules used in life science applications. In general, amines represent valuable fine and bulk
chemicals, which serve as key precursors and central intermediates for the synthesis of advanced
chemicals, life science molecules, dyes and polymers. Noteworthily, amine functionalities are present in
a large number of pharmaceuticals, agrochemicals and biomolecules, and play vital roles in the function
of these active compounds. In general, reductive aminations are challenging processes, especially for
the syntheses of primary amines, which often are non-selective and suffer from over-alkylation and
reduction of carbonyl compounds to the corresponding alcohols. Hence, the development of suitable
catalysts to perform these reactions in a highly efficient and selective manner is crucial and continues to
be important and attracts scientific interest. In this regard, both homogeneous and heterogeneous
catalysts have successfully been developed for these reactions to access various amines. There is a need
for a comprehensive review on catalytic reductive aminations to discuss the potential catalysts used
and applicability of this methodology in the preparation of different kinds of amines, which are of
commercial, industrial and medicinal importance. Consequently, in this review we discuss catalytic
reductive aminations using molecular hydrogen and their applications in the synthesis of functionalized
and structurally diverse benzylic, heterocyclic and aliphatic primary, secondary and tertiary amines as
well as N-methylamines and more complex drug targets. In addition, mechanisms of reductive
aminations including selective formation of desired amine products as well as possible side reactions are
emphasized. This review aims at the scientific communities working in the fields of organic synthesis,
catalysis, and medicinal and biological chemistry.

compounds serve both as fine and bulk chemicals as well as key
precursors and central intermediates for the synthesis of advanced

Amines represent highly privileged chemicals extensively applied chemicals, pharmaceuticals, biomolecules, agrochemicals and
in different science areas such as chemistry, biology, medicine, polymers."® Notably, amine functionalities are present in the

energy, materials and environment (Fig. 1).

1733 These important majority of drugs and biomolecules, and hence they form integral

parts of these life science molecules (Fig. 2)."® As an example,

“ Leibniz-Institut fiir Katalyse e.V., Albert-Einstein-Straf$e 29a, 18059 Rostock, >80% of the 200 top selling drugs of 2018 contained amine
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and/or nitrogen moieties, which play significant roles in their
activities.> Moreover, amines are involved in the creation of
proteins, enzymes, nucleic acids and hormones in living beings

t These authors contributed equally to this work. (Fig. 2)."® For the synthesis and functionalization of amines,
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In catalysis, it is a common practice to develop catalysts for only one specific
synthetic methodology. However, to save the time, energy, and resources, the
development of more general catalysts applicable for many organic
transformations to access different kinds of compounds offers interesting
opportunities. In this respect, cobalt nanoparticles are presented as "“universal”
catalysts for aerobic oxidations of alcohols to synthesize aldehydes, ketones,
carboxylic acids, esters, nitriles, and amides.
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A "universal” catalyst for aerobic oxidations
to synthesize (hetero)aromatic aldehydes,
ketones, esters, acids, nitriles, and amides

Thirusangumurugan Senthamarai,’ Vishwas G. Chandrashekhar,’ Nils Rockstroh,' Jabor Rabeah,’

Stephan Bartling,’ Rajenahally V. Jagadeesh,’* and Matthias Beller’#*

SUMMARY

Functionalized (hetero)aromatic compounds are indispensable
chemicals widely used in basic and applied sciences. Among these,
especially aromatic aldehydes, ketones, carboxylic acids, esters, ni-
triles, and amides represent valuable fine and bulk chemicals, which
are used in chemical, pharmaceutical, agrochemical, and material in-
dustries. For their synthesis, catalytic aerobic oxidation of alcohols
constitutes a green, sustainable, and cost-effective process, which
should ideally make use of active and selective 3D metals. Here,
we report the preparation of graphitic layers encapsulated in Co-
nanoparticles by pyrolysis of cobalt-piperazine-tartaric acid com-
plex on carbon as a most general oxidation catalyst. This unique ma-
terial allows for the synthesis of simple, functionalized, and structur-
ally diverse (hetero)aromatic aldehydes, ketones, carboxylic acids,
esters, nitriles, and amides from alcohols in excellent yields in the
presence of air.

INTRODUCTION

Catalysis is a key process in science that allows to control all kinds of chemical trans-
formations. In the presence of a suitable catalytic material the reaction rate can be
dramatically increased, which enables the optimal use of resources, increasing the
yield of desired products and at the same time avoiding waste formation as well
as reduce specific energy requirements.’”'® Nowadays, 90% of all modern pro-
cesses in the chemical industry apply catalytic technologies.””'® In addition to this
crucial role in chemical sciences, catalysts also provide the basis of innovation for
many other industries based on life and material sciences as well as energy technol-
ogies. Thus, new catalytic materials including molecularly defined and nanostruc-
tured systems are continuously prepared by scientists all over the world and tested
for all kinds of transformations.’ ' Regarding the potential new catalysts, in partic-
ular, 3D-metal-based systems are gaining increasing importance and provide the
basis for an advanced and sustainable chemical synthesis."'~"” Due to the inherent
beneficial aspects such as stability, recycling, and reusability, heterogeneous nano-

structured materials, especially, are of prime importance.'’?°

Typically, for a specific benchmark reaction or more importantly for a given industrial
process the “best” catalyst is desired. Especially, for the bulk chemical industry it is
important to apply state-of-the-art catalysts with optimal activity (TOF, turnover fre-
quency), productivity (TON, turnover number), and selectivity to be cost competitive
on a global scale.”’ However, apart from such highly optimized systems, there is also
significant interest in catalysts, which can be applied in a general way for various

The bigger picture

The development of a general and
selective catalysts, which should
be applicable not only for one
specific class of products but also
to the synthesis of different
compound classes, has been
scarcely investigated in catalysis
research. Here, we present a
"universal” catalyst that allows the
synthesis of different kinds of
functionalized and structurally
diverse (hetero)aromatic
compounds such as aldehydes,
ketones, carboxylic acids, esters,
nitriles, and primary amides. Key
to success for this achievement is
the application of carbon-
supported graphitic-shell-
encapsulated cobalt
nanoparticles, which are prepared
by immobilization and pyrolysis of
cobalt-piperazine-tartaric acid
template on carbon. We believe
that the presented concept is not
only valid for the here-described
case of alcohol oxidations but also
offers manifold opportunities for
other chemical transformations.
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processes. This is especially true for applications in organic synthesis, for drug
discovery, and for basic sciences. Here, it is a common practice to develop new
catalysts only for one specific synthetic methodology and the generality of a given
catalyst is measured by its robustness toward different reaction conditions, but
especially by its functional group tolerance and a wide substrate scope. Considering
that elementary steps of many chemical processes are similar, we believe that
"general” catalysts can be developed more efficiently by not only focusing on one
specific transformation. As an example, in the oxidation of alcohols diverse com-
pounds B-F can be formed. In general, alcohol (A) is oxidized to the corresponding
aldehyde (B) first, which then can react with different nucleophiles such as H,O,
alcohol, and ammonia to generate either geminal diol (X), hemiacetal (X), hemiami-
nal (X), or primary imine (Y), respectively, as intermediates (X and Y). All these inter-
mediates might be further oxidized to produce the corresponding acid (C), ester (D),

primary amide (F), and/or nitrile (E), respectively (Figure 1).22-2¢8

Looking at the individual steps of Figure 1, clearly the conversion of A to B and X to
C, D, and F are mechanistically related and indeed can be performed with similar
type of catalysts. However, traditionally each of these methodologies is studied
separately using different catalyst systems, which is time and resource consuming.

Among the many kinds of chemicals, functionalized aromatic and heterocyclic com-
pounds are most valuable, which provide the basis for countless products of our
daily life. In fact, synthetic organic chemistry and drug discovery majorly rely on
the valorization of such compounds.zg’31 Among these, (hetero)aromatic carbonyl
compounds (B), carboxylic acids (C), esters (D), nitriles (E), and amides (F) represent
valuable fine and bulk chemicals widely used in research laboratories and indus-
tries.***® Notably, these compounds can be easily functionalized/upgraded.
Hence, they serve as precursors and intermediates for the synthesis of advanced
chemicals, pharmaceuticals, agrochemicals, biomolecules, and materials. More-
over, many life science molecules, natural products, fragrances, and cosmetics as
well as other daily life products contain, -CHO, -C=0, —-COOH, —-COOR, -CN,
and —CONH;, functionalities, which play vital roles in their physical properties and
functions.

In general, products B-F can be conveniently accessed by oxidation of benzylic al-

39-102 \which are broadly commer-

cohols and related heteroaromatic compounds,
cially available. As an example, more than >200 benzylic alcohols are available
from Sigma-Aldrich.'%® Regarding potential oxidants, air is ideal because it is abun-
dant, inexpensive, and green, and it produces only water as by-product.’* Favor-
ably, air is much safer and more convenient to use than dioxygen. To perform the
oxidation of alcohols using molecular oxygen or air to produce B-F, both homoge-
neous and heterogeneous catalysts based on precious and non-precious metals

were developed in the past (Figure 2).>7"%?

Despite these achievements, until now, there is no single general catalyst developed

or applied for the oxidative conversion of alcohols to synthesize carbonyl com-

pounds (aldehydes and ketones; B), carboxylic acids (C), esters (D), nitriles (E), and 1Leibniz-Institut fiir Katalyse e.V.,
amides (F). Albert-Einstein-StraBe 29a, 18059 Rostock,
Germany

. . ?Lead contact
In this regard, here, we show that a general catalyst development can be achieved

- . . . . . *C d :
efficiently by directly including different related benchmark reactions and parallel jagzgzzzfli:ajznnzehaHy@catalygis‘de RV.J),
testing of the catalyst materials under investigation. Following the presented strat- matthias.beller@catalysis.de (M.B.)

egy, we demonstrate that it is possible to develop graphitic-shell-encapsulated https://doi.org/10.1016/j.chempr.2021.12.001
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Figure 1. Possible products from alcohols by catalytic oxidation
Synthesis of aldehydes (B), carboxylic acids (C), esters (D), nitriles (E), and primary amides (F).

cobalt nanoparticles as a “most general” oxidation catalyst, which can not only be
applied in one of the above-mentioned aerobic oxidation reactions but many
related transformations. The highly stable and reusable catalyst allows for the syn-
thesis of functionalized and structurally diverse aromatic and heterocyclic alde-
hydes, ketones, carboxylic acids, esters, nitriles, and primary amides in good to
excellent yields.

RESULTS AND DISCUSSION

Preparation of materials and catalytic evaluations

In the past decade, we prepared a variety of nanostructured 3D-metal (Fe, Co, Ni,
and Cu)-based materials by immobilization of either organometallic complexes or
metal organic frameworks on inorganic supports and subsequent pyrolysis under
inert atmosphere.’®>'%® Some of these materials proved to be highly active and
selective for catalytic hydrogenations, oxidations, and reductive amination
reactions.'®7'%8 A typical feature of these active catalysts is the core-shell
structure of the metal nanoparticles, which are embedded in graphene or graphitic
layers.'%79% To obtain this specific structure, ligated metal complexes have been
used as precursors.'®>'%% To be cost-efficient, the respective ligands should be as
simple, abundant, and inexpensive as possible. In this respect, amines and carbox-
ylic acids are interesting as a plethora of them is easily accessible.

In continuation of our previous work,'%~'%® we started to prepare a library of sup-
ported 3D-metal nanoparticles using Co, Mn, Fe, and Cu salts with piperazine (PZ)
and DL-tartaric acid (TA) as ligands, which will form metal coordination polymers
or metal organic frameworks. As an example, Co(NO3),-6H,0 was dissolved in
DMF, and then this mixture was heated to 150°C. At this temperature, PZ and TA
were added and stirring was continued for 30 min. After addition of the support (car-
bon; Vulcan XC72R) and 4 h of additional stirring, the solvent was removed, and the
resulting dark solid material was grinded and pyrolyzed at different temperatures
(400°C-1,000°C) under argon atmosphere for 2 h to provide the desired cobalt-
based nanoparticles supported on carbon (Figure 3). Similarly, other 3D-metal ni-
trates (Fe(NO3);3-9H,0, Mn(NO3);-6H,0, and Cu(NOs3),-3H,0) were applied
following the same procedure. For comparison, metal salts without ligands were py-
rolyzed on carbon, and Ru- as well as Pd-containing materials were made using PZ
and TA ligands, too.

Chem 8, 1-24, February 10, 2022
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Figure 2. Synthesis of carbonyl compounds, carboxylic acids, esters, nitriles, and primary amides from alcohols by catalytic oxidations using

molecular oxygen or air

Following our concept to develop a universal oxidation catalyst, we evaluated the

generality and applicability of the prepared materials not only for one type of reac-

tion, but five different aerobic oxidation reactions were chosen. More specifically, all

potential catalysts as well as selected commercial ones were tested for their activities

in the conversion of benzyl alcohol (A1) to benzaldehyde (B1), benzoic acid (C1),
methyl benzoate (D1), benzonitrile (E1), and benzamide (F1) (Figure 4). In general,

all these benchmark reactions were performed in the presence of air (1 bar or 10

bar) at 55°C-120°C using either alcohols, water, or heptane as solvent. Interestingly,

aldehyde and ester formation are observed at ambient pressure and low tempera-

ture, while the formation of acid, amide, and nitrile proceeded at temperatures

>100°C and 10 bar of air vide infra.

First, we tested in a parallel manner, the materials prepared by the pyrolysis of Fe-,

Mn-, Co-, and Cu-nitrates on carbon

4 Chem 8, 1-24, February 10, 2022
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Figure 3. Preparation of Co-nanoparticles supported on carbon by the pyrolysis of cobalt-
piperazine-tartaric acid complexes

Step 1:stirring in DMF at 150°C for 30 min. Step 2: addition of Vulcan XC72R. Step 3: stirring in DMF
at 150°C for 4 h. Step 4: slow evaporation of DMF and drying. Step 5: grinding of Co-PZ-TA@C
material into fine powder. Step é: pyrolysis of Co-PZ-TA@C at 800°C for 2 h under Ar.

Co(NO3),@C-800, and Cu(NO3),@C-800) (Figure 4). All these materials exhibited no
or poor activities for all the benchmark reactions (<16% yields of the corresponding
products B1-F1). Next, we tested catalysts prepared by the impregnation and pyrol-
ysis of PZ- and TA-ligated metal complexes (Fe-PZ-TA@C-800, Mn-PZ-TA@C-800,
Co-PZ-TA@C-800, and Cu-PZ-TA@C-800) (Figure 4). Among these materials Fe-
PZ-TA@C-800 was completely inactive for the formation of benzoic acid and methyl
benzoate, whereas it showed low to moderate activity for the synthesis of benzalde-
hyde, benzonitrile, and benzamide in 16%, 20%, and 60%, respectively. Mn-PZ-
TA@C-800 was even more specific producing only 20% of B1, while no or very little
activity is observed in the other model reactions. Interestingly, Co-PZ-TA@C-800 ex-
hibited remarkable activity and selectivity in all the benchmark reactions and pro-
duced almost quantitative of yields (>98%) of benzaldehyde, benzoic acid, methyl
benzoate, benzonitrile, and benzamide. Finally, Cu-PZ-TA@C-800 was tested and
showed no activity for the formation of C1 and D1 as well as very low activity for
B1 formation (30%). However, this material was found to be efficient for the prepa-
ration of benzonitrile (98%) and benzamide (97%). Because of the unique behavior of
the cobalt-based material, variation of the pyrolysis temperature of the templated
Co-PZ-TA@C was performed. However, materials prepared by pyrolysis at 400°C,
600°C, and 1,000°C showed lower activity. Similarly, pyrolysis of cobalt-complexes
with single ligands either PZ or TA (Co-PZ@C-800 or Co-TA@C-800) gave less active
materials and provided the desired products B1-F1 in 50%—-68% yields. Using the
Fe, Mn, or Co salts in the absence and presence of PZ and TA under homogeneous
conditions exhibited no or minor activity in all five benchmark tests (<5%) (Table S2).
Likewise, the non-pyrolyzed supported pre-catalysts (metal-PZ-TA@C) behave.
However, in the presence of the homogeneous Cu-PZ-TA system and its supported
derivative some activity for the formation of benzaldehyde (10%-15%) is observed
(Table S2).

To compare the activities and selectivities of the optimal system (Co-PZ-TA@C-800)
with commercially available precious-metal-based catalysts, Ru/C and Pd/C were
also applied in the benchmark reactions (Figure 4). Under similar conditions, Ru/C
showed no activity for alcohol to ester oxidation, and in all other cases, product
yields were lower compared with Co-PZ-TA@C-800, while Pd/C exhibited only
high activity for the preparation of benzaldehyde. Likewise, Ru-PZ-TA@C-800 and
Pd-PZ-TA@C-800, exhibited moderate to low activity for most reactions. Thus,

Chem 8, 1-24, February 10, 2022 5
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Figure 4. Synthesis of benzaldehyde, methyl benzoate, benzoic acid, benzonitrile, and benzamide by aerobic oxidation of benzyl alcohol: activity of

different catalysts

Reaction conditions: for the synthesis of benzaldehyde (B) =
n-heptane, 80°C, 24 h. For the synthesis of benzoic acid (C) =

6 Chem 8, 1-24, February 10, 2022

0.5 mmol benzyl alcohol, 35 mg catalyst (6.5 mol % of Co), 1 bar air, 10 mol % K,COg3, 2 mL
0.5 mmol benzyl alcohol, 35 mg catalyst (6.5 mol % of Co), 10 bar air, 50 mol % KOH, 2 mL
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Figure 4. Continued

water, 110°C, 24 h. For the synthesis of methyl benzoate (D) = 0.5 mmol benzyl alcohol, 35 mg catalyst (6.5 mol % of Co), 1 bar air, 10 mol % K,CO3, 2 mL
methanol, 55°C, 24 h. For the synthesis of benzonitrile (E) = 0.5 mmol benzyl alcohol, 200 pL aqueous NH3 (28%-30% NHj3 basis), 35 mg catalyst (6.5 mol
% of Co), 10 bar air, 2mL t-butanol, 120°C, 24 h. For the synthesis of benzamide (F) = 0.5 mmol benzyl alcohol, 200 pL aqueous NH3 (28%-30% NH3 basis),
35 mg catalyst (6.5 mol % of Co), 10 bar air, 2 mL water, 120°C, 24 h. GC yields using n-hexadecane as standard.

among all the tested materials Co-PZ-TA@C-800 was found to be the most general
oxidation catalyst, which allows for diverse aerobic oxidations of benzyl alcohols to
produce a variety of product classes in a selective manner.

To demonstrate the stability, recycling, and reusability of this Co-material (Co-PZ-
TA@C-800), the synthesis of benzonitrile from benzyl alcohol in presence of
aqueous ammonia and air was performed for seven times under standard condi-
tions. Notably, in the presence of ammonia supported nanoparticles easily
encounter stability and reusability problems. Nevertheless, as shown in Fig-
ure 5, Co-PZ-TA@C-800 was stable and is conveniently recycled and reused up
to 7 run.

Characterization of Co-nanostructured catalysts

To know the structural features and to understand the catalytic activities, we carried
out detailed characterizations of the most active (Co-PZ-TA@C-800), moderately
active (Co-PZ@C-800), (Co-TA@C-800), and less active (Co(NO3),@C-800) materials
using X-ray powder diffraction (XRD), scanning transmission electron microscopy
(STEM) with electron energy loss spectroscopy (EELS), and X-ray photoelectron
spectroscopy (XPS). The XRD patterns of the most active catalyst, Co-PZ-TA@C-
800, showed the presence of mainly metallic cobalt particles (Figure S1), while the
moderately active catalysts Co-PZ@C-800 and Co-TA@C-800 contained a mixture
of metallic cobalt and oxidic cobalt (Co3z0,) particles (Figure S1). STEM analysis of

N

=

OH Co-PZ-TA@C-800 ~
+ Aq. NH3 >
Air, t-butanol, 120 °C

Al E1l

100

9
8
7
2
0
1 2 3 4 5 6 7

Number of runs

Yield of benzonitrile (%)

o

mReactionfor24 h mReactionfor8h

&

Figure 5. Recyclability and stability of Co-PZ-TA@C-800 catalyst for the synthesis of benzonitrile
Reaction conditions: 2 mmol benzyl alcohol, 140 mg catalyst (6.5 mol % Co), 800 puL aqueous NH3
(28%-30% NH; basis), 10 bar air, 8 mL t-butanol, 120°C, 24 h and 8 h. Yields were determined by GC
using n-hexadecane as standard.
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Co-PZ-TA@C-800 proved the formation of metallic cobalt particles with different
sizes ranging from 1 to 7 nm and from 25 to 40 nm (Figure 6A). However, some
bigger particles with sizes up to 80 nm were also observed. The smaller particles
are usually found in groups, while other areas of the material contained no cobalt.
Interestingly, most of the particles in this material are surrounded by few layers of
graphitic carbon (Figure 6A, right image). In addition to metallic cobalt, the pres-
ence of a very small amount of cobalt oxide is observed (Figures 7A, 7B, and S2).
Co-PZ@C-800 contained also metallic and oxidic cobalt; however, the presence of
the oxide seems to be more than in Co-PZ-TA@C-800, and it can be found either
on the surface or as partially oxidized particles (see e.g., the biggest particle in
the left image in Figures 6B and S3).The sizes of these particles are in the range be-
tween 25 and 60 nm with few particles being bigger up to 100 nm and fewer below
25 nm compared with Co-PZ-TA@C-800. In the case of metallic cobalt, these parti-
cles are covered by graphitic layers (Figure 6B, rightimage). Likewise, Co-TA@C-800
showed the presence of both metallic and oxidic cobalt particles with sizes of 15—
50 nm and only very few below this size. Similar to Co-PZ-TA@C-800, the nanopar-
ticles of metallic cobalt are surrounded by graphitic layers in both Co-PZ@C-800 and
Co-TA@C-800 (Figure 6C). The least active material, cobalt nitrate@C-800, con-
tained completely Coz0,4 particles, which are not surrounded by graphitic layers
(Figure S4). The material obtained after three reaction cycles using the active catalyst
Co-PZ-TA@C-800 showed that there is not much difference in the structure
compared with the fresh catalyst (Figure 6D). In this reused material, metallic nano-
particles with sizes of 3-10 and 25-40 nm are observed, which are in few cases
partially oxidized at the surface. However, analysis of the material after 7 reaction cy-
cles revealed that cobalt is oxidized in more proportion (Figure S5). This implies that
the cobalt is successively oxidized during the reaction cycles. EELS was applied to
analyze the elemental composition of a selected area in the most active material,
Co-PZ-TA@C-800 (Figures 7A and 7B). Analysis of the edge features of the elements
enables the visualization of the spatial distribution of the corresponding elements
(C, N, O, and Co) in a single-color elemental map as shown in Figure 7 (right). As
can be seen there the support mainly consists of carbon (Figure 7, red map, C-K
edge) and some content of nitrogen, which is originated from the ligands (Figure 7,
green map, N-K edge). Inspection of the distribution of the Co-L edge signal and the
O-K edge signal (Figure 7, yellow and blue map, respectively) reveal that the two
bigger particles consist of a metallic cobalt core and a shell of cobalt oxide. Two
selected spectra that show different features of selected areas in the material are
shown in Figure 7B.

To obtain further insights into the surface chemistry of these materials, we per-
formed XPS analysis. The sample surfaces of all the four catalysts (Co-PZ-TA@C-
800, Co-PZ@C-800, Co-TA@C-800, and Co-PZ-TA@C-800 recycled) consists mainly
of C with small concentrations of Co, O, N, S, and Si (Table S1) with the last two prob-
ably originating from Vulcan XC-72R and N from the starting chemicals such as li-
gands and cobalt nitrate. As found by STEM the Co particles are surrounded by car-
bon layers leading to the very low surface concentrations of Co between 0.2 and 0.4
atom% for the fresh catalysts and 0.9 atom% for the recycled catalysts. The high-res-
olution Co 2p spectra of all four samples (see Figure 8A) confirmed the presence of
metallic Co as sharp peaks at 778.7 (Co 2p3/2) and 793.8 eV (Co 2pq,2) as well as
oxidic structures as broad peaks at higher binding energies.'®” Considering the sat-
ellite features at around 786 and 803 eV, a mixture of CoO and Co30,4 seems to be
present. Looking at the recycled catalyst (three reaction cycles) Co-PZ-TA@C-800R
(see Figure 8A) an oxidation of the surface can be observed so that only a minor
part Co is still in the metallic state. Note that the Co concentration at the surface
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Figure 6. STEM-HAADF (high-angle annular dark-field) and ABF (annular bright field) images of
cobalt-nanocatalysts

(A-D) (A) Co-PZ-TA@C-800, (B) Co-PZ@C-800, (C) Co-TA@C-800, and (D) Co-PZ-TA@C-800 recycled.
(Left) HAADF.

(Right) ABF.
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Figure 7. STEM and EELS images of Co-PZ-TA@C-800

(A) STEM-ADF image of Co-PZ-TA@C-800 (left). The highlighted area was investigated by EELS and
the distribution of C, N, O, and Co is shown in the single-color elemental map on the right.

(B) STEM-ADF image of Co-PZ-TA@C-800 (left) and corresponding electron energy loss (EEL)
spectra of the highlighted areas (right). Area 1 shows almost exclusively the signal edges of cobalt
while in area 2, the signal edges of carbon, nitrogen, oxygen, and cobalt can be seen.

increases to 0.9 atom% (Table S1) in the recycled catalyst (three reaction cycles),
which indicates a partial breakup of the protective carbon shell probably also lead-
ing to the observed oxidation during the use of the catalyst. In case of the recycled
catalyst after 7 run, only oxidized Co is observed on the surface (Figure S6).

T T T T T T T T T

77§.I7 eY - B 4‘01I.3 e\{ 398I.8 IeV

Intensity [a.u.]
Intensity [a.u.]

815 810 805 800 795 790 785 780 775 77 408 406 404 402 400

398 396 394
Binding Energy [eV] Binding Energy [eV]
Figure 8. XPS spectra of Co-materials

(A and B) XPS Co 2p (A) and N 1s (B) spectra of Co-PZ-TA@C-800, Co-PZ-TA@C-800 recycled, Co-
PZ@C-800, and Co-TA@C-800 from top to bottom.
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The N 1s spectra in Figure 8B are fitted with four peaks which can be assigned to pyr-
idinic-N at binding energies around 398.8 eV, pyrollic-N, and/or N bonded to a
metal in a Me—N, center (~400.1 eV), graphitic N (~401.3 eV) as well as oxidized pyr-
idinic-N (~404 eV).""° Interestingly the concentration of N is higher in Co-PZ-TA@C-
800 (1.7 atom %) compared with the other fresh catalysts (0.6 and 0.7 atom%,; Table
S1). After recycling the N concentration becomes even higher (4.7 atom%) and is
dominated by pyridinic and pyrollic-N/Me-N,. This is explained by ammonia side-
reactions on the catalyst surface.

All these characterization data revealed that the immobilization and pyrolysis of co-
balt-complexes containing PZ and/or TA ligands produced dissimilar kinds of cobalt
nanoparticles supported on carbon, which in turn revealed varying catalytic activ-
ities. The material (Co-PZ-TA@C-800) containing predominately metallic cobalt
nanoparticles exhibited highest activity. Apparently, fully oxidized cobalt has a
negative impact on the overall catalytic performance as such particles have not
been observed in the most active catalyst, and even not in the recycled one. Cata-
lytic performance likely depends on the particle nature, sizes, and their distribution.
The combination of PZ and TA ligands seems to favor the formation of a higher share
of smaller cobalt containing particles and thus induce an increased number of acces-
sible active sites in the catalyst, Co-PZ-TA@C-800. Hereafter, we represent the most
active catalyst Co-PZ-TA@C-800 as Co/GS@C, where GS denote graphitic shell.

Application of Co/GS@C (Co-PZ-TA@C-800) for the synthesis of aldehydes,
ketones, acids, esters, nitriles, and amides

After having a general catalyst system Co/GS@C (Co-PZ-TA@C-800) in hand, we
performed additional tests with >90 different alcohols. As shown in Figures 9, 10,
11, and 12, simple substituted as well as functionalized and structurally diverse aro-
matic and heterocyclic aldehydes, ketones, acids, esters, nitriles, and amides can be
prepared in good to excellent yields. For example, alkyl- and phenyl-substituted al-
cohols produced the corresponding products B-F in up to 98% yield (Figure 9; prod-
ucts B2, B6, B7, B11, C2, C3, C8-C10, D2-D5, E2-E4, F2-F4, and F8).

Similarly, fluoro- and thio-trifluoromethyl-substituted products were obtained yields
in up to 96% (Figure 9; products B3-B5, B12, B13, C4-C7, D6, D7, E5-E7, and F5).
Such compounds are interesting building blocks for the discovery of new pharma-
ceuticals and agrochemicals.”"" In addition to benzyl alcohols, related condensed
arenes gave corresponding products in up to 89% yields (Figure 9; products BS,
B9, D8, D9, E8-E10, Fé, and F7). Likewise, benzophenone, and 1-phenylbutan-1-
one were obtained in 83%-85% yields (Figure 9; products B14-B15). Notably, in
the oxidative cross-esterification reaction apart from methanol, other aliphatic alco-
hols can be used to provide ethyl, propyl, iso-propyl, butyl, and hexyl benzoates in
up to 90% yields (Figure 9; products D10-D14). Interestingly, in case of ammoxida-
tion to give nitriles, Co-PZ-TA@C-800 showed good activity for aliphatic alcohols at
elevated temperature (140°C). As a result, 4-phenylbutanenitrile, and several alkyl
nitriles were obtained in up to 78% yield (Figure 9; products E12-E15).

Next, the ability and selectivity of Co-PZ-TA@C-800 for the refinement of more com-
plex molecules as well as the tolerance of functional and sensitive groups was stud-
ied. Thus, functionalized as well as multi-substituted benzylic alcohols were sub-
jected to aerobic oxidation under the optimized conditions (Figure 10). Chloro-,
bromo-, and iodo-substituted benzylic alcohols smoothly reacted to the corre-
sponding halogenated benzaldehydes, acetophenones, benzoic acids, methyl ben-
zoates, benzonitriles, and primary benzamides in good to excellentyields (Figure 10;
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Figure 9. Synthesis of simple and substituted aldehydes, ketones, acids, esters, nitriles, and amides by Co/GS@C-catalyzed aerobic oxidation of
alcohols

Reaction conditions: *for the synthesis of carbonyl compounds (B) = 0.5 mmol alcohol, 35 mg catalyst (6.5 mol % of Co), 1 bar air, 10 mol % K,CO3, 2 mL n-
heptane, 80°C, 24 h, isolated yields. °GC yields using n-hexadecane as standard. #For the synthesis of carboxylic acids (C) = 0.5 mmol alcohol, 35 mg
catalyst (6.5 mol % of Co), 10 bar air, 50 mol % KOH, 2 mL water, 110°C, 24 h, isolated yields. ®For the synthesis of esters (D) = 0.5 mmol alcohol, 35 mg
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catalyst (6.5 mol % of Co), 1 bar air, 10 mol % K,COs3, 2 mL methanol, 55°C, 24 h, isolated yields. °GC yields using n-hexadecane as standard. €In 2 mL
different aliphatic alcohols as solvents instead of methanol. ?For the synthesis of nitriles (E) = 0.5 mmol alcohol, 200 pL aqueous NH3 (28%-30% NH3
basis), 35 mg catalyst (6.5 mol % of Co), 10 bar air, 2 mL t-butanol, 120°C, 24 h, isolated yields. bGC yields using n-hexadecane as standard. ‘At 130°C, 24
h. YWith 45 mg catalyst, 400 pL NH3 (28%-30% NH; basis in water), 140°C, 48 h. ®For the synthesis of amides (F) = 0.5 mmol benzyl alcohol, 200 pL
aqueous NH3 (28%-30% NHj basis), 35 mg catalyst (6.5 mol % of Co), 10 bar air, 2 mL water, 120°C, 24 h, isolated yields.

products B16-B18, B27, B36-B38, C11-C14, C19, D15-D17, D25, E16-E19, F9-
F13, and F18). These further functionalized halogenated molecules are indispens-
able for many applications and serve as valuable starting materials and intermedi-
ates."'” As an example, 2,6-dichloro-benzyl alcohol was reacted in presence of
ammonia in water and produced the corresponding benzamide in 85% yield (F18).
Substrates containing ether, hydroxyl, amine, nitro, ester, boronic ester, or nitrile
substituents, were selectively converted to desired products B19, B20, B23, B26—
B33, B39, B40, C15, C16, C20, D18, D19, D21-D25, E21, E23, E27, F14, F15, and
F17. Interestingly, sulfur-containing alcohols were also selectively converted without
oxidation of S-moiety (Figure 10; products B24, B25, C17, D20, E25, E26, and F19).
In case of 1,3- and 1,4-benzenedimethanol, both CH,-OH groups were selectively
oxidized and produced terephthalaldehyde B30 and terephthalonitrile E24 in
95%-96% yields. In addition, di- and multi-substituted substrates, which possess
additional challenges, were efficiently oxidized, and gave products B21, B22,
B26-B29, C18, C19, D23, D25, E20, E22, and F16-F18 in high yields (Figure 10).
Even the dinitro-substituted benzyl alcohol produced the corresponding benzalde-
hyde B28 in 85% yield. Sterically hindered tri-methyl benzyl alcohol also reacted to
provide the corresponding benzonitrile in 86% yield (Figure 10; product E22). In
addition to benzylic alcohols, allylic alcohols such as cinnamyl and perillyl alcohols
can be efficiently transformed to cinnamaldehyde, perillyl aldehyde, and cinnamyl
nitrile (Figure 10; products B34, B35, E28). Furthermore, aliphatic cyclic secondary
alcohols were oxidized to produce cyclic ketones (Figure 10; products B43 and B44).

Subsequently, the synthesis of heterocyclic carbonyl compounds, carboxylic acids,
esters, nitriles, and amides from corresponding alcohols was explored. In general,
heterocyclic compounds find wide range of applications, especially in life sciences.
Indeed, such scaffolds are ubiquitous in pharmaceuticals, natural products, agro-
chemical, and other biomolecules. Thus, they play a pivotal role in modern small
molecule drug discovery processes.’'*'"* As shown in Figure 11, different kinds
of heterocyclic alcohols were oxidized to give the desired compounds. Interestingly,
nicotinic derivatives such as nicotinaldehyde, methyl nicotinate, nicotinonitrile, nico-
tinic acid (niacin), and nicotinamide—the latter two are used as food supplement and
nutrition medications—as well as 3-acetylpyridine are smoothly prepared from 3-
pyridinemethanol in up to 97% yield (Figure 11; products B45, B61, C21, D26,
E29, F20). Similarly, bromo-, di-methoxy-, and di-chloro-substituted 2- and 3-pyridi-
nemethanol are selectively oxidized to produce B47-B49 and D28. Other N-hetero-
cycles such 2-pyrazine and quinolinemethanol are well accepted and provided the
respective products in 88%-94% (products E30, E31, and F21). Interestingly, 2-thi-
ophenmethanol also allowed for selective oxidation in up to 95% yield (Figure 11;
products B50, B62, D29, E41, and F22). At this point, it should be noted that sul-
fur-containing compounds constitute common poisons for most heterogeneous cat-
alysts. However, Co-PZ-TA@C-800 tolerated the presence of many sulfur-containing
molecules and a variety of sulfur-containing products, e.g., B24, B25, B50, B52, B53,
B62, C17, C22, D20, D29, E25, E26, E33, E34, E41, F19, and F22 were obtained in
good to excellent yields. Apart from the oxidation of hydroxymethyl-substituted N-,
O-, and S-heterocycles a variety of benzylic alcohol containing heterocyclic motifs
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Figure 10. Co/GS@C-catalyzed synthesis of functionalized and challenging aldehydes, ketones, acids, esters, nitriles, and amides from alcohols
Reaction conditions: *for the synthesis of carbonyl compounds (B) = 0.5 mmol alcohol, 35 mg catalyst (6.5 mol % of Co), 1 bar air, 10 mol % K,COg3, 2 mL n-
heptane, 80°C, 24 h, isolated yields. °GC yields using n-hexadecane as standard. *For the synthesis of carboxylic acids (C) = 0.5 mmol alcohol, 35 mg
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catalyst (6.5 mol % of Co), 10 bar air, 50 mol % KOH, 2 mL water, 110°C, 24 h, isolated yields. ®For the synthesis of esters (D) = 0.5 mmol alcohol, 35 mg
catalyst (6.5 mol % of Co), 1 bar air, 10 mol % K,CO3, 2 mL methanol, 55°C, 24 h, isolated yields. ele yields using n-hexadecane as standard. ®For the
synthesis of nitriles (E) = 0.5 mmol alcohol, 200 pL aqueous NH3 (28%-30% NH3 basis), 35 mg catalyst (6.5 mol % of Co), 10 bar air, 2 mL t-butanol, 120°C,
24 h, isolated yields. bGC yields using n-hexadecane as standard. ©130°C. 9With 70 mg catalyst, 400 pL NH3 (28%-30% NH; basis in water), 48 h. °For the
synthesis of amides (F) = 0.5 mmol benzyl alcohol, 200 uL aqueous NH3 (28%-30% NH3 basis), 35 mg catalyst (6.5 mol % of Co), 10 bar air, 2 mL water,

120°C, 24 h, isolated yields.

such as thiazole, morpholine, pyrazine, tetrahydropyran, diazepane, N-methyl dia-
zepane, and triazole underwent aerobic oxidation under the previously optimized
conditions and furnished the desired products (Figure 11; B51-B53, B55-B60, and
E33-E40). As an example, 2,1,3-benzothiadiazol-5-yl-methanol gave corresponding
aldehyde and nitrile (Figure 11; products B52, E34. Other notable examples include
the oxidation of 3,4-(methylendioxy)-benzylalcohol, an important motif present in
drugs and natural products (Figure 11, products B51, C23, D30, E32, F23) and
3,5-dimethyl-1-phenyl-1H-pyrazol-4-yl-methanol as well as 2-(2-morpholinoethoxy)
phenyl-methanol (Figure 11, products B54, B60, E40, E42).

In recent years, the valorization of hydroxymethylfurfural (HMF, A2) and furfuryl
alcohol (A3) attracted significant interest for the preparation of sustainable polymers
and fuels (Figure 12)."">"'® Among these, the synthesis of 2,5-furandicarboxylic acid
(FDCA) and dimethyl furan-2,5-dicarboxylate (FDCM) from HMF is of actual interest
to produce poly(ethylenefuranoate) (PEF) polymer.' "> Applying our Co/GS@C cata-
lyst FDCM, (D31) is prepared in up to 85% yield. More sensitive furan-2,5-dicarbal-
dehyde (B66) can be also obtained in up to 87% yield. Furthermore, furan-2,5-dicar-
bonitrile (E43) is available from this latter intermediate. Similarly, furfuryl alcohol (A3)
was selectively transformed to corresponding aldehyde (B67), carboxylic acid (C24),
methyl ester (D32), nitrile (E44), and amide (F24) in good to excellent yields (Fig-
ure 12). Again, these products have various interesting applications, for example,
2-furoic acid is a known preservative, flavoring ingredient, food, and color additive
in food,""” while 2-furonitrile has been suggested as a potential sweetening agent,

which has about thirty times the sweetening power of sucrose.’'®

In general, catalytic oxidations were performed in 50-150 mg scale with respect to
substrate. To demonstrate the utility of this catalyst system, reactions of five alcohols
were also performed on 1-10 g (Figure 13). The yields of the desired products from
these upscaling experiments were similar to those obtained from the smaller scale.

Further, we calculated TONs and TOFs of our Co-catalyst for the oxidation of benzyl
alcohol to benzaldehyde (Table S3). Under standard conditions (0.5 mmol alcohol,
35 mg catalyst, 80°C, 24 h) these values are found to be 15.6 and 0.65 h=', while
at 100°C and increased amount of substrate (2.5 mmol of benzyl alcohol, 35 mg cata-
lyst, 24 h) both values increased (TOF and TON are 46.8 and 1.95 h="). These
numbers are at least comparable to reported non-noble metal-based catalysts for
the individual transformations (Table S3).

Kinetic and mechanistic investigations

We performed kinetic investigations on the Co/GS@C-catalyzed oxidation of benzyl
alcohol to benzaldehyde and examined the effect of (1) reaction time, (2) reaction
temperature, (3) catalyst amount, and (4) substrate (benzyl alcohol) concentration
(Figure S7). By increasing the time, temperature, or catalyst loading the yield of
benzaldehyde increased, and quantitative yield was obtained for 24 h, at 80°C
with 35 mg of catalyst. On the other hand, increasing the substrate (benzyl alcohol)
concentration, the yield of benzaldehyde is decreased. Next, we calculated the
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Figure 11. Synthesis of simple and substituted aromatic aldehydes, ketones, acids, esters, nitriles, and amides catalyzed by Co/GS@C catalyst
Reaction conditions: *for the synthesis of carbonyl compounds (B) = 0.5 mmol alcohol, 35 mg catalyst (6.5 mol % of Co), 1 bar air, 10 mol % K,COg3, 2 mL n-
heptane, 80°C, 24 h, isolated yields. °GC yields using n-hexadecane. *For the synthesis of carboxylic acids (C) = 0.5 mmol alcohol, 35 mg catalyst (6.5 mol
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Figure 11. Continued

% of Co), 10 bar air, 50 mol % KOH, 2 mL water, 110°C, 24 h, isolated yields. ®For the synthesis of esters (D) = 0.5 mmol alcohol, 35 mg catalyst (6.5 mol %
of Co), 1 bar air, 10 mol % K,CO3, 2 mL methanol, 55°C, 24 h, isolated yields. ele yields using n-hexadecane as standard. *For the synthesis of nitriles
(E) = 0.5 mmol alcohol, 200 uL aqueous NH3 (28%-30% NH3; basis), 35 mg catalyst (6.5 mol % of Co), 10 bar air, 2 mL t-butanol, 120°C, 24 h, isolated yields.
bGC yields using n-hexadecane. “130°C. *For the synthesis of amides (F) = 0.5 mmol benzyl alcohol, 200 pL agueous NH3 (28%-30% NH; basis), 35 mg
catalyst (6.5 mol % of Co), 10 bar air, 2 mL water, 120°C, 24 h, isolated yields.

reaction order with respect to substrate (benzyl alcohol), which is found to be —0.85
(Figure S7E). This also confirmed that the substrate has a negative effect on the rate
of the reaction.

Next, we conducted experiments to identify the formation of possible reactive oxy-
gen species (ROS) during the Co/GS@C-catalyzed aerobic oxidation reactions. For
this purpose, under standard conditions, the oxidation of benzyl alcohol to benzal-
dehyde was tested in the presence of different radical quenchers/trapping agents
such as NaN3, i-PrOH, and p-benzoquinone (PBQ) (Table S4). All these reagents
have been used to trap singlet oxygen ('0,), hydroxyl (‘OH) or super oxide (O3"7)
radicals, which are considered as the ROS in aerobic oxidations. These experiments
showed that there is no effect after adding i-PrOH or NaN3 on the reactions.
However, the reaction is inhibited after the addition of 80 mg PBQ. This makes
the formation of super oxide (O, ") species likely. In addition, we performed an
experiment for trapping super oxide (O, ") species using butylated hydroxytoluene
(BHT) (Figure S8). Under similar experimental conditions, without the substrate
(35 mg Co/GS@C, 0.5 mmol BHT, 1 bar air, 10 mol % K;COj3, 2 mL n-heptane,
80°C, 24 h), we performed the reaction with BHT and observed the formation of
BHT-OOH, which is detected by GC-MS (Figure S8). These experiments indicate
that super oxide (O, ") is formed during the reaction.

Further to prove the formation of a superoxide radical intermediate, EPR spin-trap-
ping studies using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as spin-trap reagent
were performed. The EPR spectrum of the reaction mixture containing a suspension
of Co/GS@C catalyst, Cs,CO3 and benzyl alcohol in heptane after heating at 80°C
for 3 min under bubbling of O, followed by addition of DMPO exhibited a signal
at g = 2.006 characteristic of the DMPO-OOH spin adduct indicating again the for-
mation of a superoxide radical intermediate during the catalytic reaction (Figure 14).
It should be noted that no EPR signal is detected in the absence of benzyl alcohol
suggesting that its adsorption on the surface of the Co/GS@C-800 catalyst induce
the activation of molecular oxygen and superoxide formation.

Regarding the general mechanism, in all these oxidations, the first step is the Co/
GS@C-catalyzed oxidative conversion of benzyl alcohol (A) to benzaldehyde (B).
Thus, for the formation of carboxylic acid (C), ester (D), nitrile (E), and amide (F),
(B) serves as the key intermediate (Figure S9). Indeed, for all transformations the for-
mation of benzaldehyde was detected by GC-MS. In case of benzoic acid, the alde-
hyde reacts with water and generates benzaldehyde hydrate (X) as another interme-
diate, which is then oxidized in the presence of Co/GS@C and gives the
corresponding acid. Similarly, in the formation of benzoic acid esters, aldehyde re-
acts with another alcohol and provides hemiacetal (X) as another intermediate,
which finally converts to the corresponding ester in presence of Co/GS@C and air.
For the formation of nitrile, benzaldehyde couples with ammonia and generates pri-
mary imine (Y), which finally yields the corresponding nitrile. In case of amide synthe-
sis, two pathways are possible: (1) the aldehyde can react with ammonia to form
hemiaminal as the intermediate, which could be then oxidized to give the
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Figure 12. Co/GS@C-catalyzed aerobic oxidative conversion of HMF and 2-furfuryl alcohol to value-added products

Reaction conditions: “conversion of HMF": for the preparation of di-aldehyde (B66): 0.5 mmol HMF, 35 mg catalyst, 20 mol % K,COg3, 1 bar air, 2 mL of n-
heptane, 80°C, 24 h, isolated yield. For the preparation of diester (D31): 0.5 mmol HMF, 70 mg catalyst, 40 mol % K,CO3, 1 bar air, 4 mL of methanol
80°C, 48 h, isolated yield. For the preparation of di-nitrile (E43): 0.5 mmol furan-2,5-dicarbaldehyde (B66, 400 pL aqueous NH3 [28%-30% NHj3 basis],
70 mg catalyst, 5 bar air, 4 mL of t-butanol, 120°C), 24 h, isolated yield. “Conversion of 2-furfuryl alcohol”: for the preparation of 2-furaldehyde (B67) =
0.5 mmol 2-furfuryl alcohol, 35 mg catalyst (6.5 mol % of Co), 1 bar air, 10 mol % K,CO3, 2 mL n-heptane, 80°C, 24 h, isolated yield. For the preparation of
2-furoic acid (C24) = 0.5 mmol 2-furfuryl alcohol, 35 mg catalyst (6.5 mol % of Co), 10 bar air, 50 mol % KOH, 2 mL water, 110°C, 24 h, isolated yield. For
the preparation of methyl-2 furoate (D32) = 0.5 mmol 2-furfuryl alcohol, 35 mg catalyst (6.5 mol % of Co), 1 bar air, 10 mol % K,CO3, 2 mL methanol, 55°C,
24 h, isolated yield. For the preparation of 2-furonitrile (E44) = 0.5 mmol 2-furfuryl alcohol, 200 pL aqueous NH3 (28%-30% NH; basis), 35 mg catalyst
(6.5 mol % of Co), 10 bar air, 2 mL t-butanol, 120°C, 24 h, isolated yield. For the preparation of 2-furamide (F24) = 0.5 mmol 2-furfuryl alcohol, 200 pL
aqueous NH3 (28%-30% NHj; basis), 35 mg catalyst (6.5 mol % of Co), 10 bar air, 2 mL water, 120°C, 24 h, isolated yield.

corresponding primary amide or (2) formation of benzonitrile takes place, which can
undergo hydrolysis to form the primary amide. To prove these two pathways, we
performed the reaction of benzonitrile in water in presence of ammonia and air using
Co/GS@C catalyst at 120°C for 24 h. From this experiment, we obtained 98% of
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Figure 13. Scale up experiments for the synthesis of selected products B-F

Reaction conditions: ®10 g 4-bromo benzyl alcohol, 3.7 g catalyst (6.5 mol% of Co), 1 bar air, 10 mol % K,CO3, 150 mL n-heptane, 80°C, 24 h. 2 g4-
methoxy benzyl alcohol, 2.5 g catalyst (6.5 mol % of Co), 10 bar air, 50 mol % KOH, 100 mL water, 110°C, 24 h. 2 g 3-pyridinemethanol, 1.2 g catalyst
(6.5 mol % of Co), 1 bar air, 10 mol % K,CO3, 50 mL methanol, 55°C, 24 h. 9% g piperonyl alcohol, 15.5 mL aqueous NH; (28%-30% NHj basis), 2.7 g

catalyst (6.5 mol% of Co), 10 bar air, 100 mL t-butanol, 120°C, 24 h. 1 g benzyl alcohol, 3.7 mL aqueous NH3 (28%-30% NH3 basis), 0.64 g catalyst (6.5 mol
% of Co), 10 bar air, 25 mL water, 120°C, 24 h. All are isolated yields.

benzamide (Figure S10). Thus, we conclude the formation of amide occurred mainly
by the hydrolysis of benzonitrile. It should be noted that the intermediates, aldehyde
hydrate (X), hemiacetal (X)), and primary imine (Y) are unstable, and we were not able
to detect or isolate them.

-
|

g =2.006

— Experimental
—— Simulated

o

EPR signal intensity (a.u)
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|
3260 3360

Figure 14. EPR spectrum

Measured at 20°C of Co/GS@C catalyst and benzyl alcohol suspension in heptane after heating at
80°C for 3min under bubbling of O, followed by addition of DMPO (black-line); blue-line simulated
spectrum. The EPR spectrum shows the formation of DMPO-OOH spin adduct.
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Based on the identified active oxygen species and the proposed reaction pathways
and intermediates, we suggest the following general mechanism for the different
aerobic oxidations of primary alcohol in the presence of Co/GS@C (Figure 15). In
the first step, (1) adsorption and activation of alcohol and oxygen takes place on
the catalyst surface. During this process, the generation of the observed superoxide
species occurs. In the next step (2), oxidation of the activated alcohol takes place. In
the last step (3), the desorption of the product, aldehyde takes place by the regen-
eration of catalyst. Similar catalytic cycles for the formation of esters, carboxylic acid,
and nitrile are proposed. The hydrolysis of benzonitrile to benzamide occurs best in
presence of catalyst, water, ammonia, and air.

Conclusion

In conclusion, we demonstrate that a new catalyst can be efficiently developed not
only for one specific synthetic transformation but also for related methodologies
with similar elementary reaction steps. In particular, we show that the here presented
cobalt catalyst is able to perform the selective aerobic oxidation of alcohols to a va-
riety of functionalized aromatic products. This catalyst is based on carbon-supported
graphitic-shell-encapsulated specific cobalt nanoparticles, which are prepared by
immobilization of in-situ-generated cobalt-PZ-TA template on carbon and subse-
quent pyrolysis under argon at 800°C. Applying the optimal material, functionalized
and structurally diverse (hetero)aromatic aldehydes, ketones, carboxylic acids, es-
ters nitriles, and primary amides were prepared in selective manner from alcohols
in the presence of air. The resulting compounds represent valuable fine and bulk
chemicals, which serve as key starting materials and intermediates for the synthesis
of advanced chemicals, pharmaceuticals, agrochemicals, and materials. We believe

NuH = H,0 — Carboxylic acid (C)

NuH = alcohol HOAR’(H)—> Ester (D)

=0

i R™ "NH,

Desorption

F
Oxidation i ColGS@C
o Adsorption & H,0, Air | Steps 1"
)L activation NH;
N
P
R E
-H,0
m
Desorption

w
Oxidation

Adsorption &
activation I}
Oxidation 1"

Adsorption & activation

Figure 15. Proposed general mechanism for the Co/GS@C-catalyzed aerobic oxidative conversion of primary alcohols to products B-F
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that the presented concept is not only valid for the here-described case of alcohol
oxidations but offers manifold opportunities for other chemical transformations, too.
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