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Abstract

This dissertation reports the preparation and application of no-noble metal-based catalysts for
the borrowing hydrogen and amidation reactions involving the synthesis of organic compounds.
Cobalt-based nanostructured materials are prepared for the N-alkylation of primary amides with
alcohols through a hydrogen borrowing methodology. Next, iron-zinc bimetal single atoms
which enable the a-alkylation reactions of ketones with alcohols is reported. Further, the amide
synthesis catalyzed by Ni-nanoparticles is discussed. Regarding the utilization of biomass-
based feedstocks, domino reductive amination and amidation of levulinic acid to produce N-
heterocyclic compounds is performed using cobalt single atom catalysts. Several advanced
analytical techniques such as XRD, XPS, BET, Raman, TEM, XAS have been used to
investigate the detailed structure of these prepared catalytic materials to understand structure-

reactivity relationships.

Diese Dissertation berichtet iiber die Herstellung und Anwendung von Nanokatalysatoren auf
Basis von Nicht-Edelmetallen fiir die Wasserstoffaufnahme- und Amidierungsreaktionen bei
der Synthese organischer Verbindungen. Nanostrukturierte Materialien auf Kobaltbasis werden
fiir die N-Alkylierung primidrer Amide mit Alkoholen durch eine Wasserstoff-Borrowing-
Methode hergestellt. Als nichstes wird iiber Eisen-Zink-Bimetall-Einzelatome berichtet, die
die a-Alkylierungsreaktionen von Ketonen mit Alkoholen ermdglichen. Dariiber hinaus wird
die durch Ni-Nanopartikel katalysierte Amidsynthese diskutiert. Im Hinblick auf die Nutzung
biomassebasierter Rohstoffe wird die reduktive Domino-Aminierung und Amidierung von
Lavulinsdure zur Herstellung N-heterozyklischer Verbindungen unter Verwendung von
Kobalt-Einzelatomkatalysatoren durchgefiihrt. Mehrere fortschrittliche Analysetechniken wie
XRD, XPS, BET, Raman, TEM, XAS wurden verwendet, um die detaillierte Struktur dieser
vorbereiteten katalytischen Materialien zu untersuchen und Struktur-Reaktivitdts-Beziehungen

zu verstehen
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1. Introduction

1. Introduction

1.1 Non-noble metal based heterogeneous catalysts

Organic compounds play vital roles in our daily life because they represent important
constituents of many essential products including pharmaceuticals, agrochemicals,
biomolecules, plastics, and others.' In order to synthesize organic compounds, catalysis is
crucial, hence around >85% of all chemical products are produced via catalytic proccess.” The
key to success of catalysis preparation lies in the developing active, selective and stable,
recyclable/reusable catalysts.” Generally, catalysts are divided into homogeneous and
heterogeneous, based on whether these catalysts are in the same phase with the reaction
mixture.” * Homogenous complexes are in the same phase of reactants, while heterogeneous
materials are in solid form, and they are not in the same phase as the reactants. Homogeneous
complexes exhibit excellent selectivity and activities, but they are unstable at higher
temperature and difficult to recover and resue.” * In contrast, heterogeneous catalysts are
relatively practical and can be reused easily; as a result, they are preferable for achieving more
sustainable and cost-effective processes. Heterogeneous catalysis typically proceeds on the
surface of a solid materials.” For example, compared with larger metal particles, the smaller
one exposed more to reactants. The degree of exposure not only affects the distribution of
metals, but also has a strong impact on selectivity.’ The first generation heterogeneous catalysts
such as bulk materials are composed of many metal atomic particles or heterogeneous

aggregates of metal atoms, just a section of them is active for a certain reaction.’

The supported metal nanoparticles are then explored as the second-generation of
heterogeneous catalysts. The activity of nanoparticle-based materials highly depends on the
nature, size and the surface features of supports. Generally, metal oxides (Such as AlbO3, SiO»,
TiO.) and carbon-based materials (carbon nanotube, graphene, carbon nanosheet) are used as

common inorganic materials to support nanoparticles.’

The new frontiers of heterogeneous materials are the single atom catalysts (SACs),
which are considered to be a bridge between homogeneous and heterogeneous. As shown in
Figure 1, the development of SACs started already from 2003 and they have applied for variety
of organic transformations.® According to the concept of SACs, each metal atom interacts with
heteroatoms in the support and contain isolated single sites with 100% atom efficiency. Hence,
they combine both the homogeneous metal complexes and the heterogeneous materials. The

stability of single atoms is the key issue. In order to achieve this, creation of micro-environment
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1. Introduction

around metal atoms is important. In this regard, generation of nitrogen-doped carbon around
single atoms plays crucial role to stabilize individual atoms. Usually, nitrogen containing
ligands are used to incorporate nitrogen species to the parent carbon materials. The nitrogen
atoms in the carbon support not only firmly anchor single metal centers but also could modify
the electronic properties of the carbon support.’ Preparing single atoms with high stability and

high metal loading is also a challenging task.®’

Co & Fe SACs CO-IR Operando SACs replace Dual-atom SAAs with free Scale up of
proposed for applied to XAFS applied homogeneous catalysts atom like d SACs
the ORR SACs to SACs catalysts introduced states demonstrated

Pt & Au SACs Pt SACs First Operando TEM First use of Tuning 2nd Dynamic Speciation
proposed for reported for application of applied to SACsin coordination charge states control permits
the WGSR CO oxidation SAAs SACs photocatalysis sphere described new applications

Figure 1. Progress of single-atom catalysis.°

Due to inherited advantages of non-noble metals with respect to abundancy and
inexpensive, they are more preferred for catalysis applications. To be clear, non-noble metal-
based heterogeneous catalysts are critical to advancing sustainable chemical processes for the
synthesis of chemicals used in our lives. In this regard, the main objective of this work is
developing non-noble metal based supported nanoparticles and single atoms catalysts and

exploring their applications in the synthesis of organic compounds.

1.2 Borrowing hydrogen methodology

The hydrogenation has a wide range of application in chemical reactions.® ° Transfer
hydrogenation is an important branch of hydrogenation reactions, where hydrogen comes from
one molecule to another without involving hydrogen gas.' Borrowing hydrogen (BH)
methodology, noted as hydrogen auto transfer, related to transfer hydrogenations. However, in
BH-methodology one of the substrates itself acts as the hydrogen transfer agent without any
additional hydrogen source. The general pathway for the of BH methodology is shown in
Figure 2. In BH-strategy, first the catalytic dehydrogenation of one substrate took place to
generate more reactive intermediate and hydrogen. And then the unsaturated intermediate
reduction to the desired product with the hydrogen Notably, BH-methodology offers several

advantages, for example, utilization of inexpensive and easily accessible starting materials such
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1. Introduction

as alcohols or amines, no additional hydrogen required, no any other by-products except

water.'!

R1

N-alkylation
Y—XxH ? > )—NH
R2 R2 R?
M]
[MH;]
R1 R1
)=x - )=N
R2 /-_ _\ R2 \R3
H,>N
HoX
X=NH, O R3

Figure 2. General mechanism for the catalytic borrowing hydrogen methodology.'!

Most commonly, the functionalization of N-H and C-H bonds can be achieved by
borrowing hydrogen methods and this method can also be applied to prepare corresponding
mono or di-alkylated products. The concept of borrowing hydrogen was proposed in 2004."
An early great work based on nickel catalyzed N-alkylation of anilines with alcohols was
reported in 1932."° Other examples of using the heterogeneous nickel catalysis appeared in
subsequent years.'* The earliest example of hydrogen-borrowed homogeneous catalysis were
reported in 1980s, when the ruthenium- and rhodium-based catalysts were demonstrated.'>"!”
These seminal results indicated that the borrowing hydrogen approach is very useful and

inspired us for further research.

1.2.1 N-Alkylation of primary amides

The N-alkylation process is a fundamental feature of BH chemistry, which is important
in C-N bond formation. The reaction pathway of nucleophilic substitution (SN) and hydrogen
transfer are reported.'® Since amides are less nucleophilic than amines, reactive alcohols (e.g.,
benzyl, acetylenic, allyl alcohols) are often required as alkylating reagents, SN-type mechanism
involving a carbocation intermediate is often proposed.'”?° When the non-activated alcohols

were used, a hydrogen transfer mechanism can be observed in Figure 3.°
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(o)
Catalyst
RZNOH eeeeeeeneeennenenneenns > R/\HJLRz
A
[m]
[ ]
Y 0
/\ W\

Rz)LNHz

Figure 3. Hydrogen transfer mechanism in N-Alkylation of amides with alcohols."!

The development of C-N bond by hydrogen borrowing have a long history."* An
excellent representative example is the use of homogeneous Ir-based complexes in the N-
benzylation reaction of aniline reported by Yamaguchi and co-workers in 2003.%> Williams and
co-workers performed the same reaction in 2009 on ruthenium p-cymene dichloride dimer.” In
the same year, supported silver and magnetite were used as alternative catalysts by Satsuma®*
and Ramon?’. Further studies revealed that many other metals can also be used in the borrowing
hydrogen transformation. A heterogeneous palladium was used to synthesize N-benzylamine
by Sabater and co-workers in 2010.%° In the same year a gold catalyst was reported, which can
also accomplish this transformation.”’” In 2011, a homogeneous palladium(II) acetate was
reported by Ramon and co-workers.”® An osmium PNP complex was reported soon.”” Another
tin catalyst was also demonstrated.’’ The formation of N-benzylaniline was achieved using a
rhodium catalyst in 2013.%' Later a heterogeneous nickel-catalyst was demonstrated by Satsuma
and co-workers.>> The diversity of catalysts available for this hydrogen borrowing

transformation was further increased.’ A Rh catalyst was employed for this reaction in 2014.>

Among these, homogeneous noble-metal catalysts and acid-catalysts are still
dominating. Regarding heterogeneous catalysts, only five examples based on Pd-*°, Re-*® and

Ag-*" metal have been developed until now. (Figure 4).
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o o
R1)LNH2 + R,~OH ———3 R1)L .R,

(1) Ag-Mo-22 catalyst, K,CO3, 160°C, 12h
(2) Re,05 catalyst, CH,Cl,, 20-45°C, 1-4h
(3) Ni/SiO,-Al,03, K,CO3, 175 °C, 15h

Figure 4. The current three heterogeneous procedure for the N-alkylation of primary amides.

1.2.2 C-Alkylation of ketones with alcohols

In parallel with N-alkylation studies, many authors also focused on using the borrowing
hydrogen approach in C-alkylation processes. The product from C-alkylation process is widely

used to synthesis lots of chemicals.*® At the same time, lots of agents are applied in the process

(Figure 5).

Me
{Het)Ar=R
R R
(Het)Arj + (Het)Ar—/_ 1

R-MR'3
/TR
'S
OH
(Het)Ar}R R (Het)Ar—H
H R .
N2 or R2
JJ\ )< 3
R1 R2 HOOC R

R NHTs Y
(Het)Ar==  or (Hetar— R’
R2 R {Het)Ar——R?
R3

Figure 5. Alkylating agents used in the C-alkylation process.*®

Precious metal-based catalysts are used in previous reports. For example, a Ru-based
catalyst for the C-alkylation of acetophenones was reported in 2002.*° In addition, 2 years later,
Ir based homogeneous protocol is developed and used for this reaction by Ishii and co-
workers.*” A nano catalyst based on palladium was developed too.*' Hydrogen acceptors (1-

dodecene and 1-decene) was employed to prevent the hydrogenation of ketone to alcohol. In
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1. Introduction

2007, Yus and co-workers did a great work, where nickel nanoparticles is prepared for this
reaction.*” They also reported some good works based on an osmium-catalyzed procedure for
the C-alkylation reaction.* Mishra and co-workers proposed a heterogeneous copper-catalyzed
approach in 2013.>> A Rh-based catalysts for alkylation between ketones and primary alcohols
is also reported.** Another approach using rhodium was later realized.*> In 2015, Sortais and
Darcel showed readers that the iron could also enable the a-alkylation reaction between ketones
and primary alcohols.*® Noteworthy, a manganese catalyst could enable the reaction between
oxindoles and primary alcohols.*” A PNP-pincer ligand based on a Rh-, which enable the C-
alkylation of acetophenone, is developed t0o.*® A cobalt based homogeneous catalysts was
developed by Zhang.* A homogeneous Ni-based approach was done by Banerjee and co-

workers.”’

Although numerous methods for a-alkylation of alcohol with ketone reaction have been
reported, but the current problems are obvious. Such as, the catalysts are based on homogeneous
and precious metals in presence of base. In the point view of sustainable synthesis of chemicals,
it is quite important to develop practical methods, including new catalysts, new mechanism,

and new reaction.

1.3 Synthesis of amides

Amides is widely used in organic and medical filed, and its synthesis is quite hot in
organic research. Amides represents lots of chemicals, which are widely used in science fields."'
For example, they could be used to prepare polymers, drugs and biomolecules.’”> As reported,
lots of drugs belongs to the scope of amide chemicals, such as Acetaminophen, Lidocaine and
Levobupivacaine, which are very important for our daily life.> Hence, to synthesis amides is a
very important direction in chemistry. The common approaches to synthesis amides are shown
in Figure 6.°*>° The best method to produce amide is the condensation reaction of carboxylic
acid with amine. However, various agents are necessary for reactions between carboxylic acid
and amine, which will produce lots of waste chemicals. Thus, the greener approaches for amide

creation are attracting attentions of lots of scientists.
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o
Rz)LOH + R3'NH2 OAR + R3-NH,

=z

o
Rz)L
\ o) /
Rz)L Rs
/ \ OH
R

(0]
1
RZ) + R3'NH2 2) + R3'NH2

Ry X

+ co + R3'NH2
(X= halogen)

Figure 6. Common amide formation reactions.>* 3

The first reaction example from ester and nitro compounds to amide is based on the
nickel homogeneous procedure, which is reported by Hu and co-workers.’® In this catalysis
system, they used nickel, phenanthroline, TMSCI, and Zn. Later the mechanism is explored,
zinc (Zn) was used to reduce bivalent nickel into zero nickel, which can active ester. While
chlorotrimethylsilane (TMSCI) works as Lewis acid in the reaction. By using Zn and TMSCI,
an amide anion is produced by the reaction between nickel acyl complex and nitroarene.
However, side products, such as Silyl ether (TMS,0), zinc (II) chlorides and siloxides are
formed. A similar work is reported by Ma and co-authors. Typically, a Mn powder and TMSCI

is used in this procedure (Scheme 1).°’

o) | |
o
o . OZN@N‘> Mn(5 equiv), TMSCI (2 equiv)
> HN
o DMA, 120°C, 16h @N

83%

H
©/\Iro\/ + OZN@N\> Mn(5 equiv), TMSCI (2 equiv) ©/\[rNcEN\>
0 o DMA, 120°C, 16h 0 o

60%

Scheme 1. Mn catalyzed amide synthesis.”’

In 2019, a chromium based homogeneous system (CrClz/dtbpy/Mg, TMSCI, THF, 90 °C)
for the amidation reaction between esters and nitro compounds is reported.’® The function of

metallic magnesium is to reduce Cr(II) complex to form Cr species with low valence (Scheme
2).58
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NO, CrCly/dtbpy

o)
? I o~ . t (10 mol%) o ©
Mg(4 equiv) N

07/ TMSCI(1 equiv)

THF, 90°C, 12h Mepronil

(67%)

CrCl;/dtbpy

R
o NO (10 mol%) o O
2
o _— »
\)LO/\ . Mg(4 equiv) o\)LN
cl TMSCI(1 equiv) ol H
) THF, 90°C, 12h 3ag: R=H(49%)

3ah: R="Bu(72%)
Scheme 2. Applications in the synthesis of amides.*®

Up to here, we can see TMSCl is a necessary chemical for amide synthesis. The practical
methods about designing of heterogeneous catalysts using molecular hydrogen is highly desired.
Amide is very important for our life, nylon and paracetamol belongs to amide family. The
current method focuses on using expensive starting materials, this is not a good method. People
should seek cheaper reactants, such as CO., glucose, wood, and straw. Probably, the selectivity
will be a bottle neck if we do the reaction using wood, because wood contains lots of different
chemicals. However, this method will help to reduce the cost and make the earth green. To
make a greener approach in the synthesis of a typical chemicals, people should work hard to
explore both the catalysts and reaction method. In another hand, to synthesis useful amide from
plastic is also a very interesting method. Plastics contain carbon, oxygen, nitrogen and hydrogen,
these elements are same to the current using fossil chemicals. Based on this point, we think it
is quite possible to synthesis drugs and pharmaceuticals. Currently, the plastic conversion is
very hot in scientific research. So, how to synthesis amides from plastics in one pot under milder

conditions is an interesting direction, too.

1.4 Valorization of levulinic acid

The limitation of fossil-based resources encourages us to look for renewable resources.
Biomass is a very interesting building blocks, which could be converted into various
chemicals.’” In addition, using biomass to prepare chemicals is a carbon neutral circular

framework, t00.’
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Alkanes
SynGas Methanol

(CO +H,)
W Water-Gas Shift Hydrogen
§L
C,’b

i ( Liquid
Bio-oils Dehydroxygenation Fl.?els

N - = (Including tars, acids,
gz:::'aoss:c Pyrolysis or Liq. chars, alcohols, < o
aldehydes, esters, Zeolite Upgrading Liquid

ketones and aromatic) Fuels

I

Feedstocks

include: f'
forest wastes Ethanol

(e.g. wood, logging "
2 Aromatic

residues), Aqueous N

agricultural wastes < Sugar Hydrocarbons

(e.g. corn stover,

crop residues),

energy crops (e.g.
grasses, corn, sugar cane)

or aquatic plants (e.g. Lo
water hyacinth) Kngmn L'@nin Uégrading > Etherified gasoline

Figure 7. Method for the conversion of biomass.®'

Aqueous-Phase
Processing

Liquid Alkanes
or Hydrogen

More and more people know that biomass is a potential source for chemical production,
which is necessary to support our life. The method that used for conversion biomass could be
found in Figure 7.°' Both syngas, bio-oil, sugars and lignin dimer or monomer units could be
given by biomass upgrading.”” Chemicals including levulinic acid, furfuryl alcohol, 2-
Furaldehyde could be given from biomass (Figure 8).°>% From Figure 8, we can see lots of
chemicals could be produced from biomass upgrading reactions. Noteworthy, these products
represent drugs and pharmaceuticals. Amino acid could also be given form biomass, which is
a potential chemical in the production of drugs. But the current limitations for biomass
conversion is that the products are very limited. The means to expand the substrate scope is
quite important and necessary. Hence, new catalysts and new reaction pathway should be
developed by using advanced research methods. So, the hydrogenation of biomass using
hydrogen molecular in one pot to produce one certain chemical with relatively higher selectivity

is quite interesting.
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: e 0,3
".' -t ° : R, u Rz
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Figure 8. The typical chemicals that could be obtained from biomass.®

Cellulose is very useful in the field of biomass. As shown in Figure 9, levulinic acid

could participates in the formations of many chemicals, these chemicals have typical H-

64, 65

bonding.
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Figure 9. Levulinic acid involved chemicals synthesis from various substrates.*

The LA molecular have carboxylic and carbonyl groups.®® LA has been recognized as

an important platform chemical to produce many other chemicals (Figure 10).%*
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Figure 10. The chemicals that can be produced from levulinic acid upgrading.®

The reduction or hydrogenation of LA could yield many products using different
approach (Figure 10).°*%” N-Alkyl-5-methyl-2-pyrrolidones is a product formed from the
reductive amination reaction of levulinic acid (LA), which is commonly serving as industrial
solvents, dispersants, and surfactants.®*” In industry, pyrrolidinones are given from 1y-
butyrolactone and butanediol using higher temperatures (>200 °C).”° Usually, three steps are
included: condensation of carbonyl groups by the amino, hydrogenation of imines and

intramolecular of aminopentanoic acid (Scheme 3).”":"?

Generally, the reaction mechanism is up to the catalysts, reaction and the involved
agents. So, to explore the reaction mechanism is not a good direction, because the reaction is

not new, and the selectivity for this reaction is also quite high. So, what we can do in usage of
Page | 12
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levulinic acid is to explore new reaction, means, new products will be formed from levulinic
acid. This is a very interesting point in the usage of levulinic acid, as the current product for
this reaction is very less. Hence, people should expand the products scope of levulinic acid
involved reactions. Such as, to prepare ethanol, methanol, acetone, toluene, and fatty acid from
levulinic acid will be very valuable. However, people should perform all these conversions in
mild conditions. At the same time, people also pursue high selectivity for the reaction of
levulinic acid. Totally speaking, both the mild conditions, higher selectivity, and cheaper cost
are key point in the research of levulinic acid conversion. In addition, people should also
develop new catalysts, to solve the current problems in the production of various chemicals
from levulinic acid conversion. The most important thing is the selectivity and the reaction
condition. Biomass is a useful resource for production of lots of chemicals. But new reactions
should be developed, to obtain more and more products from biomass upgrading. The current
work concentrated on using the pure levulinic acid as the starting materials. So, to obtain

pyrrolidones from glucose through one pot is quite interesting, too.

a) Mechanism proceed through imine reduction

OH Condensation ! OH
R-NH
I . P o Ay

S o
Levulinic acid

()

H, Hydrogenation

R
N RNH
\r\):o _Iptramolecular amidation OH
< 3 A~y
Pyrrolidinones @) 0
b) Mechanism proceed through the coupling of amino and carboxylic groups.
o (0}
)l\/\H’OH @—NH )l\/\n’NH@
—_——
o ° z o)

Levulinic acid

o) OQ @
Ut 2 —

Scheme 3. The reaction roads for reductive amination of LA. a) Mechanism proceed through imine
reduction.”! b) Mechanism proceed through the coupling of amino and carboxylic groups.’

In recent years, some groups have contributed great works in the amination reaction of

levulinic acid. Here we discuss selected examples on the heterogeneous procedure for the
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1. Introduction

catalytic reductive amination and amidation of LA to produce different N-heterocycles. In 2019,
a Pt/P-TiO> material could realize the reductive amination of pyrrolidones at ambient
conditions(Figure 11).” Another example, Pt-based nano catalyst used for this reaction is

reported in 2020.7

s

ﬂ:}l\/\ﬂo\/\/ \H:\)Ng

o H fo)
A 46% C 27% 2
—>
o | P¥PTiO; 12h A
™o 93%
D 1%
o\

53% H, VOO
Pt/p-TiO, 12h s

Figure 11. Control experiments in reductive amination of butyl levulinate with n-octylamine.®

As the only non-noble metal-based catalyst, CNFx@Ni@CNTs was developed by Gao
and co-authors, which can catalyzed the reaction of aniline with LA at 130°C and 30 bar H»."
From the current works of reductive amination of levulinic acid, we can see the efficient
catalysts still relies on the noble metal. Until now, only one nickel catalyst is reported for simple
reaction of LA and anilines without extended substrate scope.”” Thus the preparation of general
3d metal based catalysts are highly important for the reductive amination and amidation of LA

for the cost-effective production of pyrrolidinones and related N-heterocycles.

Not limited to these, people can do this reaction at ambient conditions, but the catalysts
are based on noble metals.”® Hence, to prepare 3d metal-based catalysts is quite important to
produce value-added chemicals. In addition, how to synthesis levulinic acid from biomass with
higher selectivity and milder conditions is a current problem. Generally, levulinic acid is
produced from glucose and cellulose using strong acid solution. So, new method that enable
the production of levulinic acid is quite important for us. In addition, we can also synthesis
pyrrolidones from biomass in one pot. So, these products are quite important to support our

research in the utilization of levulinic acid.
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2. Objectives of this work

As described in the introduction, borrowing hydrogen methodology using alcohols,
amidation reactions and the valorization of levulinic acid are very vital transformations are of
key importance in fine and bulk chemicals synthesis. The development and applicability of
efficient catalysts is necessary for these reactions. Notably, most known catalyst systems for
the desired transformations mentioned above are based on precious metals. Hence, the point of
this work is to prepare heterogeneous nano catalysts for these reactions. To synthesis
nanoparticles (NPs) as well as single atom catalysts (SACs), we followed different approaches
by immobilizing suitable metal salts or metal-ligand complexes on heterogeneous supports and
subsequently pyrolyzed under argon atmosphere. As example, carbon supported Co-NPs are
prepared and show good performance in N-alkylation of amides with alcohol. Next, Fe/Zn-
single atoms are prepared and exhibit good activity for the base-free selective a-alkylation and
a-vinylation of ketones with alcohols. Further, Ni-NPs are designed for the green and practical
amides production from esters and nitro compounds. Finally, Co-single atoms on carbon

supports are synthesized, and display good applications in the levulinic acid amination.
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3. Summary of this work

In this section the following concepts are briefly summarized:

1. Cobalt-nanomaterial used for N-alkylation of amides with alcohols.

2. Fe/Zn-SAC:s for the base-free a-alkylation and a-vinylation of ketones with alcohols.
3. Co-SACs catalyzed upgrading of levulinic acid.
4

Ni-NPs catalyzed amide synthesis from esters and nitro compounds.

3.1 Cobalt-nanomaterial used for N-alkylation of amides with alcohols "

In this work, we prepared a Co-L5@C-800 catalysts, which displays very good
activity and selectivity in N-alkylation of amides with alcohols. By comparing the catalysts with
and without ligand (Figure 12-13), we can find that when using ligand in the preparation
procedure some carbon layers will formed on the outer surface of metallic Co, which makes the
reaction site more stable. Then, the applicability of the Co-L5@C-800 was demonstrated for
synthesis >45 products (Scheme 4). The unreported secondary amides can also be obtained in

good yield from biological amides by using this method (Scheme 4, 2j).

(d)

Figure 12. TEM-HAADF and EDX analysis of Co@C-800. (a-b) TEM-HAADF images, (c) EDX

element mapping image of Co, (d-i) identified crystal planes of the Co nanoparticles.’
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Figure 13. TEM-HAADF and EDX analysis of Co-L5@C-800. (a-b) TEM-HAADF images, (c) EDX
element mapping image of Co, (d-i) identified crystal planes of the Co nanoparticles.’
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Scheme 4. Substrate scope of Co-L5@C-800. Reaction conditions: [a] 60 mg Co-L5@C-800 (1.9 mol%
Co, 0.5 mmol amide, 0.55 mmol alcohol, 0.3 mmol KOH, 3 mL toluene, 130 °C, 24 h, 1 atm argon.

Isolated yields. [b] same as [a] at 140 °C. [c] same as [a], GC yield.”
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3.2 Fe/Zn-SACs for the base-free a-alkylation and a-vinylation of ketones

with alcohols

Traditionally, the formation of o-alkylated ketones usually take place by using
environmentally harmful alkyl halides in presence of base.”” ’° Developing non-noble metal
based heterogeneous catalytic system, which enable this reaction to occur under mild conditions
is challenging. In this work, a novel Fe-Zn single atom material is presented, which catalyze

the a-alkylation of ketones with alcohols without using base and hydrogen acceptor.

The success of this Fe/Zn-L1@MgO-Al>03-70 catalyst is based on creating Fe and Zn
single atoms (Figures 14-16) and abundant basic sites (Figure 17). The applicability of the
Fe/Zn-L1@MgO-Al;03-70 was demonstrated for synthesis >50 structurally diverse and
functionalized ketones (Scheme 5). Utilizing the novel catalyst material different substituted
chalcones can also be synthesized (Scheme 6). Similarly, our catalyst system is suitable for the

synthesis of quinolines, >18 substituted functionalized quinolines were obtained (Scheme 7).

Figure 14. HAADF-STEM images of Fe/Zn-L1@MgO-Al,03-70.

Page | 19



3. Summary of this work

03
Zn fnil\

0.3

02

— Zn foil

~~ZnQ

— Zn-L1@Mg0-Al,Q, 70
Fe/Zn-L1@Mg0-Al,0, 70

9640 9650 9660 9670 9680 9690 9700 T °

Energy (eV) P o

(b) ® o

10k FelZn-L1@MgO-Al,0; 70 o

—Zn-L1@Mg0-Al,0, 70 "

T 0
g 8

< st -

= a2

% 4F 02

|_ 02

L

8]
T

o

0o 1 2 3 4 5 6
Radial distance (A)

Figure 15. Structural characterizations of catalysts at Zn K-edge. (a) XANES spectra of Zn foil, ZnO,
Zn-L1@MgO-Al,03-70 and Fe/Zn-L1@MgO-Al>03-70. (b) Fourier transformation of k3-weighted
EXAFS spectra of Zn foil, ZnO, Zn-L1@MgO-Al,03-70 and Fe/Zn-L1@MgO-Al,03-70. (c-¢) Wavelet
transforms (WT) of Zn foil, Zn-L1@MgO-Al,03-70 and Fe/Zn-L1@MgO-Al,03-70.
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Figure 16. Structural characterizations of catalysts at Fe K-edge. (a) XANES spectra of Fe foil, Fe;O3,
FeO, Fe-L1@MgO-Al;03-70 and Fe/Zn-L1@MgO-Al>,05-70. (b) Fourier transformation of k3-
weighted EXAFS spectra of Fe foil, Fe,03, FeO, Fe-L1@MgO0-Al,03-70 and Fe/Zn-L1@MgO-Al203-
70. (c-e) Wavelet transforms (WT) of Fe foil, Fe-L1@MgO-Al,03-70 and Fe/Zn-L1@MgO-Al,03-70.
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Figure 17. Characterization of catalysts. (a) TPD-CO; curves and (b) TPD-NH; curves of Fe/Zn-
L1@MgO-Al,03-70. (c) N 1s spectra of Fe-L1@MgO-Al,03-70. (d) N 1s spectra of Fe/Zn-L1@MgO-
Al,03-70.
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Scheme 5. Substrate scope of Fe/Zn-L1@MgO-Al;03-70 in C-alkylation. Reaction conditions: [a] 0.5

mmol ketones, 0.55 mmol alcohol, 60 mg catalyst, 1 atm argon, 3 mL toluene 140 °C,14 h. Isolated
yield in parentheses. [b] The same as [a] at 145 °C.

Page | 22



3. Summary of this work

o) Fe/Zn-L1@MgO-Al,0;-70 o
RTOH * H,

> S +
RN Toluene, 14h, 110°C, Ar RS AR

oo oo dcto oo :F

F
3a 70%(61%)[? 3b 55%(55%) 3¢ 47%(46%)121 3d 81%(76%)[e 3e 57%(55%)1! 3f 54%(48%)[2]
Aliphatic & allyl alcohols and different ketones: E Functional group tolerance:
NP
N o
3k 32%(26%)l°1 31 25%(24%)P2 3m 26%(25%)M! 5 39 38%(37%)""! 3h 43%(41%)1*‘1
@/\/u\/\)\ ©/\)I\O D E
3i 38%(32%)! :
3n 25%(21%)1] 30 57%(51%)1! 3p 51%MA7%)] e 3’49%(43%)[;’I ........... !

Scheme 6. Fe/Zn-L1@ MgO-Al,03-70 catalyzed synthesis of enones from diverse alcohols and ketones.
Reaction conditions: [a] Immol ketone, 0.5 mmol alcohol, 60 mg catalyst, 1 atm argon, 3 mL toluene
110 °C,14h. Substrate conversion were determined by GC-MS, Isolated yield in parentheses. [b] The
same as [a] at 125 °C. [c] The same as [a], GC yield.
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Scheme 7. Fe/Zn-L1@MgO-Al,03-70 catalyzed synthesis of quinolines from diverse ketones. Reaction
conditions: [a] 0.5 mmol ketone, 0.55 mmol alcohol, 60 mg catalyst, 1 atm argon, 3 mL toluene
140 °C,14h. Isolated yield in parentheses. [b] The same as [a] at 145 °C.
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3.3 Co-SACs catalyzed upgrading of levulinic acid "’

Reductive amination of levulinic acid (LA) is a useful method to produce pyrrolidones
and other N-heterocycles. In this work, we immobilized and pyrolyzed cobalt-phenanthroline
complex on carbon and then treated with HCI solution to afford Co-SACs. The existing Co
single atom (Figure 18-19) is the active cite for the reaction (Scheme 8). As shown in Scheme
9, lactams can also be obtained using keto acids starting material. Following, the synthesis of
isoindolinones was conducted (Scheme 10), which is widely used for drugs. Finally, indoprofen

drug was synthesized using this catalytic method and its yield is 87%.

Figure 18. Electron microscope of 0.75Co-phen@C-800-HCI catalyst. (a) HAADF-STEM image and
(b) EDS elemental mapping. (c) Atomic-resolution HAADF-STEM image and the(d) magnified
HAADF-STEM image reveals highly dispersed Co atoms.”’

71
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Figure 19. Structure characterization of 0.75Co-phen@C-800-HCI. (a, b) High-resolution Co 2p and N
Is XPS spectra. (c) Normalized X-ray absorption near-edge fine structure (XANES) spectra at the Co
K-edge. (d) Fourier transformation of A>-weighted EXAFS spectra at the K-edge. (¢) Wavelet transforms.
() Fitting results.”’

Page | 25



3. Summary of this work

o 0.75Co-phen@C-800-HCI g
o - .
\n/\)LoH + ammonia/nitro/nitrile 20 bar Hy, i-PrOH,90 °C, 24 h R

o o
ammonia
i ®
08 Fold o) d e
o ° o N °
86% 89% 84%2 78% 82%
j [
9 Mofd fo Y ¢
o] - o] o o
87% 89%P 89% 83%° 90%?
O
Ch D S G
o J@ N N/\/O E NH E
92% 91% 86% L...96%°
Nitro compounds’
o~
H
NQ N N A~ OH N
0 o D o) @L)
97%?2 85% 85% 82%
Nitrile?
OH ’N| A
N N\/@ N\);J \
o
° 7% 76% O 739%b 67%

Scheme 8. Reductive amination of LA with aromatic and benzylic amines, nitro and nitrile using

0.75Co-phen@C-800-HCI. Reaction conditions: 0.5 mmol LA, 0.5 mmol amine, 40 mg catalyst (0.64

mmol% cobalt), 20 bar H,, 90 °C, 24 h. 2 mL i-ProH. Isolated yields based on amine. *GC yield based
on amine. °With 1 mmol LA, 05 mmol diamine, 110 °C, 24h. °5 bar NH3, 20 bar H,, 2-mL i-PrOH, 90 °C,
24 h, GC yield based on LA.*0.5 mmol LA and 0.5 mmol nitro compounds, 40 mg catalyst (0.64 mmol%

cobalt), 110 °C, 20 bar H», 24 h. Isolated yield based on nitro. *GC yield based on nitro. 1 mmol LA

and 0.5 mmol nitrile compounds, 40 mg catalyst (0.64 mmol% Cobalt), 125 °C, 20 bar H», 5 bar NHs,

24 h. Isolated yield based on nitrile. °GC yield based on nitrile.”’
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Scheme 9. Synthesis of substituted lactams from different keto acids. Reaction conditions: 0.5 mmol
LA and 0.5 mmol nitro compounds, 40 mg catalyst (0.64 mmol% Cobalt), 90 °C, 20 bar H,, 24 h.
Isolated yield based on amine. *GC yield based on amine.”’
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Scheme 10. Synthesis of isoindolinones. Reaction conditions: 0.5 mmol 2-formylbenzoic acid or 2-
acetyl-benzoic acid, and 0.5 mmol amines or nitro compounds, 40 mg catalyst (0.64 mmol% Cobalt),
105 °C, 20 bar Hy, 24 h. Isolated yield based on amine or nitro compounds.”’
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3.4 Ni-NPs catalyzed amide synthesis from esters and nitro compounds "

Amides are widely used in drugs. The traditional synthesis method is the reaction of
carboxylic acid with amine which needs lots of agents. Thus, exploring more sustainable
approaches for amides synthesis without using external reagents is very important. In this work,
we use esters as reaction partner for the direct amide bond formation in presences of the Ni NPs.

Because of Ni*" is reduced to metallic Ni and more Ti*" and Ti*" species exist in Ni-
L1@Ti02-800 under H» at 130 °C (Figures 20e and g), which makes it have the highest activity
among all tested catalysts. According to the DFT computations (Figure 21), we can find that
Tisc** has lower adsorption energy of aniline molecule and longer bond length of N-H, which
makes the low-valent Ti-species play an important role in the second amidation step.

Ni-L1@Ti0O2-800 showed a good generality in amide preparation, >54 diverse amides
can be obtained in good to excellent yield (Scheme 13-14). Finally, we come to test its
application (Scheme 15), besides some drug molecular are obtained (Scheme 15 entries 55-58),

this catalytic protocol also shows good upscaling ability.
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Figure 20. Mechanistic investigations. (a) Kinetic studies. Reaction conditions: 0.5 mmol 4-nitrophenol,
1 mL ethyl acetate, 60 mg Ni-L1@Ti0O,-800, 20 bar H,, 130 °C, 24 h. (b-c) Control experiments.
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Reaction conditions: (b) the same as (a) with 0.5 mmol 4-nitrophenol, 1 mL ethanol. (c) the same as (a)
with 0.5 mmol 4-aminophenol, 1 mL ethyl acetate, 17 h. In-situ XPS characterization was performed at
130 °C under 1 bar N> (d, f) and H> (e, g) for 1 h, (d, ) Ti 2p for Co-L1@Ti0,-800, (f, g) Ti 2p for Ni-
L1@TiO,-800. (h) Proposed reaction pathway.”®

Y N-H:1.027A
e Sk . N-H,: 1.027 A .
== PSS p S —

b % N-H,: 1.029 A
N-H,: 1.041 A
== 2

e ~

Figure 21. DFT modulation. The most stable configuration of aniline adsorbed on anatase-TiO (101)
surface. (a) aniline is interacting with a Ti*" ion, and (b) aniline is interacting with a Ti*" ion in anatase-
TiO; (101) surfaces. The inset was the different charge density of the complex. Blue areas represent
electron depletion and red areas means electron accumulation with an isosurface value of 0.1
electrons/A.7¢
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Scheme 11. Scope of nitro compounds. Reaction conditions: 0.5 mmol nitro compound, 1mL ethyl
acetate, 30 mg Ni-L1@Ti0,-800, 20 mg TiO», 20 bar H», 130 °C, 24 h. Isolated yields based on nitro
compound.’®
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Scheme 12. Scope of esters. LReaction conditions: 0.5 mmol nitro compound, 1 mL ester, 30 mg Ni-
L1@Ti0,-800, 20 mg TiO», 20 bar H,, 130 °C, 24 h. “Reaction conditions: the same as + with 0.5 mmol
nitro compound, 2 mmol ester, | mL toluene, 30 mg catalyst at 140 °C. "Reaction conditions: the same
as L with 0.5 mmol 4-nitroaniline for 48 h. All are isolated yields based on nitro compound.”
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Scheme 13. Applications. (a) Synthesis of selected drugs. Reaction conditions: 0.5 mmol nitro
compound, 1 mL ester, 30 mg Ni-L1@Ti0,-800, 20 mg TiO,, 20 bar H,, 130 °C, 24 h. Isolated yields
based on nitro compound. (b) Amidation of nitro and ester containing drugs. Reaction conditions: the
same as (a). Isolated yield based on nitro compound. (¢) Scale-up reactions. “Reaction conditions: the
same as (a) with 10 g nitro compound, 30 mL ethyl acetate, required amount of catalyst and TiO, (30
mg of Ni-L1@Ti0,-800 and 20 mg TiO for each 0.5 mmol nitro compound), * the same as (a) with 1.2
g nitro compound, 4 mL ethyl acetate, required amount of catalyst and TiO, (30 mg of Ni-L1@TiO»-
800 and 20 mg TiO> for each 0.5 mmol nitro compound). Isolated yields based on nitro compound.’®
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Introduction

The amide bond is one of the most fundamental functional
groups in organic chemistry. It plays a central role in the for-
mation and preservation of biological systems." Amides are
generally synthesized by condensation of carboxylic acids with
amines,>® or by the reaction between amides and aryl or ali-
phatic halides (Fig. 1).>* However, these established methods
often exhibit a poor atom economy and inevitably lead to the
formation of (stoichiometric amounts of) waste. In contrast to
organic halides, alcohols are broadly available raw materials
including many renewable resources. Hence, the catalytic
N-alkylation of primary amides with alcohols attracted signifi-
cant attention in recent years (Fig. 1).*'° From a mechanistic
point of view, the method involves an initial dehydrogenation
of the alcohol to the corresponding aldehyde, followed by con-
densation with the amide.® Then, the newly formed C=N
bond gets hydrogenated by a metal-hydride to give the
N-alkylated amide, and water is formed as the sole by-product.
Unfortunately, most of these transformations require relatively
harsh reaction conditions.>’
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the successful recycling and reusability.

To date, homogeneous metal complexes based on Ir,"*
Ru,"” Pd," Ni,” and Cu'* dominate as catalysts for N-alkylation
of primary amides with alcohols (Fig. 1). Although these
homogeneous systems with suitably designed ligands are
usually selective and active, their main drawbacks are the costs
and the difficulties in separating and recovering the catalysts
from the reaction mixture. In contrast, heterogeneous
materials are generally more durable and often easier to separ-
ate from products. Over the past decades, only a few hetero-
geneous systems based on Ag," Pd/Au,"® and Ru"® were devel-
oped, and all of them required high temperatures (Fig. 1).
Therefore, the preparation of metal-based nanomaterials that
function under milder conditions continues to be a challenge
in the catalytic functionalization of amides.

Here, we show that N-alkylation of primary amides with
alcohols proceeds in the presence of non-noble and reusable
cobalt-based nanocatalysts under comparably mild conditions.
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o
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Ry” "NH
/ Halides
-HX

-H,0 o

Known homogeneous catalysts: Ir, Ru,
Rh,Pd, Cu, ligands; heterog I
Ni, Ag, Pd/Au
this work: Co-L5@C-800, KOH, 130 °C
Mild conditions, broad scope, high selectivity

Catalyst
- H0

Y

o]
+ R oH
R1)LNH2 2

Fig. 1 General methods for amide synthesis and our presented approach.

Green Chem.


http://rsc.li/greenchem
http://orcid.org/0000-0002-9378-7302
http://orcid.org/0000-0002-8801-6255
http://orcid.org/0000-0001-5901-7235
http://orcid.org/0000-0001-7747-2178
http://orcid.org/0000-0003-1407-7263
http://orcid.org/0000-0001-6079-0962
http://orcid.org/0000-0001-5709-0965
https://doi.org/10.1039/d3gc03286h
https://doi.org/10.1039/d3gc03286h
https://doi.org/10.1039/d3gc03286h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03286h
https://pubs.rsc.org/en/journals/journal/GC

Open Access Atrticle. Published on 08 December 2023. Downloaded on 1/19/2024 2:12:15 PM.

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

(cc)

Paper

Following an operationally simple protocol, a series of functio-
nalized and structurally diverse secondary amides were
synthesized.

Results and discussion
Catalyst preparation and evaluation

The general synthesis of cobalt catalysts followed our previously
developed protocols'®?® and was initiated by dissolving cobalt
(1) nitrate hexahydrate and different types of nitrogen ligands in
methanol solution in the presence of various supports. After
stirring overnight and removing the solvent, the obtained metal
complexes were directly immobilized on the surface of the
respective support (ZSM-5, TiO,, Al,Os, and carbon). The result-
ing materials were pyrolyzed under argon at different tempera-
tures to obtain potential catalysts (as shown in Table 1). The
detailed catalyst preparation procedure is described in the ESI.T
The obtained materials are labelled as Co-L@support-T, where
Co, L and T represent the type of metal (cobalt), ligand (L), and
pyrolysis temperature (T), respectively.

In our initial investigations, we tested the influence of the
support on the formation of cobalt nanoparticles for
N-alkylation of benzamide with benzyl alcohol as a benchmark
reaction. After testing different bases (Table S1f), KOH was
chosen as the optimal one and it was applied in all further

Table 1 N-Alkylation of benzamide with benzyl alcohol: evaluation of
potential Co-materials

o
o s O

60 mg catalyst, argon

0.3 mmol KOH
3 mL toluene, 24 h

Mo

Metal content  Conversion Yield
Entry Catalyst (Wt%) (%) (%)
14 Co-L1@ZSM-5-800 n.r n.r
24 Co-L1@TiO,-800 7 7
3¢ Co-L1@Al,05-800 40 40
4° Co-L1@MgO-Al,05-800 46 46
54 Co-L1@C-800 0.889 80 80
6“ Co@C-800 0.921 n.r n.r
74 Co-L2@C-800 0.921 49 49
8“ Co-L3@C-800 0.892 n.r n.r
94 Co-L4@C-800 0.876 55 55
10¢ Co-L5@C-800 0.937 87 87
114 Co-L5@C-400 0.880 53 53
12¢ Co-L5@C-600 0.880 83 83
13¢ Co-L5@C-1000 0.896 66 66
147 Co-L5@C-800 0.937 99 99
15 Without catalyst n.r n.r
Without base n.r n.r
) NH
NH, OH o 2
R):? @ & HaN " NH, @NHZ
L3 L4 L5

“Reaction conditions: 0.5 mmol of benzamide, 0.55 mmol of benzyl
alcohol, 60 mg of catalyst, 0 3 mmol of KOH, 1 atm argon, 3 mL of
toluene, 115 °C, and 24 h. ? Same as [a] at 130 °C, 24 h. “Same as [b]
w1th0ut a catalyst 9same as [b] without a base. Yields were deter-
mined by GC based on benzamide using n-hexadecane as the stan-
dard. n.r means no reaction. The effect of KOH on the reaction is
shown in Fig. S1.
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experiments. Compared with methanol, ethanol, THF, and
n-hexane, toluene gave the best results as the reaction solvent
(Table S2t). As shown in Table 1, the native properties of the
catalyst could strongly alter the reactivity and selectivity.”* The
influence of the variation in the ligand and cobalt content is
shown in Table S3.1 Based on these results, carbon powder
was selected as the most suitable carrier material among all
the supports tested (Table 1, entries 1-5). Afterwards, the influ-
ence of the selected organic ligands was tested since ligand-
free material, Co@C-800, showed no activity in the model reac-
tion (Table 1, entry 6). Comparison of the catalytic perform-
ance of materials generated using diverse ligands (L1: phenan-
throline, L2: aniline, L3: phenol, L4: urea, and L5:
o-phenylenediamine) showed that Co-L5@C-800 gave the
highest product yield of 87% (Table 1, entries 5 and 7-10).
Next, the effect of the pyrolysis temperature on the catalytic
performance was studied. Compared to Co-L5@C-800, the
materials pyrolyzed at 400, 600 and 1000 °C exhibited low or
moderate catalytic activity (Table 1, entries 10-13). Notably, a
99% yield of the desired product was realized by running the
model reaction at 130 °C (Table 1, entry 14). As expected, in
the absence of a base or catalyst, no product is formed.

To gain a deeper understanding of this transformation,
especially the interplay between the catalyst (Co-L5@C-800)
and the base (KOH), a kinetic profile of the model reaction was
obtained. As shown in Fig. 2a, in the first 5 hours, the two

(a)

-
=3
S
|

L

o

o
=0
N

—@— N-benzyl benzamide
—o— benzamide
—@— benzaldehyde
—— lal |
| \ o\o benzylalcoho
0\ No—9,
9—9—9
~o_g=
9—0— a\,,o—o_ B K;
4 8 16 20 24

T|me (h)
o
130°C, Argon, 2h
(j/ SNH; + Ej/ N
©/\ 3mL Toluene /\©
80+

initial amount of benzamide
8§ 8
e,
/

o B
°1€‘~‘°

percentage of compound wt

(b)

0
Co- L5@C—800 KOH Co-L5@C-800+KOH
(c)

S @f%@*ﬁ@:ﬁ:ﬁ@“@

n[Co]n

Fig. 2 Kinetic experiment and control reactions. (a) Kinetic profile of
the model reaction. Reaction conditions: 0.5 mmol of benzamide,
0.55 mmol of benzyl alcohol, 60 mg of catalyst, 1 atm argon, 3 mL of
toluene, 130 °C, and GC yield. (b) Coupling reaction of benzamide and
benzaldehyde to form secondary amide. Reaction conditions: same as
(a) with 0.5 mmol of benzamide, 0.55 mmol of benzaldehyde, and 2 h.
(c) Proposed reaction sequence.
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reactants are mainly consumed, and the yield of the desired
secondary amide increased to 90%. Then, the reaction rate
slows down approaching nearly full conversion of benzyl
alcohol after 22 h. Over the course of the reaction, 3-10% of
benzaldehyde was observed as an intermediate, which is
formed by the dehydration of benzyl alcohol.>” To understand
the effect of Co-L5@C-800 and KOH, control reactions were
performed (Fig. 2b).

Experiments in the presence of only Co-L5@C-800 or KOH
showed no/minor reactivity, while the desired product yield
increased to 77% when both base and catalyst were used. The
kinetic profile and control experiments are in agreement with
the previously proposed mechanism (Fig. 2c).>*** This
N-alkylation reaction of benzamide starts with a base-pro-
moted dehydrogenation of benzyl alcohol, which occurs on
the catalyst surface, to produce benzaldehyde and H-[Co]-H
species on the surface (first reaction step).>>® Then, nucleo-
philic addition of benzamide to benzaldehyde generated the
respective N-benzoylimine. This second step is likely promoted
by a base, too, and represents the rate-determining reaction
step due to the poor nucleophilicity of primary amides.
Finally, cobalt-catalyzed reduction of this imide occurs (third
reaction step).>*

Characterization of selected materials

To elucidate reasons for the markedly different catalytic activi-
ties of the prepared Co-L@C-T catalysts, the effects of ligand
and pyrolysis temperature on the structures of Co@C-800, Co-
L5@C-400, Co-L5@C-600, Co-L5@C-800, and Co-L5@C-1000
were investigated in detail by transmission electron
microscopy (TEM), X-ray powder diffraction (XRD), Brunauer-
Emmett-Teller (BET) analysis, and X-ray photoelectron spec-
troscopy (XPS).

Although the powder X-ray diffraction (XRD) data show
broad peaks of the support material®” (Fig. S21), Co-containing
phases can be suspected by a peak around 37° 26, which is
assigned to Co-oxide formation.>®*° However, due to low
loading and overlapping peaks, its assignment to different Co-
oxides was not successful (Fig. S21). If the pyrolysis tempera-
ture is increased to 800 °C, metallic fcc-Co appeared in the
material as seen by its most intense Bragg peaks at 44.2 (111),
51.5 (200) and 75.8° (220).>! Notably, there are only negligible
differences in diffraction data of Co@C-800 and Co-L5@C-800
(Fig. S37).

The presence of organic nitrogen ligands during the
thermal catalyst formation induces the formation of some
carbon protective layers on the outer surface of metallic Co,
which make Co-L5@C-800 more stable to oxidation. Although
the signal of a metallic Co° phase is also observed on
Co@C-800, TEM analysis and XPS spectra showed that the
surface of these particles is oxidized (Fig. 3d-i and S37).
Consequently, the Co@C-800 material is more sensitive to
oxidation.>

The HAADF-TEM images of Co@C-800 revealed that cobalt
nanoparticles with a size of 45-50 nm are randomly distribu-
ted over the surface of the support material (Fig. 3a). EDX

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 TEM analysis of Co@C-800. (a and b) TEM-HAADF images, (c)
EDX elemental mapping image of Co, and (d-i) identified crystal planes
of the Co nanoparticles.

mapping images clearly indicate that cobalt nanoparticles are
randomly distributed on the surface of the materials (Fig. 3b-c
and Table S4}). In the regions at high cobalt magnification
(Fig. 3d-i), the nature of the metal nanoparticles is revealed.
As shown in the image of Fig. 3d, labeled using red and blue
frames, the apparent lattice distance in the red region was
found to be 0.204 nm, corresponding to the (111) plane of
metallic Co (Fig. 3d and e).** Besides, the (111) plane of CoO
with a distance of 0.254 nm is also found in the blue region
(Fig. 3d and e).>* Moreover, the (222) plane of Co;0, with a
d-spacing of 0.235 nm** is also found in the yellow region
(Fig. 3f-i). These indicate that the surface cobalt particles in
Co@C-800 are in the oxidized state, too. Thus, we propose a
core-shell structure of the cobalt nanoparticles in Co@C-800,
where the core consists of metallic Co with an oxide shell.

High angle annular dark field (HAADF) images of Co-
L5@C-800 show the Co particles as bright dots with a smaller
average diameter of about 9 nm compared to the ligand-free
produced pendant (Fig. 4a and b). Obviously, the formation of
the Co-L5 complex prevented the growth of cobalt nano-
particles during the pyrolysis process.*®

High-magnification TEM images (Fig. 4h and i) show lattice
fringes with a d-spacing of 0.195 nm, corresponding to the
(111) lattice plane of metallic cobalt.>® Besides, cobalt oxides
exist in this sample as indicated by the lattice fringes with a
d-spacing of 0.186 nm, which correspond to the (331) lattice
plane of Co;0, (Fig. 4f and g).*” Due to the presence of a
ligand, some cobalt nanoparticles are encapsulated by few
carbon layers (Fig. 4d). The selected area of the nanoparticle
core in Fig. 4d shows the lattice fringes with a d-spacing of
0.171 nm, corresponding to the (200) lattice plane of metallic
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Fig. 4 TEM analysis of Co-L5@C-800. (a and b) TEM-HAADF images,
(c) EDX elemental mapping image of Co, and (d-i) identified crystal
planes of the Co nanoparticles.

cobalt (Fig. 4e).>® In addition, the shell shown in Fig. 4d pos-
sesses lattice fringes with a d-spacing of 0.337 nm, corres-
ponding to the (002) lattice plane of carbon (Fig. 4e).*®
Furthermore, the corresponding EDX mapping images of
Fig. 4b and c clearly indicate that cobalt nanoparticles are ran-
domly distributed on the surface of the materials, and cobalt
species could be clearly detected (Table S57).

The TEM images of Co-L5@C-400, Co-L5@C-600 and Co-
L5@C-1000 are shown in Fig. S5-S7.f Interestingly, the
materials prepared at a lower pyrolysis temperature, Co-
L5@C-400 and Co-L5@C-600, show the formation of cobalt
nanoparticles, too (Fig. S5 and S67). It is worth mentioning
that compared with Co-L5@C-800, the particle size of Co-
L5@C-1000 is increased to 20.5 nm due to the relatively higher
pyrolysis temperature (Fig. S77).

Next, we performed XPS investigations to obtain further
insights into the surface composition and oxidation state of
cobalt in these materials. The surface composition of the
different catalysts is shown in Table S67 and reveals C, O, Co,
and N as the main elements. Small amounts of S and Si can be
found as well, which are typical residues in carbon supports.
The Co 2p and N 1s spectra of the Co-L5 temperature series
are shown in Fig. S4.1 All these materials display the peaks of
cobalt oxide (due to the overlap of CoO and Co;0,, Co,0y is
used to represent cobalt oxide) at around 780.4 eV.'® For Co-
L5@C-400 (Fig. S4aft), the Co 2ps/, peak is shifted to slightly
higher binding energies at about 781.2 eV. Together with the
pronounced satellite features, this suggests Co®>" as the main
oxidation state.”® For higher pyrolysis temperatures, the main
Co 2p;/, peaks are observed at typical binding energies of oxi-
dized Co at about 780.4 eV.*° For Co-L5@C-600 (Fig. S4at), the
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less pronounced satellite features indicate the additional pres-
ence of Co0;0,."° For the pyrolysis temperatures 800 and
1000 °C, an additional peak at 778.4 eV appears which is
characteristic of metallic cobalt.*' XPS data indicated that the
surface concentration of Co species decreases with increasing
pyrolysis temperature from 0.3 to 0.1 at% obviously due to an
increased carbon coverage (Table S6t). In addition, the relative
concentration of metallic cobalt increases, too (Table S77). In
comparison, the reference sample Co@C-800 shows no metal-
lic Co at the surface (see Fig. S4a,t) even though it could be
detected in the bulk material by XRD (see the XRD section
Fig. $2-31). These results underline the importance of the
added ligand to form and protect near surface Co species. The
nitrogen concentration also decreased with increase in pyrol-
ysis temperature from 1.2 at% for 400 °C to 0.1 at% for
1000 °C (Table S61). The N 1s XPS spectra shown in Fig. S4bt
are deconvoluted showing four N species: pyridinic N (398.5
eV), pyrrolic N (399.8 eV), graphitic N (401.2 eV), and oxidized
pyridinic-N (403.4 €V).*>** Going from low to higher pyrolysis
temperatures, the observed N species change from predomi-
nantly pyridinic-N and pyrrolic-N species** to graphitic-N,
which are incorporated into the support lattice.**

Later, the textures of these materials were measured by N,
physisorption. The specific surface area (Spgr) is summarized
in Fig. S8.1 Among all the samples, Co@C-800 has the largest
specific surface area of 201 m® g~*. With the increase of pyrol-

o

o
~
©)LNH2 + R™oH ©)LH R
Benzylic alcohols:

ohreo O e, ofre, OO

Co-L5@C-800

0.3 mmol KOH, 130 °C, argon, 24 h

1al%l: 81% 1ble: 83% 1cl: 80% 1d%l: 78%
2 o
@)LN/\@ o cl o
H N cl
H N N
s TV, oo oy
TF
1el®l: 83% 1£21; 83% 19!l 80% 1hal: 79%

oo, oo, oo, oo
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o

Functional group tolerance:
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Allphatlc alcohols:
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wllesy 0 ML IVERT2%

Scheme 1 Co-L5@C-800 catalyzed N-alkylation of benzamide with
different alcohols. Reaction conditions: 0.5 mmol of benzamide,
0.55 mmol of alcohol, 60 mg of Co-L5@C-800 (1.9 mol% Co), 0.3 mmol
of KOH, 3 mL of toluene, 130 °C, 24 h, and 1 atm argon. Isolated yields.
b Same as [a] at 140 °C. € Same as [a], GC yield.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03286h

Open Access Atrticle. Published on 08 December 2023. Downloaded on 1/19/2024 2:12:15 PM.

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

(cc)

Green Chemistry

ysis temperature from 400 to 1000 °C, the surface area of Co-
L5@C-T samples increased from 121 m® g™ to 164 m> g .

Synthetic applications and substrate scope

Under the optimized reaction conditions, we explored the
scope of Co-L5@C-800 catalyzed N-alkylation of primary
amides with alcohols. As shown in Scheme 1, several functio-
nalized and structurally diverse alcohols underwent the
desired reactions with benzamide to produce the corres-
ponding products in good to excellent yields.

The substitution on the aryl ring of benzyl alcohol has no
noticeable effect on the efficiency of the reaction. With both
electron-withdrawing and electron-donating substituents, the
N-alkylated amides are afforded in 78%-85% yield (Scheme 1,
1a-1l). For catalyst applications in advanced organic synthesis,
achieving a high degree of chemoselectivity is important, yet
often challenging. To showcase this aspect, alcohols contain-
ing various functional groups were tested in our protocol.
Interestingly, the C-C double bond and nitrile are well toler-
ated (Scheme 1, 1s and 1r). Furthermore, heterocyclic benzyl
alcohols also reacted well and produced the alkylated amides
in 81%-89% yield. 1-Hexanol as an example of aliphatic alco-
hols led to the corresponding amide in good yield, too
(Scheme 1, 1v).

i P ©/\OH CoL5@C-800 RANNR
Ri” "NH, o 0.3 mmol KOH, 130 °C, Argon, 24 h H O oR

Aromatic amides: °
o o o .
~o H ~o H o o So
0
2dle): 84%
o

N

H
F

2hll: 81%
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2el?: 82% 2fl21:82% 291 79%

2, QAL
O edh
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Scheme 2 Co-L5@C-800 catalyzed N-alkylation of different amides
with benzylic alcohol. Conditions: ?0.5 mmol of amide, 0.55 mmol of
benzyl alcohol, 60 mg of Co-L5@C-800 (1.9 mol% Co), 0.3 mmol of
KOH, 3 mL of toluene, 130 °C, 24 h, and in 1 atm argon. Isolated yields.
b Same as [a] at 140 °C. € Same as [a], GC yield.
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Fig. 5 Reusability of Co-L5@C-800 in N-alkylation of benzamide with
benzyl alcohol. Reaction conditions: 0.5 mmol benzamide, 0.55 mmol
benzyl alcohol, 60 mg Co-L5@C-800 (1.9 mol% Co), 0.3 mmol KOH,
3 mL toluene, 130 °C, 24 h, in 1 atm argon.

The standard reaction protocol is also applicable using
diverse amides. Benzamides with both electron-withdrawing
and electron-donating substituents reacted well with benzyl
alcohol, and the corresponding secondary amides were
obtained in 79%-87% yield (Scheme 2, 2a-2i). The biological
amides can also react well with benzyl alcohol in the presence
of this cobalt system to obtain unreported secondary amides
in good yields (Scheme 2, 2j), which provides a method for
synthesizing new products. Next, we explored the general
applicability for more challenging aliphatic amides. By using
this catalytic method, secondary amides could also be pro-
duced from less active alkyl amides (Scheme 2, 2k-2I).
Similarly, heterocycles were well tolerated, and this system
showed excellent regioselectivity in the substrates containing
both amino and nitrile groups (Scheme 2, 2m and 2v).
Screening of various primary amides and alcohols revealed
that the alkylation of amides catalyzed by this cobalt system
worked well and provided secondary amides in good to excel-
lent yields (Schemes 1 and 2). To investigate the stability of
this novel catalyst, recycling experiments were performed
under standard conditions. Indeed, Co-L5@C-800 can be
reused conveniently and no significant loss of catalytic activity
is observed even after five times (Fig. 5). The recycled catalyst
was also characterized to explore the structural differences by
XRD. Compared with fresh material, no significant structural
difference was seen in the XRD pattern (Fig. S9bt).

Conclusions

We reported a novel nano-structured Co-based catalyst for
practical and convenient N-alkylation of primary amides with
alcohols. Introduction of nitrogen ligands and pyrolysis treat-
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ment creates a highly stable and reusable Co-nanoparticles,
which activates N-alkylation of primary amides with alcohols
under mild conditions. The optimal catalyst (Co-L5@C-800)
showed good to excellent activity and selectivity for the syn-
thesis of functionalized and structurally diverse secondary
amides.

Author contributions

R. V. ], S. W. and M. B. supervised the project. R. M., R. V. ],
S. W. and M. B. planned and developed the project. R. M.,
S. W. and R. V. J. designed the experiments. R. M. and
J. G. prepared catalysts and performed all catalytic
experiments. J. G. and Y. H. carried out reproducibility
experiments. L. Z. and N. W. performed the TEM measure-
ments and analysis. S. B. and H. L. performed XPS and XRD
analysis. R. M., J. G., S. W,, R. V. J. and M. B. wrote the paper.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We gratefully thank the European Research Council (EU
project 670986-NoNaCat) and the State of Mecklenburg-
Vorpommern for financial and general support. We thank the
analytical team of the Leibniz-Institut fiir Katalyse e.V. for
their excellent service. We thank Mr Reinhard Eckelt for per-
forming BET. Rui Ma, Jie Gao and Yue Hu thank the China
Scholarship Council (CSC) for the fellowship.

References

1 M. T. Sabatini, L. T. Boulton, H. F. Sneddon and
T. D. Sheppard, Nat. Catal., 2019, 2, 10-17.

2 C. A. G. N. Montalbetti and V. Falque, Tetrahedron, 2005,
61, 10827-10852.

3 E. Valeur and M. Bradley, Chem. Soc. Rev., 2009, 38, 606—

631.

X. Dai and F. Shi, Org. Biomol. Chem., 2019, 17, 2044-2054.

J. Das and D. Banerjee, J. Org. Chem., 2018, 83, 3378-3384.

6 C. Chen, F. Verpoort and Q. Wu, RSC Adv., 2016, 6, 55599-
55607.

7 X.J. Wu, H. J. Wang, Z. Q. Yang, X. S. Tang, Y. Yuan, W. Su,
C. Chen and F. Verpoort, Org. Chem. Front., 2019, 6, 563-
570.

8 C. Gunanathan and D. Milstein, Science,

1229712.

S. Kerdphon, X. Quan, V. S. Parihar and P. G. Andersson,

J. Org. Chem., 2015, 80, 11529-11537.

10 A. Wang, Y. Xie, J. Wang, D. Shi and H. Yu, Chem.

Commun., 2022, 58, 1127-1130.

SIS

2013, 341,

o)

Green Chem.

View Article Online

Green Chemistry

11 N. Wang, X. Zou, J. Ma and F. Li, Chem. Commun., 2014, 50,
8303-8305.

12 Y. Watanabe, T. Ohta and Y. Tsuji, Bull. Chem. Soc. Jpn.,
1983, 56, 2647-2651.

13 X. C. Yu, L. Jiang, Q. Li, Y. Y. Xie and Q. Xu, Chin. J. Chem.,
2012, 30, 2322-2332.

14 P. Xu, F.-S. Han and Y.-H. Wang, Adv. Synth. Catal., 2015,
357, 3441-3446.

15 G. C. Y. Choo, H. Miyamura and S. Kobayashi, Chem. Sci.,
2015, 6, 1719-1727.

16 B. Sardar, R. Jamatia, A. Samanta and D. Srimani, J. Org.
Chem., 2022, 87, 5556-5567.

17 R. V. Jagadeesh, T. Stemmler, A. E. Surkus, H. Junge,
K. Junge and M. Beller, Nat. Protoc., 2015, 10, 548-557.

18 J. Gao, L. Feng, R. Ma, B.-]. Su, A. M. Alenad, Y. Liu,
M. Beller and R. V. Jagadeesh, Chem. Catal., 2022, 2, 178-
194.

19 J. Gao, R. Ma, L. Feng, Y. Liu, R. Jackstell, R. V. Jagadeesh
and M. Beller, Angew. Chem., Int. Ed., 2021, 60, 18591-
18598.

20 J. Gao, R. Ma, F. Poovan, L. Zhang, H. Atia, N. V. Kalevaru,
W. Sun, S. Wohlrab, D. A. Chusov, N. Wang,
R. V. Jagadeesh and M. Beller, Nat. Commun., 2023, 14,
5013.

21 R. V. Jagadeesh, K. Murugesan, A. S. Alshammari,
H. Neumann, M. M. Pohl, J. Radnik and M. Beller, Science,
2017, 358, 326-332.

22 P. D. Coan, M. B. Griffin, P. N. Ciesielski and J. W. Medlin,
J. Catal., 2019, 372, 311-320.

23 K. Sun, H. Shan, G. P. Lu, C. Cai and M. Beller, Angew.
Chem., Int. Ed., 2021, 60, 25188-25202.

24 A. J. Watson, A. C. Maxwell and J. M. Williams, J. Org.
Chem., 2011, 76, 2328-2331.

25 K. Lida, T. Miura, J. Ando and S. Saito, Org. Lett., 2013, 15,
1436-1439.

26 T. Miura, O. Kose, F. Li, S. Kai and S. Saito, Chem. — Eur. J.,
2011,17,11146-11151.

27 B.J. Hwang, J. Phys. Chem. C, 2007, 111, 15267-15276.

28 L. Belles, C. Moularas, S. Smykata and Y. Deligiannakis,
Nanomaterials, 2021, 11, 925.

29 K. Deori and S. Deka, CrystEngComm, 2013, 15, 8465-8474.
30 T. Rao Penki, D. Shanmughasundara, B. Kishore and
N. Munichandraiah, Adv. Mater. Lett., 2014, 5, 184-190.

31 J. Jansson, A. E. C. Palmgqvist, E. Fridell, M. Skoglundh,
L. Osterlund, P. Thormihlen and V. Langer, J. Catal., 2002,
211, 387-397.

32 A. K. Datye, J. Bravo, T. R. Nelson and L. Pfefferle, Appl.
Catal., A, 2000, 198, 179-196.

33 X. Deng, Y. Yang, L. Wang, X. Z. Fu and J. L. Luo, Adv. Sct.,
2021, 8, 1-9.

34 X. Sun, Y. Ly, T. Li, S. Zhao, Z. Gao and Y.-Y. Song, J. Mater.
Chem. A, 2019, 7, 372-380.

35 J. Mu, L. Zhang, G. Zhao and Y. Wang, Phys. Chem. Chem.
Phys., 2014, 16, 15709-15716.

36 B. Y. Guan, X. Y. Yu, H. B. Wu and X. W. D. Lou, Adv.
Mater., 2017, 29, 1703614.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03286h

Open Access Atrticle. Published on 08 December 2023. Downloaded on 1/19/2024 2:12:15 PM.

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

(cc)

Green Chemistry

37 J. O. D. Malafatti, A. J. Moreira, E. C. Paris, L. J. Cardenas
Flechas, O. A. P. Pereira and M. Rincoén Joya, Catalysts,
2022, 12, 1199.

38 X. Peng, L. Wang, L. Hu, Y. Li, B. Gao, H. Song, C. Huang,
X. Zhang, J. Fu, K. Huo and P. K. Chu, Nano Energy, 2017,
34,1-7.

39 J. Chen, X. Yuan, F. Lyu, Q. Zhong, H. Hu, Q. Pan and
Q. Zhang, J. Mater. Chem. A, 2019, 7, 1281-1286.

40 M. C. Biesinger, B. P. Payne, A. P. Grosvenor, L. W. M. Lau
and A. R. Gerson, Appl. Surf. Sci., 2011, 257, 2717-2730.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

41 L. Chen, Y. Zhang, H. Wang, Y. Wang, D. Li and C. Duan,
Nanoscale, 2018, 10, 21019-21024.

42 X. Yang, C. Chen, Z. Zhou and S. Sun, Acta Phys.-Chim. Sin.,
2019, 35, 472-485.

43 B. ]J. Matsoso, K. Ranganathan, B. K. Mutuma, T. Lerotholi,
G. Jones and N. J. Coville, RSC Adv., 2016, 6, 106914—
106920.

44 R. V. Jagadeesh, A. E. Surkus, H. Junge, M. Pohl, J. Radnik,
J. Rabeah, H. Huan, V. Schiinemann, A. Briickner and
M. Beller, Science, 2013, 342, 1073-1076.

Green Chem.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03286h

WILEY . vcH

Base-free Selective a-Alkylation and a-Vinylation of Ketones with
Alcohols over Fe/Zn Bimetallic Catalysts

Rui Mal, Jie Gao®, Lan Zhang®, Hanan Atial®, Stephan Bartling®®, Henrik Lund®, Ning Wang*®},
Sebastian Wohlrab*?®, Rajenahally V. Jagadeesh*® °l, and Matthias Beller*®

[a] R. Ma, Dr. J. Gao, Dr. H. Atia, Dr. S. Wohlrab, Prof. Dr. R. V. Jagadeesh and Prof. Dr. M. Beller

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

E-mail: sebastian.wohlrab@catalysis.de; jagadeesh.rajenahally@catalysis.de; matthias.beller@catalysis.de

[b] L. Zhang, Prof. Dr. N. Wang
Faculty of Environment and Life, Beijing University of Technology,
Chaoyang, 100124, Beijing, China
E-mail: ning.wang.1@bjut.edu.cn

[c] Nanotechnology Centre, Centre for Energy and Environmental Technologies, VSB-Technical University of Ostrava, Ostrava-Poruba, Czech Republic

Abstract: General and benign a-alkylations and a-vinylations of
ketones with alcohols proceed in the presence of heterogeneous Fe-
Zn catalyst (Fe/Zn-L1@MgO-Al,05-70). Applying this catalyst
material, the synthesis of a variety of ketones (> 52 products),
substituted chalcones (17 products) and quinoline derivatives (>18
products) is carried out with a broad substrate range and good
functional group tolerance. In addition to the model substrates, the
catalyst also allows for the reaction of more challenging secondary
and aliphatic alcohols, which have been selectively converted to the
corresponding products in good to high yields. A notable feature of
the Fe/Zn catalyst is the ability to selectively perform chemo-divergent
alkylation or vinylation reactions by temperature control. Another
advantage of the presented methods is the exclusion of (strong)
base, which prerequisite in such
transformations.

external is a common

Introduction

The construction of C-C bonds is of fundamental importance in
organic chemistry and a plethora of such synthetic methods are
available to academic and industrial chemists. Among these
methods, a-functionalization of carbonyl compounds is a highly
valuable strategy to synthesize basic organic building blocks as
well as heterocycles, pharmaceuticals, and natural product
related molecules.'! Conventionally, the synthesis of a-alkylated
ketones is performed using environmentally harmful alkyl halides
as alkylating agents in the presence of strong bases (Scheme
1a).l This leads to the inevitable formation of (over)
stoichiometric amounts of waste. In contrast, metal-catalyzed a-
functionalization of ketones with alcohols has inherent
advantages and has therefore attracted much attention in recent
years.®l More specifically, several research groups have
developed different types of homogeneous organometallic
complexes for such transformations. Despite these interesting
developments, most of the known catalytic systems still have
some drawbacks, such as the need for precious metals (Ru, Ir,
Pd, etc.)® % or sophisticated ligands, as well as the necessity of
large amounts of additives and/or bases (Scheme 1b).E¢ 8l |n
addition, homogeneous catalysts are sometimes limited in their

applications due to difficult handling and separation. In this
respect, heterogeneous materials offer a more practical approach
for easy catalyst recycling in the a-alkylation of ketones with
alcohols. Although, Pd-®2 3471 and Ru-® based nanomaterials
have been developed for this transformation, these systems
generally require a large excess of base, and in some cases
additional hydrogen acceptor (Scheme 1b).

(a) Conventional a-alkylation of ketones with alkyl and benzyl halides

(o] HX [o]
R&-X + )le — P2 e R1\)LR2
base: KOH, Ba(OH),, K,CO3, LiOH
(b) Transition-metal catalyzed a-alkylation of ketones with alcohols
Homoageneous catalysts

o o
Pd, Ir, Ru, Co, Mn, Fe
R-OH + , I, Ru, Co, Mn, Ry M
! )LRZ base: KOH, LiOH, NaOH R,
Heterogeneous-noble metal catalysts
o o
ROH + _IL Pd, Ru R,

2 pase: K;P0O4, KOH, KO'Bu

Heterogeneous-non-noble metal catalysts

o) . . o
R-OH + )LR Ni/Si0,-Al,03, Fe;0,@CS-Ni R, JR
2 base: K;PO, 2
(c) This work: tuneable selectivity by varying temperatures

o)
RCH,OH * )LRZ

O  FelZn-L1@MgO-Al,05-70 [ Fe/zn-L1@Mg0-AI,0,-70

o
» RH,C. M}
RVRz 110°C, 1 bar Argon 140°C, 1 bar Argon 2 R,

o
OH Fe/Zn-L1@MgO-Al,05-70
L + g Hir, FeEntiOUOAO T,

H, 140°C, 1 bar Argon

m\ R,
N° Ry
87 examples up to 92% yield

</ available materials (Fe-based) J hydrogen acceptor & base free

+/ broad substrate scope v h

ivergent sy
Scheme 1. Transition metal catalyzed a-alkylation of ketones: Comparison

between conventional methods and this work.

In addition to the distinct reactivity profiles, the use of non-
noble 3d transition metals in catalysis offers significant economic
and ecological advantages. A nickel-based heterogeneous
catalytic system has been reported to date, which requires 20
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mol% Ni of a 65 wt% Ni/SiO,/Al,O3, an additional base (10 mol%
K3;PO,), and high temperature (175 °C).) Consequently, the
development of a non-noble metal-based heterogeneous catalytic
system that enables this transformation to occur smoothly under
milder conditions (base-free, hydrogen acceptor-free, lower
reaction temperature) remains a significant challenge. In this
regard, iron (Fe) is a particularly intriguing candidate due to its
abundance (the second-most prevalent metal in the Earth's crust)
and its toxicity profile, which differs from that of most other
transition metals.['%

In this study, we present the synthesis and comprehensive
characterization of a Fe-Zn based material, which exhibits
remarkable activity for the a-alkylation of ketones with alcohols in
the absence of a base and a hydrogen acceptor. The catalytic
system exhibited a broad substrate scope and allowed for
selective switching between alkylation and vinylation of ketones.
To the best of our knowledge, this is the first Fe-based
heterogeneous catalyst for the direct alkylation and vinylation of
ketones without the use of a base or hydrogen acceptor.

Results and Discussion

Preparation of Catalytic Materials and Model Studies

In recent decades, catalytic materials for organic syntheses have
been developed through the immobilization of metal complexes,
generated in situ, on stable inorganic supports and subsequent
pyrolysis. This preparative approach can result in the formation of
highly dispersed metal nanoparticles or single atoms, which can
be understood as a method for the heterogenization of
homogeneous catalysts.l'""! For example, in our research group,
many Fe-['4, Co-"¥l, and Ni-['Y based nanostructured catalysts
were prepared using this method and applied for different
(de)hydrogenation and reductive amination reactions. In the
majority of these preceding studies, specific heteroarenes, such
as phenanthroline or combinations of diamines and dicarboxylic
acids,['% 15 were employed as ligands to facilitate the formation
of active metal species embedded in a nitrogen-doped carbon
matrix. We were curious to ascertain whether the use of the
simplest (and least expensive) aromatic di- and monoamines
(1,2- and 1,4-diaminobenzene L1 and L2, aniline L3) would also
permit the creation of active catalyst materials. In order to prepare
potential heterogeneous catalysts, Fe(NOz);-9H,0 was combined
with three ligands (L1-L3), and the resulting metal complexes
were immobilized on the surface of various supports, including
ZSM-5 and TiO, The resulting materials were pyrolyzed under
argon at 800 °C to obtain a small library of potential iron catalysts
(Figure 1, Table 1). The pyrolysis process was conducted on a
variety of supports, e.g. ZSM-5, TiO,, Al,O3, carbon, MgO-Al,O3-
X (X represents the mass ratio of MgO, for example in MgO-Al,O3-
30: the mass ratio of MgO is 30%). In the following sections, the
supported materials will be denoted as M-L@Support, where M
and L represent metal and ligand, respectively.

The a-alkylation of acetophenone with benzyl alcohol was
selected as the standard reaction. For this widely accepted
benchmark reaction, numerous heterogeneous catalysts,
particularly those based on precious metals, have been
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developed in the past (see Table S1). In contrast to the majority
of previously documented procedures, our approach involved the
omission of additional bases and reagents, a strategy that offers
significant benefits, including reduced waste generation and lower
costs. Initially, the combination of Fe/L1 on different supports was
evaluated for the synthesis of dihydrochalcone 3 under an argon
atmosphere in toluene at 130°C for 24 h (Table 1).

:m -

=¥
1. Keep stirring

;'Metal precursor: Fe(NO;)s-9H,0
i Zn(NO;), 6H,0 |

i
Support: Mg0O-ALO,-70
1

Li . NH
:ngand. L1: @ 2
'\‘ NH,

=
2. Remove solvent

Fe atom @

=

Zn atom

».. :l‘> C. /
3 lysi
Fyrolysis FelZn-L1@MgO-AL,0,-70
Figure 1. Catalysts preparation: pictorial representation for the synthesis of
catalytic materials.

Table 1. a-Alkylation of acetophenone with benzyl alcohol:
Catalytic activities and selectivities.

o
©/\0H 60 mg catalyst, Argon
+ _—
3 mL toluene, reflux

1 2 3 4
Entry Catalyst M::al Ioadinz;]wt% Conv;:'sion %
1[al Fe-L1@SiO, <1 <1 <1
20l Fe-L1@CaO <1 <1 <1
3lal Fe-L1@TiO, 12 <1 1
4lal Fe-L1@C 10 3 5
stal Fe-L1@Al,03 0.61 36 2 14
62l Fe-L1@MgO 0.63 8 <1 3
7 Fe-L1@MgO-Al,03-30 1.05 76 20 39
8l Fe-L1@MgO-Al,03-50 1.04 93 58 26
olal  Fe-L1@MgO-Al,05-70 1.16 87 68 20
1081 2Fe-L1@MgO-Al,05-70  2.22 91 50 30
11[8] Fe/Zn-L1@MgO-Al,05-70  1.15 1.14 96 81 13
12[8] Fe/Zn-L2@MgO-Al,05-70  1.11 1.12 88 46 29
1381 Fe/Zn-L3@MgO-Al,05-70 1.13 1.21 93 73 16
1421 Fe/Zn@MgO-Al,05-70 113 1.27 89 63 20
15021 Fe/3Zn-L1@MgO-Al,05-70 1.11 3.72 96 80 14
16[%] 3Fe/Zn-L1@MgO-Al,0;-70 3.24 1.25 85 35 33
17181 Zn-L1@MgO-Al,05-70 1.01 86 71 18
18lal FelZn-L1@MgO 0.66 0.24 31 <1 19
191 FelZn-L1@Al,0; 0.68 0.76 38 <1 19
20! Fe/Zn-L1@Mg0-Al,0;-70  1.15 1.14 99 94 5
21101 MgO-Al,0;-70 27 5 18
220l without cat n.r n.r n.r

NH, NH, NH,
@NHZ HZNO @
L1 L2 L3

Reaction conditions: [a] 0.50 mmol acetophenone, 0.55 mmol benzyl alcohol,
60 mg catalyst, 1 bar argon, 3 mL toluene, 130°C, 24 h. [b] The same as [a] at
140°C, 14 h. The conversion and yields were determined by GC based on
acetophenone using n-hexadecane as the standard.

As shown in Table 1, entries 1-9, the yield of 3 is highly
dependent on the nature of the support. The activity and



selectivity of the different materials exhibited considerable
variation. In addition to the anticipated product 3, the
corresponding dehydrogenated chalcone 4 was also observed in
the majority of test reactions. The highest activity and yield of 3
were observed in the presence of Fe-L1@MgO-Al,03-70. To
enhance the activity of Fe-L1@MgO-Al,05-70, we increased the
Fe loading; however, no notable advancement was observed
(Table 1, entry 10). In light of reports on the alkylation of ketones
catalyzed by zinc salts,!"® a certain amount of Zn(NO3),-6H,0 was
added to the aforementioned catalyst preparation procedure. A
comparison of the reactivity of Fe-L1@MgO-Al,03-70 and Fe/Zn-
L1@MgO-Al,O03-70 (Table 1, entries 9 and 11) revealed that the
presence of Zn resulted in an increase in the yield of 3 from 68%
to 81%. Further increases in the quantity of Zn did not improve
the yield and selectivity of 3 (Table 1, entry 15). As with the Fe-
only catalyst, the “pure” Zn-based material demonstrated
considerable activity (Table 1, compare entries 9 and 17).
However, its performance was inferior to that of the bimetallic
material. In contrast, the pure support exhibits minimal activity
(Table 1, entry 21), suggesting a synergistic reaction involving all
components. The use of 1,4-diaminobenzene L2 and aniline L3
in place of L1 also resulted in the formation of active catalysts,
although the yields of compounds 3 and 4 were found to be lower.
It is noteworthy that the reaction exhibited activity even in the
absence of an amine ligand (Table 1, entry 14). Ultimately, the
optimal yield of the target ketone 3 (94% yield with 99%
conversion) was achieved at 140 °C (Table 1, entry 20). As
anticipated, the reaction did not occur in the absence of a catalyst
(Table 1, entry 22).

In order to gain a deeper insight into the behaviour of this
bimetallic catalyst, a kinetic profile of the model reaction was
recorded. As illustrated in Figure 2a, the yield of chalcone
exhibited a gradual increase, reaching 36% within 2 h, and then
underwent consumption, vyielding up to 94% of 4
(dihydrochalcone) after 14 h. Throughout the course of the
reaction, the formation of 3-5% of benzaldehyde was observed as
an additional intermediate, resulting from the dehydration of
benzyl alcohol.l'l Based on detailed previous mechanistic
investigations of ketone alkylation in the presence of Ni/SiO.-
AlL,O5l"1 and the observed intermediates (Figure 2a), a
mechanistic proposal is presented in Figure 2b. Initially, benzyl
alcohol undergoes dehydrogenation, forming benzaldehyde and
a corresponding metal hydride. Concurrently, acetophenone is
coordinated with the support surface, and ketone-enol
tautomerism occurs. Subsequently, the enol nucleophile attacks
the ketone, resulting in the elimination of water and the formation
of the a,B-unsaturated chalcone 4. Finally, the metal hydride,
which is formed in the initial step, reduces 4, yielding the chalcone
3. Notably, the rate-determining step in this process was found to
be the final hydrogenation step, which occurs at lower
temperatures (<130 C) (Figure S1).

Characterizations of the catalysts

To gain insight into the precise composition and structure of the
optimal Fe/Zn-L1@MgO-Al,O3-70 catalyst, detailed
characterizations were conducted. A comparison of the X-ray
diffraction (XRD) patterns of Fe/Zn-L1@MgO-Al,O3-70 before
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and after pyrolysis, reveals that the initial hydrotalcite-like
structured support (Figure S2d) undergoes a conversion into a
mixture of MgO and MgAl,O4 (Figure S3).

60mg catalyst

o =
Toluene, 140°C, Ar O O

@ O et

200 4
1
160 -
— —@- dihydrochalcone
g 120 + -@- chalcone
5 —@- 1-phenylethanol
g’ 80 4 —-@- acetophenone
o
benzaldehyde
benzyl alcohol
40 -
2
0 - . T T T — DI
0 4 8 12 16 20 24
Time (h)
(b)
Fe/Zn-L1@MgO-Al1,05-70 Q
) @Mg 2U3 RKVR
R™OH 140 °C
oH
RO H H Switchable R1’u\¢‘ﬁ R

ReZ0 RN OAT, 0200 Fe/Zn-L1@MgO-A1,05-70

o
MRy
o] 110 °C
RA*YR H H o)
: i N
H;0 Fe/Zn-L1@MgO-Al,03-70 R~R

Figure 2. Kinetic profile and reaction mechanism. (a) Kinetic profile of a-
alkylation of acetophenone with benzyl alcohol. Reaction conditions: 0.5 mmol
acetophenone, 0.55 mmol benzyl alcohol, 60 mg catalyst, and 3 mL toluene
were heated at 140 C for different hours in a closed 25 mL pressure tube under
1 bar argon, GC yield. (b) Proposed reaction mechanism.

The XRD patterns of the catalysts Fe-L1@MgO and Fe-
L1@AIl,O3; show the diffraction peaks of the respective supports,
MgO and Al,O; (Figure S4). As the Mg content of the initially
utilized support increases from 30% to 70%, the formation of MgO
is observed to a greater extend, as indicated by an intensity
increase of peaks assigned to MgO. (Figure S3). Due to the low
iron loading, the XRD patterns of Fe/Zn-L1@MgO-Al,03-70 and
3Fe/Zn-L1@MgO-Al,03-70 and  Fe/3Zn-L1@MgO-Al,03-70
samples did not display the presence of Fe diffraction peaks
(Figures S5). The atomic resolution HAADF-STEM images of
Fe/Zn-L1@MgO-Al,03-70 are presented in Figures 3a-d. As
illustrated in Figures 3a-d, the small and bright dots, which
correspond to atomically dispersed Fe or Zn are clearly
discernible. The EDX mapping images of Fe/Zn-L1@MgO-Al,O3-
70 demonstrates the presence of elements including Mg, Al, C,
Fe, Zn, N and O (Figure S6). In addition to the isolated metal
atoms, particles were observed in the TEM images of Fe/Zn-



L1@MgO-Al;05-70 captured under different resolutions (Figure
S7). Meanwhile, the TEM images of the catalysts with higher
metal content, 3Fe/Zn-L1@MgO-Al;05-70 and Fe/3Zn-
L1@MgO-Al,03-70, clearly show metal nanoparticles (Figures
S$8-9).

Figure 3. The HAADF-STEM images of Fe/Zn-L1@MgO-Al203-70 material.

Subsequently, CO, and NH; temperature-programmed
desorption (TPD) were conducted to investigate the surface acid-
base characteristics of the solid catalysts.['® Compared to Zn-
L1@MgO-Al,O3-70, the Fe-L1@MgO-Al,O3-70 material exhibited
a greater abundance of basic sites (Figure 4a). As evidenced by
NH3-TPD measurements, Fe-L1@MgO-Al,O3-70 has the largest
number of acidic sites among all the samples (Figures 4b). It
would appear that the addition of Zn has the effect of suppressing
Lewis acidic sites on Al,Os, which is in accordance with the
predictions of Tanabe's model.?% After introducing Zn, the
number of acidic sites on Fe/Zn-L1@MgO-Al,O3-70 decreases
significantly, while the number of basic sites increased
dramatically, almost twice as much as before (Figures 4a-b,
Table S2).

To ascertain the surface chemical and physical information,
X-ray photoelectron spectroscopy (XPS) analysis was conducted
(see Figures 4c and 4d). It is noteworthy that in the case of the
catalyst Fe-L1@MgO-Al,Os-70, in the absence of added zinc, no
nitrogen species are observed on the surface (Figure 4c). In
contrast, the amount of surface nitrogen species increased to 1.2
at% on Fe/Zn-L1@MgO-Al,03-70 (Figure 4d, Table S3). The EA
analyses also confirmed that the content of nitrogen species in
Fe/Zn-L1@MgO-Al,03-70 (0.29 wt%) is greater than that of Fe-
L1@MgO-Al;05-70 (0.17 wt%) (Table S4). The N species in
Fe/Zn-L1@MgO-Al,Os-70 were identified as pyridinic-N (398.4
eV), pyrrolic-N (399.7 eV) and/or metal-Nx species, graphitic-N
(400.9 eV), and oxidized pyridinic-N (402.9 eV)P'l, respectively
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(Figure 4d). With regard to the Fe 2p spectra, the Fe 2ps, peak
is located at approximately 710 eV, thus suggesting oxidation
states of +2 and/or +3 for Fe in Fe-L1@MgO-Al,O3-70 and Fe/Zn-
L1@MgO-Al,03-70 (Figures S10a-b).?? |t is worth noting that
The introduction of Zn into Fe-L1@MgO-Al,0s-70 resulted in a
notable increase in the specific surface area of the catalyst, from
59.9 m?g to 175.7 m?/g, representing a threefold enhancement.
Additionally, the average pore size was observed to diminish from
10.1 nm to 5.6 nm, indicating a reduction in the pore size
distribution (Table S5, Figure S11).

(a) (b)
_ —MgO-Al0,-T0 _ 5000/ "a0-A1,0,70
E 4000 —Zn-L1@Mg0-AL,0,T0 E |- zn-L1@Mgo-AL,0,-T0
2 — Fe-L1@MgO0-A1,0,-70 g4oou |- Fe-L1@MgO-Al,0 -70
% 3000 — FeiZn-L1@Mgo-ALO,T0 [ = [~ FeznLigNgOMO D
2 23000 A
& 2000 ] [
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Figure 4. Characterization of catalytic materials: (a) TPD-CO- curves and (b)

TPD-NHs curves of selected materials. N 1s spectra of (c) Fe-L1@MgO-Al203-
70 and (d) Fe/Zn-L1@MgO-Al203-70.

To confirm the structural features of the Fe/Zn-L1@MgO-
Al;03-70 material, an X-ray absorption spectroscopy (XAS)
analysis was conducted. The Zn near-edge absorption energy of
Zn-L1@MgO-Al,05-70 and  Fe/Zn-L1@MgO-Al,03-70  are
situated between those of ZnO and Zn foil, indicating that the Zn
species possess positive charges (Figure 5a).?®! The Fourier
transform (FT) k3-weighted extended X-ray absorption fine
structure (EXAFS) spectrum for Zn-L1@MgO-Al,05-70 and
Fe/Zn-L1@MgO-Al,03-70 (Figure 5b) exhibited a main peak at
1.54 A, which could be attributed to the Zn-(N/O) species.?? The
observed peak at 2.27 A is caused by the interactions between
Zn atoms (Zn-Zn bond) on Zn foil material, which are also
observed at Zn-L1@MgO-Al;05-70 and Fe/Zn-L1@MgO-Al,O3-
70. This indicates the formation of Zn particles in these two
materials (Figure 5b).To prove the possibilities of the formation
of atomically dispersed Zn in Zn-L1@MgO-Al,03-70 and Fe/Zn-
L1@MgO-Al,O03-70, wavelet transform (WT) of Zn k-edge EXAFS
oscillations was carried out owing to its powerful resolutions in
both k and R spaces.?% From the WT contour plots of Zn foil and
Zn-based samples (Figures 5c-e), Fe/Zn-L1@MgO-Al,O3-70
shows an intensity maximum at (x=4.08 A", y=1.54 A) with
markedly reduced wave vector k and R in comparison to that of
Zn foil (x=6.57 A, y=2.27 A). As evidenced by TEM images
(Figure 2, small and bright dots), the FT- and WT-EXAFS
analysis (Figure 5), it can be concluded that both Zn particles and
atomically dispersed Zn atoms were formed in Fe/Zn-L1@MgO-
Al,03-70.
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Figure 5. Characterizations of Zn-based materials. (a) Normalized X-ray
absorption near-edge fine structure (XANES) spectra at the Zn K-edge of Zn foil,
ZnO, Zn-L1@MgO-Al203-70 and Fe/Zn-L1@MgO-Al203-70. (b)
transformation of k3-weighted EXAFS spectra at the K-edge of Zn foil, ZnO
(strength is reduced to 0.7 times its original value), Zn-L1@MgO-Al203-70 and
Fe/Zn-L1@MgO-Al203-70. (c-e) Wavelet transforms (WT) of Zn foil, Zn-
L1@MgO-Al203-70 and Fe/Zn-L1@MgO-Al.03-70.

Fourier

Similarly, the near-edge Fe feature of Fe-L1@MgO-Al,Os-
70 and Fe/Zn-L1@MgO-Al,03-70 are located between the Fe foil
and Fe,Oj3 (Figure 6a). At the same time, a minor peak at 7114
eV is observed, which is typically attributed to the 1s — 4pz
transition and the charge transfer between the ligand and the
metal.?®! A representative peak of Fe foil is evident at 2.21 A,
resulting from Fe-Fe interactions within the Fe foil material.
Interestingly, Fe/Zn-L1@MgO-Al,03-70 exhibits a more
pronounced peak at 1.40 A and a less intense peak at 2.21 A,
indicating that the predominant species in the catalysts are Fe
single-atoms (Figure 6b). A further wavelet transform (WT)
analysis was performed to examine the Fe K-edge EXAFS
oscillations. As illustrated in Figures 6c-e, Fe/Zn-L1@MgO-
Al,03-70 shows an intensity maximum at (x=3.47 A', y=1.38 A)
with considerably smaller wave vector k and R than Fe foil (x=7.63
A", y=2.21 A), thereby confirming the presence of isolated Fe
species in the Fe/Zn catalyst.

Subsequently, least-squares EXAFS fitting was conducted
to ascertain the quantitative chemical configuration of Fe/Zn
atoms (see Figures S12-14 and Table S6). The fitting curves
indicate that Zn in Fe/Zn-L1@MgO-Al,03-70 is coordinated by
three N/O atoms, suggesting that Zn-(N/O)s is the main species
of Zn in Fe/Zn-L1@MgO-Al,O5-70. The Fourier transformation of
the k®>-weighted EXAFS spectra at the K-edge of Fe revealed that
Fe in Fe/Zn-L1@MgO-Al,O3-70 is coordinated by six N/O atoms,
forming a Fe-(N/O)s species.
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Figure 6. Structural characterizations of Fe-based materials. (a) Normalized X-
ray absorption near-edge fine structure (XANES) spectra at the Fe K-edge of
Fe foil, Fe203, FeO, Fe-L1@MgO-Al203-70 and Fe/Zn-L1@MgO-Al.03-70. (b)
Fourier transformation of k3-weighted EXAFS spectra at the K-edge of Fe foil,
Fe20s, FeO, Fe-L1@MgO-Al203-70 and Fe/Zn-L1@MgO-Al203-70. (c-e)
Wavelet transforms (WT) of Fe foil, Fe-L1@MgO-Al203-70 and Fe/Zn-

L1@MgO-Al203-70.

Synthetic Applications and Substrate Scope

To illustrate the general applicability of the optimal iron/zinc-
based heterogeneous catalyst (Fe/Zn-L1@MgO-AI203-70), we
investigated the a-alkylation of a range of ketones with diverse
alcohols under the optimized reaction conditions. As illustrated in
Scheme 2, a range of substituted and functionalized alcohols
were subjected to reaction with acetophenone, resulting in the
formation of the desired products in yields ranging from good to
excellent. The substitution on the aryl ring of benzyl alcohols has
no discernible impact on the efficiency of the reaction. The use of
substrates with both electron-withdrawing and electron-donating
substituents resulted in the formation of the corresponding a-
alkylated ketones in yields ranging from 60% to 92%. In
comparison to the aforementioned reactions of benzylic alcohols,
the synthesis of substituted ketones from the corresponding
secondary benzylic alcohols, as well as aliphatic ones, is less
well-developed.?’! It would appear that the dehydrogenation of
the alcohol and the hydrogenation of the o,B-unsaturated ketones
are more challenging for such substrates. Nevertheless, the use
of such challenging alcohols was also demonstrated, resulting in
the corresponding ketones in moderate to good yields through the
application of our iron-zinc based catalytic system (Scheme 2,
1q-1t).

For any catalyst applicable in advanced chemical synthesis,
achieving a high degree of chemo selectivity is of significant
importance, yet presents a considerable challenge. To illustrate
this point, alcohols containing susceptible functional groups were
subjected to testing as substrates. It is encouraging to note that a
reactive vinyl group is well tolerated (Scheme 2, 1u-1v), which is
not the case for most known alkylation catalysts based on
precious metals. In addition, our catalyst showed high chemo



selectivity for amino-containing substrates (Scheme 2, 1w-1x). It
is noteworthy that the N-alkylation of amines with alcohols to yield
secondary amines is a well-established reaction. Additionally,
alcohols with heterocycles exhibited good reactivity and produced
the desired alkylated ketones in 72-75% yield.
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Scheme 2. Fe/Zn-L1@MgO-Al203-70 catalyzed alkylation of acetophenone
with diverse alcohols. Reaction conditions: [a] 0.5 mmol acetophenone, 0.55
mmol alcohol, 60 mg catalyst, 1 atm argon, 3 mL toluene 140 °C,14 h. Isolated
yield are mentioned in parentheses. [b] The same as [a] at 145 °C.

The standard reaction system is also applicable to the
coupling reaction of diverse ketones with benzyl alcohol. The
reaction proceeded successfully with acetophenones bearing
both electron-withdrawing and electron-donating substituents,
affording the corresponding ketones in 59-92% yield (Scheme 3,
2a-2j). It is noteworthy that aliphatic ketones, which are typically
more challenging substrates, also yielded the desired products
despite their lower reactivity (Scheme 3, 2k-2n). From the
perspective of synthetic applications, it is noteworthy that
heterocycles are well tolerated, and this system demonstrated
excellent chemo selectivity with substrates containing both amino
and ketone groups. In conclusion, a variety of ketones and
alcohols can be applied in the presence of this material without
the need for an external base, and the desired higher ketones
were provided in moderate to excellent yield (Schemes 2 and 3).
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Scheme 3. Fe/Zn-L1@ MgO-Al;0s-70 catalyzed alkylation of benzyl alcohol
with diverse ketones. Reaction conditions: [a] 0.5 mmol ketone, 0.55 mmol
alcohol, 60 mg catalyst, 1 atm argon, 3 mL toluene 140 °C,14 h. Isolated yield
are mentioned in parentheses. [b] The same as [a] at 145 °C.

In the mechanistic investigations of the model reaction, it
was observed that the final hydrogenation step was rate-
determining at lower temperatures (Figure S1). Based on this
observation, it should be feasible to develop a selective synthesis
of unsaturated ketones through direct C—C bond coupling of
ketones with primary alcohols. It is noteworthy that the parent
compound, chalcone, serves as the central core of numerous
significant biological compounds. Furthermore, chalcones serve
as biogenetic precursors for flavonoids and bioflavonoids, which
are prevalent in plant-based organisms.?8l Compared to the
conventional preparation method involving aldol condensation
between ketones and aldehydes, the reaction of ketones and
primary alcohols is a promising alternative due to the enhanced
accessibility and enhanced stability of the latter substrates.
Indeed, the catalyst material (Figures S1, $15-16) allows for the
straightforward synthesis of different substituted chalcones. As an
illustration, benzylic alcohols demonstrated favorable reactivity
and yielded the intended a,B-unsaturated ketones in 46-76% yield
(Scheme 4, 3a-3f). Furfuryl alcohol, which is available from waste
biomass such as corncobs or sugar cane bagasse, provided the
corresponding chalcone, too (Scheme 4, 3g). Interestingly,
cinnamyl alcohol can be converted into the sensitive diene ketone
3k in 32% yield. In a manner similar to the ketone alkylation



protocol, the synthesis of unsaturated ketones tolerates various
functional groups and allows for the use of both benzylic and
aliphatic alcohols.

The versatility of this iron-zinc catalyst is further highlighted
in the synthesis of quinolines by dehydrogenative annulation. In a
modified Friedlander synthesis 2-aminobenzyl alcohol and
different acetophenones reacted smoothly under the standard
conditions, providing the desired products in high yields of up to
92%. Valerophenone, which has a higher steric hindrance, also
reacted well with 2-aminobenzyl alcohol, yielding the
corresponding product 4l in 60% yield. As previously observed,
the catalyst system exhibited good functional group tolerance
(Scheme 5, 4n-4r).
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Scheme 4. Fe/Zn-L1@ MgO-Al203-70 catalyzed synthesis of enones from
diverse alcohols and ketones. Reaction conditions: [a] 1mmol ketone, 0.5 mmol
alcohol, 60 mg catalyst, 1 atm argon, 3 mL toluene 110 °C,14h. Conversion were
determined by GC-MS. Isolated yield are mentioned in parentheses. [b] The
same as [a] at 125 °C. [c] The same as [a], GC yield.

To demonstrate reproducibility and practical utility of this
material, we performed the synthesis of dihydrochalcone and 2-
phenylquinoline on a gram-scale (Scheme 6). The yields
obtained for all the tested substrates were comparable to those
obtained on a 0.5-mmol scale. Moreover, the alkylation of
acetophenone with benzyl alcohol was selected as the model
reaction for the recycling experiment (Figure $17). Following the
second use of the catalyst, the product yield decreased from 94%
to 58%. However, no evidence of metal leaching was observed in
the reaction solution following each reaction, and the metal
loading on the catalyst remained unchanged before and after use.
The XPS spectra of Fe 2p, Zn 2p, and N 1s (Figure S18) exhibit
minimal variation, indicating that the active sites remain stable
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after multiple uses. X-ray diffraction analysis of the recycled
material revealed the absence of Fe and Zn diffraction signals
(Figure S19). However, a diffraction peak located around 18.2°
(attributed to Teflon (CF2),) was observed in the XRD patterns of
the optimal material before and after the recycling experiment
(Figure S19). Notably, this diffraction peak (18.2°) disappeared
after thermal activation. It is encouraging to note that the
regenerated material provided a yield of 90% of the target product,
which is similar to that of the fresh material (94%), indicating that
this catalyst system is highly durable.
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Scheme 5. Fe/Zn-L1@MgO-Al203-70 catalyzed synthesis of quinolines from
diverse ketones. Reaction conditions: [a] 0.5 mmol ketone, 0.55 mmol alcohol,
60 mg catalyst, 1 atm argon, 3 mL toluene 140 °C,14h. Isolated yield are
mentioned in parentheses. [b] The same as [a] at 145 °C.
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Conclusion

In conclusion, a heterogeneous bimetallic Fe/Zn catalyst has
been developed for the waste-free alkylation and alkenylation of
ketones. The optimal Fe/Zn-L1@MgO-Al,O3-70 material enables
a range of ketone-alcohol coupling reactions with a diverse
substrate scope and the capacity to tolerate sensitive functional
groups. It is noteworthy that, in contrast to the majority of known
ketone alkylations, the a-alkylation of ketones with alcohols is
successfully achieved under base-free conditions. Indeed, this
straightforward procedure employs equimolar quantities of
substrates and does not necessitate the use of additional
reagents or bases. In addition to the synthesis of (unsaturated)
ketones, the presented bimetallic catalyst material also enables
the preparation of quinoline derivatives. The practical utility is
evidenced by gram-scale synthesis and successful recycling. It is
our contention that the presented structure-performance
relationships illustrate how Fe-based catalytic materials facilitate
more efficient, cost-effective, and sustainable organic synthesis.
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The effective conversion of renewable resources, especially biomass-based
feedstocks, to produce chemicals, fuels, and energy is of central importance. To
valorize these feedstocks, the development of suitable catalysts, especially single-
atom catalysts (SACs), which bridge traditional homogeneous and heterogeneous
catalysis, is highly desired. In this respect, we developed Co-based SACs, which
allow for the domino reductive amination and amidation of levulinic acid and
related molecules to produce functionalized and structurally diverse N-
heterocycles including bioactive molecules.
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Cobalt single-atom catalysts for domino reductive
amination and amidation of levulinic acid
and related molecules to N-heterocycles

Jie Gao,"” Lu Feng,”® Rui Ma,"® Bing-Jian Su,* Asma M. Alenad,” Yuefeng Liu,”* Matthias Beller,’-¢*

and Rajenahally V. Jagadeesh'’*

SUMMARY

The development of single-atom-based catalysts (SACs), which
bridge the traditional areas of homogeneous and heterogeneous
catalysis, continues to be important for achieving organic synthesis
in a more efficient and practical manner. Here, we report reusable
cobalt-based SACs for the selective and general reductive amina-
tion of levulinic acid and related keto acids, which is of interest in
the context of valorization of biomass. The optimal Co-SAC-based
catalyst is prepared by pyrolysis (800°C) of cobalt-phenanthroline
complexe on carbon and subsequent acid treatment. The resulting
Co-SACs showed amazing activity compared with the correspond-
ing Co-nanoparticles and displayed an excellent substrate scope
for various reductive domino transformations including reactions
of levulinic acid with nitro compounds and nitriles to produce
various N-substituted pyrrolidones in good to excellent yields.
Further, the synthesis of diverse isoindolinones from aromatic
ketoacids and amines/nitro compounds was performed with the
optimal catalyst system.

INTRODUCTION

The development of active and selective, but at the same time stable and recyclable
catalysts is of central importance for the advancement of more sustainable and cost-
effective chemical processes.” In this respect, catalytic materials with highly
distributed metal atoms dispersed on solid supports emerged in the last
decade.*® These so-called single-atom-based catalysts (SACs) are considered to
bridge both homogeneous and heterogeneous catalysis.” Advantageously, SACs
minimize the use of metal resources and improve atom-utilization efficiency. The
unique electronic structure of single metal centers on the surface and labile coordi-
nation environments of the active centers in SACs have been proven to exhibit
unique catalytic performance compared with their nanoparticle or nanocluster coun-
terparts.”? In contrast to most molecularly defined homogeneous metal complexes,
SACs can be more stable and allow for convenient recyclability.”™ For the prepara-
tion of SACs, in particular 3d metals are preferred owing to their abundance, low
cost, and often low toxicity compared with their noble metal congeners.

Based on their specific properties and advantages, SACs continue to attract signif-
icant interest as catalytic materials to perform organic synthesis in a more general,
efficient, and practical manner.” In addition, the development and applicability of
such materials for the effective conversion of renewable resources, especially
biomass-based feedstocks, to produce chemicals, fuels, and energy are of actual

178 Chem Catalysis 2, 178-194, January 20, 2022 © 2021 Elsevier Inc.

The bigger picture

The effective catalytic conversion
of biomass-based feedstocks to
produce bulk and fine chemicals is
a major goal of current chemical
research. In this respect,
specifically reductive aminations
and amidations are interesting,
too. To improve the sustainability
of such processes, inexpensive,
earth-abundant base metals
should be employed as catalysts
to replace precious metals that
currently dominate in this field.
Here, we show that cobalt
catalysts with isolated metal sites
(SACs) enable efficient domino
reductive amination and
amidation of levulinic acid and
related molecules to give a wide
array of N-heterocycles. We
anticipate that these Co-catalytic
systems will create more
opportunities for the conversion
of biomass-based feedstocks to
many value-added compounds.
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Figure 1. Synthesis and applications of levulinic acid

importance.'%"* In this context, a variety of different renewable platform chemicals
are of interest for both academic and industrial research.”>'® Among them, levulinic
acid (LA) can be simply prepared by acid catalysis from cellulose. Hence, in the past
decade it was considered to become one of the top chemical building blocks from
biomass.'? Indeed, LA can be used as a key precursor and intermediate for the syn-
thesis of many value-added chemicals and fuels applying straightforward hydroge-
nation or oxidation reactions (Figure 1A).

In this respect, reductive amination and subsequent intramolecular amidation of LA
represent a straightforward and effective process to produce pyrrolidinones, which
represent an important class of five-membered heterocycles finding applications as
surfactants, and chelating agents as well as precursors and intermediates for phar-
maceuticals and agrochemicals.'®?° Moreover, the pyrrolidinone structure also
could be used to synthesize solvents (N-methyl-2-pyrrolidone [NMP]) as well as
drugs (Figure 1B).

Currently, pyrrolidones are mainly produced by the reaction of y-butyrolactone and
amines or the dehydrogenation-amination of 1,4-butanediol with amines under
harsh reaction conditions (>200°C)."? Compared with these existing industrial
processes, the synthesis of pyrrolidones starting from LA and amines by a catalytic
domino reductive amination-amidation sequence using molecular hydrogen is an
attractive and more sustainable approach.’”** In general, this transformation in-
volves 3 steps: (1) condensation of the ketone group of LA and amine to form the
imine, (2) catalytic hydrogenation of the imine to the corresponding amine, and (3)
intramolecular amidation to give C-methyl-and N-substituted pyrrolidones.’”*
Obviously, performing such cascade reactions in a one-pot manner is more
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Figure 2. Preparation and pictorial representation of N-doped carbon supported Co-SACs

advantageous because it avoids the separation and purification of intermediates. In
the past, mainly precious metal-based nano catalysts such as Pt/P-TiO,' "Pt-MoOx/
TiO,”", I/PVP??, and Pd/ZrO,?* were developed for the preparation of pyrrolidones
from LA and amines. Considering the specific properties of SACs, we thought that
3d non-noble-metal-based SACs should work under milder conditions and allow
for a general protocol to produce a variety of functionalized pyrrolidines efficiently.

Here, we report the synthesis of atomically dispersed Co-SACs, which enables an
efficient domino reductive amination-amidation sequence of LA and other keto
acids in a most comprehensive way. Apart from amines, nitroarenes can be also
employed in this process, thus avoiding an additional hydrogenation step to make
anilines. In addition, the presented catalyst system allows for a methodology to
give pyrrolidinones by the reaction of LA and nitriles. In general, using nitroarenes
or nitriles instead of anilines or benzylic/aliphatic amines can be advantageous
with respect to step economy and saving time and resources.

RESULTS AND DISCUSSION

Preparation of cobalt-based SACs and catalytic activities

In the last decade, we prepared a variety of nanoparticle catalysts (NPCs), especially
based on 3d metals for organic synthesis. Specifically, Fe-, Co-, and Ni-based mate-
rials showed good to excellent performance in hydrogenation, amination, and
oxidation reactions involving diverse functionalized molecules.?>*" In general, the
specific supported NPs were synthesized by immobilization and subsequent pyrol-
ysis of metal complexes or metal organic frameworks on inorganic supports. It is
noteworthy that a plethora of inexpensive nitrogen and oxygen ligands are commer-
cially available to prepare metal complexes or metal organic frameworks (MOFs),
which serve as potential precursors to create NPs or SACs.?” Based on our’®?’

k 33-36

and others’ precious work, we became interested in the reductive amination

of LA and related reactions in the presence of SACs.

We started our investigations to prepare cobalt-based SACs using Co(NO3), 6H,0O
as metal precursor, 1,10-phenanthroline (Phen) as ligand, and Vulcan XC 72R as car-
bon support. Similar to previous works,”® we immobilized and pyrolyzed in situ
generated cobalt-phenanthroline complex (wt% of Co = 3%-0.75%; Co: Phen =
1:2 molar ratio) on Vulcan XC 72R at 800°C for 2 h under argon with a heating rate
of 5°C/min. Depending on the wt% of cobalt, these pyrolyzed materials contained
cobalt NPs or a mixture of NPs and single atoms vide infra. For example, a material
with 3 wt% of Co contained predominately NPs, whereas the one with 0.75 wt% of
cobalt contains a mixture of NPs and single atoms. Upon washing the latter material
with 8M HCI, NPs could be completely removed, and we obtained highly dispersed
Co single atoms supported on carbon (Figure 2). In addition, related materials were
prepared for comparison by pyrolysis of cobalt nitrate on Vulcan XC 72R. In the
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Catalyst
o+ B G+ g
NHz 90 °C, 24 h, 20 bar H,

Yield (%)
Entry Catalyst Cobalt loading® (wt%) Conversion (%) : P 5
12 3Co@C-800 2.91 3 <1 0 3
22 1.5Co@C-800 1.44 5 <1 0 5
32 0.75Co@C-800 0.74 9 <1 0 9
42 3Co-phen@C-800 2.93 38 36 0 2
52 1.5Co-phen@C-800 1.52 69 65 0 3
62 0.75Co-phen@C-800 0.74 90 89 0 <1
72 0.75Co-phen@C-400 0.73 1" 6 0 2
g8 0.75Co-phen@C-600 0.75 58 55 0 2
02 0.75Co-phen@C-1000 0.75 83 77 0 4
Lt R =T
112 0.1Co-phen@C-800 0.08 98 97 0 <1
12° Co(NO3), <1 <1 0 <1
13P Co(NO3);, - Phen <1 <1 0 <1

Figure 3. Screening of different catalysts for LA reductive amination.

Reaction conditions: *Heterogeneous catalysis condition: 0.5 mmol LA, 0.5 mmol 2-
furanmethanamine, weight of catalyst corresponds to 0.64 mol% Co, 20 bar H,, 2 mL i-ProH, 90 °C,
24 h.

PHomogeneous catalysis condition: Same as ‘a’ with 0.64% mol Co-metal salt. Conversions and
yields were based on substrate 2 and determined by GC using n-hexadecane as standard.
“Cobalt loading was determined by ICP analysis.

following sections, all cobalt materials are represented as xCo-phen@C-y-z, where x,
y, and z denote the wt% of cobalt, pyrolysis temperature, and HCI.

To evaluate the catalytic activities, all prepared cobalt materials were tested for the
reductive amination of LA 1 with furfuryl amine 2 to synthesize 1-(2-furanylmethyl)-5-
methyl-2-pyrrolidinone 3 in the presence of molecular hydrogen as the benchmark
reaction (Figure 3). Furfuryl amine 2 was chosen as a coupling partner because it is
used for the synthesis of some drugs and can be prepared easily from furfural,
another sugar-derived platform chemical. First, we tested Co-based materials pre-
pared by the pyrolysis of cobalt-nitrate (3Co@C-800, 1.5Co@C-800, and
0.75Co@C-800) and observed no activity toward the desired product 3 (Figure 3, en-
tries 1-3). Instead, the formation of small amounts (3%-9%) of y-valerolactone 5
(GVL) was observed. Interestingly, catalysts prepared by the pyrolysis of Co-phenan-
throline complex on carbon (3Co-phen@C-800, 1.5Co-phen@C-800, and 0.75Co-
phen@C-800) exhibited significantly improved activities and gave desired product
3 at 38%-90% yield (Figure 3, entries 4-6).

Upon decreasing the cobalt loading from 3 to 0.75 wt%, the catalytic activities of the
resulting materials increased (Figure 3, entries 4-6) and 0.75Co-phen@C-800
exhibited improved activity with 90% of conversion and 89% yield of desired prod-
uct 3 (Figure 3, entry 6). To know the effect of the pyrolysis temperature on the
formation of active materials, 0.75Co-phen@C was pyrolyzed at different tempera-
tures (400°C, 600°C, and 1,000°C). In addition, the one pyrolyzed at 1,000°C
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(0.75Co-phen@C-1000) also showed good activity and gave 77% yield of 3 (Figure 3,
entry 9). However, the samples pyrolyzed at lower temperature (400°C and 600°C)
showed no or poor activity (Figure 3, entries 7 and 8). Among these, the material py-
rolyzed at 800°C was found to be the best (Figure 3, entry 6). Further washing of this
material with HCl solution (8M) to leach out loosely bound NPs resulted in higher ac-
tivity and gave 98% of desired product 3 in the benchmark reaction (Figure 3, entry
10). The catalytic performance of other HCl-washed catalysts is listed in Table S1. As
expected, upon washing, the cobalt content of the materials decreased from 0.76 wt
% (0.75Co(NO3),@C-800) to 0.47 wt % (0.75Co(NO3),@C-800-HCl), which indicates
that larger particles were removed from the support whereas the active sites were
retained in the material. Consequently, we prepared the 0.1Co-phen@C-800 cata-
lyst and tested its performance using the model reaction. Indeed, this catalyst ex-
hibited performance similar to 0.75Co-phen@C-800-HCI (Figure 3). The X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and aberration corrected
high-angle annular dark-field scanning TEM (HAADF-STEM) analysis of this sample is
listed in Figures S4 and S8, respectively. Similarly, the cobalt species were highly
dispersed on the catalyst surface. Unpyrolyzed materials and homogeneous com-
plexes were completely inactive (Figure 3, entries 12 and 13).

To understand the optimal activity of the 0.75Co-phen@C-800-HCI catalyst, we
compared this material with 0.75Co@C-800 and performed several control experi-
ments (Table S2). In principle, the reactivity difference of the two materials might
result from either the reductive amination or amidation step. Interestingly,
0.75Co-phen@C-800-HCI promotes both of these reactions, whereas 0.75Co@
C-800 gave only 9% yield of the reductive amination step and less than 1% of the sec-
ondary amide (Table S2). Based on previous literature studies?®?" and these results,
we propose first a condensation of the amine and the keto group of LA to generate
imine (A). Then, this imine is hydrogenated in the presence of the catalyst to provide
the secondary amine (B). Finally, intramolecular amidation takes place to give pyrro-
lidone (C) (Figure S1). We assume the Co-N interactions of the SAC (0.75Co-
phen@C-800-HCI) is mainly responsible for the observed higher activity. Notably,
0.75Co-phen@C-800-HCl gave 36% secondary amine yield and 14% secondary
amide yield, indicating that the amidation process (C) is the rate-limiting step.

Characterization of Co-based catalysts

To know the structural features and the reasons for the different catalytic perfor-
mance, the cobalt materials were characterized by state-of-the-art analytic tech-
niques, such as XRD, HAADF-STEM, XPS, and X-ray absorption spectroscopy (XAS).

The XRD patterns of sample 3Co-phen@C-800 (2.92 wt% by inductively coupled
plasma [ICP]) with high cobalt loading showed the presence of mainly metallic Co
NPs (diffraction peaks at 36.5°C, 44.3°C, and 51.2°C) (Figure S2). In contrast, the
low Co loading samples, such as 0.75Co-phen@C-800 (0.74 wt% from ICP) and
0.75Co-phen@C-800-HCI (0.48 wt% from ICP), did not display the presence of Co
diffraction peaks (Figure S4). Atomic resolution HAADF-STEM images of 0.75Co-
phen@C-800 confirmed a mixture of highly dispersed cobalt atoms and cobalt
NPs (Figure S3). Notably, the material 0.75Co-phen@C-800-HCl, after acid treat-
ment, contained only highly dispersed cobalt species on N-doped carbon (Figure 4).

Next, XPS analysis was conducted for 3Co-phen@C-800, 0.75Co-phen@C-800, and
0.75Co-phen@C-800-HCI, to know the states of cobalt and nitrogen species (Figures
S2, S3, 4). The binding energies for the Co2p peak are centered at 779.8, 781.0,
783.9, and 788.3 eV for all three materials. The corresponding satellites of these
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Figure 4. Electron microscope analysis of 0.75Co-phen@C-800-HClI catalyst

(A and B) HAADF-STEM image (A), and the corresponding EDS elemental mapping (B).

(C) Atomic-resolution HAADF-STEM image and the magnified HAADF-STEM image reveals highly
dispersed Co atoms (circles in D) on N-doped carbon.

peaks are also observed at 794.9,796.2,798.8, and 803.7 eV (Figures S2, S3, and 4).
From the N1s spectra, we can see the presence of pyridinic (398.3 eV) and pyrrolic
(399.6 eV) N in all three catalysts. In addition, graphitic N and pyrrolic N-oxide
species are observed at 400.9 and 403.6 eV in 0.75Co-phen@C-800-HCI. The
percent ratio of pyridinic N, pyrrolic N, graphitic N, and pyrrolic N-oxide in
0.75Co-phen@C-800-HCl is 37:22:20:20 (Table S3). The XAS measurements at the
Co K-edge were performed to confirm the chemical state and coordination number
of the metal. The 3Co-phen@C-800 exhibited similar near-edge adsorption energy
to Co30y, indicating the presence of divalent cobalt ions. A well-resolved peak at
7,709 eV can be observed in the pre-edge region of 0.75Co-phen@C-800-HCI,
which is ascribed to the electronic transition from the Co core 1s to the unoccupied
3d orbitals.?” More detailed local coordination information about Co atoms was ob-
tained from the Fourier transform of k2-weighted extended X-ray absorption fine
structure (EXAFS) curves at the K-edge in Figure 5D. The 3Co-phen@C-800 showed
a peak (2.19 A) almost completely overlapped with Co foil, demonstrating Co-Co
bonds are dominant in this material. Although the 0.75Co-phen@C-800 catalyst
has a lower cobalt loading than 3Co-phen@C-800, it still exhibited a peak around
2.19 A, which proves the existence of Co—Co bonds. After washing with 8M hydro-
chloric acid, no signal for Co-Co interactions could be observed, which indicates the
presence of isolated Co species (e.g. single cobalt atoms in 0.75Co-phen@C-800-
HCI). The latter catalyst also displayed a strong peak at 1.41 A, which is explained
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Figure 5. Structure characterization of N-doped carbon supported Co-SACs

(A and B) High-resolution Co 2p and N 1s XPS spectra of 0.75Co-phen@C-800-HCI.

(C) Normalized X-ray absorption near-edge fine structure (XANES) spectra at the Co K-edge of Co
foil, Co304, 0.75Co-phen@C-800, 0.75Co-phen@C-800-HCI, and 3Co-phen@C-800.

(D) Fourier transformation of k2-weighted EXAFS spectra at the K-edge of Co sample, Co foil, and
Co30,4 samples.

(E) Wavelet transform (WT) of 0.75Co-phen@C-800-HCI.

(F) Fitting results of 0.75Co-phen@C-800-HCI.

by Co-N or Co-O coordination.®” Only one intensity maximum at around 4.0 A~" is
detected in the Co-SACs, indicating that cobalt species exist as highly dispersed sin-
gle cobalt atoms in the 0.75Co-phen@C-800-HCl sample (Figure 5E).” According to
the EXAFS fitting results (Figure 5; Table S3), there is a strong peak at 1.41 A with a
coordination number of six, suggesting that one Co atom is anchored with six other
atoms. Our optimal Co-SAC catalyst shows a similar XANES structure coordination
number with the reported results, so we assume the coordination structure of our
Co-SACs is like CoN4Cg-1-202, which is one example in this literature.® Then, we
attempted to explore the effect of the pyrolysis temperature on the catalytic
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Figure 6. Stability and recycling of 0.75Co-phen@C-800-HCI catalyst for the synthesis of 1-(2-
furanylmethyl)-5-methyl-2-pyrrolidinone

(A and B) Reaction conditions: (A) 0.5 mmol LA, 0.5 mmol furfuryl amine, 25 mg catalyst, 90°C, 20 bar
Hy, 12 h, 2 mL i-PrOH. GC yield based on amine; (B) 0.5 mmol LA, 0.5 mmol furfuryl amine, 40 mg
catalyst, 90°C, 20 bar Hy, 24 h.

performance by using XPS and XRD. A strong diffraction peak of metallic cobalt wass
observed for the material 0.75Co-phen@C-1000, indicating the formation of
larger cobalt NPs in this sample (Figure S4). In contrast, 0.75Co-phen@C-400,
0.75Co-phen@C-600, and 0.75Co-phen@C-800 showed no diffraction peak of
cobalt, which suggests highly dispersed cobalt species in these three samples
(Figure S4). The aggregation of cobalt atoms to NPs in the sample pyrolyzed at
1,000°C resulted in fewer active catalytic sites; consequently, its catalytic perfor-
mance was worse compared with 0.75Co-phen@C-800 (Figure 3). Regarding
N doping, in all four samples (0.75Co-phen@C-400, 0.75Co-phen@C-600,
0.75Co-phen@C-800, and 0.75Co-phen@C-1000), pyridinic N species were
dominant aside from pyrrolic N, graphitic N, and pyrrolic N*-O~, even if the pyrolysis
temperature was different. Nevertheless, the relative amount of these four types of
nitrogen species varied according to the pyrolysis temperature (Table S3), which
also led to different Co-N interactions in these samples.”*® Hence, diverse peaks
were observed in the Co 2p spectra. However, a determination of the Co oxidation
state by XPS was difficult because Co—O and Co-N bonds have similar binding en-
ergy.” In accordance with previously reported results, we assume the presence of
Co?* and Co** but also Co?*-N, species.”® From these analyses, we conclude
that both Co-N interaction and the aggregation of cobalt metal are strongly influ-
enced by the pyrolysis temperature.

Chem Catalysis 2, 178-194, January 20, 2022 185



¢? CellPress

(0}
0.75Co-phen@C-800-8M
ot . §;(R

20 bar H,, i-PrOH,90 °C, 24 h

s 89% 7 87% %8: 1% 9: 85% o\ 1o 58%
iy & A
-0 Pyl OEd &
0 ° 0 P O
11: 86% 12: 89% 132: 84% 14: 78%
FRT ™ ﬁ s Hoad,
P,
15: 90% 16: 88% 17: 87% 18:81% O 19:86%
QfN

20: 85% 21: 82% 22:87% 23P: 89%

Figure 7. Reductive amination of LA with aromatic and benzylic amines using 0.75Co-phen@C-
800-HCI

Reaction conditions: 0.5 mmol LA, 0.5 mmol amine, 40 mg catalyst (0.64 mmol% cobalt), 20 bar Hy,
90°C, 24 h, 2 mL, i-ProH. Isolated yields based on amine.

?GC yield based on amine.

PWith 1 mmol LA, 05 mmol diamine, 110°C, 24 h.

Stability, recycling, and reusability of 0.75Co-phen@C-800-HCI catalyst

After investigating the structure and activity of 0.75Co-phen@C-800-HCI, we exam-
ined its stability, recycling, and reusability in the model reaction at two different
conditions. As shown in Figure 6, this material can be easily reused up to 5 times
without a significant loss of activity or selectivity. ICP analysis of the recycled catalyst
and the reaction mixture confirmed that there was no leaching of cobalt species
(detection limit: 0.02 wt%). Accordingly, XPS, XRD, and HAADF-STEM analyses of
the recycled catalyst were performed to check whether the structure was significantly
changed after the additional reactions (Figures S4 and S7). However, no significant
alterations from the Co 2p and N 1s XPS spectra could be observed (Figure S7). As
shown in Figure S4, the recycled catalyst showed no cobalt diffraction peak in XRD
spectra, indicating that cobalt active sites were also highly dispersed in this catalyst.
To clarify this assumption, we conducted an HAADF-STEM analysis, which indicated
no significant aggregation of cobalt sites (Figure S7).

Synthesis of pyrrolidones from LA and amines

The stable and most active catalyst system, 75Co-phen@C-800-HCl, was used for the
preparation of different pyrrolidones to prove its general applicability. Under comparably
mild conditions (90°C, 20 bar H2), LA underwent reductive amination with structurally
diverse amines as well as ammonia to produce corresponding substituted pyrrolidones
in good to excellent yields. As shown in Figure 7, anilines containing both electron-
donating and withdrawing groups were successfully reacted and afforded the desired
products in general in yields >75%. It is of central importance for advanced organic
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Figure 8. 0.75Co-phen@C-800-HCI catalyzed reductive amination of LA with various aliphatic
amines

Reaction conditions: 0.5 mmol LA, 0.5 mmol amine, 40 mg catalyst (0.64 mmol% cobalt), 20 bar H,
2-mL i-PrOH, 90°C, 24 h, isolated yield based on amine.

?GC yield based on amine.

b5 bar NHs, 20 bar H,, 2-mL i-PrOH, 90°C, 24 h, GC yield based on LA.

synthesis to achieve chemoselectivity in multifunctional molecules. This is showcased by
the selective reductive amination of anilines containing halides, ketone, amide, ester, and
nitrile groups (Figure 7, products 11-14). As an example, halogenated amines were con-
verted to their corresponding pyrrolidones without dehalogenation (Figure 7, products
6-8). Apart from (hetero)aromatic amines, LA was also aminated with benzylic
amines and provided corresponding products in up to 90% (Figure 7, products 15-23).
The reactions of S-containing heterocycles, which are known as catalyst poisons, are
notable (Figure 7, product 22). Interestingly, di-pyrrolidones (Figure 7, product 23)
from LA and 1,3-phenylenedimethanamine can be also synthesized in excellent yield
(89%) using our SAC. At this point, it should be mentioned that in none of the examples
was hydrogenation of the (hetero)arene, which is typical for noble-metal-based NPs,
observed.

Afterward, aliphatic amines with either a linear or cyclic structure were employed under
standard conditions and offered the desired pyrrolidones in high yields (Figure 8). The
functional group tolerance of the catalyst was demonstrated by reaction with 2-amino-
ethyl thiol, which gave the corresponding pyrrolidone in 89% yield (Figure 8, product
27). This also indicates the strong resistance of the catalyst material against sulfur
poisoning. Similarly, aliphatic amines containing hydroxyl, C-C double bond and ester
groups smoothly reacted with LA and gave 80%-92% yield of the desired products
(Figure 8, products 28-30, 34-35, 39, and 42). Substrates containing both primary and
secondary amine moieties (Figure 8, products 31, 36, and 37) reacted with LA selectively
at the primary amino group without touching the secondary amine, indicating that
such Co-SACs catalysts can be used for the selective amination of primary amines in
the presence of secondary amines. As another example, tryptamine selectively reacted
with LA and furnished 1-(2-(1H-indol-3-yl)ethyl)-5-methylpyrrolidin-2-one in 91% yield
(Figure 8, product 41). To highlight the applications of this catalyst in medicinal
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Figure 9. Synthesis of pyrrolidones from nitro compounds and LA

Reaction conditions: 0.5 mmol LA and 0.5 mmol nitro compound, 40 mg catalyst (0.64 mmol%
cobalt), 110°C, 20 bar H,, 24 h. Isolated yield based on nitro compound.

?GC yield based on nitro compound.

®Crude LA is used in this case, which is obtained by acid hydrolysis of glucose.

chemistry, amlodipine, a drug used to treat high blood pressure and coronary artery dis-
ease, was selectively reacted with LA and gave the corresponding pyrrolidone derivative
in 86% yield (Figure 8, product 42). Finally, the parent compound of all amines, ammonia,
was applied and afforded a 96% gas chromatography (GC) yield of 5-methyl-N-pyrroli-
done (Figure 8, product 43).

Reductive amination of LA with nitro compounds and nitriles

Compared with the previously discussed reductive aminations vide supra, the use
of easily available nitroarenes or nitriles has been much less studied.*®*” The direct
use of these substrates can be more attractive with respect to the step economy
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Figure 10. Synthesis of pyrrolidones from nitrile compounds and LA

Reaction conditions: T mmol LA and 0.5 mmol nitrile compound, 40 mg catalyst (0.64 mmol%
cobalt), 125°C, 20 bar Hy, 5 bar NH3, 24 h, 2 mL i-PrOH. Isolated yield based on nitrile.

°GC yield based on nitrile.

and cost reduction of the starting materials. For example, most anilines are pro-
duced by the reduction of the corresponding nitro compounds. Hence, several
aliphatic, aromatic, and heterocyclic nitro compounds selectively underwent one-
pot reductive amination of LA and were converted into the desired pyrrolidones
in 80%-97% yield (Figure 9). Compared with aromatic nitro compounds, the reduc-
tion of aliphatic nitro compounds is more demanding, and only two noble catalysts
(Ir-PVP*® and Pt-MoOx/TiO2%") are known for this transformation. Nevertheless,
these substrates are smoothly hydrogenated in the presence of 0.75Co-
phen@C-800-HCI to provide in situ the corresponding amines, which subsequently
underwent reductive amination with LA to provide the desired N-alkylated pyrroli-
dones (Figure 9, entries 1-5). As an example, N-methyl 2-methylpyrrolidone, a po-
tential green replacement for NMP, can be directly afforded from nitromethane and
LA in 97% GC yield. Furthermore, crude LA directly prepared by the acid hydrolysis
of glucose gave the desired product without further purification, albeit in 56% yield
(Figure 9, entry 4).
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Figure 11. Applications in the synthesis of substituted lactams from different keto acids

Reaction conditions: 0.5 mmol LA and 0.5 mmol nitro compound, 40 mg catalyst (0.64 mmol% cobalt), 90°C, 20 bar Hy, 24 h, 2 mL i-PrOH. Isolated yield
based on amine.

*GC yield based on amine.

Next, several nitriles were tested in this transformation and provided N-benzylated
and alkylated pyrrolidones in up to 77% yield (Figure 10). It is noteworthy that
aliphatic and heterocyclic nitriles were easily converted to the corresponding
pyrrolidones with 65%-73% yield (Figure 10, entries 5-8).

Synthesis of different lactams from keto acids and amines

Applying our catalyst, the reductive amination of LA with amines, nitro compounds,
as well as nitriles and ammonia proceeds smoothly and enables the preparation of a
plethora of bio-based pyrrolidines for diverse application. However, the presented
protocol is not limited to LA, and many other lactams can be accessed from different
keto acids. As shown in Figure 11, several substituted 3-valerolactams and pyrroli-
dones could be produced under similar conditions with ammonia or amines in
high yields (Figure 11, products 61-69). To showcase the potential of this method-
ology for late-stage drug modification, amlodipine was selectively reacted with 4
different keto acids and gave the corresponding pyrrolidone derivatives in up to
82% yield (Figure 11, products 70-73).

Next, we attempted the synthesis of isoindolinones, which serve as a valuable motif
for drugs,40 following our reductive amination process (Figure 12). Various amines
and nitro compounds reacted easily with 2-formylbenzoic acid to give the corre-
sponding isoindolinones (Figure 12, products 74-79, 88-90, 92, 95, 97, 98, and
100). Compared with 2-formylbenzoic acid, amination of 2-acetyl-benzoic acid is
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Figure 12. Synthesis of isoindolinones using 0.75Co-phen@C-800-HCI

Reaction conditions: 0.5 mmol 2-formylbenzoic acid or 2-acetyl-benzoic acid, 0.5 mmol amine or
nitro compound, 40 mg catalyst (0.64 mmol% cobalt), 105°C, 20 bar H,, 24 h, 2 mL i-PrOH. Isolated
yields based on amine or nitro compound.

more challenging, because hydrogenation of the corresponding ketoimine is more
difficult.*’ Nevertheless, both linear and branched amines as well as nitro
compounds led to the corresponding isoindolinones with high yields. Again, chemo-
selectivity of the Co-SAC system was demonstrated in the hydrogenation of nitrile-
and ester-containing substrates (Figure 12, products 97-99). Finally, indoprofen, a
drug with analgesic, anti-inflammatory, and antipyretic properties, could be synthe-
sized in 87% yield (Figure 12, product 100).

Conclusions

We describe the preparation of highly stable and reusable, dispersed cobalt single
atoms supported on carbon. These Co-SCAs have been conveniently synthesized
by the impregnation and pyrolysis of an in situ generated Co-phenanthroline com-
plex on carbon and subsequent washing with acid. The materials prepared using
lower cobalt loading (<0.75 wt%) contained predominately single metal sites,
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whereas the ones with higher cobalt loading (>1 wt%) displayed the presence of
predominately NPs. This Co-SAC (0.75Co-phen@C-800-HCI) showed excellent ac-
tivity and selectivity for the domino reductive amination-amidation of the platform
chemical LA with amines, nitro compounds, and nitriles as well as ammonia to give
a variety of bio-based pyrrolidones. In addition, the presented synthetic methodol-
ogies can be applied for the synthesis of diverse other lactams (e.g. pharmaceuti-
cally relevant isoindolinones in good to excellent yields). In general, we believe this
work provides other opportunities for the development of SACs and their applica-
tion in organic synthesis, specifically for the future valorization of biomass-derived
feedstocks.
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The synthesis of amides is a key technology for the preparation of fine and bulk

chemicals in industry, as well as the manufacture of a plethora of daily life
products. Furthermore, it constitutes a central bond-forming methodology for
organic synthesis and provides the basis for the preparation of numerous
biomolecules. Here, we present a robust methodology for amide synthesis
compared to traditional amidation reactions: the reductive amidation of esters
with nitro compounds under additives-free conditions. In the presence of a
specific heterogeneous nickel-based catalyst a wide range of amides bearing
different functional groups can be selectively prepared in a more step-
economy way compared to previous syntheses. The potential value of this
protocol is highlighted by the synthesis of drugs, as well as late-stage mod-
ifications of bioactive compounds. Based on control experiments, material
characterizations, and DFT computations, we suggest metallic nickel and low-
valent Ti-species to be crucial factors that makes this direct amide synthesis

possible.

Amides are of fundamental importance in chemistry and find a ple-
thora of applications in organic synthesis, medicine, biology as well as
material sciences (Fig. 1a)"% A characteristic feature of many amides is
their strong hydrogen bonding ability which determines the structure
of biomolecules, especially proteins, but also numerous pharmaceu-
ticals. In fact, 73 of the top 200 selling drugs of the year 2020 in the US
are amide derivatives, mainly aromatic ones’. Moreover, essential
chemicals, building blocks, and advanced materials such as nylon and
aramides are aromatic amides*®. Thus, the creation of amide bonds
continues to be a highly relevant task in organic and biochemistry and
a toolbox of methodologies exist for their preparation’.

In general, amide bonds are created through condensation of a
carboxylic acid (derivative) and an amine with the release of one
equivalent of water®®. To facilitate this process, functionalized amides
are typically produced by the reaction of activated carboxylic acid
derivatives such as acyl chlorides and anhydrides with amines or direct

reaction of carboxylic acids with amines in presence of stoichiometric
amounts of coupling reagents (Fig. 1b)>'°, These classic methods
employ stoichiometric quantities of activating reagents, e.g. carbo-
diimides such as dicyclohexylcarbodiimide (DCC) or (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), ammonium or phospho-
nium salts such as (1-[bis(dimethyllamino)methylene]-1H-1,2,3-tria-
zolo[4,5b] pyridinium hexafluorophosphate-3-oxide (HATU), thionyl
chloride or n-propylphosphonic acid anhydride, which results in the
generation of significant amounts of waste'. In addition to the cost
and toxicity of the activation reagents itself, product purification from
the reaction mixture is also a tedious and expensive process’. Due to
these problems, as well as the importance of the amide bond, the ACS
Green Chemistry Institute and members of leading pharmaceutical
companies recognized ‘the synthesis of amides by avoiding poor atom
economy reagents’ as one of the major challenges in process chemistry
of the pharmaceutical industry”. Hence, the development of more
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Fig. 1| Examples of pharmaceuticals containing amide bonds and selected methodologies for amide synthesis. Selected amide containing drugs (a) and methods for

the synthesis of amides (b and c).

sustainable methodologies for the synthesis of amides by avoiding
stochiometric reagents or activated compounds continues to be
important topic both in academia and industry’. In this respect, car-
boxylic esters constitute a promising alternative to the corresponding
acids as reaction partner for amide bond formation (Fig. 1b, c)*.

Considering that anilines are mainly derived by reduction of
nitroarenes, the direct use of nitroarenes for amide synthesis features
a clear step-economic advantage. So far, nitroarenes have been rarely
used for a direct catalytic synthesis of amides’’'®, As one of the few
examples, a homogeneous Ni catalyst has been applied in the presence
of stochiometric amounts of Zn/TMSCI. Furthermore, an Ir-Fe-
homogeneous photocatalyst system was employed using expensive
PhSiH; as reducing agent'>*°. Considering the current limitations of
the desired cascade hydrogenation-amidation reaction, the applica-
tion of a heterogeneous catalyst would be especially desired”*%. Such a
methodology has obvious benefits with respect to availability of sub-
strates, cost- and step-economy as well as practicability. Despite the
potential advantages, such transformation in the presence of mole-
cular hydrogen remained to the best of our knowledge
unexplored”?°*2,

In the past decade, we prepared a variety of nanostructured 3d
metal catalysts supported on carbon®?® or SiO,”?* as well as other
inorganic oxides. These materials showed excellent performances in
various redox transformations. In this context, we became interested
to prepare such nanoparticles on TiO,, which should result in inter-
esting catalyst materials**°, particularly for valorization of esters®.
Based on this concept, here, we report a general synthesis protocol for
the reductive amidation of nitro compounds and esters using an
inexpensive heterogeneous catalyst in the presence of hydrogen. Key
for this transformation is the synergistic effect between metallic nickel
and low-valent Ti-species, which allows for the preparation of func-
tionalized fine chemicals and structurally complex amides including
important drug molecules.

Results

Catalyst synthesis

To realize the reductive amidation of nitro compounds with estersin a
straightforward manner, we planned to use a suitable multifunctional
catalyst®. In this transformation, the initial hydrogenation steps as well
as the subsequent amide formation should proceed efficiently to avoid
unwanted side reactions®. Ideally, the catalyst material should be
based on inexpensive and stable supports as well as 3d-metals, due to
their inherent advantages (availability, toxicity, price, robustness,
recyclability)* ¢, In the past decade, some of us developed a general
approach for the synthesis of such nanoparticles on inert supports and
stable supported single atom catalysts*?**", Based on these previous
works, we prepared Fe-, Co-, and Ni-nanoparticles in the presence of
inexpensive aniline ligands (o-phenylenediamine L1,
p-phenylenediamine L2, aniline L3), which were supported on TiO,, y-
Al,03, SiO, and Vulcan carbon. In a typical procedure, the respective
metal nitrates were mixed in situ with the ligand in methanol and then
immobilized on a given heterogeneous support. Finally, the immobi-
lized materials were pyrolyzed at given temperatures under argon
atmosphere to obtain supported nanoparticles-based catalysts (Fig. 2).
The obtained materials are labelled as M-L@Suppport-T, where M, L, T
denotes metal, ligand, and pyrolysis temperature.

Reaction design and catalyst evaluation

All the catalytic materials were tested for the reductive amidation of
4-nitrophenol in ethyl acetate to give 4-acetaminophen (paracetamol).
The target product is one of the most common medications against
fever and mild to moderate pain. Thus, it is an active ingredient of a
wide range of cold and flu remedies. The currently used processes for
paracetamol preparation are shown in Supplementary Fig. 1. As shown
in Table 1, a selection of Fe-, Ni-, and Co-based nanoparticles on dif-
ferent supports were prepared in the presence of L1. The performance
of all these materials was compared in the model reaction under
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Fig. 2 | Catalysts preparation. Pictorial representation for the synthesis of catalytic materials.

Table 1| Synthesis of 4-acetaminophen (paracetamol) from nitrophenol and ethyl acetate: Catalytic activities and selectivities

H
NO, o Catalyst NH; N *n/
@ -~ o 2an @ @ 0
HO + o 20 bar Hp, 130°C, 24h o +  Ho
1 2 3 4 (Drug: Paracetamol)

Entry Catalyst Metal loading® (Wt %) Conversion (%) Yield (%)

3 4
1 Ni-L1@Carbon-800 4.76 >99 97 <1
2 Ni-L1@SiO,-800 4.68 >99 33 65
3] Ni-L1@g-Al,03-800 4.85 >99 48 50
4 Ni-L1@TiO,-800 4.78 >99 13 85
5 Fe-L1@TiO,-800 4.83 17 4 12
6 Co-L1@TiO,-800 4.62 >99 45 53
7 Ni-L2@TiO,-800 4.81 >99 21 77
8 Ni-L3@TiO,-800 4.65 >99 19 79
9 Ni@TiO,-800 4.66 <1 <1 <1
10 Ni(NOg),-6H,0@TiO, 4.80 <1 <1 <1
n Ni(NOg)p-6H,0 + L1 4.80 p < <1
12 Ni-L1@TiO,-1000 4.81 30 14 15
13 Ni-L1@TiO,-600 4.79 >99 21 76
14 Ni-L1@TiO,-400 4.83 63 46 16
15° Ni-L1@TiO,-800 4.78 >99 10 88
16° Ni-L1@TiO,-800 4.78 >99 <1 52
174 NisS, <1 <1 <1

NH,
s (X
NH,

NH,
L2: J@/
H,N

NH,
L3:©

Reaction conditions: 0.5 mmol 4-nitrophenol, 1 mL ethyl acetate, 60 mg catalyst (10 mol% Ni), 20 bar H,, 130 °C, 24 h. Yields were determined by GC using n-hexadecane as the standard.

®Metal loading is determined by ICP-OES analysis.

PReaction conditions: 0.5 mmol 4-nitrophenol, 1 mL ethyl acetate, 0.5 mL H,0, 60 mg catalyst, 20 bar CO, 130 °C, 24 h.
°Reaction conditions: 0.5 mmol 4-nitrophenol, 0.3 mL formic acid, 1 mL ethyl acetate, 60 mg catalyst, 20 bar N,, 130 °C, 24 h.

90.5 mmol 4-nitrophenol, 1 mL ethyl acetate, 4 mg NisS, (10 mol% Ni), 20 bar Hy, 130 °C, 24 h.

industrially relevant conditions (20 bar H,, 130 °C). Noteworthy, no
additional solvent or sophisticated activation reagents, etc. were
included in this reaction system. In the presence of most catalytic
materials, mixtures of 3 and 4 were obtained (Table 1, entries 1-17).
Nevertheless, depending on the support and the metal source the
individual reaction steps can be controlled. For example, the carbon
supported material only promoted hydrogenation of the nitroarene to
4-hydroxyaniline 3 (Table 1, entry 1).

Comparing the activity of the different supports for the desired
tandem transformation, SiO,- and y-Al,Os-supported nickel catalysts
were less selective than Ni-L1@TiO,-800 (Table 1, entries 2-4), which
provided the best result towards paracetamol 4. Among the tested
supported metals, Fe-L1@TiO,—-800 showed little activity (Table 1,
entry 5), while Co-L1@TiO,~-800 and Ni-L1@TiO,-800 gave the
desired product 4 in 53% and 85% yield, respectively (Table 1, entry 6 vs
4). Interestingly, using other simple anilines (L2, L3) as modifiers for
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the preparation of the corresponding materials also produced active
catalysts, while the material prepared in the absence of the ligand
(Ni@Ti0,-800) and the non-pyrolyzed materials were completely
inactive for the benchmark reaction (Table 1, entries 9-11). Optimiza-
tion of the temperature (400-1000 °C) of the pyrolysis process also
revealed a strong influence of this parameter (Table 1, entries
4,12-14)*.

The optimal supported nickel catalyst system not only allows to
perform the reductive amidation of 1in the presence of hydrogen, but
also permits the desired reaction under transfer hydrogenation con-
ditions in the presence of formic acid (FA)*' or applying CO as reduc-
tant in presence of water*? (Water-Gas Shift reaction), which shows the
tolerance (robustness) of this system against acid, CO, and H,O. Thus,
paracetamol 4 is obtained in 52% and 88% yield, respectively (Table 1,
entries 15-16). However, in the presence of FA, the N-formylation
product of 4-nitrophenol was formed as a side-product in 48% yield*.

Next, we examined the stability and recycling of the optimal cat-
alyst in the benchmark reaction. As shown in Supplementary Fig. 2, the
material is stable for 7th reaction cycles and only after that a significant
decrease of activity was observed. For comparison, the remaining mass
of catalyst after each cycle is shown in Supplementary Table 1. ICP-OES
analysis of the reaction mixture confirmed no significant leaching of
nickel species (detection limit: 0.03 wt%). Consequently, the observed
productivity loss cannot be an effect of nickel leaching. TEM char-
acterization of the recycled catalyst (after 8th run) shows that the
average size of nickel nanoparticles is significantly increased to
24.2 nm (Supplementary Fig. 3a). Hence, we attribute the productivity
loss to the aggregation of nickel nanoparticles.

Catalyst characterization

To understand the structure differences of Ni-L@TiO,-T samples,
synthesized materials have been characterized by the means of TEM,
XRD, XPS, TPD and BET. According to the TEM images, nickel particles
were uniformly distributed on the titania surface (Fig. 3a and Supple-
mentary Figs. 4-9). Ni particle size distributions are displayed in Fig. 3a
(average size of 11.7 nm). The lattice spacings of 0.35 nm were assigned
to (101) plane of anatase TiO, (Fig. 3b)*. In this case EDS mapping
images showed an element distribution of N, Ni, C, S, O, and Ti
(Fig. 3c-i). Notably, the TiO, support was prepared via sulphate pro-
cess. Hence, the sulphur content is 2.3 wt%, and Ni3S, was detected by
XRD in all these samples, too (Supplementary Figs. 10a, 11). TEM ima-
ges confirmed this observation (Fig. 3e, g). Interestingly, commercially
available Ni3S; is inactive for the model reaction (Table 1, entry 17),
implying a synergistic effect of all constituents in the as-prepared
material.

In XRD measurements, the metallic nickel diffraction peak is
observed at 44°,52° and 76° in Ni-L1@Ti0,-800 and Ni-L1@Ti0,-1000,
while Ni-L1@Ti0,-400 and Ni-L1@TiO,-600 did not show this pattern
(Supplementary Fig. 10a)*. In Ni-L1@Ti0,-400, Ni-L1@Ti0,-600, and
Ni-L1@Ti0,-800, the original titania anatase phase prevailed, while
phases including rutile TiO,, Ti;O; and TigOy; are found in Ni-L1@TiO,-
1000 (Supplementary Fig. 10a)**¢, Further, we performed XRD char-
acterizations of Ni@Ti0,-800, Ni-L1@Ti0,-800, Ni-L2@Ti0,-800, and
Ni-L3@Ti0,-800. The XRD results of these samples demonstrated that
pyrolysis of the ligated nickel species promoted formation of metallic
nickel, while nickel exists mainly as Ni3S, and NiTiO; in Ni@Ti0,-800
(Supplementary Fig. 11). Materials prepared in the presence of ligands
are more active compared with Ni@TiO,-800. XRD of the recycled
catalyst (after the 8th run) proved the aggregation of nickel nano-
particles as the peak intensity of nickel is relatively increased (Sup-
plementary Fig. 3b). Next, XPS characterizations were conducted to
understand the surface properties of these materials. The sample
surface mainly consists of C, N, O, Ni, Ti, and S which confirms the
STEM results (Supplementary Table 6) and the surface area of the
studied materials is in the range of 25-160 m%/g (Supplementary

Fig. 15a). It is worth mentioning that the surface concentration of Ni
decreases with pyrolysis temperature from 2.7 to 1.1at.% from Ni-
L1@Ti0,-400 to Ni-L1@Ti0,-1000 (Supplementary Table 6). Figure 4
shows the Ni 2p spectra of the Ni-L1@TiO, samples with pyrolysis
temperatures 400, 600, 800, and 1000 C. The Ni 2p spectra of Ni-
L1@TiO,-400 in Fig. 4a shows the main Ni 2p,,, peak at 855.5eV and
strong satellite features at higher binding energies, thus suggesting an
oxidation state of +2 for Ni, probably as Ni(OH), or NiOOH**%, At
higher pyrolysis temperatures a rather sharp peak at lower binding
energies around 852.7 eV appears which can be identified as metallic
Ni*%, Assuming a combination of Ni® and Ni** species for deconvolu-
tion, the relative Ni° concentration at the surface can be calculated and
reaches its maximum with about 43% for Ni-L1@TiO,-800 (Supple-
mentary Fig. 12). Note that different satellite peak hights might reflect
different Ni** species possibly present at the surface but cannot be
distinguished here. Furthermore, all tested materials showed very
similar Ti 2p spectra (Supplementary Fig. 13) typical for Ti***>. The N1s
spectra in Supplementary Fig. 14 is deconvoluted with four peaks
indicating the presence of pyridinic N (398.8 eV), pyrrolic N (400.5 eV),
graphitic N (401.4eV), and pyridinic N-oxide (403.3eV) on all
samples®®, However, the ratio of the different nitrogen species
changes significantly with the pyrolysis temperature. In detail, the
maximum pyrrolic N content (77%) is observed in Ni-L1@Ti0,-400,
while for Ni-L1@TiO,-600 the highest pyridinic N content (56%) is
observed.

To address the effect of metallic nickel on the hydrogenation
activity of the identified catalyst systems, we also performed the
reduction of 4-nitrophenol. The best yield of 4-aminophenol is
observed in the presence of Ni-L1@Ti0,-800 (Supplementary Table 2).
Further, we conducted CO,-TPD and NH3-TPD of the respective cata-
lysts to identify the distributions of basic and acidic sites necessary for
the second amidation reaction step (Supplementary Fig. 16). Notably,
for Ni-L1@Ti0,-800 more (weak) acidic sites (Supplementary Fig. 16a,
NH3 desorbed between 50-100 °C) were identified compared to Ni-
L1@Ti0,-600. To proof whether the identified acidic sites facilitate the
formation of paracetamol, we further conducted the reaction of
4-aminophenol with ethyl acetate (Supplementary Table 3). As shown
in Supplementary Table 3, Ni-L1@TiO,-800 afforded a 47% yield of
paracetamol, while Ni-L1@TiO,-600 only gave 34%. Thus, both Ni° and
weak acidic sites on the support material are advantageous for the
overall catalyst activity.

Mechanistic investigations

Apparently, the direct synthesis of paracetamol proceeds first by
hydrogenation of 1 to give 3 and subsequent formation of amide 4.
Indeed, as shown in the kinetic profile in Fig. 5a, the hydrogenation
step in the presence of the optimal catalyst is finished within 4 h (99%
conversion). Amide formation is slower, starts only after 5 h and needs
>20 h to be completed. To understand the influence of the catalyst
material on both reaction steps, several control experiments were
performed (Fig. 5b, c). As shown below the hydrogenation of
4-nitrophenol to 4-aminophenol proceeds under the standard condi-
tions with nearly quantitative yield in the presence of Co-L1@TiO,-
800, Ni-L1@C-800 and Ni-L1@Ti0,-800 (Fig. 5b). Obviously, such
hydrogenations easily take place with different types of supported 3d
metal nanoparticles’’. More interestingly, the amidation of
4-aminophenol with ethyl acetate only occurred with Co-L1@TiO,-800
and Ni-L1@Ti0,-800, while Ni-L1@C-800 did not show any reactivity
(Fig. 5¢). Using the titania supported nickel catalyst several observa-
tions are interesting: under nitrogen atmosphere the target product is
afforded in 23% yield (Fig. 5c), while surprisingly the paracetamol yield
is increased to 80% under H, atmosphere. A similar behaviour is
observed for the reaction of nitrobenzene to give acetanilide (Sup-
plementary Fig. 17). Compared with Co-L1@TiO,-800, Ni-L1@TiO,-
800 is more active in the amidation reaction of ethyl acetate with
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Fig. 3 | Electron microscopy analysis of Ni-L1@Ti0,-800. a, b TEM images. In (a)
it is shown that the particles are distributed on the support with an average dia-
meter of 11.7 nm. The particle size distribution is obtained by measuring more than

# 2 :
HAADF MAG: 640kx HV:
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200 particles. In (b) the lattice spacings are assigned to (101) plane of anatase TiO,.
¢ EDS elemental mapping image, and (d-i) the visualization of elements: (d) N, (e)
Ni, () C, (g) S, (h) O, (i) Ti.

4-aminophenol (Fig. 5c). To better understand this observation,
in situ XPS characterization experiments of Co-L1@Ti0,-800 and Ni-
L1@Ti0,-800 catalysts in presence of nitrogen or hydrogen were
performed using a separate reaction cell in the XPS apparatus
(Fig. 5d-g, Supplementary Fig. 18). In presence of H, at 130 °C, Ni** is
reduced to metallic Ni as shown by the strong increase of the Ni® peak
together with the decrease of Ni** intensity (Supplementary Fig. 18).
Surprisingly, in addition to Ti* titanium species Ti*" and Ti** with a
binding energy at -457 eV and ~455eV are observed after H, treat-
ment (Fig. 5e, g)*>. Compared with Co-L1@Ti0,-800, more Ti** and
Ti*" species are found in Ni-L1@Ti0,-800 (Fig. Se, g). In contrast, a
clear Ti** XPS spectrum after a treatment in N, atmosphere at 130 °C
is observed (Fig. 5d, f). The above analysis indicates that metallic
nickel particles are responsible for the reduction of the nitro group
to the corresponding aniline**. In addition, the subsequent amidation
step is also positively influenced by the Ni nanoparticles and low-
valent Ti-species. Hence, we propose the reduction of the nitro
compound by metallic nickel in presence of hydrogen, subsequently
aniline will react with the ester to produce the desired amide facili-
tated by the support (Fig. 5h).

To understand the role of low-valent Ti-species in the second
amidation step, we performed also DFT computations (Fig. 6, details
are shown in Supplementary Information). These calculations showed
that the most stable configuration of aniline adsorbs on the top of a
5-fold coordinated Ti*" atom (denoted as Tis.*", Fig. 6a) and a 5-fold
coordinated Ti** atom (denoted as Tis:>*, Fig. 6b) sites of anatase-TiO,
(101) surfaces. In both adsorbed systems, the N atom is bonded on the
top of the Ti atom. The accumulation of electron density between N
and Ti atom suggests the formation of a N-Ti bond in the two adsor-
bed systems. The E,gs of aniline molecule on Tis.** was calculated to be
-0.959 eV and the Ti-N bond length was 2.380 A. The bond length of
two N-H bonds were elongated from 1.018 A in an original aniline
molecule to 1.027 A in the chemisorbed state. The E,qs Of aniline
adsorbed on the top of Tis* was calculated to be -1.153eV. This
suggests that aniline interacts thermodynamically more favorable with
the computed Ti** species compared to the corresponding Ti** species.
The distance of Tis.>*~N was 2.618 A and the NH, groups in the aniline
molecule are slightly leaned to an adjacent bridge oxygen (Op) on the
anatase-TiO, (101) surfaces. The hydrogen-bond interactions between
Op and H in the NH, group leading to one of the N-H bonds was
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Fig. 4 | XPS Ni 2p spectra of different catalysts. (a) Ni-L1@TiO,-400, (b) Ni-L1@TiO,-600, (c) Ni-L1@Ti0,—800 and (d) Ni-L1@TiO,-1000.

elongated to 1.041 and 1.029 A, respectively. Apparently, the longer
bond length of N-H bonds in aniline/ Ti** suggests that the interaction
of aniline with Ti** promotes the activation and weaken of N-H bonds
more effectively than the interaction with the respective Ti*" system.
Next, we aimed to test the general applicability of Ni-L1@TiO,-
800 in various amide syntheses. As shown from the kinetic experiment
(Fig. 5a), the second step is relatively slower compared with the nitro
reduction. Thus, in order to balance the catalyst loading and reaction
rate, we had the idea to speed up the rate determining amidation step
by adding cheaper titania support. Indeed, even at low metal catalyst
loading in the presence of titania quantitative yield of the desired
product can be achieved (Supplementary Fig 19). To further demon-
strate the role of the support in this transformation, we pyrolyzed
freshly prepared TiO, at 400-1000 °C and the resulting five materials
were tested in the reaction of 4-aminophenol and ethyl acetate under
standard conditions. The following order of activity is observed: fresh
TiO, > Ti0,-400 > Ti0,-600 > Ti0,-800 > Ti0,-1000  (Supplementary
Fig. 20b). Next, all these samples were characterized by XRD (Sup-
plementary Fig. 10b), BET (Supplementary Fig. 15b), and NH5-TPD
(Supplementary Fig. 20a). In general, the specific surface area and the
number of acidic sites of these TiO, samples decreased significantly
with increasing pyrolysis temperature, which also correlates well with
the product yield (Supplementary Figs. 15b, 20b). Hence, we believe
that both the number of acidic sites and the surface area of TiO, are the
major factors that affect the amidation process in this model reaction.

Ni-catalyzed synthesis of amides

With an active material for the straight synthesis of paracetamol in
hand, we investigated its applicability for other substrates under a
standardized set of conditions (30 mg Ni-L1@Ti0,-800, 20 mg TiO,,
20 bar H,, 130 °C, 24 h). Diverse nitroarenes with electron-donating
(6-11) or electron-withdrawing groups (12-18) underwent reductive
amidation with ethyl acetate and provided the corresponding amides
in up to 89% isolated yield (Fig. 7). Halogenated nitroarenes are well

tolerated and produced the corresponding amides (12-17) without
noticeable dehalogenation side reactions. Interestingly, aliphatic nitro
compounds, e.g. 1-nitropropane and 1-nitrooctadecane are also con-
verted into amides (19-22) in 67-72% yield.

For the application of any synthetic methodology, specifically for
advanced organic synthesis, it is essential to achieve a high degree of
chemoselectivity and functional group tolerance. In this regard, we
performed reductive amidation of many functionalized nitroarenes. As
shown in Fig. 7, the presented catalytic system tolerates well other
potentially reducible groups like ketones (23-24), carboxylic acids and
esters (25-29), nitrile (30), and vinyl substituted derivatives (37). In
addition, heterocycles (31-36) were successfully reacted with ethyl
acetate and afforded the desired amides in up to 78% yield.

Next, we tested the coupling of different esters (Fig. 8). Apart
from ethyl acetate various other alkyl esters including fluorinated
ones reacted smoothly to give the corresponding amides (38-48).
Notably, functional groups such as sulfhydryl and nitrile were well
tolerated, too (40, 44, 47, 50). Interestingly, two carboxylic diesters
reacted selectively to provide the mono-amide derivatives (45, 54).
Utilizing 4-nitroaniline it is also possible to obtain the corresponding
diamide, which is interesting for the preparation of polyamides (48).
To show that the reductive amidation is possible without excess of
ester, we performed further test reactions in solvents and varied the
ratio between nitro compound and ester (Supplementary Table 4). As
shown in Supplementary Table 4, utilizing toluene as solvent gave the
best results, and the optimal ratio between nitro compound and ester
is 1:4. This variation of reaction conditions was tested with five
selected substrates (38-40, 49, 54) to demonstrate the general
applicability. In all cases, the corresponding amides were produced
with good yield.

To showcase the utility of this synthetic protocol, we carried out
the preparation of selected drug molecules (Fig. 9a). Specifically,
Acedoben (55), Actarit (56), Phenacetin (57), and Propanil (58) are
produced smoothly without further optimization. From a synthetic
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(e, g) for1h, (d, e) Ti 2p for Co-L1@TiO,-800, (f, g) Ti 2p for Ni-L1@TiO,-800. (h)
Proposed reaction pathway.

Fig. 6 | The most stable configuration of aniline adsorbed on anatase-TiO, (101)
surface. a aniline is interacting with a Ti*" ion, and (b) aniline is interacting with a
Ti** ion in anatase-TiO, (101) surfaces. The inset was the different charge density of
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the complex. Blue areas represent electron depletion and red areas means electron
accumulation with an isosurface value of 0.1 electrons/A>.

point of view, late-stage modification of bioactive compounds is
interesting, too (Fig. 9b). Hence, MCPA-methylester, a common her-
bicide, was converted directly to amide (59). Similarly, rhodamine
fluorescent probe® can be successfully transformed into the corre-
sponding amide (60). Likewise, amidation of nimesulide, a non-
steroidal anti-inflammatory drug (NSAID), and nimodipine afforded
the desired products in 72-75% yield (61-62). Finally, we performed

upscaling reactions of selected products on 1-10 g scale (Fig. 9¢c). No
significant deviations of the products yields were observed compared
to the 0.5 mmol-scale experiments.

Discussions
In conclusion, a practical reductive amidation methodology has been
developed for the direct synthesis of amides from nitro compounds
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Fig. 7 | Ni-L1@TiO,-800 catalysed synthesis of amides: scope of nitro com-
pounds. Reaction conditions: 0.5 mmol nitro compound, 1 mL ethyl acetate, 30 mg

Ni-L1@Ti0,-800, 20 mg TiO,, 20 bar H,, 130 °C, 24 h. Isolated yields based on nitro
compound.

and esters using nickel-based nanostructured catalyst. Direct cascade
transformation of nitro compounds to amides was realized utilizing
molecular hydrogen as green reductant in the presence of a hetero-
geneous catalyst and to the best of our knowledge no previous
examples exist. The presented catalytic material showed excellent
substrate scope and high functional group tolerance. The utility of this
methodology is demonstrated by a more efficient synthesis of
industrially relevant fine chemicals and selected drug molecules
including paracetamol. Further, the method allows for fast and clean
modifications of many bioactive compounds. The utility of the catalyst
material is also demonstrated by gram-scale reactions and recycling
experiments. By performing control experiments, material character-
izations, and DFT computation, we found metallic nickel and low-

valent Ti-species are two crucial factors that allow for this straight-
forward amide synthesis. We envision that the established methodol-
ogy will inspire other scientists both in industry and academia to
develop even more efficient amide syntheses.

Methods

Materials and methods

All esters and nitro compounds were obtained commercially from
various chemical companies and used directly without further pur-
ification. Nickel(ll) nitrate hexahydrate [Ni(NO3),-6H,0, cat no.
203874-20 G], cobalt(ll) nitrate hexahydrate [Co(NO3),-6H,0, cat no.
239267-5 G] and iron(lll) nitrate nonahydrate [Fe(NO3)3-9H,0, cat no.
216828-100 G] were purchased from Sigma Aldrich. Ni3S, (CAS

Nature Communications | (2023)14:5013



Article

https://doi.org/10.1038/s41467-023-40614-1

Q Ni-L1@TiO»800,TiO, N

R'—NO, + R O R,

20 barH,, T°C, 24 h

Alkyl Esters :

Qi

38: 86%", 78%"
(R2 = CH2CH2CH3)

@
F
-
F

43: 73%*
(Rz = CH,CHy)

39: 86%", 74%"
(R2 =CHy)

44: 67%"
(R2 = CHyCH,)

48: 73%*
(from malonic acid dimethyl ester)

Aryl Esters :

49: 62%, 51%" 50: 59%"
(Rz = cHcha) (R2 = cHchg)

54: 57%"
(Rz = CHjy)

40: 68%*, 59%"

Qe QiR Q0

(R2 =CHy)

S

41: 77%* 42: 66%"
(R2 = CH,CH,) (R2 = CH,) (R, = CH3)
Ot &
/g//)

N
H

45: 68%" 46: 60%" 47: T1%*

(Rz = CHyCHy) (Rz = CHjy) (Rz = CH,CHy)

51: 60%" 53:77%"

(R2 = CHy)

Fig. 8 | Ni-L1@Ti0,-800 catalysed synthesis of amides: scope of esters.
‘Reaction conditions: 0.5 mmol nitro compound, 1 mL ester, 30 mg Ni-
L1@Ti0,-800, 20 mg TiO,, 20 bar H,, 130 °C, 24 h. “Reaction conditions: 0.5 mmol
nitro compound, 2 mmol ester, 1 mL toluene, 30 mg Ni-L1@Ti0,-800, 20 mg TiO,,

20 bar H,, 140 °C, 24 h. *Reaction conditions: 0.5 mmol 4-nitroaniline, 1 mL ester,
30 mg Ni-L1@Ti0,-800, 20 mg TiO,, 20 bar H,, 130 °C, 48 h. All are isolated yields
based on nitro compound. The detailed information of these esters is provided in
Supplementary Fig. 21.

N0.12035-72-2, Lot: C12Y018) was obtained from Thermo Fischer
Scientific. Ethyl acetate (HPLC grade, cat no. 5582024) and toluene
(HPLC grade, cat no. 10109731) were obtained from Thermo Fisher
Scientific. Carbon powder, VULCAN® XC72R with Code XVC72R and
CAS No. 1333-86-4 was obtained from Cabot Corporation Prod. The
catalyst support y-Al,O5 (cat no. 199443-100 G) and SiO, (cat no.
85356-100 G) were purchased from Sigma Aldrich. The pyrolysis
experiments were performed using the tube furnace (Bayferrox®110,
LANXESS, GmbH).

XRD powder pattern were recorded on a Panalytical X'Pert 6/20
-diffractometer equipped with Xcelerator detector using automatic
divergence slits and Cu koal/a2 radiation (40kV, 40mA;
A =0.15406 nm, 0.154443 nm). Cu beta-radiation was excluded using a
nickel filter foil. Measurements were performed with either 0.021 or
0.005°™. Finely pestled samples were mounted on silicon zero back-
ground holders. After data collection obtained intensities were con-
verted from automatic to fixed divergence slits (0.25°) for further
analysis. 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 XPS measurements were performed on an ESCALAB 220iXL
(ThermoFischer Scientific) with monochromated Al Ko radiation
(E=1486.6 eV). Samples are prepared on a stainless-steel holder with
conductive double-sided adhesive carbon tape. The electron binding
energies were obtained without charge compensation leading a main C
1s peak at around 284.6 eV. For quantitative analysis the peaks were
deconvoluted with Gaussian-Lorentzian curves using the software
Unifit 2021, the peak areas were divided by the transmission function
of the spectrometer and the element specific sensitivity factor of
Scofield. To determine the relative Ni® content the Ni 2p spectra are
deconvoluted using an experimentally gained peak shape of metallic
Ni from a sputter cleaned Ni foil together with peaks corresponding
to Ni*".

In-situ XPS was conducted using a Thermofischer ESCALAB 250Xi
X-ray photoelectron spectrometer with a pass energy of 40.00 eV and
an Al Ka excitation source (hv=1253.6eV). The analysis chamber
pressure is 8*107°Pa. The Operating Voltage is 12.5kV. The filament
current is 16 mA, and the signal is accumulated 5-10 times. The step
size is 0.1eV. To characterize the effect of gas on the sample structure,
the catalyst was placed in a reaction chamber connected to the XPS
equipment and exposed to H, or N, (20 mL/min) at room temperature.

Nature Communications | (2023)14:5013



Article

https://doi.org/10.1038/s41467-023-40614-1

R—NO, 4

Ni-L1@Ti0,-800, TiO, Hor
R~

20 bar Hp, T°C, 24 h o

g

(a) Synthesis of selected drugs

55: 68%, Acedoben
(from ethyl acetate)

56: 72%, Actarit
(from ethyl acetate)

(b) Modification of drug molecules

Oy

59: 56%
(from MCPA-methylester)

(c) Upscaling reactions

QL 2

H

4*: 87%, Paracetamol
(10 g scale)

60: 69%
(from ethyl acetate)

63: 77%

HJ\/

58*: 82%, Propanil
(10 g scale)

o PN
H
58: 89%, Propanil
(from propyl propionate)

QALK

57: 94%, Phenacetin
(from ethyl acetate )

1
O=?=0

61: 75%
(from ethyl acetate)

Cl
(o}

64: 70%
(from methyl cyclobutanecarboxylate)

(o]

62%:64% O

(1.2 g scale)

Fig. 9 | Applications of nickel-catalysed amidation. a Synthesis of selected drugs.
Reaction conditions: 0.5 mmol nitro compound, 1 mL ester, 30 mg Ni-L1@TiO,-
800, 20 mg TiO,, 20 bar H,, 130 °C, 24 h. Isolated yields based on nitro compound.
b Amidation of nitro and ester containing drugs. Reaction conditions: 0.5 mmol
nitro compound, 1 mL ester, 30 mg Ni-L1@Ti0,-800, 20 mg TiO,, 20 bar H,, 130 °C,
24 h. Isolated yield based on nitro compound. ¢ Scale-up reactions. ‘Reaction
conditions: 10 g nitro compound, 30 mL ethyl acetate, required amount of catalyst

and TiO, (30 mg of Ni-L1@Ti0,-800 and 20 mg TiO, for each 0.5 mmol nitro
compound), 20 bar H,, 130 °C, 24 h. 1.2 g nitro compound, 4 mL ethyl acetate,
required amount of catalyst and TiO, (30 mg of Ni-L1@Ti0,-800 and 20 mg TiO,
for each 0.5 mmol nitro compound), 20 bar H,, 130 °C, 24 h. Isolated yields based
on nitro compound. The detailed information of these esters is provided in Sup-
plementary Fig. 22.

Then, once the chamber is heated to 130 °C with 10 °C/min, the sample
is treated for 1h. Afterward, the treated sample was directly trans-
ferred into the analysis chamber in vacuum (8 x107°Pa) to avoid
exposure to air.

The TEM measurement, the high-angle annular dark-field scan-
ning transmission electron microscopic (HAADF-STEM) images were
collected on a FEI Talos F200x S/TEM instrument at 300 kV accel-
erating voltage. HAADF-STEM images were acquired using a HAADF
detector. To prepare the TEM samples, an appropriate amount of
sample powder was dispersed in ethanol and then dropped on a3 mm
TEM Cu grid. The images of energy dispersive spectroscopy (EDS)
elemental mapping in the STEM mode were obtained from the Titan
electron microscope using SuperX system.

Surface area and porosity are carried out by the N, adsorption
isotherm using the Brunauer-Emmett-Teller (BET) method on an ASAP
2020 Micromeritics instrument. Before analysis, all samples are

degassed at 200 °C for 6 h to desorb moisture and impurities from
their surfaces.

NH3;-TPD and CO,-TPD measurements were done using a Micro-
meritics Autochem Il 2910 instrument. A 150 mg sample was loaded in
U shaped quartz reactor and heated from RT (room temperature) to
150 °C with 10 K/min in He (50 mL/min) to remove adsorbed water
from the surface of the solid material. The temperature remained
constant for 60 min, then cooled down to 100°C in a flow of He
(50 mL/min). Following, the sample was exposed to 1% NHj; or 5% CO,
in He (50 mL/min) for 60 min at 100 °C, followed by removal of phy-
sisorbed NH; or CO; by flushing with He (50 mL/min) for 60 min at
100 °C. The temperature was decreased for 70 °C for 10 min. The
sample was then ramped to 650 °C at a heating rate of 10 K/min in
flowing of He (50 mL/min). The temperature was held at 650 °C for
60 min. The analysis of the effluent gases was performed with Quad-
rupol mass spectrometer (Balzers Omnistar).
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NMR spectra were recorded on Bruker AV 300 and 400 spectro-
meters. Chemical shifts are reported in parts per million relatives to
CDCl; (7.26 and 77.16 ppm for 'H and *C respectively) or DMSO-d6
(2.50 and 39.52 ppm for 'H and BC respectively). Chemical shifts & are
reported in ppm relative to the solvent resonance signal as an internal
standard. The following abbreviations were used to designate chemi-
cal shift multiplicities: s =singlet, d=doublet, t =triplet, q=quartet,
sept = septet, m = multiplet, br = broad; coupling constants are given
in Hertz (Hz).

HRMS data were recorded on (1) ESI-HRMS: HPLC System 1200
/ESI-TOF-MS 6210 (Agilent) and (2) EI-HRMS: Mass Spectrometer MAT
95XP (Thermo Electron), 70 eV. GC-MS was performed on an ISQ Trace
1300 in the electron ionization (EI) mode.

GC analyses was performed on an Agilent 7890 A instrument
(Column: Agilent 19091J-413: 30 m x 320 pm x 0.25 pm, carrier gas: Hp,
FID detection.

Details of DFT computations can be found in Supplementary
Information. DFT Computational details.

All catalytic reactions were carried out in 300- and 100-mL auto-
claves (PARR Instrument Company).

Preparation of catalytic materials

Preparation of TiO,. TiO, slurry/gel prepared via sulfate process was
commercially obtained from Kronos International, Inc., Research and
Development, Germany and labelled as GL102/10826. The following
procedure has been used to prepare final form of TiO, powder with
significantly high surface area: The TiO, gel was added to distilled
water and the dispersed solution was stirred for 20 min. Then, the
mixture was allowed to settle for overnight or for several hours and
then the upper layer of water was decanted. This procedure was
repeated for 3 to 4 times until almost all soluble components in the
slurry were removed by washing. Next, the resulting slurry was cen-
trifuged for 15min at a speed of 4240 rpm on Heraus instrument,
Model: Sepatech 6000, Germany to obtain the solid material, which
was then oven dried for 72 h (at 100 °C/24 h, at 150°C/24 h and at
200 °C/24 h). The obtained TiO, clumps were powdered to get fine
powder. The surface area of TiO, (oven dried at 200 °C) was found to
be 295-315m?%/g. In addition, the preparation of TiO2 support is
reproducible and the elemental analysis result is show in Supplemen-
tary Table 5.

Preparation of Ni-L1@TiO,-800 and other catalytic materials. In a
50 mL round bottomed flask, 576 mg Ni(NO3),*6H,O and 300 mg
ligand (L1, o-phenylenediamine) were stirred in 50 mL methanol at
room temperature for 5 min. Then 2 g of TiO, support was added and
stirring was continued for 12 h. Then, the methanol was removed by
rotary evaporation and the solid material was dried in oven at 60 °C.
The resulting material was grounded to a fine powder and transferred
to quartz boat. The material was placed in tube furnace and pyrolyzed
at 800 °C for 2 h under argon with a heating rate of 5°C/min and then
tube furnace was cooled to room temperature. After cooling the fur-
nace to room temperature, the catalytic material was taken out from
the furnace and stored in glass vial. In addition, we repeated the pre-
paration of Ni-L1@Ti0,-800 and its catalytic performance is repro-
ducible (see Supplementary Table 7).

Similar procedure was applied for the preparation of other
materials such as Fe-L1@Ti0,-800, Co-L1@Ti0O,-800, Ni-L1@C-800,
Ni-L1@Si0,-800 and Ni-L1@y-Al,05-800.

Note: Elemental analysis of ligands, Ni(NO5),*6H,0, TiO, and Ni-
L1@TiO,-800 are shown in Supplementary Table 5.

General procedure for the amidation of nitro compounds and
esters

Solvent free condition. A magnetic stirring bar and 0.5 mmol nitro
compound were transferred to 4 mL reaction vial and then 1 mL ethyl

acetate or respective ester was added. Then, 30 mg catalyst (Ni-
L1@Ti0,-800) and 20 mg TiO, were added, and the vial was fitted with
septum, cap, and needle. Next, reaction vials (9 vials with different
substrates at a time) were placed into a 300 mL autoclave. The auto-
clave was flushed with hydrogen for two times with 20 bar and then it
was pressurized with 20 bar H,. The autoclave was placed into an
aluminium block preheated at 150-160°C (placed 30 min before
counting the reaction time to attain reaction temperature) and the
reactions were stirred for required time. During the reaction the inside
temperature of the autoclave was measured to be 130 °C-140 °C and
this temperature was used as the reaction temperature. After the
completion of the reactions, the autoclave was cooled to room tem-
perature. The remaining H, gas was discharged slowly, and the reac-
tion mixture were taken out from the autoclave. The reaction mixture
was analysed by GC and GC-MS. The corresponding products were
purified by column chromatography (silica, n-hexane, ethyl acetate).
The purified products were analysed by NMR (*H, *C), HRMS, and
GC-MS.

Using toluene as solvent. For the reactions conducted in toluene
solvent, similar experimental procedure was applied with 0.5 mmol
nitro compound, 2 mmol corresponding ester and 1 mL toluene.

Scale-up reactions. 10-gram scale reactions were performed in Teflon
fitted 300 mL autoclave. 10 g of respective nitro compound and 30 mL
ethyl acetate were added to the Teflon fitted 300 mL autoclave and then
required amount of Ni-L1@TiO,-800 catalyst and TiO, (30 mg of Ni-
L1@Ti0,-800 and 20 mg TiO, for each 0.5 mmol nitro compound). The
autoclave was flushed with hydrogen for two times and then it was
pressurized with 20 bar H,. The autoclave was placed into an aluminium
block preheated at the desired temperatures (placed 20 min before
counting the reaction time to attain reaction temperature) and the
reaction was stirred for required time. After the completion of the
reactions, the autoclave was cooled to room temperature. The H, gas
was released slowly, and the reaction mixture was taken out from the
autoclave and analysed by GC and GC-MS. The corresponding products
were purified by column chromatography (silica, n-hexane, ethyl acet-
ate). The purified products were analysed by NMR (*H, *C) and HRMS.

Note: for 1.2 g scale reaction carried out in 100 mL autoclave and
similar procedure mentioned above has been applied.

Catalyst recycling. A 4 mL dried glass vial was charged with 0.5 mmol
4-nitrophenol and magnetic stirring bar. Then, 1 mL ethyl acetate was
added followed by the addition of 60 mg Ni-L1@Ti0,-800. Then, the
vial was fitted with septum, cap and needle and placed into a 300 mL
autoclave. Then autoclave was flushed with 20 bar H, for two times,
and it was pressured with 20 bar H,. The autoclave was placed into an
aluminium block preheated at 150 °C (placed 30 min before counting
the reaction time to attain reaction temperature) and the reactions
were stirred for required time. During the reaction the inside tem-
perature of the autoclave was measured to be 130 °C and this tem-
perature was used as the reaction temperature. After the completion
of the reactions, the autoclave was cooled to room temperature. The
H, gas was discharged slowly, and the reaction vials were taken out
from the autoclave. The catalyst was separated by centrifugation and
washed with ethel acetate. Then the recycled catalyst was dried and
used for the next run without any reactivation.

Data availability
The data that support the findings of this study are available from the
corresponding authors (M.B. and R.VJ.) upon request.
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