UNIVERSITAT
BAYREUTH

Reusable Ni-Catalysts for the Highly
Chemoselective Synthesis of Primary

Amines

DISSERTATION

zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften (Dr. rer. nat.)
an der Fakultat fur Biologie, Chemie und Geowissenschaften
der Universitat Bayreuth

vorgelegt von

M. Sc. Gabriela Hahn
geb. Wietzel; in Miinchberg

Bayreuth, 2018






Die vorliegende Arbeit wurde in der Zeit von Januar 2016 bis Dezember 2018 in Bayreuth am Lehrstuhl
Anorganische Chemie Il unter Betreuung von Herrn Professor Dr. Rhett Kempe angefertigt.

Dissertation eingereicht am: 19.12.2018
Zulassung durch Promotionskomission: 09.01.2019
Wissenschaftliches Kolloquium: 18.04.2019

Amtierender Dekan: Prof. Dr. Stefan Peiffer

Prifungsausschuss:

Prof. Dr. Rhett Kempe (Gutachter)
Dr. habil. Glinter Motz (Gutachter)
Prof. Dr. Peter Strohriegl (Vorsitz)

Prof. Dr. Roland Marschall






Meiner Familie in Dankbarkeit gewidmet.






Table of Contents

ADDIEVIBLIONS ...ttt VII
1 SummMary/ZusammeNnTaSSUNQ ........ccoiiiieieiieieie et este et ste e sre e aesteesa e besreesresteeeesresraenrenres 1
1.1 SUMIMIEIY ..ttt sttt e et e st st e s h e s a e s be e be e te e sk e e eseeesbe e s beesbeesbeesneeanbeanbeenbaenteenreeas 1
1.2 ZUSAMMENTASSUND. ...ttt ettt bt b ettt b b 4
2 8 oo 11y 1 o o PSP RT 7
2.1 Earth-abundant metal catalysts for complex organic SYnthesis ...........cccceovvviiinienincnennenn 7
2.2 PrIMArY GMINES ...c.viiiieiecie ettt e s te e e st e e be e besaeesbesbeeneestesteenbenaeas 8
2.3 Ceramic CatalySt SUPPOITS .....cveiieeiiie e eiteste st ste e te et te et e et e be e e e sbesteesbesreeneenrens 11
24 [ E T =) T SR 13
3 OVerview Of THeSiS RESUITS ........cuiiiiiieeese e 17
3.1 SYNOPISIS ..ttt R R bttt b et b 17
3.2 Individual contributions to joint pUBIICAtIONS ..........cccccviiiiie i 26

4 A Reusable Mesoporous Nickel Nanocomposite Catalyst for the Selective Hydrogenation of

Nitroarenes in the Presence of Sensitive FuNctional Groups .........c.ccocevieneneieiniin e 29
4.1 [T oo [0o1 o]  HO OSSPSR 29
4.2 RESUILS AN DISCUSSION ......vevveiiesieeiesie sttt ste e ste et saesteesaesreese e besreesaesreeneeneennes 30
4.3 (O] Tod 111 o] o ISR 36
4.4 RETEIENCES ...ttt ettt ettt be s ae st et enean 37
4.5 SUPPOITING INFOIMATION.......itiiiiicc e 39

5  General synthesis of primary amines via reductive amination employing a reusable nickel

CATAIYST. ... E R Rt bbbt b et b r e n s 51
5.1 L 00 11T ] o TSRS 51
5.2 RESUIES ..ttt ettt e et ee e e nee et e e bRt et nte e neeenes 52
5.3 DT B 5] o] o SR 59
54 a0 TSRS 59
55 [ E =T =] T = SRS 61
5.6 SUPPOItING INFOIMALTION........eiii e nee e 65



6 A Nanostructured Earth-abundant Metal Catalyst Can Mediate the Efficient Synthesis of

Amino Acids from Ammonia Dissolved in Water under Very Mild Conditions...............ccc.c..... 141
6.1 00 1 1A T ] o S 141
6.2 RESUILS @N0 DISCUSSION ...ttt ettt be e nn e 143
6.3 LO70] 0 o] 177 o] o ISP 146
6.4 R C] T =) T TSRS 148
6.5 SUPPOItiNg INFOIMALION .........ccviie e e 152

7 LISt Of PUDHCALIONS ...ttt st 163

8  Acknowledgements/DankSagUNG.......ccviiiieieiieeiieseeeesteseeseeste e sre e ae e eraestesreeeesreeneesrennes 165

9 DeclarationN/ErKIAIUNQ .........coi ittt st s re e be e sreans 169

Vi



Abbreviations

ADME
a.u.
BET
BINAS

DABCO
EDX

EELS

FT-IR

GC

GCIMS
HAADF-STEM
HR-TEM
ICP-OES
M@SICN
MOF

nacnac
Ni@PSsSiCN
NMR

ppm

PS

PS,

SEM

SiCN

SSA

TEM

TGA

TPA

TPPS

XPS

XRD

adsorption, distribution, metabolism and excretion

arbitrary units

Brunauer Emmett Teller
2,2’-bis(bis(3-sulfophenyl)phosphinomethyl-4,4,7,7-tetrasulfo-1,1’-
binaphthyl octasodium salt

1,4-diazabicyclo[2.2.2]octane

energy-dispersive X-ray spectroscopy

electron energy loss spectroscopy

fourier transform infrared spectroscopy

gas chromatography

gas chromatography coupled with mass spectroscopy

high-angle annular dark-field scanning TEM

high resolution transmission electron microscopy

inductively coupled plasma optical emission spectrometry

metal supported on silicon carbo nitride

metal organic framework

deprotonated (E)-N-[(Z)-4-(phenylamino)pent-3-en-2-ylidene]aniline
nickel supported on silicon carbo nitride structured with PSeo
nuclear magnetic resonance

parts per million

polystyrene

polystyrene with x nm diameter

scanning electron microscopy

silicon carbo nitride

specific surface area

transmission electron microscopy

thermogravimetric analysis

terephthalic acid

tris-/3-sulphophenyl)phosphine trisodium salt

X-ray photoelectron spectroscopy

X-ray diffraction

Vil






1 Summary/Zusammenfassung

1.1 Summary

This work focuses on the development of selective and reusable nickel catalysts and their application in
the synthesis of primary amines. Primary amines are an important substance class due to their wide
range of applications in pharmaceutical, agricultural and material chemistry. This makes it increasingly
important to enable an efficient and atom-economic production of this compound class. Nickel, as an
earth-abundant and, therefore, inexpensive metal, was used in early history in the form of Raney nickel
in catalytic hydrogenation reactions. The synthesis of novel, heterogeneous nickel catalysts should com-
pensate the highly decisive disadvantages, such as a difficult reusability and high demand of safety
precautions. At the same time, the high activity of Raney nickel should be maintained. For this purpose,
heterogeneous, reusable nickel catalysts were generated. They show a high porosity of the carrier mate-
rial, a high hydrogenation activity and an enormous stability, resulting in easy handling (see
Figure 1. 1).

Ni@PS,SiCN { \  Ni/AlLO;
» Molecular synthetic pathway Nickel « Easy 3-step procedure
* PS spheres as template catalyst * Mild catalytic conditions
* Reusable \ / + Reusable
( Primary ) Reductive amination of carbonyl
Hydrogenation of nitroarenes amines compounds
Ni@PSgSICN Ni/Al,O4
NO, +3 Hp i JN\HQ th fj\ + NH;
1 2
R1 R2 -2 H20 R R _ H20 R1 RZ
Reductive amination of keto acids
j‘\"’? Ni/Al,O;
R'”™COOH 2l ?
+ NH
J\COOH :

\ / -H,0 R’

Figure 1. 1: Overview of the synthesized nickel catalysts (Ni@PSeSiCN and Ni/Al203) and their applications in the selective
synthesis of primary amines.

Ni@PSgSiCN, a nanocomposite material of nickel nanoparticles embedded in a mesoporous SiCN ma-
trix, was produced by a molecular synthetic pathway. The metal was selectively transferred from a
[(nacnac)zNi] complex (nacnac = deprotonated (E)-N-[(Z)-4-(phenylamino)pent-3-en-2-ylidene]ani-
line) to the preceramic polymer (polysilazane HTT 1800) by transmetalation. Simultaneously, polysty-
rene spheres, produced by emulsion polymerization in a defined size of 60 nm, were introduced into the
green body as templates. Subsequent pyrolysis at 900 °C under inert gas (N2) generated a porous nickel-
doped ceramic (Ni@PSgSiCN). The complex that was applied and the structuring of the surface had an

1
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especially decisive influence on the particle size and the porosity of the composite material and, there-
fore, on the catalytic activity in the hydrogenation of nitroarenes. Characterization via transmission elec-
tron microscopy (TEM), scanning electron microscopy (SEM) and Na-physisorption measurements pro-
vided evidence for the high accessibility of the nickel nanoparticles (5.5 nm) due to a specific surface
area of 90 m?g? and a mesopore content of > 95%. In catalytic studies, various nitroarenes were con-
verted into the corresponding aniline derivatives within 20 h at 110 °C, 5.0 MPa H; and 1-3 mol%
Ni@PSgSIiCN catalyst. The high chemoselectivity was impressive. A lot of hydrogenation-sensitive,
groups such as iodides, C-C double bonds, heteroaromatics, amides, ketones, aldehydes and nitriles,
were tolerated and the corresponding amines were obtained in very good yields (> 81%) and selectivities
(>86%). In addition to the easy handling under ambient conditions, the robustness of the catalyst system
described is another special feature which was demonstrated by recycling studies. No decrease in cata-
Iytic activity was observed after five consecutive catalytic runs.

Another possibility to synthesize primary amines is the reductive amination of carbonyl compounds.
Ammonia, in gaseous, liquid or aqueous form, generally acts as a nitrogen source and forms a Schiff
base with a carbonyl compound, followed by reduction to the amine. The main challenge here is the
high selectivity of the primary amine. The catalyst has to provide a rapid formation of the imine and its
hydrogenation to the amine. At the same time, the formation of secondary or tertiary amines must be
inhibited. A catalyst was generated during this work which meets these requirements. The active
Ni/Al,O3 catalyst was obtained by wet impregnation of the commercial support y-Al,O3z with a solution
of a specific nickel complex, followed by pyrolysis under nitrogen and reduction under forming gas. A
detailed characterization was carried out using TEM, high-angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM), energy-dispersed X-ray (EDX) and electron energy loss
spectroscopy (EELS), among others. This displayed the formation of nickel particles (8 nm) in a nitro-
gen-doped carbon layer on the surface of the y-Al>Os. N2-physisorption measurements and the pore size
distributions calculated showed no significant difference between the pure y-AlOs support and the
Ni/Al,O3 catalyst. The pore structure, with a mesopore content of >95% and the surface area of
210 m?gt, was preserved. The acidic centers, located on the surface of y-Al,Os, have a beneficial effect
on the catalytic activity. They permit the activation of the carbonyl compound and the formation of the
imine. The subsequent hydrogenation to an amine was mediated by the catalytically active nickel nano-
particles. More than 50 different aromatic and aliphatic carbonyl compounds were converted to the cor-
responding primary amines under mild conditions (1.0 MPa H, 80 °C, 20 h, 1.4-5.6 mol% Ni/Al,O3)
in agueous ammonia. A variety of functional groups, especially hydrogenation-sensitive groups such as
amides, iodides or olefins, were tolerated. Even challenging substrates, such as pharmaceuticals or ster-
oids, were reductively aminated in high selectivities and isolated yields. Reusability and upscaling stud-
ies were carried out to evaluate the high potential of this catalyst system regarding a possible industrial

application.
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Amino acids, a subclass of primary amines, are the basic building block in proteins and of considerable
economic interest. They are used in the food and feed processing industry and have found applications
in human nutrition and health and materials, such as biodegradable plastics. Furthermore, they play a
decisive role in the discussion about the origin of life. Many different concepts dealing with the prebiotic
synthesis were introduced. It is conceivable that Nickel acted as a catalyst in the prebiotic synthesis of
amino acids due to its high abundance in the earth’s crust. Furthermore, amino acids, such as glutamate
and glutamine, are synthesized biochemically by reductive amination of a-ketoglutarate. The high ac-
tivity and selectivity of our nanostructured Ni/Al>Os catalysts described above motivated us to introduce
it for the synthesis of amino acids under early earth conditions. After optimization of the reaction con-
ditions, keto acids could be converted to the corresponding amino acids in the presence of the Ni/Al,O3
catalyst at hydrogen pressures of 0.1-0.5 MPa and a temperature of 85 °C, similar to processes in the
human body. It should be emphasized that no by-products were observed, even under very mild condi-
tions (0.1 MPa H). In addition to essential amino acids, such as phenylalanine and leucine, non-essential
amino acids, such as tyrosine or alanine and the non-biological synthetic amino acid phenylglycine were
also produced.
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1.2 Zusammenfassung

Im Fokus dieser Arbeit steht die Entwicklung von selektiven und wiederverwendbaren Nickelkatalysa-
toren und deren Anwendung in der Synthese von primaren Aminen. Diese sind aufgrund ihres groRen
Anwendungsspektrums in der Pharma-, Agrar- und Materialchemie eine bedeutende Stoffklasse. Umso
wichtiger ist es, eine effiziente und atomdkonomische Herstellung dieser Verbindungsklasse zu ermég-
lichen. Nickel, als ein gut zugangliches und daher preiswertes Metall, fand schon friih in der Geschichte
in Form von Raney-Nickel Anwendung in katalytischen Hydrierreaktionen. Durch die Synthese neuar-
tiger, heterogener Nickelkatalysatoren sollen die hohen Aktivitaten von Raney-Nickel erhalten bleiben,
gleichzeitig jedoch die entscheidenden Nachteile, wie eine schwere Wiederverwendbarkeit und hohe
Anforderungen an Sicherheitsvorkehrungen, ausgeglichen werden. Dazu wurden heterogene, wieder-
verwendbare Nickelkatalysatoren generiert. Gemein haben sie eine hohe Porositat des Tragermaterials,
eine hohe Hydrieraktivitat und eine enorme Stabilitat, sodass eine einfache Handhabung resultiert (siehe
Abbildung 1. 1).

Ni@PS¢,SiCN 4 Y\ Ni/AlLO,
» Molekulare Syntheseroute Nickel- « Einfache 3-Stufen-Synthese
» PS-Kugeln als Templat katalysator * Milde katalytische Bedingungen
* Wiederverwendbar \ / + Wiederverwendbar
Primare ) Reduktive Aminierungvon
Hydrierung von Nitroarenen Amine Carbonylverbindungen
Ni@PSgoSIiCN Ni/Al,03
NO, +3 Hp 1"2 *H, ? enH
R'R? A, T
R'TR? . 2H,0 -H,0 R" R
Reduktive Aminierung von
Ketosauren
NH, Ni/Al,O4
1 +H O
R'” “COOH 2 g + NH;

\ / -H,0 R'” “COOH

Abbildung 1. 1: Uberblick iiber die hergestellten Nickelkatalysatoren (Ni@PSgoSiCN und Ni/AlOs), sowie deren Anwen-
dungen in der selektiven Synthese von priméren Aminen

Ni@PSeSiCN, ein Nanokompositmaterial aus Nickel-Nanopartikeln eingebettet in einer mesopordsen
SiCN Matrix, wurde durch einen molekularen Syntheseweg hergestellt. Das Metall wurde gezielt durch
einen [(nacnac);Ni] Komplex (nacnac = deprotoniertes (E)-N-[(Z)-4-(Phenylamino)pent-3-en-2-yli-
dene]anilin) mittels Transmetallierung auf das prékeramische Polymer (Polysilazan HTT 1800) (ber-
tragen. Parallel dazu wurden Polystyrolkugeln, welche in definierten GréRe von 60 nm mittels Emulsi-
onspolymerisation hergestellt wurden, als Template in den Grinkdrper eingebracht. Anschlie3ende Py-
rolyse bei 900 °C unter Inertgas (N.) generierte eine portse, mit Nickel dotierte Keramik
(Ni@PSgSICN). Besonders die Wahl des verwendeten Komplexes und die Strukturierung hatten einen

entscheidenden Einfluss auf die PartikelgréRe und die Porositat des Kompositwerkstoffs und somit auf
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die katalytische Aktivitét in der Hydrierung von Nitroaromaten. Mittels TEM, REM und N.-Physisorp-
tionsmessungen wurde die gute Zuganglichkeit der etwa 5.5 nm grofen Nickelnanopartikel durch eine
spezifische Oberflache von 90 m?g? und einem Mesoporenanteil von > 95 % belegt. In den katalyti-
schen Studien wurden verschiedene Nitroaromaten bei 110 °C, 5.0 MPa H: und 1 mol% des
Ni@PSeSIiCN Katalysators innerhalb von 20 Stunden zu den entsprechenden Anilinderivaten umge-
setzt. Beeindruckend hierbei ist die hohe Chemoselektivitat. Es wurden eine Vielzahl an hydrieremp-
findlichen Gruppen, wie etwa lodide, C-C Doppelbindungen, Heteroaromaten, Amide, Ketone, Alde-
hyde und Nitrile toleriert und die entsprechenden Amine in sehr guten Ausbeuten (> 81 %) und Selek-
tivititen (> 86 %) erhalten. Neben der einfachen Handhabung unter Normalbedingungen ist die Robust-
heit des beschriebenen Katalysatorsystems eine weitere Besonderheit. Diese wurde an Hand von Wie-
derverwendbarkeitsstudien gezeigt. So war nach finf aufeinander folgenden Katalysezyklen keinen Ein-
bruch in der Aktivitat des Katalysators zu verzeichnen.

Eine andere Mdglichkeit primére Amine zu synthetisieren, stellt die reduktive Aminierung von Car-
bonylverbindungen dar. Als Stickstoffquelle dient hierbei Ammoniak in gasformiger, fltssiger oder
wassriger Form, welcher mit einer Carbonylverbindung eine Schiff’sche Base bildet, die dann durch
Reduktion ins Amin Gberfuhrt wird. Herausforderung hierbei ist die hohe Selektivitat zum priméaren
Amin. Der Katalysator muss eine schnelle Bildung des Imins und dessen Hydrierung zum Amin ge-
waéhrleisten und zugleich die Bildung von sekundéren oder tertidren Aminen unterbinden. Im Rahmen
dieser Arbeit wurde ein Katalysator, der diesen Anforderungen gerecht wird, generiert. Durch Nas-
simpragnierung des kommerziellen Tragers y-Al,Oz mit einer Losung eines Nickelsalenkomplexes, so-
wie anschlielende Pyrolyse unter Stickstoff und Reduktion unter Formiergas wird der aktive Ni/Al,O;
Katalysator erhalten. Eine ausfiihrliche Charakterisierung erfolgte unter anderem mittels TEM,
HAADF-STEM, EDX und EELS. Hierbei wurde deutlich, dass sich die etwa 8 nm groRen Nickelparti-
kel in einer Stickstoff dotierten Kohlenstoffschicht auf der Oberflache des y-Al>Os bilden. N,-Physisorp-
tionsmessungen und die daraus kalkulierten Porenverteilungen zeigen, dass kaum Unterschied zwischen
dem reinen y-Al,O3 Tréger und dem Ni/Al,O3 Katalysator zu erkennen sind. Die Porenstruktur, mit ei-
nem Anteil von > 95 % Mesoporen, und die Oberflache von 210 m?g bleiben erhalten. Die sauren Zen-
tren, die auf der Oberfldche von y-Al>Os zu finden sind, wirken sich positiv auf die katalytische Aktivitat
aus. Sie ermdglichen eine Aktivierung der Carbonylverbindung und eine schnelle Bildung des Imins.
Die anschlieBende Hydrierung zum Amin erfolgt an den katalytisch aktiven Nickelnanopartikeln. Es
konnten (ber 50 verschiedene aromatische und aliphatische Carbonylverbindungen unter milden Bedin-
gungen (1.0 MPa Ha, 80 °C, 20 h, 1.4-5.6 mol% Ni/Al;O3) in wassrigem Ammoniak zu den entspre-
chenden priméren Aminen umgesetzt werden. Neben einfachen funktionellen Gruppen wurden insbe-
sondere hydrierempfindliche Gruppen wie Amide, lodide oder Olefine toleriert. Auch anspruchsvolle
Substrate wie Pharmazeutika oder Steroide wurden in hohen isolierten Ausbeuten und Selektivitaten

reduktiv aminiert. Um das hohe Potenzial dieses Katalysatorsystems im Hinblick auf eine mégliche
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industrielle Anwendung zu verdeutlichen, wurden Wiederverwendbarkeitsstudien durchgefiihrt und Re-
aktionsansétze um den Faktor 20 hochskaliert.

Aminoséuren, als Unterklasse der primaren Amine, sind die Grundbausteine von Proteinen und zudem
von 6konomischem Interesse. Sie finden Anwendung in der Lebensmittel- und Futtermittelindustrie, in
der Gesundheitsbranche sowie in Materialien, wie bioabbaubaren Kunststoffen. Aufferdem nehmen sie
bei Diskussionen Uber die Entstehung des Lebens eine wichtige Rolle ein. Biochemisch werden Ami-
nosauren wie Glutamat und Glutamin durch reduktive Aminierung von a -Ketoglutarat synthetisiert. Es
wurden viele Konzepte erarbeitet, die sich mit der prebiotischen Synthese von Aminosauren beschéfti-
gen. Denkbar ist es, dass Nickel als ein auf der Erde haufig vorkommendes Metall diese Reaktion kata-
lysierte. Die hohe Aktivitdt und Selektivitat des oben beschriebenen nanostrukturierten Ni/Al,O3 Kata-
lysators motivierte uns, diesen flir die Synthese von Aminosduren unter early earth conditions zu unter-
suchen. Nach Optimierung der Reaktionsbedingungen konnten Ketosduren, ahnlich wie im menschli-
chen Korper, unter Anwesenheit des Ni/Al,Oz Katalysators bei Wasserstoffdriicken von 0.1-0.5 MPa
und einer Temperatur von 85 °C zu den entsprechenden Aminosauren umgewandelt werden. Hierbei ist
besonders hervorzuheben, dass auch bei sehr milden Bedingungen (0.1 MPa H.) keine Nebenprodukte
beobachtet werden konnten. Neben essenziellen Aminoséuren wie Phenylalanin und Leucin wurden
auch nicht-essentielle Aminosduren wie Tyrosin oder Alanin sowie die nicht-biologische, synthetische
Aminosdaure Phenylglycin hergestellt.



2 Introduction

2.1 Earth-abundant metal catalysts for complex organic synthesis

The use of substrates derived from biomass for the production of fine chemicals, the reversible storage
of hydrogen as an energy source or the conservation of resources on our planet are important issues
regarding sustainability. All these topics guarantee our existence and ensure a high standard of living
for future generations. Rare noble metals, such as ruthenium, iridium and rhodium, are commonly used
in key technologies and their replacement by earth-abundant base metals, such as manganese, iron, co-
balt or nickel, is a central challenge and a potential strategy for their conservation. Figure 2. 1 shows the
abundance of different metals in the solar system. Base metals, such as manganese, iron, cobalt or nickel,
are very common in contrast to precious metals, such as ruthenium, rhodium, palladium, iridium or

platinum.!!
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Figure 2. 1: Abundance of atoms normalized to Si = 10°.

This is also reflected in their prices. A gram of nickel, for example, currently costs around 0,02 US$ and
1 g iridium costs 50 US$. However, the price for 1 mol are essential since the amount of active species
is crucial in catalysis. Therefore, 1 US$/mol for nickel and 9500 US$/mol for iridium result.[) Replacing
precious metals with base metals is desirable not only for cost reasons. A further advantage is that base
metal catalysts show totally different selectivity patterns compared to known systems based on precious
metals. Reactions that are not possible with precious metal catalysts are now conceivable and the scope
of reactions can be extended.

Homogeneous catalysts based on base metals for complex organic synthesis have been disclosed in the
last few years.®! Iron and cobalt especially were introduced for different hydrogenation reactions. Mor-
ris and coworkers explored an amine(imine)diphosphine iron catalyst for the asymmetric, enantiopure
transfer hydrogenation of ketones and imines.™ Chirik and coworkers used a simple cobalt precursor
(CoCly) and chiral phosphine ligands for the asymmetric hydrogenation of functionalized and unfunc-

tionalized olefins.[ The hydrogenation of carboxylic acids to alcohols with a Co(BF4)."6H.O combined
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with a tridentate phosphine ligand was disclosed by de Bruin and coworkers.!®! Furthermore, iron cata-
lysts (Fe(BF4).'6H.0 and phosphine ligand) can promote the dehydrogenation of formic acid. Beller and
coworkers demonstrate that formic acid can be used here as an energy storage material.[’! Chirik and
coworkers employed a bis(imino)pyridine iron complex for anti-Markovnikov alkene hydrosilylation.®!
A regio- and stereoselective route to cyclobutanes via intramolecular [2+2] cycloaddition of unactivated
alkenes or cross-coupling of alkenes and dienes were mediated by a homogeneous iron catalyst intro-
duced by Chirik and coworkers.[® They also made an important contribution to the direct tracing of the
drug molecule without altering its structure or function substantially. They describe an iron-catalyzed
method for the direct ®H labelling of pharmaceuticals by hydrogen isotope exchange and enable an
ADME (absorption, distribution, metabolism and excretion) study early in the drug development pro-
cess.[19

Parallel to the transformations in selective organic synthesis described above, the development of similar
heterogeneous catalysts with comparable selectivity patterns and activity is highly desirable and of great
interest. However, reusable nanostructured earth-abundant 3d metal catalysts for a broad applicability
in complex organic synthesis has been disclosed only rarely. Beller and coworkers introduced iron and
cobalt catalysts for the selective hydrogenation of nitroarenes. Both catalysts were generated by pyrol-
ysis of a metal (Co or Ir) phenanthroline complex on a commercial carbon support. Additionally, a
defined Co-MOF was impregnated on carbon and pyrolyzed to generate cobalt nanoparticles, catalyti-
cally active in the synthesis of various amines via reductive amination (combined with hydrogenation

of nitroarenes).*%

2.2 Primary amines

Amines represent an important substrate class. They are widely used industrially as pharmaceuticals,
polymers, agrochemicals, dyes, surfactants or fine chemicals. Primary amines are of particularly great
significance and play an essential role as intermediates in chemical synthesis. Name reactions, such as
Gabriel synthesis (synthesis of primary amines from alkylhalogenides and phthalimide potassium),
Hoffmann degradation (conversion of carboxylic acid amides into primary amines), Leuckart-Wallach
reaction (reductive alkylation of carbonyl compounds with formic acid to amines) or Staudinger reac-
tion (synthesis of amines from azides), enabled the production of primary amines more or less selec-
tively. In addition, amination of alcohols, hydroamination, hydrogenation of nitro or cyano groups or
reductive amination permit their chemical production. Under all these variants, efficient, catalytic and

atom-economic synthesis routes with few by-products are of increased interest.l*?



Introduction

Synthetic Pathways

Staudinger reaction

Gabriel synthesis Amination of alcohols
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Figure 2. 2: Synthetic pathway and applications of primary amines.

2.2.1 Hydrogenation of nitroarenes

The heterogeneous catalytic hydrogenation of nitroarenes to the corresponding anilines is one of these
atom-economic variants. The mechanism for the electrochemical reduction of nitroarenes was first de-
scribed 100 years ago by Haber and later accepted as a general mechanism for hydrogenation.™*¥! Start-
ing from the aromatic nitro compound, the corresponding aniline derivative can be formed by the direct
or condensation route via various intermediates, such as hydroxylamine or azo compounds. This results
in the requirement for the catalyst to catalyze all these partial steps in the reduction of NO, to NH.. The
tolerance of functional groups, such as C-C double bonds or halogens, is crucial here. Parallel to the
reduction of the nitro group, unwanted reduction or cleavage of hydrogenation-sensitive groups may
occur.[* Modified noble metal catalysts, such as Pt-Pb-CaCOj3 or Pt/C-HsPO,, were often used for this
task.[*®1 An important contribution to the selective hydrogenation of nitroarenes was achieved by Corma
and Serna in 2006. They investigated the selective hydration of 3-nitrostyrene, 4-nitrobenzaldehyde, 4-
nitrobenzonitrile, 4-nitrobenzamide and 1-nitro-1-cyclohexene (selectivities > 95%) under mild condi-
tions (100-140 °C, 0.9-1.5 MPa Hy, 0.23-4.3 mol% Au) with Au/TiO and Au/Fe,O; ¢ Further studies
followed with ruthenium-,*" rhodium-,1*8 palladium-,*¥ platinum-1"28 or gold-based®® catalyst sys-
tems.

The conservation of the elemental resources of our planet is a global challenge, and the replacement of

noble metals by abundantly available transition (base) metals is an appealing strategy to conserve noble

9



Introduction

metals.?! In this context, Beller and coworkers introduced a cobalt catalyst®??! and related iron!?®l cata-
lysts with impressive selectivity and scope for the hydrogenation of nitroarenes. However, other exam-
ples for cobalt?l and iron[?! catalysts have also been described. Heterogeneous nickel catalysts,*82¢l as
an alternative to noble metal catalysts, have been introduced by several groups. However, none of these

catalysts is reusable and tolerates a variety of functional groups.

2.2.2 Reductive amination of carbonyl compounds

Reductive amination of carbonyl compounds with ammonia or an amine is another attractive way to
synthesize amines. In 1921, Mignonac showed that a reductive amination can take place in the presence
of nickel powder and dry ammonia.l?’! Ketones and aldehydes generally react with ammonia or amines
under condensation and form a hemiaminal (carbinolamine). Further elimination of H.O gives a Shiff
base (imine). The subsequent reduction takes place to the amine in the presence of a reducing agent (e.g.
formic acid, metal hydrides and molecular hydrogen) and/or a catalyst. The imine, as a reactive inter-
mediate, or the primary amine, due to its increased nucleophilicity, can act as amination agents and
secondary and tertiary amines are often generated parallel to the primary amine. Hence, the greatest
challenge in the synthesis of primary amines is the control of selectivity.?®l
In order to enable atom-economic reductive amination with fewer by-products, the selectivity of the
primary amine has not only to be high, but also the use of molecular hydrogen as a reducing agent is
required. Most of the catalysts described for this reaction are based on noble metals. The work of Beller’s
group™! and Kadyrov’s group®, which introduced parallel the first homogeneous catalyst tolerating
aqueous ammonia, is to be highlighted. Both research groups apply [Rh(COD)CI]; as a precatalyst and
a water-soluble phosphine ligand (TPPS = tris-/3-sulphophenyl)phosphine trisodium salt;
BINAS = 2,2"-bis(bis(3-sulfophenyl)phosphinomethyl-4,4,7,7-tetrasulfo-1,1'-binaphthyl  octasodium
salt). These soluble transition metal complexes facilitate the smooth reductive amination of aldehydes!?®!
and ketonest% with aqueous ammonia. A bimetallic catalyst based on Rh and Ir had to be used for the
reductive amination of aliphatic aldehydes to produce high yields and selectivities.[?%]
In addition, heterogeneous noble metal catalysts, such as Ru/ZrO,*Y1 Rh/AI,03*? or Ru/Nb,Os®! have
been described for this reaction. Similar to very early workB4 involving Raney nickel®®, the catalyst
systems exhibit no tolerance of hydrogenation-sensitive functional groups and, therefore, only a small
substrate scope.
As has already been mentioned, the scope of reactions can be extended if base metal catalysts with
totally different selectivity patterns compared to known systems based on precious metals are employed.
Beller and coworkers disclosed a Co catalyst for the synthesis of various amines. A Co-metal organic
framework (Co-MOF = Co-DABCO-TPA MOF) was used as a template and supported on commercial
carbon. Further pyrolysis under inert atmosphere (argon) generated cobalt nanoparticles encapsulated
by a graphitic shell on carbon. In addition to secondary and tertiary amines, primary amines bearing
hydrogenation-sensitive groups, such as C-C double bonds or even a C-C triple bond, were generated in
10
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high yields and selectivities, though high pressures of H, (4 MPa) and temperatures (120 °C) were re-
quired.it

Amino acids, a subclass of primary amines, are the basic building block in proteins, are used in the food
and feed processing industry and are discussed as a decisive intermediate in the origin of life. It is con-
ceivable, that nickel, as an earth-abundant metal, mediated the formation of such small but relevant
molecules. Regarding the origin of life (abiogenesis), demonstrating the production of amino acids under
early earth conditions is of great interest. However, reductive amination of ketones and aldehydes are
known, no efficient catalyst system for the reductive amination of keto acids has emerged.

Firstly, Miller demonstrated that amino acids can be produced in an atmosphere of methane, ammonia,
water and hydrogen.l® He used as an electric discharge as energy source and provided evidence for the
primordial soup theory by Oparint®land Haldanel®. The following experiments were performed with
various energy sources. New concepts were developed for the synthesis of amino acids under hydro-
thermal conditions by the discovery of hydrothermal vents. Furthermore, amino acids were generated in
a neutral atmosphere consisting of CO2 and N2 applying electric discharges and a Cu-electrode. Mech-
anochemical activation (ball mill) was introduced in 2018. Benzaldehyde was milled with benzylamine,
a CN- source and SiO; as an additive to synthesize aminonitriles. Further transformation by hydrolysis
generated the amino acids. Catalytic research in the last few years has focused on the development of
base metal catalysts. The development of such an active, heterogeneous base metal catalyst that operates
under very mild conditions (comparable with early earth conditions) represents a highly desirable strat-
egy for the synthesis of amino acids via reductive amination.

2.3 Ceramic catalyst supports

In principle, ceramics can be divided into two groups. Non-oxidic ceramics, such as silicon carbonitride
(SiCN), silicon carbide (SiC), silicon nitride (SizN4) or aluminum nitride (AIN), are available in addition
to oxide ceramics such as aluminum oxide (Al2Os), aluminum titanate (Al-TiOs) or zirconium oxide
(ZrOy). Due to their unique mechanical, thermal, biological-chemical and electrical properties, they are
used in vehicle and automobile construction, electronics, energy and the environment, device and me-
chanical engineering, and in medical technology. Ceramics are, by definition, thermostable, chemically
resistant and hard. These properties make them especially suitable for use as catalyst supports.
Polymer-derived ceramics have attracted increased interest in recent years, especially in the area of ma-
terial sciences and as catalyst supports. The preceramic polymer can be easily modified and permits the
production of a wide variety of nanocomposites. Nanoparticles can be introduced into the SICN matrix
via a molecular synthesis pathway, first demonstrated on the example of copper.’!

Surface area can be generated by the following two methods (template method/sacrificial filler method
and block copolymer method). Activated carbon®!, silicates“>*dl, polyethylene®! or polystyrene
spherest241, for example, can be used as sacrificial fillers. These templates are generally suspended or
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infiltrated with the preceramic polymer and removed after cross-linking by pyrolysis, oxidation or etch-
ing to obtain a porous ceramic. Furthermore, a block copolymer existing of an organic and inorganic
block gave a structured green body via microphase separation. The following pyrolysis removes the
organic polymer block and generates the porous ceramic.[“! All these methods require a high stability
of the pores to prevent collapse. Generation of pores with a diameter of 2-50 nm is particularly attractive
but challenging. These concepts could be extended to Pt@PE-SiCNI“, Rh@PE-SiCNM“ Pd@C-
SiCN[M ! and Ni@PE-SiCP.

In chapter 4, the combination of the PS soft template method is extended and the generation of a
Ni@PSs0SiCNooo®! nanocomposite is demonstrated. The catalyst is employed for the selective hydro-
genation of nitroarenes. Furthermore, Al,O3; was impregnated with a special nickel complex and pyrol-
ysis generated nickel nanoparticles embedded in a nitrogen doped carbon layer on this ceramic support.
This nanoparticles show high activity in the selective synthesis of primary amines®? (see chapter 5) and
amino acids (see chapter 6) via reductive amination.
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3 Overview of Thesis Results

This thesis contains three publications, presented in chapter 4—6. The first is published, the second
has been accepted and the third is to be submitted. The results of the publications are summarized
in chapter 1. Chapter 3.1 gives an overview of the main topics of the thesis and discusses the cor-
relation between the different publications. Individual contributions to joint publications are pointed

out in chapter 3.2.

3.1 Synopsis

In the last few years, Kempe and coworkers have focused on heterogeneous catalysis, a key technology
of our century, which addresses sustainability in different aspects. In this context, a Ni@SiC catalyst for
the hydrogenolysis of bio-based aryl ethers to platform chemicals, a Pd;Ru@SiCN catalyst for the re-
versible storage of hydrogen, or other catalysts, such as CU@SiCN, Fe@SiCN, Co@SiCN or Ni@SiCN
were introduced in oxidation and hydrogenation reactions commonly accomplished by catalysts based
on noble metals. This conservation strategy of rare elements and the fact that novel selectivity patterns
could be observed with a base metal catalyst, motivated us to develop different reusable, heterogeneous
and highly selective nickel catalysts for the production of amines.

Most of the SiC- or SiCN-based catalysts mentioned above have a very low surface area. Consequently,
many of the metal nanoparticles are not accessible for substrates and catalytically inactive. Ewert et al.
were able to provide an innovative synthesis route leading to mesoporous SiCN materials. In the first
work (details see chapter 4), this route was extended and in-situ metal nanoparticles were generated (see
Figure 3. 1).

In toluene dispersed PS spheres @/N\ /N \© Mesostructured Ni-SiCN nanocomposite

) * @\ /\ /@ + Polysilazane
n N N HTT 1800

N~

1. Crosslinking 2. Pyrolysis
10°C AT; N,

Figure 3. 1: General pathway to synthesize a mesoporous and metal-doped nanocomposite.

The polystyrene spheres, produced in a determined size by emulsion polymerization, are generally first
suspended in toluene. After the addition of the polysilazane HTT 1800 and a specific nickel complex,
transmetalation took place, i.e. the metal center of the complex was transferred to the preceramic poly-

mer. Subsequent cross-linking, initiated by DCP, and pyrolysis of the green body, which had previously
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been dried in vacuum, finally produced a mesoporous nanocomposite of nickel nanoparticles and the
inorganic, amorphous SiCN carrier.

The applied metal complex is crucial for this synthesis. Using Ni@SiCN nanocomposites, Zaheer et al.
showed that the metal itself influences the structure of the support and affects cross-linking and pyroly-
sis. This leads to several requirements from the nickel precursor. Firstly, the influence on cross-linking
and pyrolysis should not be excessive and the structuring by polystyrene should not be inhibited. On the
other hand, the complex must be stable under the conditions specified by the structure but, at the same
time, reactive enough to accomplish the transmetalation and permit the formation of well-defined nickel
nanoparticles during pyrolysis. It was shown that the [(nacnac).Ni] complex meets all these require-
ments and was suitable for this task.

The size of the polystyrene spheres and the maximal pyrolysis temperature have another significant
effect on the structure of the material. Polystyrene spheres with various diameters (60 nm, 120 nm and
210 nm) in combination with different pyrolysis temperatures (700 °C, 900 °C and 1000 °C),were used

as templates.
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Figure 3. 2: Characterization of the Ni@PSs0SiCNooo nanocomposite. A) SEM measurements; B) N2-Physisoprtion measure-
ment with a type IV hysteresis; C) calculated pore size distribution; D) TEM measurements; E) particle size distribution; and
F) magnetic measurements.

It could be shown by different characterization methods that a pyrolysis temperature of 900 °C and
polystyrene spheres of 60 nm as a template provided the best surface areas. Figure 3. 2 A—C show the
SEM images and N2-physisorption measurements of the Ni@PSgSiCNgoo hanocomposite. A homoge-
neously distributed pore structure and a hysteresis of type IV in the isotherm, typical for mesoporous
materials, can be observed. The specific surface calculated by the Brunauer—Emmett-Teller (BET)
method was found to be 90 m?gt. The calculated pore size distribution displays mesopores with an

average size of 8.2 nm and a total amount of > 95%. The TEM analysis (Figure 3. 2 D) of the
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Ni@PSeSiCNgoo Nnanocomposite indicates the generation of homogeneously distributed nickel nanopar-
ticles with a diameter of 5.5 nm (Figure 3. 2 E). Magnetic measurements (Figure 3. 2 F) also provide
evidence for the presence of small Ni-NPs, as superparamagnetism was observed. Metallic nickel nano-
particles were generated by the reducing atmosphere during pyrolysis. The XRD measurements show
the typical reflections for a cubic Ni° phase.

Compared to a non-structured Ni@SiCNroo hybrid material, the Ni@PSgSiCN catalyst showed a higher
activity in the hydrogenation of nitroarenes to the corresponding aniline derivatives. After screening of
different reaction parameters, to our delight, the catalyst exhibits a very high chemoselectivity. Different
functional groups were tolerated. Nitroarenes, for example, containing halogenides (bromides, chlorides
and iodides), nitrile, keto, aldehyde, amide and even vinyl groups were smoothly hydrogenated to the
aniline derivatives. Recyclability studies and leaching experiments were carried out to prove the long-

term stability of the catalyst. No decrease in the activity could be detected after five consecutive runs.

| ~NOz2 1 mol% Ni@PSgeSiCNggg O/NHZ
// 5.0 MPa H,, 110°C, 20 h //
R EtOH/H,O (4:1) R
NH, 3-Br >99% (>99%) NH, NH,
2-Br >99% (>99%)*
B R= 4-Cl >99% (>99%)
r 3-Cl >99% (>99%)
- Ceon 2-Cl >99% (>99%)* CN o]
>99{?, isolated: 99%, 4-1  84% (>99%) 0 o - g0
(>99%) >99% (>99%) ?959{;, )lsolated. 98%
> o
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p/ HzN\[(©/ @
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o] o) P OH
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NH,
NH,
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H,N
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90% (86%)

NH,
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Figure 3. 3: Substrate scope. Reaction conditions: 110 °C, 5.0 MPa Hz, 1 mmol substrate, 20 h, 1 mol% catalyst (0.7 mg Ni,
0.01 mmol, 30 mg); * 3 mol%; 2 mol%; yields were determined by GC using n-dodecane as an internal standard; selectivities
are given in parentheses.

Delighted and inspired by the high selectivity of our Ni@PSgSICN catalyst, we tried to extend these
results and focused on the development of a selective nickel catalyst for the reductive amination of

carbonyl compounds. As mentioned in chapter 2.2.2, the reductive amination is another attractive way
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to synthesize primary amines. In 1921, Mignonac was able to aminate carbonyl compounds in the pres-
ence of nickel powder and dry ammonia. Despite this old work, developing catalysts that allow the
selective reaction to primary amine is still of industrial and academic interest. The control of the imine
formed in situ, which is reactive and able to undergo various side reactions, is challenging. In addition,
the primary amine can act as an amination agent due to its increased nucleophilicity. There is frequently
a parallel formation of primary, secondary and tertiary amines.

A catalyst used for this reaction must, therefore, activate the carbonyl compound to ensure the formation
of imine and enable the reduction of imine to primary amine. Hence, all possible side reactions must be

suppressed to obtain the primary amine selectively.

§

—N\Ni/N_ 1.Wet impregnation
dlo 2.Pyrolysis/reduction
5 O

o
/ \

Complex |
+Y-ALO; Catalyst

Figure 3. 4: Synthesis of the Ni/Al2Os catalyst.

In this thesis (for details see chapter 5), various commercial supports, such as activated carbon, cerium
oxide or aluminium oxide, in combination with nickel as the active metal were tested. The synthesis of
the different catalysts was carried out in a simple tow step procedure. The support was impregnated with
a solution of the nickel salen complex I. After the solvent had been removed, pyrolysis under N, and
the subsequent reduction under forming gas generated nickel nanoparticles on the supports (shown in
Figure 3. 4 schematically for Al,Qs). Different pyrolysis temperatures (Table 3. 1, entry 1-3), various
supports (Table 3. 1, entry 4-7) or nickel sources (Table 3. 1, entry 8 and 9) were investigated in a
catalytic screening. The Ni/Al,Os, derived from complex | and pyrolyzed at 700 °C gave the best results

in the reductive amination of benzaldehyde to benzylamine.
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Table 3. 1: Catalyst screening

Overview of Thesis Results

0 NH,
| H,
Ny TS

Entry Metal source Support Pyrolysis T [°C] Yield [%]
1 Complex | v-Al;03 600 34
2 Complex | v-Al203 700 78
3 Complex | v-Al,O3 800 48
4 Complex | CeO> 700 36
5 Complex | Activated C 700 0
6 Complex | SiO; 700 0
7 Complex | TiO, 700 0
8 Ni(OAc), v-AlO3 700 0
9 Raney Ni - - 38
10 - v-Al203 - 0
11 - CeO; - 0

Reaction conditions: 1.2 mol% catalyst (10 mg catalyst, 3.5 wt% Ni, 0.006 mmol Ni, 0.35 mg Ni) or 10 mg support, 0.5 mmol
benzaldehyde, 0.5 mL ag. NHz 25% (6.7 mmol), 2.0 mL Hz0, 80 °C, 1.0 MPa Ha, 20 h. Yields were determined by gas chro-

matography (GC) using n-dodecane as an internal standard; [a] 5 mol% (0.025 mmol Ni, 1.5 mg Ni).

A detailed characterization of the Ni/Al.O; catalyst showed that the nanoparticles are embedded in an
N-doped carbon layer on the support. HAADF-STEM measurements were performed in combination
with EDX and EELS element maps (see Figure 3. 5). These indicate that nickel nanoparticles are present
on the Al,Os,with an average size of 8 nm. Furthermore, it could be shown that the carbon component

(C: blue) is connected to the Ni nanoparticles (Ni: red) and a weak signal of nitrogen (N: green) is

present in the vicinity of the Ni nanoparticles and in the matrix as well (see figure).
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N
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Figure 3. 5: Characterization of the Ni/Al2Os catalyst. A—-C) HAADF-STEM with representative EDX element maps (Ni: red;
C: blue; D) HAADF-STEM overview; E) particle size distribution; F) overlapped EELS element maps (Ni: red; C: blue; N:

green).

Additionally, X-ray photoelectron spectroscopy (XPS) measurements were performed to get an insight
into the surface composition of the catalyst. The detail spectrum in the Ni 2ps/. range indicates the pres-
ence of both metallic Ni® and oxidic Ni?* species on the catalyst surface (see Figure 3. 6 A). The ratio
of Ni%Ni?* is approximately 1:1.5. The N atoms are located at the surface of the catalyst due to the
ligand containing nitrogen, which decomposes during pyrolysis. Therefore, two different N species were
detected (see Figure 3. 6 B). Carbon-linked N species with a binding energy of ~ 402 eV coexist with N
species linked to a metal (binding energy ~ 399 eV). See chapter 5 for further characterizations (Nz-
Physisoprtion, TEM, high resolution TEM (HR-TEM), powder X-ray diffraction (PXRD), temperature
programmed desorption (TPD), temperature programmed reduction (TPR), inductively coupled plasma

optical emission spectrometry (ICP-OES)).
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Figure 3. 6: XPS spectra of the 2pz2 electrons (A) and of the N 1s electrons (B).

The influence of the solvent, the content of ammonia, the pyrolysis temperature and the metal content
were optimized during the screening reactions. In summary, the reaction can be carried out smoothly

and selectively with a 4 wt% Ni catalyst pyrolyzed at 700 °C, 0.5 mL of 25% aqueous ammonia
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(6.7 mmol) and 2.0 mL of additional water at 80 °C and 1.0 MPa pressure of H,. With the optimized
reaction conditions in hand, we were interested in the substrate scope of our novel catalyst system. We
investigated the reductive amination of aromatic and aliphatic aldehydes and ketones bearing various
functional, hydrogen-sensitive groups. More than 50 examples were smoothly converted and even io-

dides or C-C double bonds were tolerated. Some representative examples are shown in Figure 3. 7.

(e} Ni/Al,O3 NH,
—_—
R R, + NH3 Ry R,
+H,
- H,O

products based on

products based on ketones Lo
bioacitve molecules

products based on aldehydes

NH,
I~ j

MNHZ

87% 93%

i N : |

| H !

80% : 81% i 82%
NH, | NH, ;
o) ! ‘s !
| AR i
| o !
82% i 93% !
NH, | :
| NH, :
o ’
| N H
O X : | :
! Z i
60% i 99% ;
| NH, |

more than 20 examples more than 20 examples

6 examples

Figure 3. 7: Substrate scope; isolated yields are given for the corresponding hydrochloride salts.

Upscaling studies were carried out in order to demonstrate the enormous potential of the catalyst for
industrial applications. It was possible to increase the reaction rates 20-fold without any further optimi-
zation, and the yields were similar to the 0.5 mmol approaches. Recycling studies clearly demonstrate
the stability and robustness of the catalyst. No decrease in activity was recorded in the first five consec-

utive runs.

Several theories on the origin of life under early earth conditions are discussed. We can make a small
contribution to this highly discussed topic by synthesizing amino acids under very mild conditions ap-
plying a nickel catalyst. Analogous to the biosynthesis in the human body, amino acids can be generated

by reductive amination of keto acids. This motivated us to extend the applicability of our catalyst to the
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synthesis of amino acids under very mild conditions. Firstly, the reaction conditions, such as ammonia

content and solvent, were optimized for H pressures of 0.5 and 0.1 MPa, respectively.

Table 3. 2: Screening of the NHs amount.

(e} . NH,
OH Ni/Al,O5 OH
o N m’;a o
- H,0

NH3-25% aqg. [ml] Yield [%]
0.5 56
1.0 57
2.0 8
3.0 5

Reaction conditions: 0.5 mmol phenylglyoxylic acid, 3 mL reaction volume (solvent H20), 2.9 mol% Ni (24 mg Ni/Al203,

3.5 wt% Ni, 0.014 mmol Ni, 0.84 mg Ni), 1.0 MPa Hz, 80 °C, 20 h.

The amount of ammonia plays a decisive role in the amine yield, as has already been shown in prelimi-

nary experiments concerning the general reductive amination of carbonyl compounds. The synthesis of

a-phenylgylcine from phenylglyoxic acid was used as a screening reaction. About 60% product could
be obtained with a catalyst loading of 2.9 mol% and 1 mL 25%-ag. NH; (see Table 3. 2). Another im-

portant factor in catalysis is the solvent applied. Here, the behavior exhibited in preliminary tests was

also confirmed.

Table 3. 3: Screening of the solvent at different Hz pressures.

o

NH,

OH Ni/Al,04 OH
NH
[ j o) :st [ j o)
- H,0
Solvent H, pressure [MPa] Yield [%]
H20 1.0 57
H2.0 0.5 33
H.O 0.1 10
H.O 0.1 19[b
EtOH 1.0 5
EtOH 0.5 3

Reaction conditions: 0.5 mmol phenylglyoxylic acid, 1.0 mL (13.36 mmol) 25%-aqg. NHs, 2.0 mL solvent, 2.9 mol% Ni (24
mg Ni/Al20s3, 3.5 wt% Ni, 0.014 mmol Ni, 0.84 mg Ni), 80 °C, 20 h; [a] 10 mol% Ni (84 mg Ni/Al203, 3.5 wt% Ni, 0.05 mmol
Ni, 2.94 mg Ni); [b] 10 mol% Ni (84 mg Ni/Al203, 3.5 wt% Ni, 0.05 mmol Ni, 2.94 mg Ni), 48 h.
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The use of polar solvents, such as ethanol and water, has a positive influence on the activity of the

catalyst. About 20% of the a-amino acid can be obtained at only 0.1 MPa H» with water as the solvent.

Variation of the H. pressure from 1.0 to 0.5 or 0.1 MPa affects the yield but not the selectivity (see Table

3. 3). With the optimized reaction conditions in hand, different amino acids were synthesized.

% Ni/A,0, o
R — R
OH + NH, ﬁ)J\OH
o +H, NH,
- Hzo
tial
non essentia o
OH %OH
NH NH
HO 2 2
tyrosine alanine
65%
tial
essentia o o
OH WJ\OH
NH, NH,
phenylalanine leucine
59%
non biological
0}
OH
NH,
phenylglycine

Figure 3. 8: Substrate scope; reaction conditions: 10 mol% Ni (84 mg Ni/Al20s, 3.5 wt% Ni, 0.05 mmol Ni, 2.94 mg Ni),
0.5 mmol keto acid, 1.0 mL (13.36 mmol) 25%-aq. NHs, 2.0 mL solvent, 80 °C; 48 h; isolated yields are given for the corre-
sponding ethyl esters.

In addition to nonessential amino acids, such as tyrosine and alanine, essential ones, such as phenylala-

nine and leucine, and the nonbiological amino aicd a-phenylglycine were obtained in good yields.
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3.2 Individual contributions to joint publications

The results presented in this thesis were achieved in collaboration with others and are published or
to be submitted as indicated below. The contributions of all co-authors to the respective publications

are specified. The corresponding author is annotated by an asterisk (*).

Chapter 5

This work is published in ChemCatChem 2016, 8, 2461 with the title

“A Reusable Mesoporous Nickel Nanocomposite Catalyst for the Selective Hydrogenation of Ni-

troarenes in the Presence of Sensitive Functional Groups”
Gabriela Hahn, Julia-Katharina Ewert, Christine Denner, Dominic Tilgner and Rhett Kempe*

I synthesized and characterized the catalyst, carried out the catalytic reactions and the related analytics.
Rhett Kempe and | designed the experiments and co-wrote the manuscript. Julia-Katharina Ewert did
preliminary work regarding the structuring of pure SiCN ceramics. Christine Denner performed the SEM
measurements and was involved in the scientific discussions. Dominic Tilger performed the TEM meas-
urements. Rhett Kempe supervised this work and was involved in the scientific discussions and the

correction of the manuscript.

Chapter 6

This work is published in Nature Catalysis 2019, 2, 71 with the title

“General synthesis of primary amines via reductive amination employing a reusable nickel cata-

lyst”
Gabriela Hahn, Peter Kunnas, Niels de Jonge and Rhett Kempe”®

I synthesized and characterized the catalyst, carried out the catalytic reactions and the related analytics.
Rhett Kempe and | designed the experiments and co-wrote the manuscript. Peter Kunnas and Nield de
Jonge performed the HAADF-STEM images coupled with EDX and EELS analysis and were involved
in the scientific discussion. Rhett Kempe supervised this work and was involved in the scientific discus-

sions and the correction of the mansuscript.
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Chapter 7
This work is to be submitted with the title

“A Nanostructured Earth-Abundant Metal Catalyst Can Mediate the Efficient Synthesis of
Amino Acids from Ammonia Dissolved in Water under Very Mild Conditions”

Gabriela Hahn, Elena Herzog and Rhett Kempe™

I synthesized and characterized the catalyst, carried out the catalytic reactions and the related analytics
and | wrote the manuscript. Rhett Kempe and | designed the experiments. Elena Herzog performed some
of the screening reactions during her bachelor thesis. Rhett Kempe supervised this work and was in-

volved in scientific discussions and the correction of the manuscript.
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4 A Reusable Mesoporous Nickel Nanocomposite Catalyst
for the Selective Hydrogenation of Nitroarenes in the

Presence of Sensitive Functional Groups
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[a] Inorganic Chemistry 1l — Catalyst Design, University of Bayreuth, Universitétsstr. 30, 95440
Bayreuth (Germany).

Published in ChemCatChem 2016, 8, 2461.
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Abstract: The synthesis of aromatic amines from nitroarenes through hydrogenation is an industrially
and academically important reaction. In addition, the employment of base metal catalysts in reactions
that are preferentially mediated by rare noble metals is a desirable aim in catalysis and an attractive
element-conservation strategy. Especially appealing is the observation of novel selectivity patterns with
such inexpensive metal catalysts. Herein, we report a novel mesostructured Ni nanocomposite catalyst.
It is the first example of a reusable Ni catalyst that is able to hydrogenate nitroarenes selectively to
anilines in the presence of highly sensitive functional groups such as C-C bonds and nitrile, aldehyde,

and iodo substituents.

4.1 Introduction

The synthesis of aromatic amines through the hydrogenation of the corresponding nitroarenes is a basic
chemical reaction. Such reductions are also frequently applied in industry, as aromatic amines are im-
portant bulk chemicals, for instance, aniline, and intermediates for the production of fine chemicals,
pharmaceuticals, polymers, herbicides, and more.™ A challenge is the selective hydrogenation of the
nitro groups in the presence of functional groups highly sensitive to hydrogenation such as C-C bonds
and nitrile and aldehyde substituents.™™ Pioneering work involving the use of modified commercially
available noble-metal hydrogenation catalysts was reported by Blaser and colleagues.™* 2 Recently, Pd-
based noble-metal catalysts were developed that can also function at atmospheric hydrogen pressure and
at room temperature.®! With regard to nonclassic hydrogenation catalysts, Corma and Serna reported a
breakthrough in 2006.1 They used Au nanoparticles supported on TiO, and observed a selectivity over
95% for the reduction of the nitro group in 3-nitrostyrene, 4-nitrobenzaldehyde, 4-nitrobenzonitrile, and
4-nitrobenzamide. The conservation of the elemental resources of our planet is a global challenge, and

the replacement of noble metals by abundantly available transition metals (base metals) is an appealing
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noble-metal conservation strategy.® In this context, Beller and co-workers introduced a cobalt catalyst®
and a related iron catalyst!” with impressive selectivity and scope for the hydrogenation of nitroarenes.®
%I'Nickel is also an inexpensive base metal and is thus another attractive alternative to existing noble-
metal catalysts. To the best of our knowledge, recycling™ and the tolerance towards sensitive functional
groups have not yet been demonstrated for heterogeneous nickel catalysts able to hydrogenate ni-
troarenes efficiently.'12 The selectivity of our nickel catalyst is comparable to those of some state-of-
the-art catalysts, such as the aforementioned cobalt and iron catalysts developed by Beller and co-work-
ers. 1 We recently developed a novel class of heterogeneous M@SiCN nanocomposite catalysts.3 141
The silicon carbonitride (SiCN) support is thermally very robust, chemically inert, and attractive for
generating rather small metal nanoparticles in such supports.i*® In addition, we introduced strategies to
mesostructure SiCN[I¢-28 and became interested in combining both approaches to synthesize highly ac-
tive and selective base-metal catalysts.[* Herein, we report novel mesostructured Ni@SiCN nanocom-
posite materials easy to synthesize and scale up. The mesostructured is generated by an inexpensive
polystyrene template, spheres 60 nm in diameter, and well dispersed in organic solvent, which is com-
patible with the generation of well-defined Ni nanoparticles. The material was characterized by powder
X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), IR spectroscopy, and nitrogen physisorption. The nickel nanoparticles are catalytically active in
the hydrogenation of nitroarenes. For the first time, we show that a reusable Ni catalyst is able to effect
the selective hydrogenation of nitroarenes in the presence of hydrogenation- sensitive functional groups
such as C-C bonds and nitrile, keto, aldehyde, and amide substituents.

4.2 Results and Discussion

Recently, Ewert et al.'" '8 showed that polystyrene could be used as a soft template to generate a defined
mesostructure in SICN materials. This strategy of structuring should be compatible with the generation
of metal-SiCN nanocomposites by transmetalation, crosslinking, and pyrolysis, as recently reported for
a variety of metals.*51 To combine both synthesis procedures, first, polystyrene spheres with a diam-
eter of 60 nm (PSeo) Were dispersed in toluene (Figure 4. 1). Next, we searched for a suitable Ni complex
for the introduction of the metal into the mesostructured nanocomposite. The recently used nickel pre-
cursors were not stable enough under the conditions successfully applied for mesostructuring. A fine
balance between stability of the metal precursor to avoid reduction and metal aggregation prior to py-
rolysis should be ensured. On the other hand, the nickel complex has to be reactive enough to accomplish
transmetalation—metal transfer from the metal precursor to the polysilazane. [(nacnac);Ni]%
{nacnac=deprotonated (E)-N-[(Z)-4-(phenylamino)pent-3-en-2-ylidene]aniline} was identified as a
suitable nickel precursor (Figure 4. 1). After mixing a solution of [(nacnac):Ni] in toluene with the
toluene dispersion of PSgo, the crosslinker and the polysilazane were added, and the mixture was stirred

for 1 h to fulfill the transmetalation (Figure 4. 1). Further crosslinking at 110 °C without stirring and
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slowly removing the solvent under vacuum enabled the defined arrangement of the template and nickel
in the crosslinked polysilazane. During pyrolysis with the tailored program at 900 °C, the template was
removed to obtain the mesoporous structure and Ni' was reduced to elemental nickel nanoparticles un-

der a reductive atmosphere (H: liberation) (Figure 4. 1).

In toluene dispersed PS spheres
> ' e
@ n
/'O
Ni
Crosslinking ©\ /\ /©

+ Polysilazane
HTT 1800
+DCP

N

Pyrolysis
AT; N,

Mesostructured Ni-SiCN
nanocomposite

Figure 4. 1: Synthesis of the mesostructured Ni@PSeSICN nanocomposite. First, dispersion of the template polystyrene
spheres with a diameter of 60 nm (PSeo) in toluene. Second, addition of commercially available polysilazane HTT 1800, the
nacnac—nickel complex, and DCP (dicumyl peroxide, as crosslinker). Third, removal of the solvent and crosslinking at 110 °C.
Fourth, pyrolysis with a tailored program at 900 °C under a N2 atmosphere to form the mesostructured Ni-SiCN nanocomposite.
A theoretical Ni/Si ratio of 1:20 was chosen for the synthesis of Ni@PSgSICN corresponding to
2.3 wt% of Ni. Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements
revealed 2.34 wt% nickel in the Ni@PSgSiCN nanocomposite, which is a very good agreement between
the calculated and observed Ni contents. Ni@PSeSiCN was further analyzed by TEM. TEM analysis
indicated a homogenous distribution of the nickel nanoparticles (Ni-NPs) in the mesostructured support
of Ni@PSgSICN (Figure 4. 2, top). In addition, a narrow Ni-NP distribution with the maxima at ap-
proximately 5.5 nm was observed (Figure 4. 2, bottom left). Magnetic measurements also provided ev-
idence for the presence of small Ni-NPs, as superparamagnetism was observed (Figure 4. 2, bottom
right).
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Figure 4. 2: Characterization of the mesostructured Ni@PSsSiCN nanocomposite. Top) TEM images of Ni@PSe0SiCN. Bot-
tom left) Ni particle-size distributions calculated from the TEM images. Bottom right) Magnetic measurements of
Ni@PSeSIiCN at 300 and 50 K indicating superparamagnetism of the nanoparticles.

PXRD was performed to confirm the presence of an amorphous SiCN matrix and metallic Ni-NPs (Fig-
ure S1, bottom; see the Supporting Information). The reflexes at Bragg’s angles of 26 = 44.5 and 51.88°
can be assigned to the (111) and (200) reflexes of a cubic Ni metal phase. Peak broadening is in agree-
ment with the particle size observed by TEM. Also, TPR (temperature-programmed reduction) was per-
formed by using unsupported NiO as a reference and the Ni@PSgSiCN nanocomposite (Figure S5). An
amount equal to 6% of the total nickel amount is oxidized, and 94% is metallic Ni. IR spectroscopy
measurements confirmed a SICN matrix (Figure S2). The appearance of only one broad band at ¥ = 600—
1300 cm'* verified the presence of Si—C and Si—N bonds. Scanning electron microscopy (SEM) (Figure
4. 3, top) established a homogeneous distribution of mesopores in Ni@PSegSiCN. Nitrogen sorption
measurements (Figure 3, bottom left) of Ni@PSeSiCN revealed a typical type IV isotherm indicative
of the presence of mesopores. The specific surface area calculated by the Brunauer—Emmett-Teller
(BET) method was found to be 90 m?g. In Figure 4. 3 (bottom right), the calculated pore-size distribu-
tion [N at -196.15 °C on carbon (slit pore, NLDFT equilibrium model)] is shown. Ni@PSeSiCN ex-

hibits > 95% mesopores with a total pore volume of 0.283 mLg* and an average pore width of 8.2 nm.
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Figure 4. 3: Pore characterization of the mesoporous Ni@PS60SiCN nanocomposite. Top) SEM images showing the
mesostructuring of the nanocomposite. Bottom left) Nitrogen sorption measurements. Bottom right) Calculated pore-size dis-
tribution [calculation model: N2 at -196.15 °C on carbon (slit pore, NLDFT equilibrium model)].

The selective hydrogenation of nitroarenes to the corresponding anilines was evaluated in a 4:1 etha-
nol/water mixture under 5.0 MPa hydrogen. Water was added to increase the activity of the catalyst. [l
We compared the activity of the Ni@PSegSIiCN nickel nanocomposite introduced here to that of a
Ni@SiCN catalyst synthesized by using a slightly different procedure recently disclosed by us.l*¥
Ni@SiCN was pyrolyzed at 700 °C. At this temperature, the support is more a highly crosslinked pol-
ysilazane than a stable SiCN material. Owing to low-temperature pyrolysis, remaining microporosity is
observed for such a material. Even at this lower pyrolysis temperature of 700 °C, Ni" is reduced to
metallic Ni under the reductive atmosphere during pyrolysis. These Ni-NPs were characterized by TEM
(average particle size of 1.59 nm; Figure S3) and PXRD (Figure S1). The pore characterization of the
microporous Ni@SiCN nanocomposite indicated 42% micropores, only very small mesopores, a total
pore volume of 0.062 mLg?, and an average pore width of 1.2 nm (Figure S4).

Both Ni catalysts showed catalytic activity and high selectivity in the hydrogenation of the nitro group
at 110 °C. In comparison to the microporous Ni@SiCN catalyst, the novel mesoporous Ni@PSgSiCN
catalyst was found to be more active in the hydrogenation of 1-bromo-3-nitrobenzene to 3-bromoaniline.
It was possible to reduce the catalyst loading from 6 to 1 mol% under the same conditions (Figure 4. 4,
bottom left).
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Figure 4. 4: Catalyst comparison. Top) Benchmark reaction; bottom left) comparison of catalyst loadings of both Ni catalysts
for full conversion and > 99% selectivity [conditions: 110 °C, 5.0 MPa Hz, 1 mmol 1-bromo-3-nitrobenzene in 5 mL etha-
nol/water (4:1), 20 h]; bottom right) recycling of the Ni@PSsSiCN catalyst over five consecutive runs [conditions for 80%
yield (green): 110 °C, 5.0 MPa Hz, 0.5 mmol 1-bromo-4-nitrobenzene in 5 mL ethanol/water (4:1), 3 h, 6 mol% catalyst
(1.76 mg Ni, 0.03 mmol, 75 mg nanocomposite); conditions for 40% yield (blue): 110 °C, 5.0 MPa Hz, 1.0 mmol 1-bromo-3-
nitrobenzene in 5 mL ethanol/water (4:1), 3 h, 4 mol% catalyst (2.3 mg Ni, 0.04 mmol, 100 mg nanocomposite)], GC vyield
with n-dodecane as internal standard. A conversion of 80% was chosen to clearly see catalyst decomposition

To evidence the robustness and recyclability of the mesostructured catalyst, it was used in up to five
runs (Figure 4. 4, bottom right). A conversion of 80% was chosen to clearly see any catalyst decompo-
sition. Between the runs, the catalyst was washed with acetone to remove the substrate and then dried
and reused. Even after the fifth run, no decrease in the selectivity or activity was observed. A leaching
experiment demonstrated that only 0.1% of the total amount of nickel leached out of the nanocomposite
during catalysis. Besides its unique recyclability, the catalyst is distinguished by its high tolerance to
different functional groups. Various substituents on the phenyl ring of the nitrobenzene were tolerated

under the optimized conditions (Table 4. 1).

Table 4. 1: Hydrogenation of nitroarenes to the corresponding anilines with the mesostructured Ni@PSe0SiCN catalyst.[

Entry  Product Conversion [%] Selectivity [%]

1 /@NHz > 99; isolated: 99 > 99
Br
2 ©/NH2 >99 >99
r

B

30 NH, > 99 > 99
L,

4 NH; >99 >99
AT
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5 @NHz >99 >99
Cl
L] @ENHz > 99 >99
Cl
7 /©/NH2 84 >99
|
8 Q"“z >99 >99
CN
9 \(©/NH2 > 99; isolated: 98 > 99
o}
10 Q”“z > 99 > 09
|
(@]
1101 C/NHz > 99 >99
H,N
(6]
12 ;J"'z 90 86
=
13 C@NHZ >99 87
OH
14[c NH, > 99: isolated: 93 >99
/@NHZ
15 H2N isolated: 81 > 99
16 NH, > 99 > 09
17001 /Tiz 82 >99

[a] Conditions: 110 °C, 5.0 MPa Hz, 1 mmol substrate, 20 h, 1 mol% catalyst (0.7 mg Ni, 0.01 mmol, 30 mg). [b] Catalyst:
3 mol%. [c] Catalyst: 2 mol%.

Different halogenides, including bromides, chlorides, and iodides, were tolerated (Table 4. 1, entries 1—

7). No dehalogenation, not even in the presence of iodide, was observed. Only for the hydrogenation of
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the sterically demanding ortho-substituted nitroarenes, the catalyst loading was increased to ensure full
conversion. In addition, reducible functional groups were also successfully tolerated. For example, ni-
trile, keto, aldehyde, amide, and even vinyl groups were not hydrogenated by the catalyst (Table 4. 1,
entries 8-12). The only byproduct formed in the reaction of 3-nitrostyrene was 3-ethylaniline (Table 4.
1, entry 12). Selective hydrogenation was observed for heterocyclic nitroquinoline (Table 4. 1, entry 16)
with conservation of the aromatic system. In addition, a sterically demanding aliphatic nitro compound
was hydrogenated to the corresponding amine (Table 4. 1, entry 17). All of the abovementioned nitro
substrates were hydrogenated by the Ni@PSgSICN catalyst with high selectivity (82-99%).

4.3 Conclusion

In summary, we developed a novel mesoporous Ni-SiCN nanocomposite catalyst. The mesostructuring
with an inexpensive polystyrene template was compatible with the generation of metallic Ni nanoparti-
cles with diameters of 5.5 nm. The nickel nanoparticles, as the active sites of the catalyst, showed high
activity in the hydrogenation of nitroarenes to the corresponding anilines. Additionally, the catalyst of-
fered excellent tolerance to reducible groups such as C-C bonds, heteroaromatics, and nitrile, keto, al-
dehyde, and amide groups. Another specific advantage was the robustness of the catalyst, as it was

recycled and reused over multiple runs without a decrease in activity or selectivity.
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4.5 Supporting Information

4.5.1 Methods

4.5.1.1 General considerations

All reactions were carried out under dry argon or nitrogen using standard Schlenk and glove box tech-
niques. Solvents were dried and distilled from sodium benzophenone ketyl before use. Deuterated sol-
vents obtained from Cambridge Isotope Laboratories were degassed, dried using molecular sieves and
distilled prior to use. All chemicals were purchased from commercial sources with purity over 95% and
used without further purification. Polysilazane KiON HTT 1800 was purchased from Clariant Advanced
Materials GmbH, Frankfurt (Germany) and used without further purification. Styrene (> 99% purity,
Sigma Aldrich, Steinheim, Germany) and divinylbenzene (technical grade, 55%, Aldrich Chemistry,
Steinheim, Germany) were destabilized over alumina B column (ICN Biomedicals GmbH, Eschwege,
Germany). Ceramization was carried out under nitrogen atmosphere in a high temperature furnace
(Gero, Berlin, Germany). X-ray powder diffractograms were received by a X’Pert MPD Pro (PANalyt-
ical, Almelo, NL, CuKa-Strahlung, 1.54178 A) in Bragg-Brentano-geometry and with a X’Celerator
detector. Transmission electron microscopy (TEM) was carried out by using a Varian LEO 9220
(200 kV) instrument. The sample was suspended in chloroform and sonicated for 5 min. Subsequently
a drop of the suspended sample was placed on a grid (Plano S 166-3) and allowed to dry. SEM was
performed using a Zeiss Field-Emission-Scanning-Electron-Microscope (FESEM) LEO 1530 GEMINI.
The acceleration voltage was 1-5 kV. The samples were sputter-coated with a 1.3 nm layer of platinum.
FT-IR measurements were received using a Perkin.Elmer FTIR-spectrum 100. N, sorption was per-
formed using a Nova2000e (Quantachrome) instrument. The specific surface areas were calculated using
p/po-values from 0.05-0.31 (BET). The pore width and average pore volume were calculated by DFT
calculations [calculation model: N at -196,15 °C on carbon (slit pore, NLDFT equilibrium model)].
Magnetic measurements on the compounds were carried out using a SQUID MPMS-XL5 from Quantum
Design with the field range of -3 to 3 T in hysteresis mode. The sample was prepared in a gelatin capsule
held in a plastic straw under protective atmosphere. The raw data were corrected for the diamagnetic
part of the sample holder. ICP-OES measurements were performed using a Vista-pro radical model from
Varian. GC analysis were carried out on an Agilent 6890N Network GC system equipped with a HP-5
column (30 m x 0.32 mm x 0.25 um) and a flame ionization detector. N-dodecane was used as internal
standard. GC-MS analyses were carried out by using an Agilent Technologies 7890A/MSD 5985C sys-
tem equipped with a HP-5 column (30 m x 0.32 mm x 0.25 pum). NMR spectra were measured with an
INOVA 300 MHz spectrometer at 298 K. Chemical shifts are reported in ppm relative to the deuterated

solvents.
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The polystyrene spheres with a diameter of 60 nm (PSeo)!s! and the nacnac ligand®®? were synthesized
by reported methods. According to the reported procedures for g-diiminato titanium complexes.® The

nacnac-nickel (1) complex was synthesized in 90% vyield.

4.5.1.2 Catalyst synthesis

Ni@PSsSiCN mesoporous material was generated by the reaction of PSeo spheres, the nickel complex
and KiON HTT1800 in toluene. In a vial placed in a Schlenk tube, 0.5 g PSeo were degassed and dis-
persed in 15 mL toluene under vigorous stirring. Subsequently, 0.25 g of KiON HTT 1800 (3.88 mmol),
0.025 g dicumylperoxid (10 wt% of the polysilazane) and a solution of the nacnac-nickel complex
(0.102 g, 0.194 mmol, Ni/Si=1:20) in 1 mL toluene were added. Transmetalation took place by stirring
the suspension for 30 min. Afterwards, the suspension was annealed at 130 °C for 20 hours without
stirring, during which the solvent came out of the vial into the Schlenk tube. Removing of the solvent
under vacuum and annealing the structured preceramic polymer for 20 hours at 130 °C, yielded the
greenbody as a dark green solid. It was pyrolyzed under N, flow (pyrolysis program see Scheme S1).

The ceramic yield was approximately 30%. After ball milling for 15 minutes, the catalyst was pretreated

by applying it for 1 day at 100 °C and 3.0 MPa H; pressure.

4.5.1.3 Catalysis

The catalytic selective hydrogenation of nitroarenes to the corresponding anilines was done in a Parr
autoclave under hydrogen pressure (5.0 MPa). The catalyst was placed in a glass tube and was dispersed
in 4 mL ethanol and 1 mL distilled water. After adding the nitroarene and a magnetic bar, the tube was
placed in the reactor and it was heated to 110 °C for 20 hours. After cooling, n-dodecane was added and
the mixture was extracted with diethyl ether, dried over Na,SO, and analyzed by GC and GC/MS.

In case of the aliphatic nitro compound (entry 17), the autoclave was placed in a liquid nitrogen bath
after the catalysis. After cooling, n-dodecane was added and the mixture was extracted with ethyl ace-
tate, dried over Na>SO, and analyzed by GC and GC/MS.

4.5.1.4 Ceramization

1K/min 0.5K/min 1K/min

RT Km0 300 °C (3 h) 400 °C (3 h) 500°C (3 h) 600°C (4h)

93Kmin_ 700 °C (Oh) L2900 °C (0.5 h) L&min_ gy

Scheme S1: Tailored pyrolysis program under N2z flow for synthesis of the mesoporous Ni@PSesSiCN nanocomposite.
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4.5.2 Characterization
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Figure S1: PXRD pattern of Ni@SiCN (top) and Ni@PSeSiCN (botto) ceramic pyrolyzed at 700 °C and 900 °C, respectively.
The characteristic reflections of metallic nickel (reference code: 00-004-0850) are shown at 44.5 26 and 51.8 260.
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Figure S2: FT-IR measurements (red: Ni@PSe0SiCN; black: Ni@SiCN). The broad band at 600-1300 cm* confirms the pres-
ence of Si-C and Si-N bonds in both nanocomposites.
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Figure S3: Characterization of the microporous Ni@SiCN nanocomposite. Top: TEM image of Ni@SiCN. Bottom: corre-
sponding particle size distribution calculated by the TEM image. The average particle size is 1.6 nm.
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Figure S4: Pore characterization of the microporous Ni@SiCN nanocomposite indicating the 42% micropores, only very small
mesopores, a total pore volume of 0.062 cc/g and an average pore width of 1.2 nm. Left: Nitrogen sorption measurements.
Right: Calculated pore size distribution (calculation model: N2 at 77 K on carbon (slit pore, NLDFT equilibrium model)).
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Figure S5: TPR (temperature programmed reduction) indicating 6% NiO in the Ni@PSeSiCN nanocomposite.
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4.5.2.1 Leaching experiment

30 mg Ni@PSeSIiCN catalyst and 3 mL H2O were stirred at 110 °C and 5.0 MPa H, pressure for
20 hours. The water phase was separated and analyzed by ICP-OES. 0.1% of the total Nickel amount
could be found.

4.5.3 Characterization of some isolated products

Table 1; Entry 1

NH,

.

Br
isolated yield: 170 mg (99%)
M(CsHeBIN): 172.02 g mol*
IH NMR (300 MHz, CDCls, 298 K): & = 7.25 (d, J = 8.2 Hz, 2H), 6.58 (d, J = 8.8 Hz, 2H), 3.66 (s_br,
2H) ppm.
13C NMR (75 MHz, CDCls, 298 K): & = 145.41, 132.03, 116.72, 110.19 ppm.

Table 1, Entry 9

NH,

O
isolated yield: 132 mg (98%)
M(CsHoNO): 135.16 g mol™*
'H NMR (300 MHz, CDCls, 298 K): & = 7.82 (d, J = 8.2 Hz, 2H), 6.66 (d, J = 8.2 Hz, 2H), 4.13 (s_br,
2H), 2.52 (s, 3H) ppm.
13C NMR (75 MHz, CDCls, 298 K): 6 = 196.46, 151.10, 130.73, 127.71, 113.63, 26.03 ppm.

Table 1, Entry 14

NH,

? NH,

isolated yield: 126 mg (93%)

M(CsH12N5): 136.19 g mol™?

!H NMR (300 MHz, CDCls, 298 K): & = 6.53 (s, 2H), 3.20 (s_br, 4H), 2.14 (s, 6H) ppm.
13C NMR (75 MHz, CDCls, 298 K): & = 132.28, 127.89, 118.49, 18.87 ppm.
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Table 1, Entry 15

isolated yield: 137 mg (81%)

M(C12H11N): 169.22 g mol*?

'H NMR (300 MHz, CDCls, 298 K): & = 7.48-7.43 (m, 4H), 7.39-7.34 (m, 1H), 7.21-7.14 (m, 2H), 6.88-
6.79 (m, 2H), 3,67 (s_br, 2H) ppm.

13C NMR (75 MHz, CDCls, 298 K): § = 143.49, 139.50, 132.03, 130.47, 129.10, 128.82, 128.50, 127.63,
127.18, 118.66, 116.72, 115.61 ppm.
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4.5.4 NMR Spectra
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Abstract: Reusable catalysts based on earth-abundant metals with a broad applicability in organic syn-
thesis are a key to a more sustainable production of fine chemicals, pharmaceuticals and agrochemicals.
Herein, we report on a nanostructured nickel catalyst for the general and selective synthesis of primary
amines via reductive amination, employing ammonia dissolved in water. Our catalyst, which operates
at low temperature and pressure, is highly active, reusable and easy to handle. The synthesis from a
specific nickel complex and y-Al>Os is straightforward, with the ligand-metal combination of this com-
plex being crucial. Aldehydes (including purely aliphatic ones), aryl-alkyl, dialkyl, and diaryl ketones
can all be converted smoothly into primary amines. In addition, the amination of pharmaceuticals, bio-
active compounds and natural products is demonstrated. Many functional groups — including hydro-
genation-sensitive examples — are tolerated. We expect that our findings will inspire others to develop

reusable and nanostructured earth-abundant metal catalysts for complex organic transformations.

5.1 Introduction

The use of earth-abundant metals in catalysis, a key technology of our century, is a potential strategy
for the conservation of noble metals. A further advantage is that these base metal catalysts show totally

different selectivity patterns compared to known systems based on precious metals. Reactions that are

51



General synthesis of primary amines via reductive amination employing a reusable nickel catalyst

not possible with precious metal catalysts are now conceivable and the scope of reactions can be ex-
tended. Significant progress has been made regarding the development of homogeneous earth-abundant
3d metal catalysts in recent years. 1% The use of reusable nanostructured earth-abundant 3d metal cat-
alysts for a broad applicability in complex organic synthesis is highly desirable and has been disclosed
only rarely.'**31 Amines are a very important class of chemical compounds and present in many fine
chemicalst#, drugs!*®! and materials®l. One of the most attractive methods for the synthesis of primary
amines is the catalytic reductive amination of aldehydes and ketones by ammonia and hydrogen.["-24
Most of the catalysts, homogeneous?> 24 and heterogeneous?>-3, described for this reaction are based
on noble metals. Inspired by very early work®>* involving Raney nickel catalysts®* 3¢l that operate
under drastic conditions with low selectivity and scope, we became interested in developing a highly
efficient and selective Ni catalyst. Raney nickel is pyrophoric, difficult to handle and limited with regard
to its reusability. Beller’s group very recently disclosed a Co catalyst for the synthesis of various amines
including primary amines via reductive amination employing ammonia gas though high pressures of H»
and ammonia were required.*®!

Beside reductive amination, agueous ammonia, an attractive since easy to handle source of ammonia,
has been employed successfully in catalytic reactions for the synthesis of primary amines such as hy-
droaminomethylation®®], telomerization of ammonia and butadiene®, allylic substitutions®*4%, cross
couplings!, benzene oxyamination®? and amine alkylation®®l, We have recently introduced a variety
of homogeneous earth-abundant catalysts“+-°% and reusable nanostructured catalysts for hydrogen stor-
agel! and novel organic reactions™, including earth-abundant metal catalystsf®l.

Herein, we report on a Ni catalyst which is easy to synthesize from a Ni complex and commercially
available y-Al>Os. The combination of the specific coordination compound and this oxide support is
crucial. Our catalyst is simple to handle, reusable and highly selective for the synthesis of primary
amines via reductive amination. We use ammonia dissolved in water and can work under very mild
conditions (80 °C and 1 MPa H; pressure). A broad substrate scope (more than 50 examples) and a very
good tolerance of functional groups have been observed. Aldehydes, including purely aliphatic ones, in
addition to aryl-alkyl, dialkyl and diaryl ketones can be converted smoothly into primary amines. Fur-
thermore, the amination of pharmaceuticals, bioactive compounds and natural products has been demon-
strated. Many functional groups, including those sensitive towards hydrogenation such as C—C double

bonds or an iodo-aryl substituent, can be tolerated.

5.2 Results

Catalyst synthesis and characterization

Our Ni catalyst was synthesized in a simple two-step procedure (Figure 5. 1). In the first step, commer-
cial y-Al,O3 was impregnated with a solution of the Ni complex | in acetonitrile. After evaporation of

the solvent at 110 °C, the sample was pyrolyzed under a constant nitrogen flow at 700 °C followed by
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treatment under a reductive atmosphere (N2/H, 95/5) at 550 °C. Inductively coupled plasma optical
emission spectrometry (ICP-OES) measurement verifies an amount of 3.5 wt% nickel in the catalyst
material synthesized (Supplementary Note 1). Temperature programmed reduction (TPR) measurement
of the latter shows a hydrogen consumption at 300 °C, confirming the presence of accessible Ni oxide
species (Supplementary Fig. 1). The nitrogen physisorption measurements (Supplementary Fig. 2) of
the commercially available y-Al,Os and the catalyst material synthesized indicate a slight decrease of
the specific surface area (Brunauer—-Emmett—Teller method) from 220 to 210 m?g* and a nearly identical
pore size distribution (> 95% mesopores with a total pore volume of 0.560 mLg™ and an average pore
width of 5.8 nm). Magnetic measurements of the Ni catalyst material (Supplementary Fig. 3) indicate
the presence of superparamagnetic Ni nanoparticles (Ni-NPs). Powder X-ray diffraction (PXRD) was
performed (Supplementary Fig. 4) to confirm the presence of metallic Ni-NPs (cubic Ni metal phase)
and, as expected, y-AlOs.

400 N
N  N= 1. Wetimpregnation = 380\{ o
Ni” 2. Pyrolysis L 360! Nietatiic
olo 3. Reduction > “
> ‘D 3401
OHy 8 320
/ \ e fx £ 300/N1s
.4 8 1216
Complex | P Diameter (nm) 405 400 395
+y-ALO, e P Binding energy (eV)

Figure 5. 1: Synthesis and characterization of the Ni catalyst. a, Preparation of the nickel Ni catalyst. (1) Wet impregnation
of commercially available y-Al2O3 with a solution of complex I in acetonitrile. (2) Pyrolysis of the impregnated y-Al203 under
nitrogen atmosphere up to 700 °C (2 °C/min to 300 °C [dwelling time: 30 min]; 5 °C/min to 700 °C [dwelling time: 30 min])
and reduction of the pyrolyzed sample under reductive atmosphere (5 °C/min to 550 °C [dwelling time: 180 min]). b, HAADF
image of the Ni/Al2Os3 catalyst. Al20s is covered with homogeneously dispersed Ni-nanoparticles. ¢, XPS of the N 1s electrons.
The different N species are labelled as Ncarmon for the nitrogen bond to carbon and Nmetaniic for the nitrogen bond to the metal.
Due to the ligand containing nitrogen, which decomposes during pyrolysis, N atoms are located at the surface of the catalyst.
d-g, HAADF-STEM analysis of Ni/Al2Os, representative EDX element maps of nickel (e, red) and carbon (f, blue) and the
overlapped EELS element maps (g) of Ni (red), C (blue) and N (green).

Transmission electron microscopy (TEM) analysis provides evidence for the presence of small Ni-NPs
with an average diameter of 8 nm and a homogeneous distribution (Supplementary Fig. 5, 6). Addition-
ally, the Ni catalyst material was investigated by high-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM) measurements and the corresponding energy-dispersed X-ray

(EDX) element maps (for nickel (red) and carbon (blue) see Figure 5. 1 d-f; for aluminum and oxygen
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see Supplementary Fig. 7). To get an insight of the direct environment of the nanoparticle, electron
energy loss spectroscopy (EELS) was performed. A high magnification (4-10° fold) areal density map
shows the interface of the matrix and the Ni NP (Figure 5. 1 g and Supplementary Fig. 8). Here, the
carbon component (C: blue) is connected to the Ni NP (Ni: red) and a weak signal of nitrogen (N: green)
is present in the vicinity of the Ni NP and in the matrix as well. X-ray photoelectron spectroscopy (XPS)
measurements (Figure 5. 1 ¢ and Supplementary Fig. 9) identifies two different N species. Carbon-
linked N species with a binding energy of ~ 402 eV coexist with N species linked to a metal (binding
energy ~ 399 eV). Furthermore, XPS indicates the presence of both metallic Ni® and Ni?* species on the
catalyst surface (see Supplementary Fig. 9). The ratio of Ni%Ni?* is approximately 1:1.5. We conclude
from the HAADF-STEM and the XPS investigations that the surface of the alumina partially covered
by homogeneously distributed Ni-NPs embedded in an N-doped carbon layer, caused by the decompo-
sition of the Ni complex I. Finally, NHs-temperature programmed desorption (TPD) was carried out to
identify available acidic sites and to confirm that the carbon layer is not covering the y-Al,Oz completely
(Supplementary Fig. 10). It is conceivable that these acidic sites promote the activation of the carbonyl

groups, especially for the challenging transformation of ketones.

Screening of the optimal reaction conditions

The synthesis of benzylamine from benzaldehyde and agueous ammonia was investigated to find
broadly applicable reaction conditions for the Ni-catalyzed reductive amination. Solvent screening (Sup-
plementary Table 1) revealed that the formation of primary amines takes place preferentially in protic
solvents and, most importantly, water can suppress the formation of the undesired by-product N-ben-
zylidene-1-phenylmethanamine efficiently. A significantly lower amine formation is observed if solu-
tions of ammonia in ethanol or dioxane are used instead of ammonia in water (see Supplementary Table
2). Other significant influences on the yield of primary amine are the amount of ammonia, the pyrolysis
temperature of the catalyst and the metal loading of the catalyst (Supplementary Table 3, 4). In summary,
the reaction can be carried out smoothly and selectively with a 4 wit% Ni catalyst pyrolyzed at 700 °C,
0.5 mL of 25% aqueous ammonia (6.7 mmol) and 2.0 mL of addition water at 80 °C and 1 MPa pressure
of H,. Attempts to conduct reactions at 0.1 MPa H; pressure (orsat blowball or autoclave) failed. Low
primary amine formation (acetophenone) or nearly quantitative byproduct formation (benzaldehyde)
were observed despite an increase of catalyst loading (8.6 mol%) and a prolongation of the reaction time
(48 h) (see Supplementary Table 5). We were interested in comparing different commercial supports
and various Ni sources to demonstrate the superior activity of our catalyst, which we believed is based
on the combination of complex I and y-Al,Os (Table 5. 1). It is remarkable that only the use of CeO>
and our Ni complex I showed some activity in the reductive amination of benzaldehyde, while catalysts
based on other supports, such as activated carbon, SiO, or TiO, are not suitable for this reaction. NHs-
TPD studies of our catalyst indicate the presence of acidic sites suitable for ammonia binding. In addi-
tion, the meso-pores (95 %) of the y-Al,Os support permit a good dispersion of complex I during catalyst
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synthesis. Furthermore, the Ni complex | was replaced by the common salt namely Ni(ll) acetate
(Ni(OAC)24H0). However, no yield of benzylamine could be detected. The use of Raney Ni or Ni
powder gave no yield of the product desired with the same catalyst loading. Applying a four times higher
catalyst loading resulted in some product formation for Raney Ni (Table 5. 1).

Table 5. 1: Catalyst screening

o] NH,
| “H,
+ NH3 —>
-Hy0
Entry  Metal source Support Pyrolysis Yield [%]

temperature [°C]

1 Complex | v-Al,03 600 34
2 Complex | v-Al203 700 78
3 Complex | v-Al;03 700 99
4 Complex | v-Al>,03 800 48
5 Complex | CeOy 700 36
6 Complex | Activated C 700 0
7 Complex | SiO; 700 0
8 Complex | TiO; 700 0
9 Ni(OAc): v-Al,03 700 0
10° Raney Ni - - 38
11° Ni powder - - 5
12 - y-Al,03 - 0
13 - CeO, - 0

Reaction conditions: 1.2 mol% catalyst (10 mg catalyst, 3.5 wt% Ni, 0.006 mmol Ni, 0.35 mg Ni) or 10 mg support, 0.5 mmol
benzaldehyde, 0.5 mL ag. NHz 25 % (6.7 mmol), 2.0 mL H20, 80 °C, 1 MPa Ha, 20 h. Yields were determined by gas chro-
matography (GC) using n-dodecane as an internal standard; 1.4 mol% catalyst (12 mg catalyst, 3.5 wt% Ni, 0.007 mmol Ni,
0.42 mg Ni); 5 mol% (0.025 mmol Ni, 1.5 mg Ni).

Substrate Scope

With the optimized reaction conditions in hand, we were interested in the substrate scope of our novel
catalyst system. Firstly, we investigated benzylic aldehydes (Table 5. 2, top). The position of the sub-
stituent, investigated for 2-, 3- or 4-methylbenzaldehyde and 2-, 3- or 4-chlorobenzaldehyde has only a
minor influence on the yield of the corresponding amines (Table 5. 2, compounds 2—4 and 6-8). Halo-
genated aldehydes, such as fluorides, chlorides, bromides and even iodides, were smoothly converted

into the corresponding products (Table 5. 2, compounds 5-10).
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Table 5. 2: Scope of the reductive amination using carbonyl compounds containing an aromatic moiety.

o Ni/Al,O3 NH,
10 bar H,, 80 °C
I A R 4+ NHy —— » | ~ R?
Y& -H,0 e
R! R'
Aldehydes?
NH, NH, NH, NH, NH, NH,
©) /@A F/©) CI/©) Br/©) |/©)
1 2 5 6 9 10
99%/! 86% 76% 82% 94% 80%
3 3-CH385% 7 3-Cl 91%
4 2-CH3 99% 8 2-Cl 93%
NH, NH, NH, NH,
\O (e} \N )J\N B
| H 7
o
11 12 13 14 15
82% 75% 99% 79% 86%*
NH, NH,

o O

o 9

16 17
82%* 60%"
Ketones?
: J\NHZ ©)Niz/ ©)Ni2/\ /@/’\EZ
18 19 20 21
2% 6% 9%” 0%
24 25 26 27 28 29
76% 81%* 60%* 9% 83%* 91%?
NH,
o
30 31 32 33 34
81% 93%8 99%!! 95% 9494 18

Reaction conditions: 212 mg Ni/Al203 (3.5 wt% Ni, 1.4 mol%), 0.5 mmol aldehyde, 0.5 mL ag. NH3 25% (6.7 mmol), 2 mL
H20 , 20 h, 1 MPa Hz, 80 °C; *24 mg Ni/Al203 (3.5 wt% Ni, 2.8 mol%); '48 mg Ni/Al203 (3.5 wt% Ni, 5.6 mol%), 1.0 mL
ag. NH3 25% (13.4 mmol), 1.5 mL EtOH, 0.5 MPa Hz; 24 mg Ni/Al203 (3.5 wt% Ni, 2.8 mol%), 0.5 mmol ketone, 1.0 mL
ag. NHs 25% (13.4 mmol), 1.5 mL H20, 20 h, 1 MPa Hz, 80 °C; 1.5 mL EtOH as solvent; 548 mg Ni/Al.O3 (3.5 wt% Ni,
5.6 mol%), 2.5 mL ag. NHz 25% (33.4 mmol). "GC yields using n-dodecane as internal standard. Isolated yields are given for
the corresponding hydrochloride salts.
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Other functional groups, such as methoxy, amine, amide, ether and 4,4,5,5-tetramethyl-1,3,2-dioxabo-
rolanyl (Table 5. 2, compounds 11-15), are also tolerated. The tolerance of a benzyloxy substituent
(Table 5. 2, compound 16) is interesting in the light of many known Ni catalysts that can cleave aryl-
benzyl ethers via hydrogenolysis®4. The disubstituted olefin (E)-4-styrylbenzaldehyde (Table 5. 2, com-
pound 17) could be converted to the corresponding unsaturated primary amine in 60 % isolated yield.
Attempts to aminate 3-vinylbenzaldehyde failed due to its polymerization under standard conditions.
The transformation of ketones is more challenging™’-2 and we increased the catalyst loading and the
ammonia amount slightly to guarantee high conversions. Aryl-alkyl and diaryl ketones can be converted
smoothly into their primary amines with yields of products > 90% for 9 out of 17 examples (Table 2,
bottom). Fluorides and chlorides are well tolerated (Table 5. 2, compounds 25 and 26). The conversion
of electron-rich methoxy substituted aryl-alkyl ketones runs efficiently (Table 5. 2, compounds 27-29).
Substrates containing amido- and sulfonyl-functionalities and a variety of different heterocycles were
introduced, and the corresponding primary amines were obtained in good to excellent yields (Table 5.
2, compounds 30-34).

Table 5. 3: Scope of reductive amination using purely aliphatic carbonyl compounds.

Ni/Al,O3
0 10 bar H,, 80 °C NH>
R1QJ\Rz " H,0 R R?
-2
Reductive amination of aliphatic aldehydes®
S~ NH2 NS NH2 SN )\/\/‘\ﬁ
NS
NH,
35 36 37 38
66% 99% 98%* 87%
Reductive amination of aliphatic ketones®
39 40 41 42
78% 76% 92% 85%
gz NH, NH, @/NHZ
43 44 45 46
99% 99% 71%f 93%

Reaction conditions: 212 mg Ni/Al203 (3.5 wt% Ni, 1.4 mol%), 0.5 mmol aldehyde, 0.5 mL ag. NHs 25% (6.7 mmol), 2 mL
H20 , 20 h, 1 MPa Ha, 80 °C; *24 mg Ni/Al20s (3.5 wt% Ni, 2.8 mol%), 2 mL EtOH as solvent; ®224 mg Ni/Al.O3 (3.5 wt%
Ni, 2.8 mol%), 0.5 mmol ketone, 1.0 mL ag. NH3z 25% (13.4 mmol), 1.5 mL H20, 20 h, 1 MPa Ha, 80 °C; 48 mg Ni/Al203
(3.5 wt% Ni, 5.6 mol%), 2.5 mL ag. NH3 25% (33.4 mmol). *GC yields using n-dodecane as internal standard. Isolated yields
are given for the corresponding hydrochloride salts.

We next looked at purely aliphatic carbonyl compounds. Aldehydes or ketones gave good to excellent

yields (Table 5. 3, compounds 35-42) and even citronellal (Table 5. 3, compound 38) bearing a C-C
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double bond was very selectively converted into the corresponding unsaturated primary amine. Cyclo-
alkylketones with various ring sizes were also aminated successfully (Table 5. 3, compounds 43-46).
Finally, we became interested in the reductive amination of pharmaceuticals and natural products or
biologically active and highly functionalized molecules, such as nabumetone, haloperidol or steroids
(Table 5. 4, compounds 47-52). To our delight, all carbonyl compounds were smoothly and selectively

converted into their corresponding primary amines applying our catalyst system.

Table 5. 4: Reductive amination of biologically active molecules.

Ni/Al,03
0 10 bar H,, 80 °C NH,
+ NHy —————————>
R1J\R2 ’ - H,0 R "R?
Cl
o}
H, @fY
NH,
NH, /@)\/\/N c|>
F
Nabumetone-NH; Haloperidol-NH,
47 48
87% 94%?

HO
Estrone-NH, Pregnenolone-NH; Stanolone-NH,
50 51 52
78%°¢ 98%¢ 97%¢

Reaction conditions: 24 mg Ni/Al203 (3.5 wt% Ni, 2.8 mol%), 0.5 mmol substrate, 0.5 mL ag. NHs 25% (6.7 mmol), 2 mL
EtOH , 20 h, 1 MPa Hz, 80 °C; 20.25 mmol substrate; 48 mg Ni/Al.O3 (3.5 wt% Ni, 5.6 mol%), 2.5 mL aq. NHs 25%
(33.4 mmol); 48 mg Ni/Al203 (3.5 wt% Ni, 5.6 mol%), 0.5 mL ag. NHs 25% (6.7 mmol). Isolated yields are given for the
corresponding hydrochloride salts.

Reusability and upscaling of the reaction

The reductive amination of benzaldehyde at about 60 % was chosen as the test reaction for reusability
studies. The catalyst has been used five times consecutively without a loss of activity as concluded from
initial rate measurements. The catalyst was separated by filtration and washed prior to its reuse (Sup-
plementary Fig. 11, Supplementary Note 2). Separation of the solution (standard conditions) from the
catalyst via hot filtration stops the formation of benzylamine indicating that irreversibly leached nickel
species play a minor role in formation of the primary amines (Supplementary Note 3). Reactions with a
20 times higher amount of the substrate (10 mmol) were performed to demonstrate the applicability of
our novel catalyst system for multi-gram scale syntheses (Supplementary Table 6, Supplementary Note
4). Both 4-chlorobenzaldehyde (86% yield), exemplary for a halogenated aldehyde, and acetophenone
(84% vyield), exemplary for a ketone, were converted into the corresponding primary amines. The yields

are in agreement with the 0.5 mmol reactions.
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5.3 Discussion

A catalyst system based completely on earth-abundant elements for the reductive amination of carbonyl
compounds by ammonia has been reported. The products of the catalytic synthesis — primary
amines — are highly important and figure prominently in natural products, pharmaceuticals and organic
materials. We can use ammonia dissolved in water (rather than pressurized ammonia gas) and work
under very mild conditions. Our catalyst is easy to synthesize in a two-step procedure. Impregnation of
commercially available y-AlO3; with a specific Ni complex and a tailored decomposition leads to a
highly active catalyst. It consists of Ni-NPs, with a mean size of 8 nm, embedded in an N-doped carbon
layer, which partially covers the alumina support. Our methodology has a very broad scope and tolerates
many functional groups. We can aminate aldehydes, including purely aliphatic examples, and aryl-alkyl,
diaryl or dialkyl ketones. In addition, the amination of pharmaceuticals, bioactive compounds and nat-
ural products has been demonstrated. The functional groups we can tolerate, such as a C—C double bond
and an iodo substituent, are easily hydrogenated or aren’t resistant towards hydrogenolysis (benzyl
ether). The catalyst has been used five times consecutively without a loss of activity and upscaling is
smoothly accomplished with yields similar to the small-scale experiments. The combination Ni-NPs
stabilized by an N-doped carbon layer and an acidic support might be the key to the observed activ-

ity/selectivity, the long-term stability, and the very convenient handling of the catalyst.

5.4 Methods

Catalyst preparation

A solution of 162 mg of complex I (0.355 mmol; 20.8 mg of Ni) in 6 mL acetonitrile was added to
500 mg y-Al,O3 and the suspension was stirred vigorously for 5 min. After evaporation of the solvent at
110 °C, the impregnated sample was pyrolyzed under N and finally reduced by a N./H, mixture with
the following program:

RT 2°/M0 300 °C (dwelling time: 0.5 h) "%/ 700 °C (dwelling time: 0.5 h) 22°%/™".,
2 2 2
o 5°C/min ° . . . 20 °C/min
100 °C /i, 550 °C (dwelling time: 3.0 h) N/, RT

Reductive amination of carbonyl compounds - general procedure

A 5-mL reaction vial was charged with a magnetic stirring bar, 0.5 mmol carbonyl compound, 0.5 mL

25% aqueous NHsz (6.7 mmol), 2 mL H.O and 12 mg Ni/Al;Os catalyst (3.5 wt% Ni, 0.42 mg Ni,

0.007 mmol Ni, 1.4 mol% Ni). The vial was placed in a 250 mL high-pressure autoclave (Parr Instru-

ments) which was flushed three times with 2 MPa hydrogen. After pressurizing the autoclave with the

desired pressure of typically 1 MPa, the reaction was stirred for 20 h at 80 °C. The autoclave was cooled
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to room temperature and the hydrogen was released. The catalyst was removed by centrifugation and
the aqueous layer was extracted several times using ethyl acetate. The organic phases were combined,
dried over Na;SOs, filtered and the solvent was removed under reduced pressure. The crude product was
purified by column chromatography, using silica gel and a mixture of ethyl acetate and methanol as
eluent, to yield the primary amine. This was converted to the corresponding hydrochloride salt by adding
0.7 mmol of HCI in ether and was further analyzed by *H and *C NMR spectroscopy (Supplementary
Fig. 12-57). High-resolution mass spectroscopy was carried out for products with incomplete spectro-

scopic literature data (Supplementary Fig. 58-60)
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5.6 Supporting Information

5.6.1 Supplementary Tables

Supplementary Table 1: Solvent screening for the model substrate benzaldehyde.

o Ni/Al,O3 NH, OH
! +H, P
©) *NHy o ©) + ©) + OAN&E)
a b c
Solvent [2.3 mL] Yield [%]
a b c
H0 54 0 0
EtOH 47 11 39
diglyme 0 3 33
THF 0 5 25
toluene 0 0 39

Reaction conditions: 1.2 mol% Ni (10 mg Ni/Al20s, 3.5 wt% Ni, 0.006 mmol Ni, 0.35 mg Ni), 0.5 mmol benzaldehyde, 80 °C,
1 MPa Hz, 0.2 mL ag. NHs 25 % (2.7 mmol), 20 h. Yields were determined by GC using n-dodecane as an internal standard.

Supplementary Table 2: Screening of different ammonia solutions.

Ni/Al,O5

o NH,
| +H,
-H,0

Ammonia solution Yield [%]

NH; in water 26
NHs in EtOH 0
NHs in dioxane 0

Reaction conditions: 1.2 mol% Ni (10 mg Ni/Al20s3, 3.5 wt% Ni, 0.006 mmol Ni, 0.35 mg Ni), 0.5 mmol benzaldehyde, 2.5 mL
ammonia solution (0.5 M, 1.25 mmol); 80 °C, 1 MPa Hz, 20 h. Yields were determined by GC using n-dodecane as an internal

standard.
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Supplementary Table 3: Screening of the NHs amount for the model substrate benzaldehyde.

(0}

|
©) + NHj3

ag. NHs 25 %

Ni/Al,O5 NH,
+ H,
—_—
-H,0
Yield [%]

0.04 mL (0.5 mmol) 19
0.10 mL (1.3 mmol) 26
0.20 mL (2.7 mmol) 54
0.50 mL (6.7 mmol) 78
1.00 mL (13.4 mmol) 68
250mL (334 mmol) O

Reaction conditions: 1.2 mol% Ni (10 mg Ni/Al20s, 3.5 wt% Ni, 0.006 mmol Ni, 0.35 mg Ni), 0.5 mmol benzaldehyde, 80 °C,
1 MPa Hz, 20 h. The reaction mixture was filled up with H20 to an absolute volume of 2.5 mL. Yields were determined by GC

using n-dodecane as an internal standard.

Supplementary Table 4: Screening of the metal loading of the catalyst.

(0]
|
+ NH3

Ni/Al,O4

NH,
+H,
—
-H,0

Theoretical wt% of Ni Yield [%]
1 wit% 0

4 wt% (ICP: 3.5 wt%) 78

8 wt% 64

Reaction conditions: 1.2 mol% Ni (0.006 mmol Ni, 0.35 mg Ni), 0.5 mmol benzaldehyde, 0.5 mL agq. NHs 25 % (6.7 mmol),
2.0 mL H20, 80 °C, 1 MPa Hz, 20 h. Yields were determined by GC using n-dodecane as an internal standard.

Supplementary Table 5: Screening of the hydrogen pressure.

o) Ni/Al,O5 NH,

©)J\R + NH; % R

R Catalyst loading H, pressure  Reaction  Yield [%0]
[mol%] [MPa] time [h]

CH,l 2.8 1.0 20 92
CH;M 8.6 0.1 48 18
1l 1.4 1.0 20 99
HIbI 8.6 0.1 48 6

Reaction conditions: 0.5 mmol substrate, 80 °C; [a] 1.0 mL ag. NHs 25 % (13.4 mmol), 1.5 mL H20, 20 h for acetophe-
none; 0.5 mL ag. NHs 25 % (6.7 mmol), 2 mL H20, 20 h for benzaldehyde; [b] 1.0 mL ag. NHs 25 % (13.4 mmol), 1.5 mL
H20, 48 h, for acetophenone; 0.5 mL ag. NHs 25 % (6.7 mmol), 2 mL H-0, 48 h for benzaldehyde.
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Supplementary Table 6: Up-scaling of the reaction.

o Ni/Al,O3 NH,
, 1 MPa Hj, 80 °C N ,
| X R% + NH, > | R
Ve -H,0 2
R’ R’
10 mmol
Entry Product Isolated Yield [g] Yield
[%]
1 NH, 1538 86
cl
2 NH2 1.317 84

Reaction conditions: entry 1, 240 mg Ni/Al20s (3.5 wt%, 1.4 mol%), 10 mmol aldehyde, 10 mL ag. NHs 25 % (0.13 mol), 40
mL H20, 20 h, 1 MPa Ha, 80 °C; entry 2, 480 mg Ni/Al20z (3.5 wt%, 2.8 mol%), 10 mmol ketone, 20 mL ag. NH3 25 %
(0.27 mol), 30 mL H20, 20 h, 1.0 MPa H, 80 °C. Yields are of isolated products.

5.6.2 Supplementary Notes

Supplementary Note 1: ICP-OES
Theoretical Ni content: 4.0 wt%

Measured Ni content; 3.5 wt%

Supplementary Note 2: Reusability

The reductive hydrogenation of benzaldehyde with agueous ammonia was chosen to investigate the
recyclability of the novel nickel nanocomposite catalyst. For this study, the optimized reaction condi-
tions were used. The yield of benzylamine was determined by GC using n-dodecane as an internal stand-
ard. After each run, the catalyst was centrifuged, washed several times with ethyl acetate, dried and was
used directly in the subsequently run. This procedure was done for 5 runs without any decrease of ac-

tivity (see Supplementary Fig. 11).

Supplementary Note 3: Leaching experiment

To demonstrate, that our catalyst does not form homogeneous species during the catalysis, a hot filtration
test was performed. A 5-mL reaction vial was charged with a magnetic stirring bar, 0.5 mmol benzalde-
hyde, 0.5 mL 25 % aqueous NH3 (6.7 mmol), 2 mL H,O and 10 mg Ni/Alz0s (1.2 mol% Ni, 3.5 wt% Ni,
0.006 mmol Ni, 0.35 mg Ni), The vial was placed in a 250 mL high-pressure autoclave (Parr Instruments)
which was flushed three times with 2 MPa hydrogen. After pressurizing the autoclave with 1 MPa, the
reaction was stirred at 80 °C. When 56 % yield of benzylamine were generated, the hot catalytic mixture

was filtered to remove the catalyst. Afterwards, 0.5 mmol benzalydehyde were added to the filtrate and
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the mixture was stirred at the catalytic conditions mentioned above. The filtrate did not show any activity
and the desired product benzylamine was not generated, only the coupling product N-benzylideneben-

zylamine could be detected.

Supplementary Note 4: Up-Scaling of the reaction

For the up-scaling reactions 4-chlorobenzaldehyde and acetophenone were used as representative sub-
strates for carbonyl compounds. The optimized reaction conditions were scaled up for 20 mmol sub-
strate. For the aldehyde, 240 mg Ni/Al>Os (3.5 wt%, 1.4 mol%), 10 mL ag. NHs; 25 % (0.13 mol), 40
mL H;0, 20 h, 1 MPa H,, 80 °C and for the ketone, 480 mg Ni/Al-Os (3.5 wt%, 2.8 mol%), 20 mL aq.
NH; 25 % (0.27 mol), 30 mL H,0, 20 h, 1 MPa H, 80 °C were used. The reaction was performed in a
50 mL glass vial equipped with a magnetic stirring bar. This vial was placed in a 250 mL high-pressure
autoclave (Parr Instruments) and the autoclave was flushes three times with 2.0 MPa hydrogen. After
pressurizing the autoclave with the desired pressure of typically 1 MPa, the reaction was stirred for 20 h
at 80 °C. The autoclave was cooled to room temperature and the hydrogen was released. The workup
was identical to the 0.5 mmol reactions (see Supplementary Table 6).

5.6.3 Supplementary Methods

5.6.3.1 General considerations

Air- and moisture sensitive reactions were carried out under dry argon or nitrogen using standard
Schlenk or glove box techniques. Solvents were dried and distilled from sodium benzophenone, stored
over molecular sieves (3 A) before use or were obtained from Acros. All chemicals were purchased
from commercial sources with purity over 95 % and used without further purification. y-Al.Os; was pur-
chased from Alfa Aesar and used without further purification.

NMR-Spectra were collected on Varian INOVA 300 (300 MHz for *H, 75 MHz for *C) or Bruker
Avance I11 HD 500 (500 MHz for H, 125.7 MHz for *3C) instruments at 298 K. Chemical shifts are
reported in ppm relative to the residual solvent signal (CDCls: 7.26 ppm (*H), 77.16 ppm (**C); DMSO-
Ds: 2.50 ppm (*H), 39.51 ppm (*3C)). Coupling constants (J) are reported in Hz (coupling patterns: d =
doublet, t = triplet, g = quartet, sxt = sextet, spt = septet, m = multiplet).

GC analyses were carried out on an Agilent 6850 GC system equipped with an Optima 17 column
(30 m x 0.32 mm x 0.25 um). N-dodecane was used as internal standard.

GC-MS analyses were carried out on an Agilent 7890A GC system equipped with a HP-5MS column
(30 m x 0.32 mm x 0.25 um) and a 5975C inert MSD detector (El, 70 eV).

High resolution mass spectra (HRMS) were obtained from a Thermo Scientific Q-Exactive (Orbitrap)
instrument in ESI+ mode.

Transmission electron microscopy (TEM) was carried out by using a LEO 9220 (200 kV) instrument
and a JEOL JEM 2200FS (200 kV). The sample was suspended in chloroform and sonicated for 5 min.
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Subsequently 2 pL of the suspended sample was placed on a CF200-Cu-grid or a LC200-Cu-grid (Elec-
tron Microscopy Sciences) and allowed to dry.

A TEM/STEM (ARM200F, JEOL, Japan) equipped with EDX detector (JEOL) and an energy filter
(GATAN) was used for the High-angle annular dark-field scanning transmission electron (HAADF-
STEM) imaging and elemental mapping of the specimen. Data acquisition was done with following
parameters: HAADF-STEM collection angle 68-280 mrad, image size 1024x1024 pixels, pixel size
0.47 nm, dwell time 20 ps, probe current 140 pA. EDX-mapping image size 128x128 pixels, pixel size
3.8 nm, pixel dwell time 1 ms, 10 sweeps integrated, probe current 1000 pA. EELS spectrum image
collection angle 111 mrad, electron probe convergence semi-angle 20-30 mrad, image size 76X71 pix-
els, pixel size 0.23 nm, pixel dwell time 50 ms. The energy dispersion of the spectrometer was set to
0.25 eV/ channel and the elemental maps were collected in three different energy regions to cover all
elements of interest. In addition, a spectrum image at the zero-loss regime was collected for the calcu-
lation of the inelastic mean free path length of the sampled area, resulting in a value of the relative
thickness 0.41 IMFP (SD=0.07).

Data processing and analysis of EDX mapping was conducted with JEOL Analysis Station v.3,8,0,34.
Elemental peaks were identified and their areas integrated in an automatic manner to produce the ele-
mental maps presented here.

For EELS-mapping, Gatan Digital Micrograph v2.1.1- software equipped with EELS Analysis-plugin
v2.1.1 was used for the background subtraction and the production of elemental maps. The appropriate
pre-edge area was manually chosen so that the real-time fit of the Power-law background model was
fitting well the pre-edge background based on the visual inspection. After the automatic calculation of
the elemental maps for each of the elements, they were manually aligned using the Stack Averager-
pluging v2.0 for Digital Micrograph created by D.R.G. Mitchel.

X-ray powder diffractograms were received by a X’Pert MPD Pro (PANalytical, Almelo, NL, CuKa-
radiation, 1.54178 A) in Bragg-Brentano-geometry and with a X’Celerator detector.

Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements were carried out
by using a Vista-pro radical model from Varian.

For XPS (X-ray photoelectron spectroscopy) measurements the samples were prepared on a carbon tape.
The measurement were carried out by using a Specs Phoibos 150 R6 with HAS 3500 and MCD-9 de-
tector. The excitation was managed by a Specs focus 500 monochromator equipped with a XR50M X-
ray tube (Al-anode, 13 KV, 200 W). For the detail spectra a pass energy of 15 eV (10 scans, 0.075 eV
increment, 0.5 s dwelling time) was used. The spectra were calibrated on Cys with a binding energy of
284.8 eV. Charge compensation was carried out by a flood gun.

N> physisorption measurements were determined at -196 °C using a Nova2000e (Quantachrome) appa-
ratus. The specific surface areas were calculated using p/po values from 0.05-0.31 (BET). The pore width
and average pore volume were calculated by DFT calculations [N at -196.15 °C on carbon (cylindrical

pore, NLDFT equilibrium model)].
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Pyrolysis and Reduction were carried out under nitrogen atmosphere and forming gas (90/10) in a high
temperature furnace (EHA 12/450B200, Carbolite) or alternative using ChemBET.

Hydrogen chemisorption measurements were carried out by using a ChemBET Pulsar TPR/TPD instru-
ment from Quantachrome.

Magnetic measurements of the compounds were carried out using a SQUID MPMS-XL5 from Quantum
Design with the field range of -3 to 3 T in hysteresis mode. The sample was prepared in a gelatine
capsule held in a plastic straw under protective atmosphere. The raw data were corrected for the dia-
magnetic part of the sample holder.

Macherey Nagel silica gel 60 (40-63 um particle size) was used for column chromatography. All com-
pounds were characterized by *H and *C NMR analyses. The conversion of achiral and chiral ketones
gave the corresponding enantiomeric and diastereomeric mixtures of the primary amines, respectively.

Compounds with incomplete spectroscopic literature data were further analyzed via HRMS.

5.6.3.2 Synthesis of the Ni salen complex |

Q The Ni salen complex | was synthesized according to literature in a two step pro-
[1]
N e cedure.
ng“'\ob First, the ligand was synthesized. 3.04 g (20 mmol, 2 eq) o-vanillin were dissolved
o OH, g in 50 mL ethanol and 1.32 mL (11 mmol, 1.1 eq) (£)-trans-1,2-diaminocyclohex-

ane were added. The solution was heated under reflux (oil bath 110 °C) for 1 h.
Ni salen complex | . .
After removal of the solvent under reduced pressure, the residue was recrystallized
in methanol to yield the product as a yellow crystalline powder (3.57 g, 85 %).
For the synthesis of the Ni salen complex I, the ligand (2.32 g, 6.0 mmol, 1 eq) was dissolved in 40 mL
methanol and a methanolic solution of 1.49 g Ni(OAc).:4H,0 (6.0 mmol, 1 eq) in 40 mL MeOH was
added. An orange-brown precipitate was formed during stirring for 2 h at room temperature, which was

separated by filtration.

5.6.3.3 Characterization of isolated products

p-tolylmethanaminium chloride (2°)

NH,*Cl

FW (CgH12CIN) = 157.64 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 = 8.52 (s, 3 H), 7.39 (d, J = 8.20 Hz, 2 H), 7.21 (d, J = 8.20 Hz, 2
H), 3.94 (q, J =5.86 Hz, 2 H), 2.30 (s, 3 H) ppm

13C NMR (75 MHz, DMSO-Dg): & = 137.68, 131.08, 129.03, 128.92, 41.83, 20.74 ppm.

Yield: 86 % (0.43 mmol, 68 mg) as an off white solid.
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m-tolylmethanaminium chloride (3°)F!

NHz*CI

FW (CgH12CIN) = 157.64 g mol*

'H NMR (300 MHz, DMSO-De): 6 = 8.47 (s, 3 H), 7.28-7.30 (m, 3 H), 7.18-7.20 (m, 1 H), 3.94-3.96
(m, 2 H), 2.31 (s, 3 H) ppm.

3C NMR (75 MHz, DMSO-Dg): 6 = 137.7, 133.99, 129.47, 128.95, 128.48, 125.93, 142.07, 20.94 ppm.
Yield: 85 % (0.43 mmol, 67 mg) as a white solid.

o-tolylmethanaminium chloride (4°)%

NHz*CI

FW (CgH1,CIN) = 157.64 g mol™*

IH NMR (300 MHz, DMSO-Dg): & = 8.41 (s, 3 H), 7.39-7.42 (m, 1 H), 7.21-7.28 (m, 3 H), 3.99 (q,
J=5.27 Hz, 2 H), 2.35 (s, 3 H) ppm.

13C NMR (75 MHz, DMSO-Dg): 6 = 136.64, 132.30, 130.31, 129.09, 128.47, 126.04, 18.79 ppm.
Yield: 99% (0.50 mmol, 79 mg) as a white solid.

(4-fluorophenyl)methanaminium chloride (5°)%!

NHg*Cl

F
FW (C;HoCIFN) = 161.60 g mol*

'H NMR (300 MHz, DMSO-Ds): & = 8.51 (s, 3H), 7.54-7.59 (m, 2 H), 7.23-7.28 (m, 2 H), 4.0 (q,
J=5.27 Hz, 2 H) ppm.

13C NMR (75 MHz, DMSO-Dg): 6 = 131.43, 131.30, 115.50, 115.22, 41.37 ppm.

Yield: 76 % (0.38 mmol, 62 mg) as a white solid.

(4-chlorophenyl)methanaminium chloride (6°)%?!

NH5*CI

Cl

FW (C7HsCI>N) = 178.06 g mol*

'H NMR (300 MHz, DMSO-Dg): & = 8.65 (s, 3 H), 7.56 (d, J = 8.20 Hz, 2 H), 7.47 (d, J = 8.20 Hz, 2
H), 3.95-4.05 (m, 2 H) ppm.

3C NMR (75 MHz, DMSO-Ds): 6 = 133.17, 133.07, 131.01, 128.45, 41.34 ppm.
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Yield: 82 % (0.41 mmol, 73 mg) as a white solid.

(3-chlorophenyl)methanaminium chloride (7°)

NH,*CI

Cl
FW (C7HsCl;N) = 178.06 g mol*
'H NMR (300 MHz, DMSO-Ds): 6 = 8.67 (s, 3 H), 7.65 (s, 1 H), 7.42-7.49 (m, 3 H), 4.03 (s, 2 H) ppm.
13C NMR (75 MHz, DMSO-Ds): & = 136.54, 133.01, 130.37, 128.89, 128.27, 127.73, 41.42 ppm.
Yield: 91 % (0.45 mmol, 81 mg) as a white solid.

(2-chlorophenyl)methanaminium chloride (8°)®!

NH,*Cl

Cl
FW (C7HsCI:N) = 178.06 g mol™
'H NMR (300 MHz, DMSO-Ds): & = 8.74 (s, 3 H), 7.66-7.69 (m, 1 H), 7.51-7.55 (m, 1H), 7.40-7.43
(m, 2 H), 4.11 (s, 2 H) ppm.
13C NMR (75 MHz, DMSO-Ds): 6 = 132.85, 131.65, 130.66, 130.30, 129.43, 127.46, 39.37 ppm.
Yield: 93 % (0.47 mmol, 83 mg) as a white solid.

(4-bromophenyl)methanaminium chloride (9°)%

NHz*CI

Br
FW (C;HoBrCIN) = 222.51 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 = 8.73 (s, 3 H), 7.59 (d, J = 8.21 Hz, 2 H), 7.50 (d, J = 8.21 Hz, 2
H), 3.98 (s, 2 H) ppm.

13C NMR (75 MHz, DMSO-Dg): & = 133.55, 131.36, 121.68, 41.42 ppm.

Yield: 94 % (0.47 mmol, 105 mg) as a white solid.

The spectroscopic data correspond to those reported in the literature.[*!]

(4-iodophenyl)methanaminium chloride (10°)

NHz*CI

|
FW (C7HsCIIN) = 269.51 g mol:
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'H NMR (300 MHz, DMSO-Dg): 6 = 8.65 (s, 3 H), 7.77 (d, J = 7.62 Hz, 2 H), 7.33 (d, J = 8.20 Hz, 2
H), 3.95 (s, 2 H) ppm.

13C NMR (75 MHz, DMSO-Dg): 6 = 137.21, 133.85, 131.30, 94.79, 41.54 ppm.

Yield: 80 % (0.40 mmol, 105 mg) as a white solid.

(4-methoxyphenyl)methanaminium chloride (11°)?

NHg*CI

o

FW (CsH12CINO) = 173.64 g mol™*

'H NMR (300 MHz, DMSO-De): 6 = 8.60 (s, 3 H), 7.45 (d, J = 8.20 Hz, 2 H), 6.93 (d, J = 8.20 Hz, 2
H), 3.90 (s, 2 H), 3.73 (s, 3H) ppm.

BC NMR (75 MHz, DMSO-Dg): § = 159.23, 130.57, 125.95, 113.80, 55.18, 41.54 ppm.

Yield: 82 % (0.41 mmol, 71 mg) as a white solid.

benzo[d][1,3]dioxol-5-ylmethanaminium chloride (12°)%!

NHz*Cl
o)

<

(e]
FW (CgH10CINO,) = 187.62 g mol*
'H NMR (300 MHz, DMSO-Dg): 8 =8.59 (s, 3 H), 7.16 (s, 1 H), 6.89-6.99 (m, 2 H), 6.02 (s, 2 H), 3.90-
3.88 (m, 2 H) ppm.
13C NMR (75 MHz, DMSO-Dg): 6 = 147.19, 127.67, 122.88, 109.53, 108.16, 101.17, 41.89 ppm.
Yield: 75 % (0.37 mmol, 70 mg) as a white solid.

(4-(dimethylamino)phenyl)methanaminium chloride (13°)%!

NHz*CrI

>N

|
FW (C9H15N,Cl) = 186.68 g mol*
'H NMR (300 MHz, DMSO-Ds): 6 = 8.73 (s, 3H), 7.65-7.71 (m, 4 H), 4.03-4.01 (m, 2H), 3.07 (s, 6
H) ppm.
13C NMR (75 MHz, DMSO-Ds): & = 131.81, 130.59, 119.84, 44.71, 41.43 ppm.
Yield: 99 % (0.49 mmol, 92 mg) as a white solid.
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(4-acetamidophenyl)methanaminium chloride (14°)"
NHz*CI
0

Ay

N
FW (CgH13CIN20) = 200.67 g mol™

'H NMR (300 MHz, DMSO-Dg): 6 = 10.29 (s, 1 H), 8.49 (s, 3 H), 7.63 (d, J = 8.20 Hz, 2 H), 7.41 (d,
J=8.20 Hz, 2 H), 3.92 (q, J = 5.85 Hz, 2 H), 2.05 (s, 3 H) ppm.

3C NMR (75 MHz, DMSO-Ds): 6 = 168.50, 139.56, 129.50, 128.31, 118.84, 41.78, 24.01 ppm.
Yield: 79 % (0.39 mmol, 79 mg) as a yellow/white solid.

(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanaminium chloride (15°)!

NH3*CI

FW (C13H2:BCINO,) = 269.58 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 = 8.62 (s, 3 H), 7.69 (d, J = 7.61 Hz, 2 H), 7.51 (d, J = 8.20 Hz, 2
H), 4.02 (s, 2 H), 1.29 (s, 12 H) ppm.

3C NMR (75 MHz, DMSO-De): 6 = 137.32, 134.51, 128.28, 83.74, 42.01, 24.65 ppm.

Yield: 86 % (0.43 mmol, 116 mg) as an off white solid.

(4-(benzyloxy)phenyl)methanaminium chloride (16°)®

NH,*CI

e

FW (C14H16CINO) = 249.74 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 = 8.44 (s, 3 H), 7.32-7.45 (m, 7 H), 7.04 (d, J = 8.20 Hz, 2 H), 5.13
(s, 2 H), 3.92-3.91 (m, 2 H) ppm.

13C NMR (75 MHz, DMSO-Dg): 6 = 158.31, 136.93, 130.53, 128.42, 127.81, 127.60, 126.21, 114.81,
69.14, 41.60 ppm.

Yield: 82 % (0.41 mmol, 103 mg) as an off white solid.

(E)-(4-styrylphenyl)methanaminium chloride (17°)®

NHz*CI
S5

FW (C15H16C|N) =245.75 g mol‘l
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'H NMR (500 MHz, DMSO-Dg): 6 = 8.56 (s, 3 H), 7.65-7.60 (m, 4 H), 7.51 (d, J = 8.24 Hz, 2 H), 7.38
(m, 3H),7.29 (d, J = 6.41 Hz, 2 H), 4.00 (g, J = 5.80 Hz, 2 H) ppm.

13C NMR (125.7 MHz, DMSO-Dg): 6 = 137.16, 136.88, 133.36, 129.39, 129.01, 128.84, 128.76, 127.82,
127.77, 126.55, 41.87 ppm.

Yield: 60 % (0.30 mmol, 74 mg) as a yellow solid.

1-phenylethanaminium chloride (18°)%!

NH,*CI"

FW (CsH1.CIN) = 157.64 g mol*

'H NMR (300 MHz, DMSO-Ds): 6 = 8.67 (s, 3 H), 7.50-7.57 (m, 2 H), 7.31-7.45 (m, 3 H), 4.30-4.40
(m, 1 H), 1.52 (d, J = 6.44 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Ds): & = 139.48, 128.65, 128.30, 126.83, 49.98, 20.83 ppm.

Yield: 92 % (0.46 mmol, 72 mg) as a white solid.

1-phenylpropan-1-aminium chloride (19°)F!

NH,*CI"

FW (CoH1,CIN) = 171.68 g mol™

'H NMR (300 MHz, DMSO-Ds): § = 8.73 (s, 3 H), 7.51-7.54 (m, 2 H), 7.37-7.43 (m, 3 H), 4.05-4.15
(m, 1 H), 2.01-2.05 (m, 1 H), 1.79-1.85 (m, 1 H), 0.70-0.75 (t, J = 7.62 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO0-Dg): 6 = 137.80, 128.59, 128.37, 127.52, 55.82, 27.47, 10.00 ppm.

Yield: 96 % (0.48 mmol, 83 mg) as a white solid.

1-(p-tolyl)ethanaminium chloride (21°)F!

NH;*CI

FW (CyH14CIN) = 171.68 g mol*

IH NMR (300 MHz, DMSO-Ds): § = 8.72 (s, 3 H), 7.43 (d, J = 7.62 Hz, 2 H), 7.20 (d, J = 8.20 Hz, 2
H), 4.26-4.34 (m, 1 H), 2.28 (s, 3 H), 1.50 (d, J = 7.03 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Dg): 6 = 137.54, 136.55, 129.11, 126.85, 49.81, 20.86, 20.73 ppm.

Yield: 80 % (0.40 mmol, 68 mg) as a white solid.
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1-(3,4-dimethylphenyl)ethanaminium chloride (22°)1

NH5*CI

FW (C1oH16CIN) = 185.69 g mol™*

'H NMR (300 MHz, DMSO-Dg): § = 8.63 (s, 3 H), 7.29 (s, 1 H), 7.14-7.25 (m, 2 H), 7.15 (d, J = 6.0
Hz, 1 H), 4.21-4.29 (m, 1H), 2.21 (d, J = 3.51 Hz, 6 H), 1.49 (d, J = 6.45 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Dg): & = 136.84, 136.34, 136.26, 129.61, 127.93, 124.12, 49.76, 20.82,
19.46, 19.05 ppm.

Yield: 79 % (0.39 mmol, 73 mg) as a white solid.

2,3-dihydro-1H-inden-1-aminium chloride (23°)%!

NH3*CI

FW (CoH12CIN) = 169.65 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 =8.77 (s, 3 H), 7.70-7.72 (m, 1 H), 7.27-7.31 (m, 3 H), 4.66 (s, 1H),
3.05-3.07 (m, 1 H), 2.85-2.88 (m, 1 H), 2.43-2.48 (m, 1 H), 2.04-2.06 (m, 1 H) ppm.

13C NMR (75 MHz, DMSO-Dg): & = 143.91, 139.44, 128.82, 126.51, 125.17, 124.77, 54.51, 30.28,
29.84 ppm.

Yield: 88 % (0.44 mmol, 75 mg) as an off white solid.

diphenylmethanaminium chloride (24°)14

NHg*CI

FW (C13H14CIN) = 219.71 g mol*

'H NMR (300 MHz, DMSO-Ds): 6 = 9.32 (s, 3 H), 7.57-7.60 (m, 4 H), 7.33-7.43 (m, 6 H), 5.60-5.62
(m, 1 H) ppm.

13C NMR (75 MHz, DMSO-Dg): 6 = 138.46, 128.71, 128.21, 127.40, 57.10 ppm.

Yield: 76 % (0.38 mmol, 83 mg) as a white solid.

1-(4-fluorophenyl)ethanaminium chloride (25°)!

NHg*Cl

F
FW (CgH1:CIFN) = 175.63 g mol™*
'H NMR (300 MHz, DMSO-Ds): 6 = 8.75 (s, 3 H), 7.60-7.64 (m, 2 H), 7.21-7.27 (m, 2 H), 4.38-4.41
(m, 1H), 1.52 (d, J = 7.03, 3 H) ppm.
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3C NMR (75 MHz, DMSO-Dg): 6 = 163.51, 160.28, 135.77, 129.20, 115.54, 115.25, 49.34, 20.77 ppm.
Yield: 81% (0.41 mmol, 71 mg) as an off white solid.

1-(4-chlorophenyl)ethanaminium chloride (26°)

NH,*CI

Cl

FW (CsH11CI2N) = 192.09 g mol™*

'H NMR (300 MHz, DMSO-Ds): 6 =8.75 (s, 3H), 7.59 (d, J = 8.79, 2 H), 7.48 (d, J = 8.79, 2 H), 4.35-
4.45 (m, 1H), 1.51 (d, J = 7.03, 3 H) ppm.

13C NMR (75 MHz, DMSO-Dg): & = 138.44, 132.92, 128.95, 128.57, 49.32, 20.65 ppm.

Yield: 60 % (0.30 mmol, 58 mg) as a white solid.

1-(4-methoxyphenyl)ethanaminium chloride (27°)®!

NHg*CI

o

FW (CgH14CINO) = 187.67 g mol™

'H NMR (300 MHz, DMSO-Ds): & = 8.66 (s, 3 H), 7.48 (d, J =8.78 Hz, 2 H), 6.95 (d, J = 8.78 Hz, 2
H), 4.26-4.34 (m, 3 H), 1.50 (d, J = 7.13 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Dg): & = 159.18, 131.43, 128.33, 113.94, 55.23, 49.52, 20.79 ppm.

Yield: 99 % (0.49 mmol, 93 mg) as a white solid.

1-(4-methoxyphenyl)propan-1-aminium chloride (28°)!

NHg*CI

o

FW (C1oH16CINO) = 201.69 g mol*

IH NMR (300 MHz, DMSO-Ds): & = 8.61 (s, 3H), 7.45 (d, J = 8.78 Hz, 2 H), 6.97 (d, J = 8.78 Hz, 2
H), 4.00-4.02 (m, 1 H), 3.76 (s, 3 H), 1.97-2.03 (m, 1 H), 1.76-1.81 (m, 1H), 0.70-0.75 (m, 3 H) ppm.
13C NMR (75 MHz, DMSO0-Dg): 6 = 159.23, 129.60, 128.89, 113.96, 55.36, 55.18, 27.39, 10.11 ppm.
Yield: 83 % (0.42 mmol, 84 mg) as a white solid.

2-methoxy-1,2-diphenylethanaminium chloride (29°) (diastereomeric mixture)*?!

J X

FW (C15H18C|NO) =263.76 g mol*
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'H NMR (300 MHz, DMSO-Dg): & = 8.96 (s, 3 H), 7.06-7.38 (m, 10 H), 5.05 (d, J = 3.51 Hz, 0.5 H),
4.72 (d, J=9.96 Hz, 0.5 H), 4.38-4.42 (m, 1 H), 3.21 (d, J = 3.51, 3 H) ppm.

13C NMR (75 MHz, DMSO-Dg): 6 = 136.58, 134.58, 129.00, 128.59, 128.27, 127.83, 127.83, 127.66,
126.82, 84.13, 82.13, 59.33, 58.89, 57.04, 56.13 ppm.

Yield: 91 % (0.45 mmol, 120 mg) as a white solid.

1-(4-acetamidophenyl)ethanaminium chloride (30°)!**!
NHg*CF
0

Ay

N
FW (C1oH15CIN2O) = 214.69 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 = 10.29 (s, 1 H), 8.58 (s, 3 H), 7.63 (d, J = 8.20 Hz, 2 H), 7.44 (d,
J=8.20 Hz, 2 H), 4.28-4.31 (m, 1 H), 2.04 (s, 3 H), 1.49 (d, J = 6.45 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Ds): 6 = 168.47, 139.44, 133.64, 127.29, 118.96, 49.61, 23.99, 20.60 ppm.
Yield: 81 % (0.41 mmol, 87 mg) as a white solid.

1-(4-(methylsulfonyl)phenyl)ethanaminium chloride (31°)!

NH,*CIr

\Y
A
O

FW (CoH14CINO,S) = 235.73 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 = 8.93 (s, 3 H), 7.97 (d, J = 8.20 Hz, 2 H), 7.85 (d, J = 8.20 Hz, 2
H), 4.51-4.55 (m, 1 H), 3.24 (s, 3 H), 1.55 (d, J = 6.45 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Ds): & = 145.16, 140.64, 128.05, 127.31, 49.60, 43.43, 20.74 ppm.

Yield: 93 % (0.47 mmol, 110 mg) as an off white solid.

1-(pyridin-4-yl)ethanaminium chloride (33°)14
NHz*CI

| X

N~

FW (C7H12CIN;) = 158.63 g mol*

'H NMR (300 MHz, DMSO-Dg): & = 8.89 (s, 3 H), 8.59-8.63 (m, 2 H), 7.56-7.58 (m, 2 H), 4.41 (q,
J=6.44 Hz, 1 H), 1.52 (d, J = 7.03 Hz, 3 H) ppm.

3C NMR (75 MHz, DMSO-Ds): 6 = 157.55, 142.78, 125.05, 49.14, 20.18 ppm.

Yield: 95 % (0.47 mmol, 75 mg) as a white solid.

pentan-1-aminium chloride (35°)%

o~ UNHg'Cr
78



General synthesis of primary amines via reductive amination employing a reusable nickel catalyst

FW (CsH14CIN) = 123.62 g mol*

'H NMR (300 MHz, DMSO-Ds): 6 = 8.12 (s, 3 H), 2.67-2.77 (m, 2 H), 1.51-1.60 (m, 2 H), 1.27-1.29
(m, 4 H), 0.86 (t, J = 6.5 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Dg): & = 38.61, 27.99, 26.56, 21.63, 13.74 ppm.

Yield: 66 % (0.33 mmol, 41 mg) as a white solid.

dodecan-1-aminium chloride (37°)™

NS S LL )

FW (C12H2sCIN) = 221.81 g mol™*

IH NMR (300 MHz, DMSO-Ds): & = 8.14 (s, 3 H), 2.7-2.80 (m, 2 H), 1.50-1.65 (m, 2 H), 1.20-1.35 (m,
18 H), 0.85-0.90 (m, 3 H) ppm.

13C NMR (75 MHz, DMSO-Ds): & = 38.67, 31.30, 29.06, 29.03, 28.95, 28.86, 28.72, 28.57, 26.89,
25.90, 22.10, 13.92 ppm.

Yield: 98 % (0.49 mmol, 110 mg) as a white solid.

(R)-3,7-dimethyloct-6-en-1-aminium chloride (38°)™*°

)\/\/‘\/\ NH3+C|_

FW (C10H2.CIN) = 191.74 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 = 8.13 (s, 3 H), 5.07 (t, J = 7.03 Hz, 1 H), 2.68-2.79 (m, 2 H), 1.98-
1.89 (m, 2 H), 1.63 (s, 3 H), 1.56 (s, 3 H), 1.51-1.07 (m, 5 H), 0.85 (d, J = 6.45 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Ds): & = 130.63, 124.41, 36.89, 36.31, 33.77, 29.44, 25.50, 24.79, 19.06,
17.54 ppm.

Yield: 87 % (0.43 mmol, 83 mg) as a white solid.

4-methylpentan-2-aminium chloride (39°)1°!

)\)NE,*CI'

FW (C¢H1sCIN) = 137.65 g mol*

IH NMR (300 MHz, DMSO-Dg): 8 = 8.10 (s, 3 H), 3.14 (q, J = 6.44 Hz, 1 H), 1.60-1.74 (m, 1 H), 1.43-
1.50 (m, 1 H), 1.23-1.35 (m, 2 H), 1.18 (d, J = 6.44 Hz, 3 H), 0.86 (dd, J = 11.72, 6.44 Hz, 6 H) ppm.
13C NMR (75 MHz, DMSO-Dg): & = 44.97, 43.23, 23.78, 22.83, 21.73, 18.32 ppm.

Yield: 78 % (0.39 mmol, 54 mg) as a white solid.

heptan-4-aminium chloride (40°)™"!

NH5*CI

FW (C7H18C|N) =151.68 g mol‘l
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'H NMR (300 MHz, DMSO-Dg): & = 7.98 (s, 3 H), 3.00-3.06 (m, 1 H), 1.34-1.51 (m, 8 H), 0.87 (t,
J =7.03 Hz, 6 H) ppm.

13C NMR (75 MHz, DMSO-Dg): § = 50.21, 34.12, 17.80, 13.77 ppm.

Yield: 76 % (0.38 mmol, 58 mg) as a white solid.

octan-2-aminium chloride (41°)[

NH5*CI

FW (CsH20CIN) = 165.70 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 = 8.13 (s, 3 H), 3.00-3.15 (m, 1 H), 1.20-1.65 (m, 10 H), 1.87 (d,
J=6.44 Hz, 3 H), 0.80-0.90 (m, 3 H) ppm.

13C NMR (75 MHz, DMSO-Ds): 6 = 46.70, 34.02, 31.04, 28.42, 24.71, 21.96, 18.03, 13.89 ppm.
Yield: 92 % (0.46 mmol, 76 mg) as an off white solid.

dodecan-2-aminium chloride (42°)8

NH5*CI-

FW (C12H2sCIN) = 221.81 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 = 8.21 (s, 3 H), 2.95-3.15 (m, 1 H), 1.18-1.70 (m, 18 H), 1.17 (d,
J =6.44 Hz, 3 H), 0.78-0.88 (m, 3 H) ppm.

13C NMR (75 MHz, DMSO-Dg): & = 46.74, 34.00, 31.32, 29.03, 29.00, 28.91, 28.83, 28.74, 24.85,
22.12,17.95, 13.89 ppm.

Yield: 85 % (0.42 mmol, 94 mg) as a white solid.

cyclohexanaminium chloride (44°)!

NHz*CI

FW (CsH14CIN) = 135.64g mol*

'H NMR (300 MHz, DMSO-Dg): 6 = 8.06 (s, 3 H), 2.89-2.92 (m, 1 H), 1.06-1.93 (m, 10 H) ppm.
13C NMR (75 MHz, DMSO-Dg): § = 49.24, 30.23, 24.60, 23.73 ppm.

Yield: 99 % (0.49 mmol, 67 mg) as a white solid.

cyclododecanaminium chloride (45°)1

NH*CI

FW (C12H2CIN) = 219.79 g mol:

IH NMR (300 MHz, DMSO-Dg): 8 = 8.06 (s, 3 H), 3.08-3.17 (m, 1 H), 1.30-1.63 (m, 23 H) ppm.
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13C NMR (75 MHz, DMSO-Dg): 6 = 47.78, 27.56, 23.50, 23.21, 22.77, 20.27 ppm.
Yield: 71 % (0.36 mmol, 78 mg) as a white solid.

adamantan-2-aminium chloride (46°)%!

&

FW (C1oH1sCIN) = 187.71 g mol*

'H NMR (300 MHz, DMSO-Dg): 6 =8.39 (s, 3 H), 3.15-3.20 (m, 1 H), 1.48-2.09 (m, 14 H) ppm.
13C NMR (75 MHz, DMSO-Dg): & = 54.63, 36.84, 36.12, 29.87, 29.45, 26.39 ppm.

Yield: 93% (0.46 mmol, 87 mg) as a white solid.

NHg*CI

4-(6-methoxynaphthalen-2-yl)butan-2-aminium chloride (47°)®

o

NH5*CI
FW (C1oH16CINO) = 265.78 g mol*
'H NMR (300 MHz, DMSO-Dg): 6 = 8.22 (s, 3 H), 7.76 (d, J = 9.38 Hz, 2 H), 7.64 (s, 1 H), 7.33-7.39
(m, 1 H),7.28 (s, 1 H), 7.13 (dd, J =8.79 Hz, 1.75 Hz, 1 H), 3.85 (s, 3 H), 3.12-3.19 (m, 1H), 2.71-2.87
(m, 2 H), 1.75-2.09 (m, 2 H), 1.27 (d, J = 6.44 Hz, 3 H) ppm.
13C NMR (75 MHz, DMSO-Dg): 6 = 157.31, 136.54, 133.28, 129.27, 129.04, 128.03, 127.34, 126.43,
119.09, 106.26, 55.61, 46.89, 36.27, 31.26, 18.57 ppm.
Yield: 87 % (0.43 mmol, 115 mg) as a white solid.

4-(4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)butan-1-aminium chloride

(48°) (diastereomeric mixture)

Cl
OH
NHz*CI
/@/K/\/N
F

FW (C21H27Cl:FN,0) = 413.36 g mol*

IH NMR (300 MHz, DMSO-Dg): & = 11.18 (s, 1H), 8.85 (s, 1 H), 7.27-8.07 (m, 8 H), 5.67 (s, 1 H),
3.16-3.40 (m, 9 H), 2.07-2.09 (m, 2 H), 1.76-1.80 (m, 4 H) ppm.

13C NMR (75 MHz, DMSO-De): & = 197.78, 147.56, 133.66, 131.89, 131.45, 131.31, 128.49, 127.12,
116.34, 116.05, 68.54, 55.80, 53.45, 48.73, 35.89, 35.26, 18.40 ppm.

Yield: 94 % (0.23 mmol, 97 mg) as a white solid.
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1-(2-methoxyphenyl)propan-2-aminium chloride (49°)[®

NH3*CI
L

|
FW (C1oH16NO) = 201.69 g mol*
'H NMR (300 MHz, DMSO-Ds): & = 8.34 (s, 3 H), 6.86-7.26 (m, 4 H), 3.77 (s, 3 H), 3.34-3.41 (m, 1
H), 3.00-3.60 (m, 1 H), 2.67-2.74 (m, 1 H), 1.09 (d, J = 6.44 Hz, 3 H) ppm.
13C NMR (75 MHz, DMSO-Dg): & = 157.29, 130.91, 128.34, 124.67, 120.39, 110.92, 55.35, 46.73,
34.87, 17.63 ppm.
Yield: 82 % (0.41 mmol, 82 mg) as a red/white solid.

(8R,9S,13S,14S)-3-hydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclo-
penta[a]phenanthren-17-aminium chloride (50°) (diastereomeric mixture)t®

FW (C1sH26CINO) = 307.86 g mol*

'H NMR (500 MHz, DMSO-Ds): & = 9.09 (s, 1H), 8.20 (s, 1H), 7.03 (d, J = 8.24 Hz, 1 H), 6.49 (m, 2
H), 2.43 (s, 1H), 1.22-2.41 (m, 15 H), 0.81 (s, 1.5 H), 0.75 (s, 1.5 H) ppm.

3C NMR (125.7 MHz, DMSO-Ds): § = 155.07, 155.05, 137.07, 136.98, 129.93, 129.85, 126.04, 114.97,
114.95, 112.82, 112.78, 59.43, 58.73, 50.78, 49.57, 47.33, 43.45, 43.11, 42.84, 42.02, 38.19, 37.96,
36.72, 35.38, 31.36, 29.06, 27.02, 26.23, 26.14, 25.60, 25.56, 23.06, 21.14, 17.84, 13.52, 11.64 ppm.
HRMS (ESI+) m/z calcd. for [C1sH26NO]* 272.20089, found 272.20023.

Yield: 78 % (0.39 mmol, 119 mg) as a white solid.

1-((8S,9S,10R,13S,14S)-3-hydroxy-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradeca-
hydro-1H-cyclopenta[a]phenanthren-17-yl)ethanaminium chloride (51°) (diastereomeric mix-

ture)t®

FW (C21H3sCINO) = 353.97 g mol*

'H NMR (500 MHz, DMSO-Dg): 8 = 7.95 (s, 3 H), 5.26 (s, 1 H), 4.64 (s, 1 H), 3.20-3.30 (m, 1 H), 3.00-
3.30 (m, 1 H), 1.60-2.30 (m, 27 H), 0.64-0.71 (m, 3 H) ppm.

13C NMR (125.7 MHz, DMSO-Dg): 6 = 141.28, 120.29, 69.97, 55.83, 53.88, 53.77, 50.11, 49.46, 49.38,
48.20, 42.20, 41.68, 41.37, 38.37, 37.00, 36.92, 36.06, 36.05, 31.40, 31.31, 31.24, 26.22, 25.49, 23.75,

23.54, 20.44, 20.35, 19.18, 19.14, 18.89, 18.77, 11.62, 11.48 ppm.
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HRMS (ESI+) m/z calcd. for [C21H3sNO]* 318.27914, found 318.27840.
Yield: 98 % (0.49 mmol, 172 mg) as a white solid.

(5S,8R,9S,10S,13S,14S,17S)-17-hydroxy-10,13-dimethylhexadecahydro-1H-cyclopenta[a] phe-

nanthren-3-aminium chloride (52°) (diastereomeric mixture)®!

FW (C1sH34CINO) = 327.93 g mol*

'H NMR (500 MHz, DMSO-De): 6 = 8.12 (s, 3H), 4.45 (s, 1H), 3.41 (s, 1H), 0.84-2.36 (m, 23 H), 0.74
(s, 3H), 0.61 (s, 3H) ppm.

13C NMR (125.7 MHz, DMSO-Ds): & = 80.03, 56.59, 53.77, 53.63, 53.33, 53.20, 50.73, 50.57, 49.44,
46.19, 44.13, 43.87, 42.56, 37.94, 36.64, 36.03, 35.54, 36.10, 35.02, 34.92, 32.28, 31.15, 30.79, 30.51,
29.83, 27.97, 27.87, 27.75, 26.36, 25.75, 25.57, 23.82, 23.05, 20.64, 20.32, 19.93, 11.82, 11.34,
11.09 ppm.

HRMS (ESI+) m/z calcd. for [C1oH3:NO]* 292.26349, found 292.26243.

Yield: 97 % (0.48 mmol, 159 mg) as a white solid.
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5.6.4 Supplementary Figures

5.6.4.1 Catalyst characterization
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Supplementary Figure 1: Temperature programmed reduction (TPR) of the Ni/Al.Os catalyst after pyrolysis. Hydrogen
consumption at 300 °C verifies the presence of an oxidic nickel species.
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Supplementary Figure 2: Characterization of the surface area of the catalyst by nitrogen physisorption measurements.
a, Isotherms of the Ni/Al20s catalyst (red) and the commercial y-Al2Os support (black). Both materials show the typical hys-
teresis of mesoporous materials. Due to the impregnation of the Al203 support with complex I, only a slight decrease from 220
to 210 m? g* of the surface area can be observed. b, Corresponding calculated pore size distributions [N2 at -196.15 °C on
carbon (cylindrical pore, NLDFT equilibrium model), red: Ni/ Al.Os, black: Al20z]. show no significant differences for both
samples.

a 1.5——Ni/ALO, ———0.02 b 1.

~—~1.0——Complex | '0.01 —~12.

©0.5] o -

2 0.0 0.00 20.8 T NVALO,

2.05] Qo Complex |
=10l ‘ -0.01 = 041

_1.5’ 02 0.0’
-30-20-10 0_10 20 30 50 100 150 200 250 300
H (10° Oe) T (K)

Supplementary Figure 3: Characterization of the magnetic properties of the catalyst. a, Magnetic measurements of the
complex I (black) and the Ni/Al2Os catalyst (red) at 27 °C. Due to the formation of small Ni nanoparticles during pyrolysis and
reduction a change from diamagnetism (black) to superparamagnetism (red) was observed. b, Temperature-dependent magnet-
ization of the complex | (balck) and Ni/Al20z (red) show the typical trend for the diamagnetic complex (no magnetization all
over the temperature range) and the magnetic catalyst (magnetization of 1.37 emu g* at 27 °C and 1.53 emu g* at -223 °C).
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Supplementary Figure 4: Powder X-ray diffraction (PXRD). The reflexes at 20 values of 44.5°, 51.8° and 76.4° can be

assigned to the (111), (200) and (220) reflexes of cubic Ni° (blue). The reflexes at 20 values of 37.6°, 45.8° and 67.3° can be
assigned to the (311), (400) and (440) reflexes of y-Al203 (blue).
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Supplementary Figure 5: Characterization of the nickel nanoparticles by transmissions electron microscopy (TEM). An
average particle size of 8 nm could be observed.
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corresponding fast fourier transform (FFT) indicates metallic nickel. The analysis resulted in a d-spacing of 202.4 pm, which
is in accordance with the expected value of 203.4 pm for the (111) reflex of cubic crystalline Ni.
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Supplementary Figure 7: Characterization of the nickel nanoparticles by high-angle annular dark-field scanning TEM
(HAADF-STEM) analysis combined with energy-dispersed X-ray (EDX) element maps. Al2Os (Al: green, O: magenta) is
covered with homogeneously dispersed Ni nanoparticles (Ni: red). The nanoparticles are embedded in a carbon layer (C: blue).
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Supplementary Figure 8: Characterization of the nickel nanoparticles by high-angle annular dark-field scan-ning TEM
(HAADF-STEM) analysis combined with electron energy loss spectroscopy (EELS) element maps. High magnification
(4Mx) areal density map (EELS) shows the interface of the matrix and a Ni nanoparticle (Ni: red, N: green, C: blue).
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Supplementary Figure 9: X-ray photoelectron spectra (XPS) of the Ni 2pai2. The different Ni species are labelled as Ni°
for metallic nickel and Ni2* for an oxidic nickel species. The ratio of Ni%Ni?* is approximately 1:1.5.
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Supplementary Figure 10: NHs temperature programmed desorption (NHs-TPD). The desorption of NHs at approx.
400 °C identifies the acidic sites of the Ni/Al2O3 catalyst.
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Supplementary Figure 11: Recycling study. The reusability of the Ni/Al2Os catalyst was tested for the reductive amination
of benzylamine in 5 consecutive runs. For the recycling study the optimized reaction conditions (1 MPa Hz, 0.5 mL ag. NH3
25 % (6.7 mmol), 2 mL H20, 80 °C) were used. Neither at 60 %, nor at 20 % yield of benzylamine any decrease of activity
was overserved. The initial rate for this reaction is 1.7£0.2 mM min-,
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5.6.4.2 NMR Spectra
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Supplementary Figure 12: NMR Spectra of compound 2°.
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Supplementary Figure 13: NMR Spectra of compound 3°.

91



General synthesis of primary amines via reductive amination employing a reusable nickel catalyst

+ar dND OO OT O
NH;"Cl ST MANNNNN

2.35

<
2.83 1.103.63 2.07 3.00
— uou LI ]
14 13 12 11 10 9 8 7 6 5 4 1 0 -1
Chemical Shift (ppm)

SOdoNY
oMmMmMmogxo (o2}
O N O DD O ~
MmMmoONNN o
e -

oot bl i L ol e i s, i i |

220 200 180 160 140 120

Chemical Shift (ppm)

Supplementary Figure 14: NMR Spectra of compound 4.

92

100

80

60

40

AL b o b4 b

20

0

-20



General synthesis of primary amines via reductive amination employing a reusable nickel catalyst

—TOMNOS<S O M N - O~
NHCr rhERERRk 3885
ikl LIS
F
|
\
]
| L
[ .
PN
2.73 188212 2.00
|- [N L
14 13 12 11 10 9 8 7 5 4 3 2 1 0 -1 -2

6
Chemical Shift (ppm)

131.43
131.30
115.50
115.22
41.37

L
1

el LA ol e 0 s e L B i 0 i

220 200 180 160 140 120 100 80 60 40 20 0 -20
Chemical Shift (ppm)

Supplementary Figure 15: NMR Spectra of compound 5.
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Supplementary Figure 16: NMR Spectra of compound 6°.
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Supplementary Figure 17: NMR Spectra of compound 7°.
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Supplementary Figure 18: NMR Spectra of compound 8°.
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Supplementary Figure 19: NMR Spectra of compound 9°.
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Supplementary Figure 20: NMR Spectra of compound 10°.
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Supplementary Figure 21: NMR Spectra of compound 11°.
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Supplementary Figure 22: NMR Spectra of compound 12°.
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Supplementary Figure 23: NMR Spectra of compound 13°.
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Supplementary Figure 24: NMR Spectra of compound 14°.
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Supplementary Figure 25: NMR Spectra of compound 15°.
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Supplementary Figure 26: NMR Spectra of compound 16°.

104



General synthesis of primary amines via reductive amination employing a reusable nickel catalyst

OO MONO®O® N O
NO©OOMMOAN S Qoo %®

NHA*CF ONNNNNNNN R )
3 [ NN IR Ll

. e

2.924.43 218299 2.34 1.97

[ I
LI L L B L L L L L L L B L L L L B L L L N B B B L L LB L O
16 14 12 10 8 6 4 2 0 -2 -4

Chemical Shift (ppm)

O©COONHTONNL
00 MMOOMNOWMNL ~
NOMDD BN NN O ©
OMMHOANNNNNNN -
i B B B B e B B B <t
il
|
|
|
|
|
|
I
220 200 180 160 140 120 100 80 60 40 20 0 -20

Chemical Shift (ppm)

Supplementary Figure 27: NMR Spectra of compound 17°.
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Supplementary Figure 28: NMR Spectra of compound 18°.
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Supplementary Figure 29: NMR Spectra of compound 19°.
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Supplementary Figure 30: NMR Spectra of compound 21°.
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Supplementary Figure 31: NMR Spectra of compound 22°.
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Supplementary Figure 32: NMR Spectra of compound 23°.
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Supplementary Figure 33: NMR Spectra of compound 24°.
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Supplementary Figure 34: NMR Spectra of compound 25°.
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Supplementary Figure 35: NMR Spectra of compound 26°.
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Supplementary Figure 36: NMR Spectra of compound 27°.
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Supplementary Figure 37: NMR Spectra of compound 28°.
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Supplementary Figure 38: NMR Spectra of compound 29°.
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Supplementary Figure 39: NMR Spectra of compound 30°.
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Supplementary Figure 40: NMR Spectra of compound 31°.
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Supplementary Figure 41: NMR Spectra of compound 33°.
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Supplementary Figure 42: NMR Spectra of compound 35°.
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Supplementary Figure 43: NMR Spectra of compound 37°.
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Supplementary Figure 48: NMR Spectra of compound 42°.
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131



General synthesis of primary amines via reductive amination employing a reusable nickel catalyst

FTOMAHdO<TO O -0 NNOSTSHO T HONO®
ERRREREREE: Rn38388RKRG3E
O MNNMNMNNMNNDMNO O OO MMM OMOOMMANNNNAA
ror PPN i i KA @ i)
o NHa'Cl == ~

A5
291 4.24 3.011.031.00 1.01 3.01
I I o J H
14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2

Chemical Shift (ppm)

(o2} A N~ O N

R QMO ®M 9 w0 [ Q

N~ SotoS oS ™~ @© ©

) ONAN < O < ~

— o — [Te) < [s¢) -
S22 | . |

L I L B L L L L B B L L B L L L B L B L BRI LR R
220 200 180 160 140 120 100 80 60 40 20 0 -20

Chemical Shift (ppm)
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Supplementary Figure 58: HRMS Spectra of compound 50°.
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Supplementary Figure 59: HRMS Spectra of compound 51°.
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Supplementary Figure 60: HRMS Spectra of compound 52°.
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6 A Nanostructured Earth-abundant Metal Catalyst Can
Mediate the Efficient Synthesis of Amino Acids from Am-
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Abstract: Catalysts based on earth-abundant metals could play an important role in the formation of
small molecules, such as amine acids, relevant to the origin of life. Their abundancy makes them more
relevant than rare noble metals classically associated with catalysis leading to those small molecules.
Herein, we report on a nanostructured nickel catalyst for the general and selective synthesis of a-amino
acids via reductive amination employing agueous ammonia as a nitrogen source. Our nanostructured
and reusable nickel catalyst can convert keto acids into the corresponding amino acids at very mild
conditions. Essential, nonessential and nonbiological amino acids were synthesized in good isolated

yields.

6.1 Introduction

A plausible time range of the abiogenesis (the origin of life from inorganic materials through chemical
evolution) is 3.8-3.5 Ga before the present day.™*! The origin of life and conditions on the early earth are
highly discussed topics. Many different theories about the primitive earth, including the primordial soup
theory by A. Oparin and J. Haldane®, were established in the last century.*%'S. Miller demonstrated
in his experiments that amino acids can be produced in an atmosphere of methane, ammonia, water and
hydrogen. He circulated these gases past an electric discharge and found amino acids, such as alanine,
glycine or aspartic acid, in the resulting mixture.[® Further experiments with cyan amide as an educt and
electric discharge as an energy source followed, whereby the reaction mixture was not analyzed before
2014."1 However, many other energy sources are credible on the early earth. Thermal energy, introduced
by Harada and Fox[® (T ~ 900-100 °C), ultraviolet radiation®**!, shock waves!*?! or ionizing radia-
tion™* were tested experimentally by several research groups.! All these experiments show that amino

acids and other organic molecules can be produced easily from methane, ammonia and water under the
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influence of this highly activating form of energy.™! Hydrogen cyanide and formaldehyde have fre-
quently been observed as reactive intermediates in the synthesis of amino acids. Further investigations
applying formaldehyde and various N sources (hydroxylamine with hydrogen cyanidel*®’1 or ammo-
nial*®l) in combination with moderate heat as a less destructive energy source (T < 150 °C) were used to
synthesize amino acids. This experimental work was further proven by mechanistic investigations in
1974119

Prebiotic synthesis concepts of amino acids

since 1953 reductive atmosphere + energy source

CH4+ NH3 + Hzo + H2 [HCN/HCHO as intermediate ,  amino acids

since 1980  hydrothermal conditions

CO, + H, + KCN + NH,Cl + HCOH + mineral phase -“10°¢ , amino acids

since 2006 neutral atmosphere + energy source

CO, + N, Cu-electrode . aming acids

since 2018 mechanochemical activation
aldehyde + amine + CN-source -2almil ,  amino acids
our work reductive amination

keto acid + aq. NH; + H, -nickel catalyst, - aming acids
Figure 6. 1: Overview of the development of different synthetic concepts for amino acids.

All these experiments are based on the fact that the atmosphere had a reducing character during the
origin of life. However, new findings of geochemical research contradict this. The atmosphere, after
hydrogen and helium escaped to space due to their low weight, is determined by volcanic outgassing
and impacts of asteroids and comets. Therefore, the main components of the primitive atmosphere were
CO; and N, while CH4 and NHs were decomposed under ultraviolet radiation. Furthermore, NHs was
dissolved in the ocean due to its good water solubility.?°2%] New concepts were developed which pro-
duce amino acids under these conditions, only slightly reducing to nonreducing gas mixtures in the
atmosphere. Plankensteiner et al. was able to generate amino acids by electric discharge in 2006 using
a Cu electrode in a gas mixture of CO; and N,.1242°]

A conceptual alternative to the concepts discussed above is the origin of life near hydrothermal vents. 2]
The discovery of hydrothermal sources around 1980 provided a further impulse for the developments in
synthesis concepts. It has been demonstrated that the abiotic synthesis of amino acids is possible at
150 °C, 10 atm pressure of a mixture of CO2:H; (3:1), in the presence of KCN, NH4Cl, formaldehyde,
HCI and a mineral phase consisting, for example, of Pt powder, TiO; and illite.’” Small changes, such

as the use of NH;HCO; instead of NH4CI, also permit the generation of amino acids.?® Shock gave
142



A Nanostructured Earth-abundant Metal Catalyst Can Mediate the Efficient Synthesis of Amino Acids
from Ammonia Dissolved in Water under Very Mild Conditions

evidence for the experiments by thermodynamic calculations.?) Mechanochemical activation of iron
cyano complexes demonstrated very recently a prebiotic scenario for the synthesis of amino acids. Ben-
zaldehyde was experimentally mechanically activated with benzylamine, SiO; as an additive and a cy-
anoferrate complex as a CN- source using a ball mill. The resulting aminonitriles can be transformed by
hydrolysis into the corresponding amino amides and then by ageing into the amino acids.!?*!

Catalytic research has focused on the development of novel base metal catalysts®®-* for the conserva-
tion of noble metals in the last few years. In addition to various homogeneous catalysts“°¢l only a few
heterogeneous catalyst systems!’-1 have been introduced in our group. Furthermore, we have recently
described the development of a reusable and highly active nickel catalyst for the reductive amination of
carbonyl compounds to primary amines. Similar to a reaction in biochemistry, where the amino acids
glutamate and glutamine are produced via reductive amination of a-ketoglutarate®, many carbonyl
compounds were selectively converted to the primary amines. 51 These results motivated us to introduce

our novel catalyst system for the synthesis of amino acids in early earth conditions.

6.2 Results and Discussion

We developed a Ni/Al 05 catalyst in our recent study. It is synthesized in a simple two-step procedure.
Firstly, commercial y-Al>Os is impregnated with a specific Ni salen complex dissolved in acetonitrile.
Further pyrolysis at 700 °C under nitrogen atmosphere and reduction at 550 °C under forming gas gen-
erated nickel nanoparticles embedded in a nitrogen-doped carbon layer on the Al.O3 support (for details
see Sl). The catalyst was fully characterized and highly active in the synthesis of primary amines via
reductive amination. Investigations revealed that significantly milder conditions (lower H, pressures)
did not influence the selectivity of the conversion of ketones. Only lower yields were observed. This
motivated us to optimize our novel catalyst system for reductive amination under mild conditions (com-

parable to early earth conditions).

Q % 1. wet impregnation
=N_ N= =N_ N= on Al;03 . M/AL,O5
M M 2. pyrolysis/reduction
0’| o or 0’| o
X X catalyst I-IV
o} o} o} o}
/ \ / \

complex: M=Nil; X=H,0  complex IV: M = Ni'; X = H,0
complex Il: M =Fe: X =-0Ac
complex lll: M = Co'"

Figure 6. 2: Schematic preparation of different base metal catalysts.

Firstly, the known Ni/Al,Os catalyst | (based on complex I) was compared to other base metal catalysts

synthesized in a similar way. The schematic synthesis with different metal complexes (complex 1-1V)

is shown in Figure 6. 2. The salen ligand, synthesized by condensation of o-vanillin and cyclohexane-
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1,2-diamines, was converted with different metal salts to the base metal salen complexes I-111. The
respective M/Al>O3 catalysts were obtained after wet impregnation on commercial y-Al,O3 and pyroly-
sis under nitrogen and reduction under forming gas. Furthermore, 2,2-dimethylpropane-1,3-diamine was
used instead of cyclohexane-1,2-diamine for the generation of nickel complex 1V. A further Ni/Al>O3
catalyst IV was obtained analogous to the synthesis described above.

Table 6. 1: Catalyst screening.

(0] NH,

OH Ni/AlL,O4 OH
+NH
(6] + H, 3 (0]
- H0
Entry Metal source Catalyst Yield [%]
1 Complex | Ni/Al;Os | 60
2 Complex 11 Fe/Al,O3 11 0
3 Conplex 111 Co/AlLOs 1 0
4 Complex 1V Ni/Al,O3 IV 23

Reaction conditions: 0.5 mmol phenylglyoxylic acid, 3.3 mol% catalyst (theoretical: 4 wt% M/AI2Os; M = Ni, Fe, Co), 0.5 mL
aq. NHs 25% (6.7 mmol), 2.5 mL H20, 1.0 MPa, 80 °C, 20 h. GC yields of the corresponding ethyl esters using n-dodecane as
an internal standard.

The reaction of phenylglyoxylic acid with agueous ammonia to phenylglycine was thoroughly investi-
gated to find applicable reaction conditions. Only nickel-based catalysts showed reductive amination
activities (entry 1 and 4). However, it should be noted that even small changes in the ligand (complex |
vs. 1V) have an influence on the activity of the catalyst. Thus, the Ni/Al,Os catalyst | based on complex |
achieved the best yields (entry 1). However, no amount of the desired product could be yielded with the
corresponding Fe/Al,O3 catalyst 11 or Co/Al,O3 catalysts 111 (entry 2,3).

The amount of ammonia had a great influence on the yield of the desired product in our previous work.
We altered the amount of agueous ammonia and found that 1.0 mL (13.4 mmol) gave the best yields
(about 60%) of the desired product (see Table 6. 2).
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Table 6. 2: Screening of the amount of ammonia.

0 ) NH,
OH Ni/Al,O3 cat. | OH
le} + NH3 e}
+H,
- H,O

NHs- 25% ag. [ml]  Yield [%]

0.5 56
1.0 57
2.0 8
3.0 5

Reaction conditions: 0.5 mmol phenylglycine, H20 und 2.8 mol% Ni (24 mg Ni/Al20z, 3.5 wt% Ni, 0.014 mmol Ni, 0.84 mg
Ni) 1.0 MPa Hz, 85 °C, 20 h. The reaction mixture was filled up with H20 to an absolute volume of 3.0 mL. GC yields of the
corresponding ethyl esters using n-dodecane as an internal standard.

Table 6. 3: Screening of the solvent and the H: pressure.

O . NH,
OH Ni/Al,O3 cat. | OH
o) + NH3 o)
+H,
- H,0
Solvent H: pressure [MPa] Yield [%]
H20 1.0 57
H20 0.5 33
H20 0.5 92[b]
H20 0.1 10
H,0 0.1 19[b
EtOH 1.0 5
EtOH 0.5 3

Reaction conditions: : 0.5 mmol phenylglyoxylic acid, 1.0 mL (13.36 mmol) 25%-aq. NHs, 2.0 mL solvent, 2.9 mol% Ni (24
mg Ni/Al20s3, 3.5 wt% Ni, 0.014 mmol Ni, 0.84 mg Ni), 85 °C, 20 h; [a] 10 mol% Ni (84 mg Ni/Al203, 3.5 wt% Ni, 0.05 mmol
Ni, 2.94 mg Ni); [b] 10 mol% Ni (84 mg Ni/Al203, 3.5 wt% Ni, 0.05 mmol Ni, 2.94 mg Ni), 48 h. GC yields of the correspond-
ing ethyl esters using n-dodecane as an internal standard.

Polar solvents, such as ethanol and water, were tested for the solvent screening (see Table 6. 3). The use
of water increased the yield of phenylglycine. Furthermore, the influence of water and ethanol as sol-
vents were investigated at 1.0, 0.5 and 0.1 MPa H, pressure. Approximately 20 % of phenylglycine was
yielded, even at 0.1 MPa Hy, with an increase of the catalyst loading (10 mol%) and of the reaction time

(48 h).
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With the optimized reaction conditions in hand (10 mol% Ni (84 mg Ni/Al>O3, 3.5 wt% Ni, 0.05 mmol
Ni, 2.94 mg Ni), 1.0 mL (13.36 mmol) 25%-aq. NHs, 2.0 mL H,O, 0.5 MPa H, 85 °C, 48 h), we were
interested in the substrate scope of our catalyst. We explored the synthesis of nonbiological, essential
and nonessential amino acids via the reductive amination of the corresponding keto acids.

Table 6. 4: Substrate scope.

o Ni/A,0; cat. | o
R ————> R
OH , NH, %OH
O +H, NH,
- H,0
Keto acid Amino acid Yield [%]
Nonbiological
o o} 76
OH OH
o NH,
Essential
o o 84
OH OH
O NH,
0 o 73
N‘D” N"”
o} NH,
Nonessential
O (0] 99
NH
HO © HO 2
o) o} 92
<o ~Hon
(0] NH,

Reaction conditions: 0.5 mmol keto acid, 10 mol% Ni (84 mg Ni/Al203, 3.5 wt% Ni, 0.05 mmol Ni, 2.94 mg Ni), 1.0 mL
(13.36 mmol) 25%-aq. NHs, 2.0 mL H20, 0.5 MPa Hz, 85 °C, 48 h. Yields are of the corresponding isolated ethyl esters.
All substrates were converted to the corresponding amino acids in excellent yields. Substituents con-

taining aromatic and aliphatic groups were tolerated.

6.3 Conclusion

In summary, we have introduced an earth-abundant metal catalyst in the reductive amination of keto
acids to the corresponding amino acids. Amino acids, a subclass of primary amines, are the basic build-
ing block in proteins and played a decisive role in the origin of life. Our nanostructured nickel catalyst
showed high activities in the conversion of carbonyl compounds to primary amines via reductive ami-

nation. This simple and economic synthesis could be extended and nonbiological, essential and nones-
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sential amino acids could be obtained in good isolated yields (0.5 MPa H,, 85 °C). The reaction condi-
tions applied are extremely mild and the amino acid phenylgylcine could be yielded without further side

products even at atmospheric H; pressure and 85 °C.
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6.5 Supporting information

6.5.1 General considerations

Air- and moisture sensitive reactions were carried out under dry argon or nitrogen using standard
Schlenk or glove box techniques. Solvents were dried and distilled from sodium benzophenone, stored
over molecular sieves (3 A) before use or were obtained from Acros. All chemicals were purchased
from commercial sources with purity over 95 % and used without further purification. y-Al,Os; was pur-
chased from Alfa Aesar and used without further purification.

NMR-Spectra were collected on Varian INOVA 300 (300 MHz for *H, 75 MHz for *C) instruments at
298 K. Chemical shifts are reported in ppm relative to the residual solvent signal DMSO-Ds: 2.50 ppm
(*H), 39.51 ppm (*3C)). Coupling constants (J) are reported in Hz (coupling patterns: d = doublet, t =
triplet, g = quartet, sxt = sextet, spt = septet, m = multiplet).

GC analyses were carried out on an Agilent 6850 GC system equipped with an Optima 17 column
(30 m x 0.32 mm x 0.25 um). N-dodecane was used as internal standard.

GC-MS analyses were carried out on an Agilent 7890A GC system equipped with a HP-5MS column
(30 m x 0.32 mm x 0.25 um) and a 5975C inert MSD detector (El, 70 eV).

6.5.2 Synthesis of the Metal Salen Complexes

=0 ; P %

—N N= —N N=—
or H N\X/NH + 2 OH _— or
Q z z -2H,0 OH HO OH HO
H,N  NH, 0
o] (o] o o
/ \ / \
4 5

/
1 2 3

Supplementary Figure 1: Synthesis of the ligands 4 and 5.

First, the ligands 4 and 5 were synthesized according literature.!! 3.04 g (20 mmol, 2 eq) o-vanillin (3)
were dissolved in 50 mL ethanol and 1.32 mL (11 mmol, 1.1 eq) ()-trans-1,2-diaminocyclohexane (1)
were added. The solution was heated under reflux (oil bath 110 °C) for 1 h. After removal of the solvent
under reduced pressure, the residue was recrystallized in methanol to yield the product as a yellow crys-
talline powder (3.57 g, 85 %, 4).

Ligand 5 was synthesized with 2,2-dimethylpropane-1,3-diamine (2) and o-vanillin (3) in an analogous
way. [

For the synthesis of the Ni salen complex I, the ligand 4 (2.32 g, 6.0 mmol, 1 eq) was dissolved in 40 mL
methanol and a methanolic solution of 1.49 g Ni(OAc).'4H,0 (6.0 mmol, 1 eq) in 40 mL MeOH was
added. An orange-brown precipitate was formed during stirring for 2 h at room temperature, which was

separated by filtration. ]

152



A Nanostructured Earth-abundant Metal Catalyst Can Mediate the Efficient Synthesis of Amino Acids
from Ammonia Dissolved in Water under Very Mild Conditions

AN /
do/l 0%3 do o
X X

complex I: M =Ni"; X = H,0 complex IV: M = Ni''; X = H,0
complex II: M = Fe; X = "OAc
complex lll: M = Co'

Supplementary Figure 2: Molecular structures of the complexes 1-1V.

Complex 11-1V were synthesized in an analogous way using Fe(OAc)!, Co(OAc).'4H,O! or ligand

5M1 respectively.

6.5.3 Synthesis of the catalysts

The M/AI;O; catalysts with M = Fe, Co, Ni are synthesized with 4 wt% metal supported on y-Al2Oa.
Therefore, 81 mg (0.18 mmol) Ni complex I, 87 mg (0.18 mmol) Fe complex 11, 82 mg (0.17 mmol)
Co complex 111 or 70 mg (0.16 mmol) Ni complex IV were dissolved in 3 mL acetonitrile and 250 mg
v-Al,O3 were suspended. After evaporation of the solvent at 110 °C, the impregnated sample was pyro-

lyzed under N2 and finally reduced by a N2/H2 mixture with the following program:

RT 2 Cg‘“‘“ 300 °C (dwelling time: 0.5 h) m 700 °C (dwelling time: 0.5 h) %

100°C> C//“};‘“ 550 °C (dwelling time: 3.0 h) 22°¢/min g

N2 /Ha N2/Hz

6.5.4 Reductive amination of keto acids — general procedure

A 5-mL reaction vial was charged with a magnetic stirring bar, 0.5 mmol keto acid, 1.0 mL 25% aqueous
NH; (6.7 mmol), 2 mL H,O and 84 mg Ni/Al,Os catalyst (3.5 wt% Ni, 2.94 mg Ni, 0.05 mmol Ni,
10 mol% Ni). The vial was placed in a 250 mL high-pressure autoclave (Parr Instruments) which was
flushed three times with 2 MPa hydrogen. After pressurizing the autoclave with the desired pressure of
typically 0.5 MPa, the reaction was stirred for 48 h at 85 °C. The autoclave was cooled to room temper-
ature and the hydrogen was released. The catalyst was removed by centrifugation and the aqueous layer
was filtrated. The solvent was removed under reduced pressure and the product was converted to the
corresponding ethyl esters. Therefore, the dry residue was dissolved in ethanol and thionyl chloride
(1.5 mmol, 109 pL) was added dropwise at 0 °C. After stirring for 10 min the solution was heated under
reflux for 2 h. Removing of the solvent under reduced pressure yielded the ethyl esters of the products,

which were analyzed by GC with n-dodecane as the internal standard or by NMR.
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6.5.5 Characterization of the amino acids

2-ethoxy-2-o0xo-1-phenylethanaminium chloride

0
o™
NH5*CI

FW (CsH1CIN) = 215.68g mol*

'H NMR (300 MHz, DMSO-Ds): & = 9.26 (s, 3 H), 7.43-7.55 (m, 5 H), 5.18 (s, 1 H), 4.08-4.25 (m,
2 H), 1.12 (t, J = 7.03 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Ds): 5 = 168.27, 132.68, 129.44, 128.92, 128.28, 62.03, 55.36, 13.85 ppm.
Yield: 76% (0.38 mmol, 82 mg).

1-ethoxy-1-oxo-3-phenylpropan-2-aminium chloride
o)

o™
NHz*Cr

FW (C1:H15CINO,) = 229.70 g mol?

'H NMR (300 MHz, DMSO-Dg): 6 =8.86 (s, 3 H), 7.24-7.34 (m, 5 H), 4.14-4.18 (m, 1 H), 4.03-4.09
(m, 2 H), 3.24-3.30 (m, 1 H), 3.03-3.11 (m, 1 H), 1.05 (t, J = 7.03 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Dg): & = 168.90, 134.86, 129.46, 128.51, 127.18, 61.50, 53.24, 35.94,
13.77 ppm.

Yield: 84 % (0.42 mmol, 96 mg).

1-ethoxy-4-methyl-1-oxopentan-2-aminium chloride
(0]

NH3*Cl

FW (CgH1sCINO>) = 195.69 g mol™

IH NMR (300 MHz, DMSO-Ds): 8 =8.75 (s, 3 H), 4.14-4.22 (m, 2 H), 3.85 (t, J = 7.03 Hz, 1 H), 1.62—
1.82 (m, 3 H), 1.22 (t, J = 7.03 Hz), 0.88 (d, J = 5.86 Hz, 6 H) ppm.

13C NMR (75 MHz, DMSO-Dg): & = 168.79, 61.60, 50.48, 23.75, 22.22, 21.96, 13.94 ppm.

Yield: 99 % (0.49 mmol, 67 mg).

1-ethoxy-3-(4-hydroxyphenyl)-1-oxopropan-2-aminium chloride
(0]

-
HO NH,*Cl

FW (C11H16C|NO3) =245.70¢g mol*
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'H NMR (300 MHz, DMSO-Dg¢): 6 =9.53 (s, 1 H), 8.71 (s, 3 H), 7.01 (d, J =8.2 Hz, 2 H), 6.73 (d, J =
8.8 Hz, 2 H), 4.10 (m, 3 H), 2.95-3.14 (m, 2 H), 1.10 (t, J = 7.02 Hz, 3 H) ppm.

3C NMR (75 MHz, DMSO-Dg): & = 169.47, 157.20, 130.88, 124.87, 115.82, 61.98, 53.94, 35.63,
14.31 ppm.

Yield: 99 % (0.49 mmol, 67 mg).

1-ethoxy-1-oxopropan-2-aminium chloride
o}
o™
NH*CI

FW (CsH12CINO,) = 153.61g mol*

'H NMR (300 MHz, DMSO-Ds): 6 =8.71 (s, 3 H), 4.13-4.20 (m, 2 H), 4.00 (q, J=7.03 Hz, 1 H), 1.41
(d, J=7.61Hz, 3H), 1.20 (t, J =7.03 Hz, 3 H) ppm.

13C NMR (75 MHz, DMSO-Dg): 6 = 169.94, 61.67, 47.84, 15.71, 13.98 ppm.

Yield: 99 % (0.49 mmol, 67 mg).
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6.5.6 NMR Spectra
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