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Abstract

Abstract

Sustainable synthesis of amines using molecularly defined and nanoparticles-based

catalysts

Thirusangumurugan Senthamarai

Leibniz-Institut flir Katalyse e.V. an der Universitit Rostock

This dissertation describes the sustainable synthesis and functionalization of amines
by catalytic reductive amination of carbonyl compounds and ammonia or amines in
presence of molecular hydrogen or formic acid. For these reactions, molecularly
defined Ru- and nanoparticles-based catalysts were developed, which enabled the
preparation of simple, functionalized and structurally diverse primary, secondary and
tertiary amines including N-methyl amines and more complex drug targets. Applying
RuCl2(PPhs)s as simple and commercially available catalyst, the synthesis of benzylic,
heterocyclic and aliphatic linear and branched primary amines from carbonyl
compounds and ammonia is reported. Next, in situ generation of reusable ultra-small
cobalt nanoparticles from molecularly defined cobalt-salen complexes and their
catalytic applications for the reductive aminations to prepare primary amines from
carbonyl compounds and ammonia in presence of molecular hydrogen is
demonstrated. In addition to in situ generated nanoparticles, the catalytic application
of isolated cobalt nanoparticles for the preparation of secondary and tertiary amines
as well as N-methyl amines is showcased. Finally, the synthesis of secondary and
tertiary amines as well as N-methylamines and selected drug molecules from carbonyl
compounds and nitroarenes or amines has been performed using N-doped graphene
surfaces activated cobalt-based nanoparticles in presence of formic acid as hydrogen
donor. The detailed characterization of cobalt nanoparticles by TEM, XPS, XRD is
presented here, too. In orderto design suitable catalysts and to accomplish reductive
amination reactions, several optimization and control experiments includingkinetic and

mechanistic investigations have been performed.
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Nachhaltige Synthese von Aminen mittels molekular definierten und Nanopartikel -

basierten Katalysatoren
Thirusangumurugan Senthamarai
Leibniz-Institut fiir Katalyse e.V. an der Universitit Rostock.

Diese Dissertation befasst sich mit der nachhaltigen Synthese und Funktionalisierung
von Aminen mittels katalytischer, reduktiver Aminierung von Carbonylverbindungen
zusammen mit Ammoniak oder Aminen in der Gegenwart von Wasserstoff oder
Ameisensauren. Fur diese Reaktionenwurden sowohl molekular definierte Ruthenium
als auch Nanopartikel-basierte Katalysatoren entwickelt, welche die Synthese von
strukturell diversen primaren, sekundaren und tertiaren Aminen ermdglichen, inklusive
N-Methyl Aminen und pharmakologischen Wirkstoffen. RuCl2(PPhs)s, ein einfacher
und kommerziell verfigbarer Katalysator, ermdglichte die Synthese von benzylischen,
heterocyclischen wie auch linearen und verzweigten aliphatischen primaren Aminen,
ausgehend von Carbonylverbindungen und Ammoniak. Des Weiteren wurde eine
Methode zur in situ Herstellung von ultra-kleinen Cobalt-Nanopartikeln aus Cobalt-
Salen Komplexen entwickelt, welche mehrfach in der reduktiven Aminierung zur
Synthese von primaren Aminen eingesetzt werden konnten. Neben der Verwendung
von in situ hergestellten Nanopartikeln wurde auch die katalytische Aktivitat von
isolierten Cobalt-Nanopartikeln in der Synthese von sekundaren, tertiaren und N-
Methyl Aminen untersucht. Zuletzt wurden Cobalt-basierte Nanopartikel mit Stickstoff
dotierten Graphen Oberflachen hergestellt,welche als Katalysator in der Synthese von
sekundaren, tertidren und N-Methyl Aminen fungierten, ausgehend von
Carbonylverbindungen, Nitroarenen oder Aminen, und Ameisensaure als Wasserstoff
Donor. Die beschriebenen Nanopartikel wurden zudem mit Hilfe von TEM, XPS und
XRD charakterisiert und im Zuge der Entwicklung der katalytischen Reaktionen
wurden unterschiedliche Optimierungen, Kontrollversuche wie auch kinetische und

mechanistische Studien durchgefihrt.
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Introduction

1. Introduction

1.1 Synthesis of amines

The development of sustainable processes for the synthesis of essential fine and bulk
chemicals as well as molecules related to life science applications continues to be an
important goal of chemical research. In order to achieve such sustainable synthesis,
catalysis plays a crucial role, which constitutes a key technology in the chemical,
pharmaceutical and material industries. As aresult, >80% of all chemical products are
made via catalytic resections. In this regard, the development of cost-effective and
durable catalysts is of central importance to produce all kinds of chemicals at present
and in the future. In particular, the development of selective and sustainable catalytic
processes for the synthesis of amines, which represent privileged compounds, is
highly desired. In general, amines are extensively used in different science areas such
as chemistry, biology, medicine, energy, materials and environment.('-'6) These
compounds serve as fine and bulk chemicals as well as key precursors and centra
intermediates for the synthesis of advanced chemicals, pharmaceuticals, biomolecules,

agrochemicals and polymers.(1-16)

Nucleic acid components : _>_/ C _(_/ HN
; N : HZN_(\ COH 2—1\/\/\°° W
H </ | H 2H
H o ,) : . sT H
: ) 2 0.0 NTSNT G OH  Folic acid Biotin :
H A </ ( )\ HO-P-O-P- -P o s S .
H ) o : Agrotﬁhemlcals NG \\N

H OH OH :

: Thymine Adenine Guanine HO OH fir( —)=/ i
S naeose o AT /O\)L aole Q |
bt

: CcN :

Ammopyralld Aminopyrifen Pyrafluprole

: HoN i HoN ] H o o o M8

H H2N>)l\ 2 >)L H N>)L 2 H o H

: ~ “OH < ~on M OH " “OH OH N

: " 5 HN—L, HN OH A)L NN ,U\/\)L noo
Pow - N oy Hon Ay N
H % o NH, OH
: o

: /\

NH,  Gly-Gly Val-Ala-Gly Glutathione
HO Tyrosine Pheny i Histidi Aspargi Lysine (Dipeptide) (Tripeptide)
{ Natural products Drugs N, H
H P Ho, H r N
H 3 - H HCI |
H o \ 2 [¢) N
! Ho NH N NI N H NH
: N ,> OH % N o JK,CN
H N J\ N'H H H O
: H H o
H Serotonin Caffeme Ajmal L i Cinacalcet Tofacitinib

Figure 1. Selected life science molecules containing amine/nitrogen moiety(s).
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Notably, amine functionalities constitute integral parts of the majority of drugs and
biomolecules (Fig. 1).(8) In fact, >75% of the top selling drugs contain amine and/or
nitrogen moieties, which play significant roles in their activities.(® Moreover, amines are
involved in the formation of proteins, enzymes, nucleic acids and hormones in living
beings (Fig. 1).(""8 For the synthesis of amines, reductive aminations, ("-37) amination of
alcohols, (38-39) nucleophile substitution reactions % and C-H amination reactions “0-

41) are commonly applied.

1.2 Catalytic reductive aminations

Catalytic reductive aminations are an essential class of reactions widely applied
in research laboratories and industries for the cost-efficient and convenient
synthesis of different kinds of amines and their functionalization. (-6) In these
reactions, carbonyl compounds (aldehydes and ketones) react with ammonia
or amines using suitable catalysts in presence of molecular hydrogen or
stoichiometric amounts of reducing agents.(-'®) Regarding potential reducing
agents, molecular hydrogen is highly preferred because it is abundant,
inexpensive, and atom-economical as well as produces only water as the by-
product.437) In addition, catalytic transfer hydrogenations (CTH) (“25%0) using
formic acid or isopropanol are complementary to reductions with molecular
hydrogen. Advantageously, CTH reactions do not require any special
experimental setup or the use of high-pressure equipment compared to
hydrogenation methods. Notably, formic acid or formate ©“7-50) as hydrogen
donors are abundant, comparably inexpensive and easy to handle. Thus, the
reductive aminations using molecular hydrogen and formic acid are attractive

and offer significant advantages forthe cost-effective production of amines.

1.3 General mechanisms of reductive aminations

Catalytic reductive amination reactions are often non-selective and suffer from
side reaction such as over-alkylation and reduction of carbonyl compounds to

the corresponding alcohols.?-13-16) Particularly, the synthesis of primary amines

2
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from carbonyl compounds and ammonia is more challenging. In addition, the
catalyst deactivation by ammonia and drastic conditions required for the
activation of ammonia constitute additional problems.(?.13-16) The general reaction
pathways for catalytic reductive aminations to prepare primary, secondary and
tertiary amines is presented in Scheme 1. In the preparation of primary amines,
first carbonyl compound condenses with ammonia and generates corresponding
primary imine as intermediate, which is then reduced to desired primary amines
in the presence of a suitable catalyst (Scheme 1a).(".1516) Similarly, carbonyl
compound reacts with primary amines and generate secondary imines and
these intermediates in presence of catalyst are reduced to give desired
secondary amine (Scheme 1b).(:15.16) Instead of anilines, directly nitroarenes
can also be used to prepare secondary N-alkylated amines. Here, first nitro
compound is reduced to the corresponding aniline. The in situ generated aniline
undergoes reductive amination to produce corresponding N-alkylated amine. In
general, anilines are produced by the catalytic hydrogenation of nitroarenes.
Nobly, the direct one pot reductive amination of carbonyl compounds and
nitroarenes is advantageous with respect to step economy and cost of starting
materials. In the synthesis of tertiary amines, first the reaction of carbonyl
compound and secondary amine proceeds via the formation of the
corresponding enamine and iminium ion as intermediates in case of benzylic
aldehydes and ketones, or enamine in case of aliphatic aldehydes and ketones.
These intermediates are finally hydrogenated in presence of catalyst to produce

the corresponding tertiary amines (Scheme 1c).("
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Synthesis of primary amines
o H_ _H
(a) )j\ NH Catalyst N7
R “Ry(H)+ NH; ——>» S
-H,0 R "Rp(H)  H, R Ry(H)

Synthesis of secondary amines
o
N/R3 Catalyst H\N’

+ NH,
R1)LR2(H) Rs” —>H o I —
2 R{™ "Ry(H) 2 Ri”} "Ra(H)

/‘ /‘
N R3 H Q) R3
~
o NO, Catalyst N Catalyst N

N X — —_—
+ LI
Ri™ "Rp(H) R3©/ H, R1)\R2(H) H, R "Ra(H)

Synthesis of tertiary amines

R;
(b)

@
0 Rasy-Re Risn-R4 | catalyst Roo Ry
@ J o+ No—| | Je==| M |
Ri” "Ra(H) Ry “Ry(H) R R(H Ri” "Ry(H

& He  RETRy(H)

Scheme 1. Reaction pathways of catalytic reductive amination reactions to produce different

kinds of amines.

In the reductive amination of carbonyl compound 1 with ammonia, in addition to the
desired product primary amine 2, the formation of other side products such as
corresponding alcohol 3, secondary imine 4, secondary amine 5, tertiary amine 6 and
imidazoline-based compound 7 (scheme 2) might occur under different reaction
conditions.('5:16)The carbonyl compound 1 condenses with ammonia and generates
primary imine 8 as unstable intermediate. In presence of catalyst, 8 undergoes
reduction and yields the desired primary amine 2. If a catalyst is less selective towards
the reduction of 8, then the direct reduction of carbonyl compound can also occur to
give the correspondingalcohol 3. The secondary imine 4 forms via condensation of
the primary amine 2 with either carbonyl compound 1 (releasing water) or imine 8
(releasing NH3). When the catalystis sufficiently active and selective, due to the rapid
hydrogenation, the stationary concentration of 8, becomes low, which prevents side
reactions. When the hydrogenation does not proceed quickly, this leads to the
accumulation of 8 and side reactions involving 8 likely occur. The formation of
secondary amine 5 occurs by the reduction of secondary imine 4. Further, 5 can also

react with carbonyl compound 1 to produce tertiary amine 6. In case of (substituted)
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benzaldehyde, the primary imine, 8 can also trimerizes to form 9, which subsequently

undergoes thermal cyclization to give 7.

Ry

NH, oH
N )\ R NIJ\RZ(H)
Ry(H) * R (H)
2 Ri™ "Ry(H)
o Catalyst 4
+ NH; ———
Ri” "Ry (H) Hz R4
1
j‘\ Rz(H) R)\ Ry(H) + /(:S*m
R,(H
Ry 5 2(H) Ry . Ry(H)
R1—Phe Rp=H
)ci\ Catalyst OH
— m)\
R{”4 "Rg(H) H, 15 Ro(H)
+NH; | -H,0
R4
+8,-NH
NH, Catalyst )"j:' 8 3
- _ _
R1 Rz(H) H R (H) for R1—Ph R2—H ) b
2 8 Ri
NH,
NH, R1)\R2(H)
(o)
R R
o )L Ry R Ry
PPN R R | : T
R, N” “Ry(H) HN” “Ry(H) Catalyst J\ .
A e 2 ——— N7 Ry(H) N "NH
Ri” Ra(H) Catalyst R~ “R,(H) Hz ! P
H, 5 R{™ "Ry(H) R4 7 R4
4

Scheme 2. Catalytic reductive amination of carbonyl compounds with ammonia: Reaction

mechanism and the formation of desired and side products. 159

In order to synthesize primary amines in a highly selective manner, the development
of suitable catalysts is crucial and continues to be important in both research
laboratories and industries.

Below we discuss the previous reports on catalytic reductive amination for the
synthesis of primary amines using base metal heterogeneous materials ( Section 1 and
schemes 3 to 7) and homogeneous catalysts (Section 1 and schemes 8 to 1 3). Next,
the synthesis of secondary and tertiary amines using non-noble heterogeneous
catalysts in presence of molecular hydrogen (Section 1 and schemes 14 to 15) and

formic acid (Section 1 and schemes 16 to 18) is discussed. These reports are
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presented as a cumulative collection of publications which have been already

published in international journals.

1.4 Reductive aminations for the synthesis of primary amines

using base metal heterogeneous catalysts

The majority of the catalysts known for reductive aminations, especially in
industry is based on heterogeneous materials. Both noble and non-noble metal
based heterogeneous catalysts have been developed to prepare linear and
branched primary amines. In this chapter the applications of non-noble metal-
based heterogeneous materials for the synthesis of primary amines from
carbonyl compounds and ammonia using molecular hydrogen is discussed.
Among reductive amination catalysts, Ni-based materials represent the first
known systems used for the preparation of primary amines.®'5%) This was
initially achieved by Mignonac in 1921 for the preparation of primary amines
from simple aldehydes and ketones with liquid ammonia and molecular
hydrogen using heterogeneous Ni-catalyst (scheme 3).5") After his invention,
this reaction is named as Mignonac reaction.®V Followed by these
investigations, Winans(®2 and Haskelberg®® have applied Raney nickel for the

preparation of primary amines.

0 Heterogeneous Ni-catalyst NH,

+ NH3 _—
R{” "R, (H) H,, solvent R “R,(H)

R,=H or alkyl

NH;3; = aqueous or alcholic solution or gaseous ammonia

Scheme 3. Ni-based catalyst for amine synthesis (Mignonac reaction).

Unfortunately, these traditional Ni-based catalysts work well only for the
reductive amination of simple and non-functionalized molecules. Hence, they
cannot be applied to the synthesis of functionalized and structurally diverse
amines. Nevertheless, no significant efforts were made on the development of

base metal heterogeneous catalysts until 2017. After that time, few catalysts
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based on Co,(13 Ni,(14.16,37-39,56-60), gnd Fe,%9 were developed, which constitute
nowadays excellent reductive amination catalysts for the preparation of broad

range of primary amines.

More specifically in 2017, Beller and co-workers('® reported MOFs-derived
cobalt nanoparticles and supported Co single atoms as general reductive
amination catalysts to prepare different kinds of amines. These cobalt-based
catalysts (Co-DABCO-TPA@C-800; DABCO= 1,4-diazabicyclo[2.2.2]octane;
TPA=terephthalic acid) were prepared by the immobilization of an in situ
generated cobalt nitrate-DABCO-terephthalic acid MOF template on carbon and

subsequent pyrolysis at 800 °C under argon (fig. 2).

p
Co(NOy), - 6H,0

+ i .'-_
N / 84 P 1. Vulcan XC 72R o i ®, Pyrolysi g
» e —_— i N I | i
N 2 RO ) %
1, o DMRI1S0%C LA -.,. 2. Stir, DMF, 150 °C LT ’.“f.“ 800 °C, 2h, Ar

e Y o
el J
'.- &/ 3.Evaporation of DMF ’.';" 'f"fﬂr
f and drying A ) 3 %
PN T g

OH
HO.

o 2

In situ generated Co-DABCO-TPA MOFs Graphitic shell encapsulated
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single atoms supported on carbon
- - Active nanomaterial
S J

Figure 2. Preparation of Co-DABCO-TPA@C-800.

The optimal Co-DBCO-TPA@C-800 catalyst allowed forthe reductive amination
of 39 aldehydes and 34 ketones in presence of gaseous ammonia and molecular
hydrogen to produce functionalized benzylic, heterocyclic and aliphatic linear as
well as branched primary amines in up to 92% yield (scheme 4). Interestingly,
applying this catalyst, —NH2 moiety has been introduced in structurally complex
life science molecules and steroid derivatives. In addition to primary amines, this
Co-DBCO-TPA@C-800 was applied for the synthesis of secondary and tertiary

amines including N-methyl amines and existing drug molecules.

(o] NH,
3.5 mol % Co-DABCO-TPA@C-800
+ NH >
¥ R,(H) 8 40 bar H,, THF, 120 °C R R,(H)

>70 examples
up to 92% yield

Scheme 4. Co-DABCO-TPA@C-800 catalyzed primary amine synthesis.
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After this report, Kempe and coworkers (14 disclosed Ni/Al2Os catalyst for
reductive amination of carbonyl compounds using aqueous ammonia and
molecular hydrogen to synthesis both linear and branched primary amines. Their
Ni-catalyst was prepared by the immobilization of a Ni-salen complex on Al20s
and subsequent pyrolysis under N2 atmosphere at 700°C followed by reduction
under hydrogen at 550°C. Applying the Ni/Al2O3 catalyst, reductive amination of
all kinds of aldehydes and ketones was performed under mild reaction
conditions (10 bar H2, 80 °C) and the corresponding primary amines were

obtained in up to 99 % yield (scheme 5).

0 Ni/Al,O4 NH,
+  Aq.NH, R1)\R2(H)

10 bar H,, 80 °C
>50 examples
up to 99% yield

cl
NH,
NH
NH, [ Tox @\( ?

87% 48%* 82%P
(Nabumetone-NH,) (Haloperidol-NH;) (2-Methoxyamphetamine)

78%°¢ 98%° 97%°

(Estrone-NH,) (Pregnenolone-NH,) (Stanolone-NH,)

Scheme 5. Ni/Al,Os-catalyzed synthesis of primary amines under mild conditions.

Later, Beller and Jagadeesh et al.('® prepared Ni-nanoparticles by the
immobilization of an in situ generated Ni-tartaric acid complex (Ni-TA) on silica
and subsequent pyrolysis to produce a novel reductive amination catalyst (Ni-
tartaric acid@SiO2-800). The schematic mechanism for this Ni-tartaric
acid@SiO2-800 catalyzed reductive amination protocol using ammonia and

molecular hydrogen is presented in scheme 6.
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(0]
Ri"4 Rz (H)
-H,0 Ni-TA@Si0,-800 7N
H H
" Il 2
NH v
Desorption
R “R; (H) ?

NH N
R
m R, A
Ni-TA@Si0,-800 Ri——N
Adsorption & ':I ':I
activation
i Ni-TA@SiO ,-800

Hy-Insertion

Scheme 6. Proposed mechanism for the Ni-tartaric acid@SiO2-800

The preparation of 5-(aminomethyl)-2-furanmethanol (AMF) is possible by
Ni/SBA-15 catalyzed reductive amination of HMF (5-hydroxymethylfurfural) with
aqueous ammonia.(®¥ In addition to Ni/SBA-15, Lei and coworkers also used
Raney Ni. Both Ni/SBA-15 (89.9%) and Ni-Raney (90%) gave AMF in up to 90%.
Furthermore, Colacino and Varma et al.%® reported magnetically separable Ni
NPs supported on SiO2-Fe30s (Fe3sOs@SiO2-Ni) for reductive amination to
prepare primary amines under unconventional micro-wave irradiation. Yang and
Zhang et al®®) reported carbon supported nickel nanoparticles (MC/Ni)-catalyzed
reductive amination of aldehydes with aqueous ammonia under comparably mild
conditions (80 °C, 1 bar Hz, 200 pyL NH3-H20 (26.5 wt % and 12 h). Notably,
Pera-Titus and Shi et al.5") performed NisAlOx-catalyzed reductive amination of
biomass derived ketones and aldehydes. Shi and co-workers(®® developed bi-
functional CuNiAlIOx catalysts for one pot transformation of 5-(hydroxymethyl)
furfural (5-HMF) into 2,5-bis(aminomethyl)furan (BAF) by two-step reductive

amination of -CHO group and amination of -OH group.

Very recently, Kempe and coworkers®® reported the first iron catalyst for
reductive amination of carbonyl compounds with ammonia and hydrogen. Here,
the key was the use of a specific Fe complex forthe catalyst synthesis and a N-

doped SiC material as catalyst support. The catalyst showed broad scope and

9
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a very good tolerance of functional groups, the yield of amines were up to 99%

(scheme 7).

Q Fe/(N)SiC )
e 1
Aa. NH, Ri” “Ry(H)

RACR,(H >
7 RelH) 6.5 MPa H,, 140 °C
>50 examples

up to 99% yield

Scheme 7. Fe/(N)SiC-catalyzed selective synthesis of amines.

1.5 Reductive aminations for the synthesis of primary amines

using homogeneous catalysts

Compared to heterogeneous catalysts, the development of homogeneous
complexes for the reductive amination of carbonyl compounds with ammonia
has been less studied. In general, transition metal complexes catalyzed
reactions involving ammonia encounter difficulties due to the deactivation of
homogeneous catalysts by the formation of stable Werner-type amine
complexes. In addition, the common problems of reductive aminations such as
over-alkylation and reduction to the corresponding alcohols, also affect catalytic
activities and selectivities. In order overcome these problems and to perform
reductive amination with ammonia aminations in selective manner, the
development of efficient homogeneous catalysts, are highly desired. In recent
decades, Rh(0-61) |r(62) gnd Ru('5.63) as well as Co®4 and Ni®% complexes were
developed and successfully applied for the synthesis primary amines from
carbonyl compounds and NHs/Hz2. In this section, homogeneous metal
complexes catalyzed reductive amination forthe synthesis of primary amines is

discussed.

In 2002 Beller and coworkers 9 introduced a first homogeneous catalyst
based on [Rh(COD)CI]>-TPPTS complex for the reductive amination
aldehydes to prepare primary amines (scheme 8). Unfortunately, this catalyst
has not been applied for the reductive amination of ketones to prepare branched

primary amines.

10
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0.05 mol% [Rh (cod)CI], Q’s‘o'
1.3 mol% TPPTS o .
S ° o RANHZ o @ o Na
R0 +Aq.NH; > a0 { .0
65 bar H,, H,0, THF, 14 exaronph_as & @ A
135 °C, 2h up to 86% yield

TPPTS

Scheme 8. [Rh(COD)CI]>-TPPTS catalyzed reductive amination

In addition to simple aldehydes, the Rh-TPPTS system was also able to
aminate renewable terpenoid aldehyde such as citronellal to give
citronellylamine.®") Apart from Rh-TPPTS, other Rh-based catalysts such as
Rh[(dppb)(COD)]BF4 and [Rh(COD) CI]>-BINAS were used for the preparation
of primary amines. Also, [Ir(COD)CI]2-BINAS catalyst was applied to prepare

branched amines from ketones.(¢2)

Regarding Ru-based homogeneous catalysts, Schaub and co-workers(63)
reported a Ru(CO)CIH(PPhs)s-dppe catalyst system for the synthesis of

branched primary amines from ketones (scheme 9).

fo) [Ru(CO)CIH(PPh3)3] (1 mol%) NH,
)j\ dppe (1.1 mol%)
Ri” "Ry(H) + NH; + H, Ry TRy(H)
(4-9 bar) (40 bar)  Al(OTf); (10 mol%) 14 Examples

toluene 120 °C, 16 h Up to 95% yield
Scheme 9. Ru-dppe catalyzed synthesis of primary amines.

With respect to asymmetric reductive aminations to prepare chiral primary
amines, Schaub and co-workers®) and Zhang and Co-workers®”) reported
Ru(CO)CIH(PPh3)s-(S,S)-f-binaphane (scheme 10A) and Ru/Cs3-Tunephos

(scheme 10B) systems, respectively.
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1 mol% [Ru(CO)CIH(PPhj)s] 1
(A) 1.1 mol% (S,S)-f-binaphane :
10 mol% NH,l :

: O s

2mol% NaPFg NH, : Fe OO ;

NH; > : @\ :
: R :

R1)LR2"‘ (6 bar) 40 bar H,, Toluene, R R,

120 °C, 16h 17 : E
examples | (S,S)-f-Binaphane :
up to 99% yield | ;

up to 87% ee

(B) 0.5 mol% Ru(OAC), O :
0.5 mol% C3-Tunephos H "0 PAr;

j’\ 200 mol% NH,4(OAC), NH; ¢ :

> A : :

R R, 57 bar H,, TFE, R/ R, | o O PAr; |

100 °C, 16h 22 exal;nple_es :
e | Cotunehes |
: ! Ar = 4-MeO-3,5-'Bu,CgH, !

Scheme 10. Ru-catalyzed asymmetric reductive amination for the preparation of chiral

primary amines.

In 2019, Beller and Jagadeesh et al®® reported Co-triphos as the first
homogeneous base metal catalyst for the reductive amination of carbonyl
compounds with ammonia to prepare primary amines. Using this complex,
benzylic, heterocyclic and aliphatic primary amines were prepared in good to
excellent yields (scheme 11). In addition to the synthetic investigations, the
authors also made DFT studies, and proposed a plausible mechanism (scheme

12).

o 3 mol% Co(BF,),.6H,0
4 mol% Triphos NH,

)]\ - > 50 Examples
R{ "Ry(H) + NH; R{” “Ry(H) Up to 98% yield

40-50 bar H,, trifluoroethanol
100-120 °C, 24h

Scheme 11. Co-triphos catalyzed reductive amination for the synthesis of primary amines.
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Scheme 12. Proposed mechanism (A) and Gibbs free energy surface (B) for Co-triphos

catalyzed reductive amination with NH3 and H..

Subsequently, the same authors®% showed that a related Ni-triphos complex

also acts as an efficient catalyst for the reductive amination of carbonyl

compounds with ammonia to access functionalized and structurally divers

primary amines (scheme 13). In addition, this Ni-triphos complex was used for

the hydrogenation of nitroarenes to produce anilines.
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3 mol% Ni(BF,),.6H,0

2 4 mol% Triphos NH,
1)LR (H) + NH; >
2 (5-7 bar) 40-50 bar H,, trifluoroethanol Ri™ "Ry(H)
100-120 °C, 24h > 50 Examples

Up to 98% yield

\o

92%
(Nabumetone-NH,)

84% (75:25) 81% (68:32) 78% (65:35)

(Estrone-NH,) (Stanolone-NH,) (1 a-Methylandrostanolone-NH,)

Scheme 13. Homogeneous Ni-catalyzed synthesis of primary amines.

1.6 Synthesis of secondary and tertiary amines by base-metal
heterogeneous catalyzed reductive aminations using

molecular hydrogen.

In this section, the catalytic reductive amination for the synthesis of secondary and

tertiary amines using molecular hydrogen in the presence of base metal

heterogeneous materials is discussed.
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Beller and coworkers developed nitrogen doped graphene activated Fe20s-
(Fe203/NGr@C)®8.69 and Co0304-(Co304/NGr@C)(0%.7") based catalysts for one
pot reductive amination of carbonyl compounds and nitro compounds to access
various N-alkylamines. These supported nano-metal oxide catalysts were
prepared by the immobilization of in situ generated phenanthroline ligated Fe-
or Co-complexes on carbon and subsequent pyrolysis under argon at 800 °C for
2h (Fig. 3). Compared to Fe203/NGr@C, Co304/NGr@C catalyst worked under

mild conditions and exhibited more activity and selectivity (scheme 14).

M(OAc), 1. Addtion of
b Ethanol In situ generated | Carbon powder Metal-phenanthroline|  Pyrolysis
i Fe-phenanthroline - complex immobilized
Stir at rt o
/ N 30-:0amrin complex 2. Stirat 50 °C on carbon 800 °C, Ar, 2h

3.Evaporation of solvent

=N \=
M=Fe or Co

_________________________________________________________________________________________ Carbon supported

H nanoscale Mx,0y-particles
i Nitrogen doped graphene layers Mx,0,-nanoparticle In case of Fe_—Fe203 Nps  surrounded by nitrogen
H H In case of Co= Co304NPs  doped graphene layers

Figure 3. Preparation of carbon supported Fe- and Co-oxide nanoparticles

Fe,0;/NGr@C (5 mol%) H
R /NOZ + R /CHO N v R /Nsz
1 2 170 °C, 70 bar H, 1
(0.5 mmol) (1 mmol) 30 h, THF/H,O (1:1) 24 examples
25-94% yield
C030,/NGr@C (5 mol% H
NO, CHO 10/NGr@c { N _N_R,
R{” RS o R
1 7 110 °C, 50 bar H,
27 examples
(0.5 mmol) (1 mmol) 24 h, THF/H,0 (10:1) 54-94% yield

Scheme 14. Fe;0:/NGr@C and Co304(Cos04/NGr@C catalyzed one-pot reductive amination

In 2017, again Beller and co-workers('®) reported a cobalt-nanoparticles- and single
atoms-based catalyst (Co-DABCO-TPA) for the preparation of secondary and tertiary
amines. Both nitroarenes and amines reacted with aldehydes and produced the
corresponding secondary and tertiary amines selectively in up to 92% yield. Applying
the optimal Co-DABCO-TPA@C-800 catalyst 10 existing drug molecules have been

prepared in good the excellent yields. (scheme 15).
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0 Co-DABCO-TPA@C-800 YR4(H) Ry

R NOz ot >Rl Ry (H)
J or R TR, (H)Y RS Ra(H)  40barH,, 120 °C Y
(0.5 mmol) (0.75 mmol) 36 examples Rs
81-92% yield

ZI

87% 85% H 849 +
86% (Paroxetine- NMe)| (Salicin-NMe,)
(Venlafaxine)
o ¢l
(N N
N N /\@o> (\ N\
<Y 92%
(Piribedil) 92% o L
(Buclizine) (Ambroxol) r
c o
oV YT aoMa
Cl
88% 88% 84%

(Clobenzorex) (Fenpropimorph) (Fipexide)

Scheme 15. Co-DABCO-TPA@C-800 catalyzed synthesis amines.

In addition, Jin et al.("? Huang et al.("®) and Chi et al.’4) developed cobalt-based
heterogeneous catalysts for the synthesis of both secondary and tertiary
amines. Regarding Ni-catalysis, Pera-Titus and Shi et al.®® reported NisAlOx
catalyzed reductive amination of HMF with primary amines to obtain bio-base

secondary amines.

1.7 Base metal heterogeneous catalyzed reductive amination
for synthesis of secondary and tertiary amines using formic
acid

In this section, the catalytic reductive amination for the synthesis of secondary and
tertiary amines inthe presence of base metal heterogeneous catalyst using formic acid
is discussed.

In 2017, the Wang group®”) reported Co nanoparticles supported on mesoporous

nitrogen-doped carbon (abbreviated as Co@CN-800) for the one pot reductive

16
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amination of aldehydes and nitro compounds for the synthesis of different N-alklyated

amines using formic acid as the reducing agent (scheme 16).

Co@CN-800 (5 mol%) H

. R2
R NO, R2,CHO " > R1” ™
170 °C, HCOOH
32 examples
(1 mmo|) (2 mmol) 10-20 h, THF 88-95% yleld

Scheme 16. Co@CN-800 catalyzed reductive amination for the synthesis of N-alkylamines.

Next, Chi et ALL.“® reported nitrogen-doped carbon embedded Co catalysts
(abbreviated as Co@CN-800-AT, in which T represents the pyrolysis temperature, AT
represents the acid-leaching process) prepared by the simple pyrolysis of graphene
oxide-supported cobalt-based zeolitic imidazolate-frameworks, followed by an acid-
leaching process for the reductive amination for the synthesis of N-alkylated amines

using formic acid (scheme 17).

Co@CN-600-AT H

. R?
R NO, + RZ’CHO S R1”
190 °C, HCOOH
33 examples
(1 mmol) (2 mmol) 10 bar N,,15h, THF 32-95% yield

Scheme 17. Co@CN-800-AT catalyzed synthesis of N-alkylated amines using formic acid.

Further, Zhang et al.9 prepared nitrogen-doped carbon based Co—Nx/C-800-AT
catalyst by the pyrolysis of cobalt phthalocyanine/silica composite at 800°C under a N2
atmosphere and subsequent etching by HF. The resulting materials were applied for
the one-pot reductive amination of aldehydes and nitro compounds to obtain different

secondary amines using formic acid as the hydrogen donor (scheme 18).

H
- _ - 2

N0z . CHO Co-Nx/-800-AT N R
150 °C, HCOOH, 33 examples
(1 mmol) (2 mmol) 15h, EA 32-95% yield

Scheme 18. Co—catalyzed reductive amination reactions.
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2. Objectives of this work

The development of novel catalysts for the synthesis of amines continues to be
important topic both in academic research and the chemical industry. In particular, the
design of simple and easily accessible catalysts for reductive aminations for the
expedient synthesis of amines is desired and attracts scientific interest. Known
homogeneous catalysts applied for the reductive aminationto prepare primary amines
are based on sophisticated or synthetically demanding metal complexes and ligands.
In this regard our aim was to introduce more simple and commercially available and/or
easily accessible catalysts for the preparation of structurally diverse and functionalized
primary amines from carbonyl compounds and ammonia using molecular hydrogen.
Before this work, the majority of the nanoparticles-based heterogeneous catalysts,
especially non noble metal-based ones, required special techniques and instruments
for their preparation. However, the design of more convenient methods is highly
desired for the practical synthesis of nanoparticles-based catalysts. In this regard, our
objective was to introduce a straightforward approach for the generation of cobalt-
based NPs in situ from molecularly-defined metal complexes and their application to
prepare different kinds of amines. Finally, it was intended to demonstrate reductive
aminations for the preparation different N-(methyl)alkylated amines using formic acid

as suitable reducing agent, which avoids the use of pressurized equipment.
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3. Summary of this work

Following the objectives, we describe the development of homogeneous ruthenium
complex and heterogeneous cobalt based catalystand their applications in reductive

amination reactions.

3.1 Simple ruthenium-catalyzed reductive amination enables
the synthesis of a broad range of primary amines (Nature

Communications, 2018, 9, 4123.)

The majority of the known homogeneous catalysts applied for challenging synthetic
reactions and advanced organic synthesis are based on sophisticated metal
complexes and/or ligands. However, to achieve a convenient and practical chemical
synthesis, the catalyst must be simple, effective and commercially available and/or
easily accessible. In this regard, triphenylphosphine (PPhs)-based metal complexes
are found to be expedient and advantageous for catalysis applications, since PPhs is
a stable and comparatively cheap ligand.(’579 Among PPhs-based Ru complexes,
RuCl2(PPhs3)s3 is the simplest and least expensive one and is also commercialy
available.(®0-86) Noteworthy, this simple complex was used as catalyst for number of
synthetic transformation.(®®-79) Here, we demonstrate that RuCl2(PPhs)s is an efficient
and highly selective homogeneous pre-catalyst for reductive amination that empowers
the preparation of a variety of primary amines of industrial importance and
pharmaceutically relevance. In order to design a practical homogeneous catalyst
system, different metal precursors with PPhs were tested for the reductive amination of
benzaldehyde 1 to benzylamine 2 with ammonia using molecular hydrogen. As shown
in Table 1, the in situ generated Fe-, Co-, Mn-, Ni- and Cu-PPhs complexes were not
active for the formation of benzylamine. However, in situ generated Ru(ll)-PPhs
complexes showed some activity and produced benzylamine in up to 40 % yield. After

observing this reactivity, in situ generated Ru-complexes with differently substituted
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PPhs-type ligands as well as simple nitrogen ligands (L1-L10) have been tested.
Among these, Ru-catalysts containing either PPhs or derivatives with electrondonating
groups in para-position showed the highest activity (Table 1; entries 1,4,5). However,
none of the tested nitrogen ligands (L7-L10) produced the desired product (Table 1,
entries 7-10).

o Ru-catalyst (2 mol"/ﬂ NH, OH \N \
+ NH; + + |
40 bar H,
2 3 4 N
H s

1 t-Amyl alcohol, 130 °C

Entry | Ru-precursor/ Defined Ru- | Ligand Yield (%)
catalyst 2 3 4 5
12 [RuCl2(p-cymene)]2 L1 40 2 40 17
22 [RuCl2(p-cymene)]2 L2 5 - 60 33
32 [RuCl2(p-cymene)]2 L3 2 - 25 70
42 [RuCl2(p-cymene)]2 L4 50 5 20 24
5a [RuClz2(p-cymene)]2 L5 53 4 16 25
62 [RuClz2(p-cymene)]2 L6 10 2 42 44
72 [RuCl2(p-cymene)]2 L7 - - 20 76
82 [RuCl2(p-cymene)]2 L8 - - 18 79
9a [RuCl2(p-cymene)]2 L9 - - 25 74
102 [RuCl2(p-cymene)]2 L10 - - 30 68
110 RuCl2(PPhs3)s - 95 |4 - -
120 RuCl2(PPhs3)4 - 92 7 - -
13 RuCl2(tris(4-methoxyphenyl) | - 95 4 - -
phosphine)s
14 RuClz(tris(4-chlorophenyl) - 50 - 49 -
phosphine)s
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0,0 O, 00r 0 G OO
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T Lr »
=N N= \=¢ N-ZU_n N/ HooC COOH
L7 L8 L9
Cl
L6

Cl

Reaction conditions: 0.5 mmol benzaldehyde, 1 mol% [RuClz(p-cymene)]l2 (2 mol% corresponds to
monomer), 6 mol% ligand, 5-7 bar NH3, 40 bar Hz, 1.5 mL t-amyl alcohol, 130 °C, 24 h, GC yields using

n-hexadecane as standard. PSame as ‘a’ but using 2 mol% defined catalyst.

Table 1. Reductive amination of benzaldehyde using in sifu generated and molecularly

defined ruthenium catalysts.

After having identified RuCl2(PPhs)s to be among the most active pre-catalysts, kinetic
investigations to examine the effect of reaction time, catalyst concentration and
hydrogen pressure on the model reaction have been made. Based on theseresults, it
was concluded that in order to get maximum yield of 2 without the formation of 4 and
5, 40 bar of hydrogen, a reaction time of 24 h, a catalyst loading of 2 mol% and
temperature of 130 °C are required to obtain best results. In addition, these results
confirmed the formation of side products such as alcohols 3, secondary imine 4 and

the imidzole-based product 5 in addition to the desired product, primary amine 2.
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Figure 4. Effect of reaction time, Ru-concentration and pressure of Hz on reductive amination

of benzaldehyde with NHzand H..

Reaction condition: A=yield vs reaction time; B=yield vs concentration of RuClz(PPhs)s; C=yield vs
pressure of Hz; D=yield vstemperature. 2=Yield of benzylamine; 3=yield of benzyl alcohol; 4=yield of N-
benzylidenebenzylamine; 5=yield of 2,4,5-triphenyl-4,5-dihydro-1H-imidazole. Reaction conditions: For
Fig. A: 0.5 mmol benzaldehyde, 2 mol% RuCl2(PPh3s)s, 5-7 bar NH3, 40 bar H2 1.5 mL t-amyl alcohol,
130 °C, 5-30 h; for Fig. B: 0.5 mmol benzaldehyde, 0.5-3 mol% RuClx(PPh3)s, 5-7 bar NH3, 40 bar H2
1.5 mL t-amyl alcohol, 130 °C, 24 h; for Fig. C=: 0.5 mmol benzaldehyde, 2 mol% RuClx(PPhz)s, 5-7 bar
NH3, 10-50 bar H2 1.5 mL t-amyl alcohol, 130 °C, 24 h. for Fig. D: 0.5 mmol benzaldehyde, 2 mol%
RuCly(PPh3)s, 5-7 bar NH3, 40 bar H2 1.5 mL t-amyl alcohol, 90-140 °C 130 °C, 24h. Yields were

determined by GC using n-hexadecane as standard.

Under optimized reaction conditions, RuClz2(PPhs)s catalyst allowed for the preparation
of >90 functionalized and structurally diverse linear and branched primary amines
starting from inexpensive and easily accessible aldehydes and ketones and ammonia
in presence of molecular hydrogen (scheme 19). The application of this Ru-based
reductive amination process has been applied for the synthesis and amination of
various drug molecules and steroid derivatives. In addition, the possibility of upscaling

up this amination protocol up to 10 g scale was demonstrated (scheme 20).
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Primary linear amines
RYo + NH; + H, RuCl,(PPh3); (3 mol%)> RANHZ
(5-7 bar]40 bar) t-amyl alcohol, 130 °C

NH NH
O™ GO ™
O ~s | Cl ﬁ\

e}
cl
89% 88% 95% 87% 72%
Br OMe
87% 81%
82% 82%
©/\ Ip) NHZ NH2
92% 85%
87% 71%
89% 89% 83% 80%

Primary branched amines

+ NH; + H, RuCIz(PPh3)3(3moI%)> NH,
Ri” 'Rz (5.7 bar|40 bar) t-amyl alcohol, 130 °C

R{ R,
NH
F ©)\/\/
F
! |=>'\o o~
63: 93% 69: 82% ¢ 72: 82% ¢ 77: 82% ¢
H NH, NH,
HO
93% 80% 85: 85% 80%

Biologically actlve molecules fj
_H /@/K/:(;/o

90% 76% (Azaperone-NH,)
(Nabumetone-NH,) (Pentoxifylline-NH,)

79% 92%
(Estrone-NH,) (Testosterone propionate-NH,)

93% (92:8)
(Androstanolone-NH,)

Scheme 19. RuClx(PPhs)s catalyst red uctive amination for the synthesis of primary amine.
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/©/\NH2 NH, O/\NHz
Br PR O ©/\NH2

17: 92% 12: 90% 30: 92% 2:93%
(2.5g scale) (10g scale) (59 scale) (3g scale)
NH NH
o Oy > OMZ
I HO
89: 90% 66: 91% 80: 90%

(20g scale) (2.5g scale) (59 scale)

Scheme 20. Demonstrating the synthetic utility for gram-scale reactions.

Reaction conditions: 2-20 g carbonyl compound, 2-3 mol% of RuClx(PPhs)s (2 mol% in case of aldehyde,
3 mol% in case of ketone), 5-7 bar NH3, 40 bar Hz, 25-150 mL t-amyl alcohol, 130 °C, 24-30 h. Isolated
as free amines and converted to hydrochloride salts. Corresponding hydrochloride salts were subjected

to NMR analysis.

In addition to synthetic applications, in-situ NMR studies have been made to identify
catalytic species and reactionintermediates (Fig. 5). Based on these NMR studies and
kinetic investigations (Fig. 4), the plausible mechanism for the RuCl2(PPhs)s-catalyzed
reductive amination in presence ammonia and molecular hydrogen is proposed in
scheme 21. The pre-catalyst RuCl2(PPhs)s is activated by H2 and forms the active
catalyst species [RuHX(PPhs)s3] (X = H- or CI-). This active species selectively reacts
with the primary imine, which is formed by the condensation of carbonyl compound
with ammonia, toinitially form a substrate complex (I). Next, the substrate coordination
is followed by hydride insertion (ll), generating a Ru-amide complex. Finally,
coordination of Hz (lll) followed by hydrogenolysis releases the primary amine as the
final product with the regeneration of the catalytic species (1V) hydrogenolysis releases
the primary amine as the final product with regeneration of the catalytic species (1V).
The formation of side products 4 and 5 is already explained in section 1.3 and scheme

21.
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Reaction condition: a) RT, argon atmosphere; b) RT, H2 atmosphere (1.5 bar), 10 min; c) RT, Hz
atmosphere (1.5 bar), 2.5h; d) 60°C, H2 atmosphere (1.5 bar), 30 min; e) 60°C, H2 atmosphere (1.5 bar),
1.5h.

e N
RuCl,(PPhj);
+H, | -HCI
=-17.6 ppm (q)
RuCI(H)(PPh3); E‘ = 55 ppm (br SD

+Hy | -HCI

Oy =-12.5 ppm (brs
Ru(H),(PPhy); QL o pprrilp(br(s) 3

. PPh% PPh, xROH or RCHO

Ru(H),(PPhs), RuHCI(CO)(PPhj3),(Y)
Sy =-10.9 ppm (tt) Oy = -9.4 ppm (1)
dp = 34.8 ppm (m), 58.4 ppm (m) dp = 50.4 ppm (s)
9 Y=Solvent )

Figure 5. Generation of different species from RuCl2(PPhs)zin the presence of hydrogen.

25



Summary of work

0]
RuCly(PPh3)s R1)LR

R +Hy - HCI
2 +NH; W -H20
N

Ph
H +2a,-NHg

PPh Ru
>/ 3)3 {\Fﬂ)LRz for Ry = Ph, RZ_H) |\
| a
H X
$u (PPh3)
'

NH
R4 )\ 2 D
N NH3 R1 R2
3 R7 NH
P

T R, H=H H=Ru(PPha)s g, Ri=PRp=H:2
1 \ 1 h
X A
i N™ "Ry J\
P N7 NH
N Ru(PPh3 RZ R, py
4 o P Ph
............... =Ph,Ry=H: 4
+ X=HorCl

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

Scheme 21. Proposed reaction mechanism for the RuCl(PPhs)s-catalyzed reductive

amination of carbonyl compounds with ammonia.

3.2 Ultra-small cobalt nanoparticles from molecularly defined
Co-salen complexes for catalytic synthesis of amines

(Chemical Science, 2020,11,2973-298)

In general, the preparation of nanostructured catalysts involves specific methods and
require special instruments. However, the convenient and practical preparation of
nanoparticles-based catalysts continues to be important and attracts scientificinterest.
In this regard, generating nanoparticles in situ using suitable precursorsin the reaction
system is more expedient. Here, the synthesis of in situ generated cobalt nanoparticles
from molecularly defined complexes as efficient and selective catalysts for reductive
amination reactions is reported.®”) For example, cobalt-N,N-bis(salicylidene)-1,2-
phenylenediamine (complexl) in water-THF as solvent in the presence of ammonia
and molecular hydrogen at 120 °C formed magnetically separable ultra-small

nanoparticles (Co-NPs) (Fig. 6).
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Co-salen complex Magnetic Co NPs

o NH,, H, NH;
—_ —_—
R1/U\R2(H) H,O-THF R, Ry(H)
120 °C

In situ generated Co NPs

Figure 6. In situ generation of Co-NPs from Co-salen complex for reductive aminations.

To explore the reactivity of these Co NPs, preliminary catalytic experiments were
carried out for the reductive amination of 4-bromobenzaldehyde 1 to 4-
bromobenzylamine 2 in presence ammonia and molecular hydrogen as benchmark
reaction (Fig. 5). Testing simple cobalt(ll) acetate produced no desired productat all.
In contrast, using a mixture of cobalt(ll)acetate and N,N-bis(salicylidene)-1,2-
phenylenediamine (L1) led to the formation of 15% of 2. Remarkably, the defined
complex Co-L1 (complex |) exhibited excellent activity as well as selectivity in the
benchmark reaction (98% of 4-bromobenzylamine). In addition, other molecularly
defined Co-salen complexes have also been tested (Fig. 7). Complexes II-1V showed
good activity (85-90% yield), while complex V resulted in lower product yield (50%). In
all cases of active complexes, the in-situ formation of Co-NPs took place, which
catalyzed the reductive amination reaction. Due to their physical properties, the Co
NPs could be magnetically separated and were conveniently re-used up to three times
(Fig. 7). In addition, the stability of the catalyst system was also confirmed by recycling
the NPs after reduced reaction time. For comparison, we also prepared cobalt
nanoparticles separately by mixing complex I, ammonia and hydrogen under standard
reaction condition without the addition of aldehyde. After isolation, they were tested
under similar conditions and exhibited comparable activity and selectivity to that of in
situ generated ones.

Next, the reactivity of these active NPs were compared with related supported NPs.

However, addition of carbon or silica support to the reaction led to completely inactive
27



Summary of work

materials (Fig. 8). On the other hand, materials prepared by immobilization of complex
I on carbon or silica and subsequent pyrolysis produced catalysts with moderate
activity (Fig. 7; 40-50% yield of 2). In addition, specific cobalt nanoparticles have been
prepared by using chemical reduction of cobalt salts®®and tested for their activities.
However, none of these cobalt nanoparticles formed the desired product, 4-
bromobenzylamine. All these results reveal the superiority of the simply in situ

generated Co NP’s (Fig 7).

~No Co-catalyst NH,
+ NHy ———™™ >
Br 45 bar H,, 120°C Br
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Figure 7. Reductive amination of 4-bromobenzaldehyde: Activity of cobalt catalysts.

28



Summary of work

=N, N= N, N= %;§
Co_ cd’
=N_ N= o Yo o o _N\C N=
o ‘o (0] o}

Complex | Complex Il

Complex Il Complex IV
Br
— —N_ N= Q
—N_ _N= cq. g
g, o o° Br o ‘o Br
o” ‘o
Br Br
Complex V Complex VI Complex VI

Reaction conditions: 0.5 m mol 4-bromobenzaldehyde, 6 mol% Co-complex, (Co NPs), 5 bar NH3, 45

bar Hz, 2 mL solvent 2.5 mL (1.5:1 H20-THF), 120 ‘C, 24 h, GC yields using n-hexadecane as standard.
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NH,
Carbon or Si0, 1T Re(H) )\
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Figure 8. Reductive amination of carbonyl compounds in presence of NHz and H. using

different Co NPs produced from cobalt-salen complex.

Characterizations of in situ generated cobalt NPs using transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), (X-Ray Diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS) revealed the formationof  well-

defined ultra-small (range 2-4 nm metallic cobalt and cobalt hydroxide nanoparticles

embedded in a cobalt-nitrogen framework (Fig. 9).
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Figure 9. TEM images of in situ Co-NPs generated from complex I.

a, b=HRTEM images of cobalt catalyst, C=magnified STEM image, c-g = elemental mapping

images where C, N, O and Co are in blue, yellow, green and red colors.

The applicability of these in situ generated cobalt NPs was demonstrated for the
synthesis of a variety of structurally diverse and functionalized benzylic, heterocyclic
and aliphatic linear and branched primary amines from carbonyl compounds and

ammonia in presence of molecular hydrogen (schemes 22 and 23).
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Scheme 22. /n situ generated Co-nanoparticles catalyzed synthesis of linear primary amines.

[EReaction conditions: 0.5 mmol aldehyde, 6 mol% complex | (22 mg), 5-7 bar NHs, 45 bar Ho, 2.5 mL
H20-THF (1.5 :1 ratio), 120 °C, 24h, isolated yields. ! Same as [a] at 130°C. [F)same as [a] using prepared
and isolated Co-NPs (2mg; 6.5 mol% Co).
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+
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Scheme 23. Synthesis of branched primary amines using in situ generated Co-nanoparticles.

llReaction conditions: 0.5 mmol ketone, 6 mol% complex | (22 mg) 5-7 bar NHg, 45 bar Ha, 2.5 mL H20,
130 °C, 24 h, isolated yields. P! Same as [a] in H2O-THF solvent(1.5:1ratio). ' same as [a] using prepared

and isolated Co-NPs (2 mg check this correct mol%; 6.5 mol% Co).

Apart from primary amines synthesis, the applicability of these novel Co-nanoparticles
was explored for the synthesis of secondary and tertiary amines. Interestingly, testing
complex|, which generates the active NPs vide supra for the reaction of benzaldehyde
and aniline at 120 °C in presence of molecular hydrogen (40 bar) led to the formation
of imine (N-benzylideneaniline) as the sole product. Under these conditions no
nanoparticles could be isolated after the reaction. Apparently, the presence of
ammonia and hydrogen are required for the generation of the active NPs. Indeed,
using isolated Co NPs, which were prepared from complex I, ammonia and hydrogen,
led to excellent activity and selectivity for the synthesis of secondary and tertiary

amines including N-methyl amines (scheme 23).
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Scheme 24. Synthesis of secondary, tertiary and N-methyl amines using Co-nanoparticles
prepared from complex |.
llReaction conditions: 0.6 mmol aldehyde, 0.5 mmol amine, 2 mg Co-nanoparticles (6.5 mol% Co), 45

bar Hz, 1.5 ml H20 130°C, 20 h, isolated yields. P!Same as [a] using 1 mL Aq. N, N-dimethylamine instead

of amine.

3.3 Expedient synthesis of N-methyl- and N-alkylamines by
reductive amination using reusable cobalt oxide nanoparticles

(ChemCatChem, 2018, 10, 1235-1240)

Reductive amination of aldehydes with nitro compounds or amines for the synthesis of
N-alkyl and -methyl amines using carbon-supported, nitrogen-doped graphene
activated cobalt oxide (Co304/NGr@C) was performed in the presence of formic acid-
EtsN mixture. This synthesis using formic acid as hydrogen source under transfer
hydrogenation conditions was performed in simple commercially available pressure

tubes by avoiding the use of sophisticated pressure equipment. Co3O4/NGr@C was
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prepared by the immobilization of in situ generated Co-phenanthroline complex on
carbon (Vulcan XC 72R) and subsequent pyrolysis at 800 °C under argon for 2h (Fig.
10).6970) In addition to phenanthroline, other nitrogen ligands were also used to
prepare cobalt-based materials.

( )\ l\
B T2+ <_Q Y S NN
A\ N W= LN N

L1 L2

=N N= 1. Immobilization

on carbon
Co OAc )2-
7\ (OAc;

—_—
—N N— 2. Pyrolysis HW/E\)\(H — =
800 °C, 2h, A N O—O
Q@) ( " @'N N‘@ Ta¥
L3 L4

10 nm

Co;04-nanoparticles covered
by nitrogen doped graphene surfaces

(& J

Figure 10. Preparation of Cos04/NGr@C

These cobalt-based materials were tested for the reductive N-methylation of 4-
methoxynitrobenzene with aqueous formaldehyde as methylation reagent in presence
of formic acid as hydrogen source. The pyrolysis of Co(OAc)2-L1 (L1 =phenanthroline)
on carbon led to a highly active catalytic material was produced 4-methoxy-N,N-
dimethylaniline in 88% yield (Fig. 11). However, related cobalt materials prepared
using ligands L2-L4 showed less activity (25-59%). As expected, homogeneous cobalt

complex and pyrolyzed simple cobalt acetate on carbon showed no desired activity.
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Figure 11. Cobalt-catalyzed reductive N-methylation of 4-methoxynitrobenzene.

The active material (Co304/NGr@C; Co-L1@C-800) has been characterized by TEM,
XPS, EPR and XRD spectral analysis. Allthese characterization data revealed that the
active material contains 2-10 nm Co304 particles. These cobalt oxide nanoparticles are
surrounded by nitrogen-doped graphene surface (Fig. 10). In addition, very small
quantity of Co and/or CoO core and a Co30a4 shell with a size of 20-80 nm are also
present (Fig 10). XPS analysis of the active catalyst showed that CosO4+/NGr@C
contained pyridine-type nitrogen and pyrrole-type nitrogenatoms as well as quatemary
amine species. All these characterization studies confirmed that active material
contains mainly nanoscale Co30a4 particles, which are surrounded by nitrogen-doped
graphene layers. Notably, the formation of nano-sized cobalt oxide particles and the
generation of nitrogen-doped graphene layers, which activates Cos0Os-particles, are
important for the activity of catalyst. Itis proposed that the interactions of Co-N facilitate
the decomposition of formic acid to generate cobalt hydride species in situ, which
enhance the reactivity towards reductive amination. Co304/NGr@C exhibited good to

excellent activity and selectivity for the N-methylation of both nitroarenes and amines
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using aqueous formaldehyde as methylation source in presence formic acid-Et:N
mixture (scheme 25). As a result, a series of functionalized and structurally diverse
N,N/-dimethyl amines have been prepared. N-methylation of nitro-substituted
biologically active molecules such as Nimodipin and challenging dinitro compounds
was also achieved. In addition to the preparation of aromatic N-methylamines from
nitroarenes, this Co-based protocol allowed for the reductive N-methylation of bio-
active primary and secondary amines as well as amino acids (scheme 25), which can
be exploited for life science applications. As an example, Paroxetine and Duloxetine
were N-methylated without affecting other functionalities or the core-structure of the
molecules. Notably, phenylalanine and tyrosine amino acid esters have also been
dimethylated successfully. In addition, preparation of two drugs such as Amitriptylin

and Venlafaxine is showcased.

C0;0,/NGr@C |

NH, N
R/NOZ or R” “+ AqCHO Y
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| | |
o [ NJ N_ N_
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& : !
) 86%, 28h 82%, 28h
87%, 28h 89%, 28h °
| ‘ h
L w I O
oo H,N o 0~O~ O
° CF{ CF
3 3
91%, 24h 91%, 28h 84%, 28h .
F 77%, 30h 86%, 44h°
\
o I\ N~ OH
s” % ~o N~
I 0 |
(o] 0 (o)
N OQ N" Ho NJ
| | _0
87%,14h® 86%,14h® 89%,14h® 83%,14h® 88%,14h®
(Paroxetine-NMe) (Duloxetine-NMe2) (Amitriptylin)  (Tyrosine-NMe2)  (Venlafaxine)

Scheme 25. Cos;04/NGr@C catalyzed reductive N-methylation of nitro compounds and

amines for the preparation of N-methyl amines.
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Reaction conditions: @ 1 mmol nitroarene, 200 uL aqueous formaldehyde (37 wt% in water) 80 mg
Co304/NGr@C (4 mol% Co), 5.3 mmol formic acid (5.3 equiv. as a HCOOH-Et3N (5:2) mixture), 3 mL ¢t
butanol 100 °C, 24-44 h, isolated yields. ! 1 mmol amine, 200 pL aqueous formaldehyde (37 wt% in
water) 80 mg Co304/NGr@C (4 mol% Co), 2.2 mmol formic acid (2.2 equiv. as a HCOOH-Et3N (5:2)
mixture), 3 mL t-butanol 100 °C, 14 h, isolated yields. [Clsame as [a] with 160 mg catalyst, 200 yL aqueous
formaldehyde and 10.6 mmol formic acid (10.6 equiv. as a HCOOH-Et3N (5:2) mixture).

After having demonstrated the preparation of N-methylamines, Co304/NGr@C was
applied for N-alkylation of nitroarenes with aldehydes and selective N-alkylation of
amino acid esters and the preparation of existing drug molecules (scheme 26). As a
result, phenylalanine and tyrosine amino acid esters are successfully N-alkylated with
different aromatic aldehydes. Further on, two existing drug molecules such as Piribedil
and Fenpropimorph were prepared. Thus, this benign reductive amination process
shows the feasibility for selective late-stage manipulation of amine-based life science

molecules.

s
H L
+ Ry R
HCOOH -Et;N, t-butanol ' \F
100 °C
93%, 24h 88%, 24h 95%, 24h O  90%, 24h

9&
B~0 \/O
0 LT
° 87%, 30h 86%, 30h 80%, 14ha 83%, 14ha

N/\©: \(\N
oL oY Y PO
HO HN QN

82%, 14h® 88%,14h? 81%,14n?

0,

o 0 (Piribedil) (Fenpropimorph)

Scheme 26. N-alkylation of amino acids using nanoscale cobalt oxide-catalyst.
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Reaction conditions: 1 mmol nitroarene, 1.5 mmol aldehyde, Co304/NGr@C (4 mol% Co), 4.3 mmol formic
acid (4.3 equiv. as a HCOOH-Et3N (5:2) mixture), 3 mL t-butanol 100 °C, 24-44 h, isolated yields. [ 1
mmol amine, 1.5 mmol aldehyde, Co304NGr@C (4 mol% Co), 1.5 mmol formic acid (1.5 equiv. as a

HCOOH-Et3N (5:2) mixture), 3 mL t-butanol 100 °C, 14 h, isolated yields.

Finally, practical utility of this protocol has been demonstrated by performing gram
scale reactions. Without any improvement of reaction conditions, 1-3grams of selected
nitroarenes have been selectively N-alkylated and -methylated, to produce
corresponding secondary and tertiary amines with similar yields to that of 1 mmol scale
(scheme 27). These results prove that this protocol can be easily scalable for the

preparation of several grams of amines.

o

18: 85% 2 16: 85% 2 51:92% b 42:88% ®
(2g Scale) (1g Scale) (2g Scale) (3g Scale)

| |
O' _O . N o~
o) O

Scheme 27. Demonstrating Coz04/NGr@C-catalyzed gram scale reactions.

Reaction conditions: [a] 200 pL aqueous formaldehyde (37 wt% in water) 80 mg Co 203/NGr@C (4 mol%
Co), 5.3 mmol formic acid (5.3 equiv.as a HCOOH-Et3N (5:2) mixture) for each 1 mmol nitroarene, 25-
30 mL t-butanol 100 °C, 20-30 h,isolated yields. [b] 1.5 mmole aldehyde, 80 mg catalysts and 4.3 mmol
formic acid (4.3 equiv. as a HCOOH-Et3N (5:2) mixture) for each 1 mmol nitroarene, 25-30 mL t-butanol,

100 °C, 24-30 h, isolated yields.
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In general stability, recycling and reusability of a given catalyst are important features
forthe advancement of sustainable industrial processes. Noticeably, this Co304/N@C-
catalyst is highly stable and conveniently recycled up to 5 times to produced

functionalized secondary amine (Fig. 12).
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Figure 12. Recycling of Cos04/NGr@C-catalyst for the preparation of functionalized

secondary amine.
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Simple ruthenium-catalyzed reductive amination
enables the synthesis of a broad range of primary
amines

Thirusangumurigan Septhamarall, Kathiravan Murugesan1, lacob Schneidewindﬂ1, Marayana V. Kalevaru',
Wolfgang Baumann', Helfried Meumann!, Paul C.J. Kamer', Matthias Beller@® ' & Rajenahally V. Jagadessh@ !

The production of primary benzylic and aliphatic amines, which represent essential fead-
stocks and key intermediates for valuable chemicals, life science malecules and materials, is
af central importance. Hare, we report the synthesis of this class of amines starting from
carbonyl compounds and ammonia by Ru-catalyzed reductive aminztion using Ho. Key to
success for this synthesis is the use of a simple RuClL{PPh,)y catalyst that empowers the
gynthesis of >0 various linear and branched benzylic, heteracyclic, and aliphatic amines
under industrially viable and scalable conditians. Applying this catalyst, —MNH. moiety has
heen introduced in functionalized and structurally diverse campounds, 2teroid derivatives and
pharmacauticals. Mateworthy, the synthetic otility of this Ru-catalyzed amination protocol
has been dermanstrated by upscaling the reactions up ta 10 gram-scale syntheses. Further-
more, in situ MAWE studies were perfarmed for the identification of active catalytic species.
Based on these studies a mechanism far Ru-catalyzed reductive amination 15 proposed.
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he dewelopment of efficient catalytic reactions for the

selective and sustainable syathesds of amines rom readily

available and inexpensive starting materals by utilizng
ahundant and green reagents continues to be an important goal of
chemical research' ® In particular, the development of simple
and casily accessible catalvsts for reductive aminations is highly
important becinse these remctions allow for the cost-efficient
production of different kinds of amincs™. Among reductive
aminalivng, the reaction of carbonyl compounds with ammenia
in presence of molecular hydrogen to produce primary amines is
of central importance and continues to be a major challenge! ¥
In general, amines are essential chemicals used widehr in many
rescarch areas and industrial productions related te chemistey,
medicine, biology, and material sdence'-®. The majority of
existing pharmacenticals, agrochemicals, biomolecules, and nar-
ural products contain amine functonalities, which constitute key
structural molifs and play vilal roles in their functions' 5 Among
different kinds of amines, primary henzylic and aliphatic amines
constitute valuable fine and bulk chemicals, that serve as versatile
feedstocks and key intermediates for advanced chemicals, life
science moleciles and polymers' ™4, Regarding their synthesis,
catalytic reductive amination of carbonyl cempounds (aldehydes
and ketones) with ammonia in presence of malecolar hydrogen
fepresents a wasle-free process to access various linear and
branched benzylic and aliphatic amines'’=*". [n addition, cata-
lytic amination of alcohols with ammonia also constitutes a
sustainable methodalogy to produce primary amines™ . Apart
from transiton metal-calalyzed aminmations, the Leuckart-
wallach reaction®™-1! and reduction of oxime ethers with har-
anc**~* have also been applied. Noteworthy, selective inlrodue-
tion of primary amine moieties in functionalized cnmpmm.d_': by
utilizin, am.monm constitutes a benign and economic metha-
dology ", Ammonia, which i produced in >175 million wons
per year sn::a]e. in considered to be an ahundant and green che-
mical used enormously lor Lhe larpe scale production of nrea and
other fertilizers as well as various basic chemicals®-50, aAlthaugh
ammonia is used cxtensively for the production of simple mole-
cules, its reactions still encounter commeon proklems such as the
requirernent of high temperatures or pressares and low selectivily
towards the formation of a single desited product® %", lence,
the development of more active and selective catalysts for an
cffective utilization of ammonia, especally (or its inserlion in
advanced and complex maolecules, is highly demanded and
challenging,

Breductive amination for the preparation of primary amines,
especiaﬂ{ in Industey, 1s mainly carried out using heterogeneous
catalysts!™2%, Compared to heterngencous catalysts, homao-
geneous catalysis for amination of structurally diverse molecules
is less studied and remaing challenging®*=2". Transition metal-
calalyzed reactions involving ammonia are often difficult o
perform or do not even vccur, This problem i3 foainly due to the
deactivation of homnagencous catalysts by the formation of stable
Werner-lype ammine complexes as well as due to the harsh
conditions required for the activation of ammonia, In addition,
common problems in reductive aminations, such as over a].k'l.rlaa
tion and reduction to the corresponding aloohols, alsa affect
catalyst viability. In order o ullize arnmonia suceesstully and o
overcome these problems, there iz a need to develop highly «fi-
cient homogeneous catalysts, which is the prime task of this
investigation. To date, a few catalysls based on Rh-#455, Tp-25 and
Ru-"%27 complexes were teported for the preparation of primary
amines from carbonyl compounds and ameenia using hydrogen.
Initially, Beller and co-workers™ have reported a [RB{CODNC],-
TPPTS catalyst system for the synthesis of simpla primary amines
from aldechydes and agqueous ammaonia using NIT,O0Ac as addi-
tve. Following this work, Bh{(dppb](CODN|BF, and [Rh(COD)

Clly-RINAS catalysts were also applied®, Next, [Tr(CODGC) -
BIMNAS was [ound Lo be able Lo calalyze Lhe amination of a few
simple ketones with ammonia®®, Beparding Bu-catalysts, Rul1C]
(OO Phs)s-rantphos/-dppe in presence of AOT) is known
to catalyze the preparation of simple primary amines from
ketones . Recently, RulICHCO)PPha)s-(5.5)-Fbinaphanc®™ in
presence of WaPF; or WH4T using WHa, ag well ag RulOAC)-C.-
TunePhos*! using NHyOAc have been used for enantioselective
teduclive amimation of ketones to obtain chiral peimary amines.
These homageneous catalyss, however, have only heen applied in
(enantoselective) reductive aminabions of simple substrates and
hare not been wsed far the preparation of functionalized amines.
Despite these advances, the design of simpler yet efficient
homogeneous calalysts [or the preparation ol 3 broad range of
structurally diverse primary amines is highly desired and con-
doues Lo be an lmpotlant task rom both a research and an
imdustry perspective,

In a lot of cases, homopeneows catalysts applied for challenging
reaclions and advanced organic synthesis operations are based on
sophisticated or syntheteally demanding metal complexes and
ligands, However, a fundamental and econamically important
principle Ls that to achieve a comvenient and practical chemical
synthesis, the catalyst must be simple, elleclive and commercially
availahle andfor easily accessible In this rcgard, triphenylpho-
sphine (EPh,)-based melal complexes are lound to be expedjenr
and advantageous for catalysis applications, since PPh; is a stable
and comparatively cheap ligand=-%., Among PPhy-based Ru-
complexes, RuCl(PPhs)s i8 considered to be the simplest and
least expensive one and is also commercially available. Interest-
ingly, RnClafFP‘h,], is known to catalyme a number of nrgam.c
reactions™™ "%, Herein we demonstrate that BoCl(PPhy)y = an
efficient and highly sclective homogeneous precatalyst for
reductive amination, allowing the preparation of a variety af
primary amines of indostral imporlance, By applying this Ru-
precatalyst and starting from inexpensive and readily available
carhanyl compounds {aldchydes, ketones), emmonis and mole-
cular hydeogen, we undertoak the synthesis of functionalized and
stucturally divcrse lincar and branched benzylic, heteroorclic,
and aliphatic amines including drogs and steroid derivatives.
Another objective i3 o demonstrate up-scaling of the homa-
geocous amination protocol to pram-scale syotheses, Further-
mmore, afforts were also made to identify caralytically active species
and reaction intermediates by perdorming kinetc and in situ
WMR irvestigations. Based on these stodies, a plavsible reaction
mechanism 1s proposed,

Results

Selection of catalyst and resction conditions. Reductive ami-
natinn of benzaldehyde (1) to benzylamine (2) with ammonia
using malecular hydrogen was chosen as 3 benchmark reaction.
Al first, in presence of PPhy different metal precuesors were
tested. As shown in Table 1, the in situ generated Fe-, Co-, Mao-,
Wi- and Cu-PPhy complexes were not active for the [ormation of
benzvlamine (Table 1 entries 1-5). However, in sitn generated Bu
(I1)-PPhy complexes showed some aclivily and produced benzy-
lamine in up to 0% yicld {Table 1, cotrcs 6 and 7). After
ohserving this reactivity, we next tested in sitn gemerated Ru-
complexes with differently substtuted PPhy-type ligands as well
ar simple nitrogen ligands (L1-L10). Among these, Hu-catalysts
conlaining either PPh; or derivatives with electron donating
proups in para postion showed the hiphest activily (Table Z;
entries 1.4.5), However, nome of the tested nitrogen ligands
(L7-L10) produced the desred product (Table 2, enties 7100
Unlottunately, using in site generated Ru-complexes the yvield of
henzyvlamine did not improve beyond 33% {Table 2).
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Table 1 Reductive amination of banzaldahyde: activity of different catalysts

Catalyst (2 molis)

b
+ NH;

=
40 bar Hj, t-amyl alcohol, 130 °C

Entry | Metal precursor | L Yield of Benzy]amiue [Ya]
] FeCly "TPh, d
2 CoCl1.6H0 | PPh; nd
3 MnCl, "PPh; nd
4 NiCly.6H; 0 PPh; nd
5 Cully PPhy nd
6 [RullLi{p-cymene)]. | PPha 40
7 | [RuCly{benzene)]: PPhy 35
8 [RuClyp-cymene)]: | - nd
ENRE PPh; ad

{ lipanel s rel dkeliected

Mext we turned our interest to molecularly defined Hu-
complexes, To our delight, the commercially available com-
plexes BuCl{PPh.)y and RaCl(PPhy), showed excellent
activity and selectivity for the formation of beneylamine in
52-95% yields (Table 2, entrics 11-12). Further, Ruftris(4-
methoxyphenyliphasphing); Cla and Ruftris(4-chlorophenyl)
phosphine),Cl, were also prepared and tested for their
reactivity (Table 2; entries 13 and 14}, The former displays
similar activity compared to BuCl(FPhy)y [Table 2, entry 13),
while the latter was less active {'lable 2, entry 14), reflecting the
same ligand tremd observed in case of in sitn generated
complexes. [n presence of hiphly active catalysts, we observed
4-7 % of benzyl aleohol {3) as the side-produce (T'able 2. entries
11-1%). In case of less-active and or nom-active catalysts,
undesired side products such as N-henzylidenchenzylamine (4)
and 2,4.5-triphenyl-2-imidazoline (53 were formed (Table 2,
entries 1-10), Dibenaylamine {6} was not ohserved under any
of these conditions.

Kinetic investigations. After having identified RuCl,(PPhy)s as
one of the most active precatalysts, we performed kinetic imees-
tigations o this system and examined the eflect of (a) reaction
time, (b) catalyst concenteation, (¢) hydrogen pressurce, (d)
reaction temperalure, (e] ammaonia pressure, and {f) substrate
(benzaldehyde) concentration on activily and prodoce distribo-
tion (Fig, L}, For peaction time, in Fig. la it can be seen thal afler
5 h, secondary iming 4 is predominantly present (ca. G0%), with
anly 30% of target producl 2. Ower the course of the reaction, 4,
which appears to be an intermediate, is consumed W yield up to
95% 2 after 24 h {for the mechanism of this transformation vide

T liar cordiliors: DS rmal pznzalderyce, 2 mos metal precimer, S ma' PPy, § 7 bar M, 20 bar Hp 1aml el alochal, 130 50, 24 B, GO veils mng rheoeczne os skandatd

infra). During the reaction, an increasing amount (up e 4%) af
henzy] alcohol is alse formed. The cyclic side product 5 can be
observed at various reaction times and ils amount appedrs to
decrease, ‘This trend, however, is presumably an artifact of the
kinetic measurements (gee SI). From Fig la it can be concluded
that 24 h is an ideal reaction Ume to obtain maximum yield of 2,
Fig. 1b shaws how catalyst loading affects the product distribu-
don Al lower (=2 mol%) loadings, increased amounts of inter-
mediate 4 and side product 5 are obtained, while beyand 2 mal®
almost no 4 or 5 along with maximum yield of 2 and some benzyl
alcohol 3 were ohserved. A catalyst [nading of 2 mol% is therefore
necessary b achieve excellent yield of benzylamine. Similar rends
in the product distribution are ohserved for varied H; pressure
{Fig- 1c} and reaction temperature (Fig, 1) Thus 40bar H;
pressure and 130°C reaction temperature are found to be opli-
mum to suppress the [ormation of intermediates/side products
[4/5) and to yield maximum amounts of the targel product
benzylamine. When invertigating the effect of ammonia pressure,
we found thal al less than 5 bar side product 6 (dibenzylamine) s
formed in op to 20% (Fig. le) yicld with a concomitant decrease
in the :,rie]d of 2. Hence, a minimum NH; pressure of 5 bar is
required to sclectively form the desired product 2 (for mechan-
istic details vide infra). Further, on increasing the concentration
of benzaldehyde (>0.5 mmol) the amount of 5 gradually increases,
leading tn formation of 5 in up Lo 80% yield (for 2 mmol ben-
zaldehyde) (Fig. lel

Synthesis of linear primary amines from aldechydes. Under
optimized reaction  conditions, we explored the scope of
Bl [PPhy ) -catalyzed reductive amination for the synthesis of
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Table 2 Reductiva amination of benzaldehyde using ruthenium catalysts

1 tAmyl aleohel, 13670

@,‘.;n Ru-catalyst {2 mol%) NH; H
———
+ HHy 40 bar H, i [ j T @/‘Nf\@ . N " @/«Hv\@
z 3 " @* 5
5

Entry | Ru-precursor/ Defined Ru-catalyst L Yield (%)
2 3 |4 5 |6

1% [RuCly{p-cymene)]; L1 (40 [2 |40 [17 |- |
2° [RuCly{p-cymene)]: LY |5 3 60 |33 -
3° [RuCly{p-cymene)]s 13 [Z |- 25 |70 |-
ER RuCh{pcymenc)lz T4 |50 |5 |20 |24 |-
58 [RuCly(p-cymene)]s 15 |53 |4 |16 |25 |-
6° [RuCly(p-cymene)]z L6 (10 |2 |42 |44 |-
B [RuCly(p-cymenc)]z ' T |= = 20 e [s
g" [RuCla{p-cymene} ]z LE - - 18 79 -
gt [RuClz{p-cymene)]: Ly | - - 25 74 |-
10" [RuCly(p-cymene) |2 |L1o | - - 30 68

11k RuCl(PPhs)s - les |4 - -

12° RuCl(PPhy)y - 92 [7 |- 2 -
137 RuCly(tris(4-methoxyphenyl)phosphine); | - 9"5" 4 |- z ¥
i 14° BuCly{tris(4-chlorophenylyphosphine)s ' 2

@ﬂup@@:@r@’ e
5 &% 9 9

L2 L4
cl I "
QO o oBa oo
e 3
% Q—@I,N N2 Hooc” N “cooH
L7 L8 Ls L10
|

L&

Reaction conditions: “0.5 mmol benzaldehyde, 1 mol% [RuClyp-cymene)]s (2 mol%s with respect o the monomer), 6
mol%s ligand, 3-7 bar WHy, 40 bar Hy 1.5 mL r-amyl aleohol, 130 °C, 24 b, GO yields nsing n-hexadecane oy standard,
Same as 'a’ but using 2 molts defined catalyat,
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Fig. 1 Kinztic investigations on the Ru-catalyzed reductive amination of berzaldshyde. a Yizld vs reaction Tme, b yiald vs carcertration of RuClL{FPhzls,
e vield vs prassure of Ho, d yield vs temperaturs, @ yield vs pressure of MHg, T yield vs concentration of benzaldehyde. 2 = Yield of banzylaming; 3 = yield of

bereyl acohol; £ = yield of N-benzylidenebenzylaming &

yvield of 2,4 S-tripheryl-4, S5-difydro-1H-imidazole, & - yield of dibenzylamine. Reaction

conditions: For Fig, 12 0.5 mmel benzaldatyde, 2 mol% RuCl{PPhydy, 5-7 bar MHa, 40 bar Ha, 1.5 mL c-amyl alcohol, 130 C, 5-30 h; for Fig. Tk O.5mmol
hanzaldehyde, 0.5-3 mol% RuCl{PFhslz, 5-7 har MH3, 40 bar Ha, 1.5mL t-amyl alcokaol, 130 2C, 24 b; for Fig. 1o ©.5 mmao! benzaldehyde, 2 mol%
RuCI,(PPhads, 57 bar MHs, 10-50 bar Hy, 1.5 mb t-amyl alzohal, 130 °C, 24 b; fer Fig, 1d: 0.5 mmol benzaldehyde, 2 mol% RuClp(PPhydy, 5-7 bar MH,, 40
bar Hy, 1.5 mL t-amyl a'cohol, $0-140%C, 24 h. for Fig. Te: 0.5 mmol benzaldehyds, 2 maol% RuCl(PPhRgl 1-7 bar KM, 40 bar Ho, 1.5 ml t-aniyl alechal,
130 22, 24 h: for Fig. 1F 0.25-2 mmao! berzaldehyde, 2 maol% RuCl(PPhals, 5-7 har MH;, 40 bar Hy, 1.5 mb t-armyl aloohol, 130°C, 24 h. Yields were

determined by QT wsing r-hexadecane as standard

various primary amines. As shown in Fig. 2, industrially relevant
and structurally diverse benzylic, heterocyclic, and aliphatic
aldehydes underwent reductive amination and offered linear
primary amines in good to cxcellent yields. Simple as well as
sterically hindered henzaldchydes were selectively converted to
their corresponding benzyl amines in up to 95% yield (Fig. %
prodiects 2 and 7-13). In order to apply this amination metho-
dology for organic synthesis and drug discovery, achieving a high
degree of chemoselectivity is important. In this regard, we con-
ducted the reaction of sensitive halogenated and functionalized
benzaldchydes. Delightfully, halogen-substituted benzaldehydes,
including more sensitive indo-substituted compounds, selectively
underwent reductive amination without any significant dehalo-
genation (Fig. 2; products 14-21). Gratifyingly, various functional
groups such as ethers, thio-ethers, carboxylic acid-esters and
boronic acid-esters, amides and challenging C-C wiple bonds
were all well-tolerated without being reduced (Fig. 2; products
22-40). In all these cases, the aldehyde group was selectively
aminated to produce functionalized amines in up Lo 88% vield.
Heterocycles are reparded as highly valuable compounds and
these motifs serve as integral parts of a large number of life

science molecules and natural produets. Thus, the preparation of
heterocyelic primary amines is routinely needed en route to the
production of pharmaceutically and agriculturally valuable
products. Consequently, a series of diflerent heterocyclic amines
were synthesized (Fig. 2; products 41-49). The primary amines of
pyridine, methylenedioxybenzene and benzodioxane, furan and
thiophene were obtained in 87-92% yiclds

Succsss in the amination of aromatic and heterocyclic aldehydes
prompted us to validate this catalyst also for aliphatic subslrates.
Commenly, amination of aliphatic aldehydes is more challenging
and most reported catalysts exhibit lower peactivity towards these
substrates. In addition, the reaction of aliphatic aldehydes is often
troubled by the formation of unwanted aldol reaction products. In
spite of these problems, the RuCly(PPh,)s precatalyst is found to be
highly active and selective for the preparation of aliphatic primary
linear amines too (Fig 2} Accordingly, various primary araliphatic
and aliphatic linear amines including allylic ones (products 56 and
57) were ablained in up to 92% yield Importantly, phenylethyla-
mines (products 50 and 51}, which function as monoaminergic
neuramodulators and nearotransmitters in the human CNS, have
been prepared inup o 0% yield
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Flg. 2 Ru-calayred synthesis of lircar pimary berzyl’s, heterocydiz, and aliphatic amires. *Reaction conditions: 20.5mmol aldehyde, 2 mal%
RuClz(PPhyx, 5-7 bar WHy, 40 bar H; 1.5 mL t-armyl alcohal, 13092, 24 b, isalated yields. bor yields uzing n-hexadecans as standard. “same as ‘2" for 30 h,
Izzlated as free amines and corverted ta hydrockloride salts, Corresponding hydrochloride salts were subiocted to MAE analysis
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Fig. 3 RuCl;{FPha) -catalyzed synthes's of branched primary amines from ketones. *Reaction conditions: 0.5 mmel ketone, 3 me% RuCl:(PPhsds, 5-7 bar
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analysis

Synthesis of branched primary amines from ketomes. After
having successfully performed the reductive amination of alde-
hydes, we were interested in the peneral applicability of this
ruthenium precatalyst for the syathesis of branched primary
amines starting from different kelones (Fig. 3). Compared to
aldehydes, the reaction af ketomes with ammonia to form primary
amines is more difficult. Remarkably, the BuClL(PPhs), pre-
catalyst is also active towards aromatic ketones (Fig. 3}, Further,
the applicability of this catalyst systern was also explored for
aliphatic ketones. Here, the aliphatic branched primary amines
were obtained in up to 94% yield (Fig. 3).

Applications to life science molecules. To showcase the valuable
applications of this amination protecol, we carried out the pre-
paration of existing drugs as well as the introduction of -WNH;
moicties into drugs and complex molecules. The amination of
important drugs such as Nabumetone, Pentoxifylline, and Aza-
perone (Fig. 4 products 92-94) as well as steroid derivatives has
been demonstrated (Fig. 4; products 95-%7). Such an insertion of
amino groups into life science molecules represents a resourceful
technique for further funchonalization and modulation of their
activities, which is highly uscful in drug discovery.

Upscaling for the preparation of amines on gram-scale In
order to show practical wility and to demonstrate potential for

implementation in industrial production, the upscaling of syn-
thetic methodologies Is very bmportant. Especially in home-
EETLEOUS catalysis upscaling is a Ehs]]rngi.n.g task. Therelore, to
demonstrate the applicability of this homogeneous catalylie ami-
nation protocol, we performed gram-scale synthesis of six selected
amines. Az shown in (see Supplementary Figure 1), 2-10 ¢ of four
aldehvdes and two ketones were successfully aminated to yield
their carresponding primary amines in more or less similar yields
to those of 50-100 mg scale reactions.

We were interested to corpare our methodology to an
established amination protocol. The Leuckarl-Wallach reaction
is a grin_:he example, finding application also on an industrial

4L, We therefore subjected 15 aldehydes and ketones,
which have been studied in this work, to Leuckart-Wallach
reaction conditions™**! to prepare the corresponding primary
amines. As shown in Supplementary Table 1, the reaction worked
well for simp]t aldch}'dcafkmmcﬁ and gave 33-75% of corre-
sponding primary amines (Supplementary Table 1; entries 1-3)
For a majority of substituted and structurally diverse as well as
heterocyclic aldehydes and ketones it gave poor yiclds (5-15%)
(Supplementary Table 1; entries 4-9). The Leuckart-Wallach
reaction failed to yield the desired primary amine for sensitive
substrates (cg., TMS or balogen containing) as well az some
(hetero)cyclic and steroid derivatives (Supplementary Table [
entries 10-15) A majority of the sensitive functional groups were
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Fig. 5 Ru-catalyzed reductive amination of carbonyl compounas with NH;
using Ha a Menealalytic condensation reaction; b catalytic bydrogenation
reaction

not  tolerated.  Gratifyingly, for all these substrates, the
RuCly{FPhs); precatalyst using ammonia and hydrogen worked
well and produced the corresponding primary amines in 72-93%
yields. These results cleaely rewveal that catalytic reductive
amination using RuCl,{PPhs); is more generally applicable for
the preparation of primary amines compared to the traditional
Leuckart-Wallach reaction.

Dizcussion
A general reaction pathway for the catalytic reductive amination
of carbonyl compounds is shown in Fig 5. Initially, the carboyl]
compound underpoes condensation with ammonda to foem the
carresponding  primary imine. Subsecquently, the intermediate
iminec is hjrdrogmatcd o E_‘i‘l.-‘l: the primary amine, The h‘fdro-
genation step is catalyzed by a catalytic species derived from the
precatalyst, RuCl{PPha)s

We were interested to gain mechanmistic insight into the
hydrogenation step and to determine the nature of the active
calalyst species. For this purpose, we studied the interaction of
RuCly{PPh,); with hydrogen using in sim WMER in a2 modcl
systern oonsisting solehy of the ruthenium precatalyst, methanol
and C:I);, Figure 6 depicts the hydride region of the obtained 'H
NMR spectra, Initially, even in the absence of H,, a quartet
at & =—176 ppm is observed along with a broad singlet al
fia =35 ppm in the *'P{'H} NMR spectrum (sec SI). We assign
these signals to [RuHCL(PPh,},]%, which is likely formed in simall
amaunts via methanol oxidation. In presence of Hy (1.5 har) at
TOOTT tmﬁge.mture, the quartet corresponding to [RuHCI(PFh;)4]
broadens®™ and two new hydride signals appear: a broad sinpglet at
fy— —125ppm and a triplet of triplets at &, = 109 ppm.
Using 'H-*'P HMBC NMR (see Supplementary Figures 6-13) we

were able to assign the hydride triplet of wiplets to two moltiplets
in the 3P[IH} NMR spectrum (at §p= 34,8 ppm and &, = 584
ppury; see 813, which is consistent with the stucture of [Ru
(H)a(PPhs)a]®. We tentatively assign the broad singlel at &, —
—125ppm to [Ru{H),(PPh,).]. which is corroborated by the
appearance of a broad signal at 8, = 58 ppm in the 'P{'H} NMR
spectrum™. [Ru{H}{PPhy)a] would be in equilibrium with [Ru
(H}a(PPhs)y] via association/dissociation of a PPhs ligand. After
25h at mwam temperalure & new triplet at &y — —9%.4 ppm
appears in the hydrde region, which further increases in mtcnmt}r
upon heating to 60°C. Using 'H-P HMBC NMR we could
agsign this hydride signal to a singler in the ¥P{'H} NMR
spectrum at &y = 50.4 ppm (see Supplementary Figures 6-13).
After 1.5h at 60°C, it is the dominant specics in the hydride
region and in the 3IP{H} NMR spectrum. The triplet hydride
splitting {37 Hz), which collapses to a singlet in the "H{*'F} NMR
spectrim (see Supplementary Fipures 6-13), indicales the pre-
sence of just two cquivalent PPhy ligands, When the 3UP{LH]}
WME experiment is decoupled with reduced power (only aro-
matic protans are decoupled) the singlet at & = 50.4 ppm splits
into a doublet (see Supplementary Figures 6-131), indicating a
monohydride strucoure. Although this species appears to have
antly two PPh; and one hydrde ligand, its accumulation indicates
high stability under experimental eonditons, suggesting the
presence of other stabilizing ligands (such as €], Since [Ku
{H)2(FPha);] is known to decarbonylate methanol®® and due to
similar  spoctral characteristics compared  to [RoHCICO)
{Pl’hg]lg[p}rrazine}]e"" we tentatively assign this species to the
carbonyl-containing complex [RuHCHCONPPL (Y] (with ¥
possibly being a solvent molecale) formed via methanol
decarbonylation.

An gvervicw of the proposcd transformation of BuCl{FPha),
in our model system is provided in Fig, 7: RuCl{FPha}s under-
goes 4 stepwise reaction with H, to form [RuHCKHFPPh,),] (which
is also generated by the reaction with methanol] and Ru
{H)3(PPh;)s, which is in equilibriom with Ru(TT);{PPhy),. Ru
{H)z{PPh,); can further react via alcohol decarbonylation to form
the carbonyl-containing  complex  [RalTCHCO) (PP, Y],
While methanol is not present under our reaction conditions for
reduclive amination, it is known that BuClL(PPhs)y can also
cnable the decarbonylation of bensyl aleshols and aldehydes®?,

which constitute a majority of pur substrates.
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= active catalytic species

Also, a number of previously reported nathenium systems for
reductive amination as well as alcohol amination are based on
carbonyl-containing  (pre-Jcatalysts®®****~%,  Therefore, the
question arises whether our active catalyst contains a carbonyl
ligand or if it conforms to a Ercw'tms]y propoged [RUHX(PPh,).]
structure (X = I~ or €171%%8% ''0 answer this guestion, we have
compared the catalytic performance of [RuHCIHPPhy)s] and
[RuHCUCOYPPh;)s]  for benzaldehyde amination under

standard reaction conditions. Inlerestingly, [RuHCHPPhs),]
performs similarly to RuCl(FPhs), (88% benzylamine, 4% benzyl
alcohol, 7% dibenzylamine; Supplementary Figure 2). This con-
firms thal [RuHCWPPh,),] is part of the transformation cascade
(a5 observed in our model system) which also includes the active
catalyst, However, [RubICH{CON(PPha)a] showed poor selectivity
under our reaction conditions (3% benzylamine, 5% heneyl
aloohol, 90% N-benrylidenchenaylamine; Supplementary Fig-
ure 3). In addition, a reported Bu,(CO), /CataCxiumPCy cata-
Lytic systern, which was used in the amination of alcohals with
ammonia®, was also tested for the reductive amination of
cyclohexanone (Supplementary Figure 3). Similardy, this catalyst
also showed poor selectivity, yielding only 10% of cyclohex-
ylarnine. Therefore, carbonyl-containing complexes are likely not
the active species under our reaction conditions. Rather, due o
their decreased selectivity, they constitute a possible deactivation
pathway for BuCl,(PPhs), catalyzed reductive amination. This
difference between our observations and previously reported
carbonyl-containing ruthenium amination catalysts is atiributed
to the ligand: carbonyl-containing Ruf(ll} catalysts typically
require bidentate®® or tridentate™ ligands. Contral experiments
have shown significantly decreased vield in the absence of those
additional ligands®®, In contrast, the carbonyl-free catalyst Lype
[RuHX{FPhs};] appears to be sufficiently active and sclective with
only PPhy-derived ligands.

After clarifying the pathway for catalyst activation we were
interested to investigate the reaction cascade starting from the
aldebyde/ketone and ammonia vsing the benzaldehyde bench-
mark system. The starting materdals can undergo a condensation
to form primary imine A Intermediale A, however, was never
detected in the reaction mixture, presumably due to its high
reactivity. Instead {as can be seen in Fig. 1a), secondary iminc 4
was determined to be the major intcrmediate. 4 is formed via
condensation of the product 2 with either the starting aldehyde/
ketone (releasing watet] or via condensation of 2 and A (releasing
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Fig. 8 Proposed reaction maechanizm for the RuCl; (PPh: le-catalyzed reductive amination. & Unstable primary imine; &7 stable secondary iming, § = 2.4,5-

tripheryl=2<imidazcline

NH;). We next reacted isolated 4 under our standard reaction
conditions (40 bar H,, 5-7bar WH., 24h, RuClL{FPhi);) and
fonnd almost quantitative conversion to 2 (Supplementary Fig-
ure 4). In contrast, when 4 was reacted in the absence of
ammmonia, 98% dibenzylamine was obtained after 24 h (Supple-
mentary Fignure 4). These resulls show that 4, when exposed to
MNH;, is it an equilibrinm with A | 270 While the catalyst is able
to hydrogenate both A and 4, A is hydrogenated preferentially
and is n:p]mi.lihl:d by the equilibium with 4. If ammonia is
absent or only present in low concentrations (see Fig le), the
formation of A 4 2 from 4 is suppressed, leading to hydrogena-
tion of 4 (yielding dibenzlamine). Furthermore, due te rapid
hydrogenation under optimired condilions, the stabionary con-
centration of A is low, precluding side reactions of this reactive
intermediate, When the hydrogenation does not proceed quickly,
heowever, accumulation and side reactions involving A can likely
oo, Correspondingly, when a mixture of 4 and benzaldehyde
wis reacted under standard conditions but without IT;, 2006 of
the cyclic side-product 5 was obtained (the rest being unreacted
starting material, see Supplementary Figure 5 Williams et al.™
and Corey et al ™ have reported that & can trimerize to form 99,
which can subsequently undergo thermal cyclization to form 5
{Fig. B). This reaction of accumulated A likely explaing the for-
mation of large amounts of 5 in less active catalyst systems {sce
Table 1, entrics 1-160; Fig. 1].

Based on these obscrvations we propose  the fnﬂnwing
mechanism (Fig %): Reaction of a carbonyd compound with NH;
vields primary imine A, which can be in an equilibrivm with
secondary imine A via condensation with the product amine.
The precatalyst RuCly(PPh;), is activated by H, to form the the
active catalyst species [ BuFDN{FPha)s] (X being either H™ or 170
This active calalylie species selectively reacts with the primary
imine to initially form a substrate complex (1), Substrate coor-
dination iz followed by hydride insertdon (II), generating a Ru-
amide complex. Coordination of Hy (II) followed by hydro-
genolysis releases the primary amine as the fnal product with
regeneration of the catalytic speces (TV).

In conclusion, we demonstrated that using a  simple
EnCL{PPhs); catalyst, the challenging reductive amination of

carbonyl compounds using ammania and molecular hydrogen for
the selective synthesis of a variety of primary amines is possible.
Applying this Ru-based reductive amination, slarting from inex-
pensive aldehydes and ketones, functonalized and smucturally
diverse linear and branched peimary amines have been synthesived
under industrially viable and scalable conditions. In general,
achieving a high degree of chemuoselectivity in amination/hydro-
genation reactions is a challenging task. In this regard our simple
Ru-hased methedology represents a unique emample in homo-
geneons catalysis for the reductive amination of funetonalized and
challenging molecules. We have also shown the possibility of
scaling this amination protocol up to 10 g without any loss in either
aclivity or selectivity. The application of this approach is also
extended to the synthesis and amination of various drug molecules
and steroid derfvatives. In sitn NMR investigations provided clear
hints on the formation of Ru-hydride species, which have been
elucidated o be the active catalytic species in this RuCl{PPha)s-
catalyred reductive amination. With the help of these investiga-
tions, an appropriate reaction mechanism has been proposed,

Mathods

General considerstions. All carbonyl compomds (aldehydes and ketones), Ru-
precursirs 2nd complexss and ligands, were obtainsd commerdially. Al catalytic
experinenls were caseied out ln 300, 100, and 500 el awtodaves (PARR [oslre-
ment Companyh In eeder to avedd unspecific reactlons, all catabytie reactlons were
carried met either in glass vials, which were placed fnside the antnclave, or glass/
Teflon veasel fitted antoclaves, GC and GC-MS were rocorded on a Apilent 6EMIN
instrument, G4 conversion and vields were determined by GC-FIDL, FIPSA90 with
FIU delector, column HPSMbm & 250 mm 25 um. 'H, 30 NME data were
recorded on a Beuker AV 300 and Bruker AV 400 spectromelecs using DMSO-d,,
L0 o CgDy as solvenls. }tu.[l'.rjsl:'i-nwl.]mr;:huwl]‘p]ymphinc},(ﬂL and Ruftris
(#-chloropbenyliphosphine] s Cly were prepared accerding o the seported
pmned.'u'r!ﬂ.

Reductive amination of carbanyl compounds with ammonia, The 3 mL dried
plass wizl was charged with o magnetie stirding bar and 0.5 mmel of coraspoinding
carbonyl comapound (aldchyde or ketone). Then 1.5 mL t-amyl aleolol as solvent
and 2-3 mel% RuCl(PPhyls catalysts (2 mal% in case of aldehydes and 3 mol® o
case uof ketones) were added. The glass vial was fitted with a2 saptam, cap and
peedle, and placed dnto a 300wl awtockave (eight vals with different sulstrabes at 2
time]. The autoclave was flushed with hydrogen twlce at 40 bar predsure and thea it
was pressurized with 5-7 bar arnmania gas and 49 bar bydropen, The suteclare was
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placesd Enlo an aluminum block preheared ar 1400 (placed instde 30 min before
counbiog the ceaction lime it ooder be attadn the reaction temperatare) and the
reactivns were slirced for the saquited lioe, During the rection the inglde fem-
peralure ol e avboclave was mewuned tobse 1300 and this remperatmre was used
as the revction lemperatune. Alier cooupledon of the reactions, the auteclave was
coaled to rvom temperabuce, The reowining aonmonda and hydeagen wene dis-
chatged and the vials containiog reactivn producls were remeved Gom e auto-
clave, The resstion P'rl;sd'u..:!a e nna|g'ur1 ]1:.r (LMY and the cnmspumrliﬂg
prizary amings weee purlied by colnmn chromatagraphy (s2lica; n-hexane-ethyl
acetate miviure), The pesultlng amines were converfed to theit respective bydro-
chloside mli and chasacrerised 'h:,r MK, For comversian nte the hpdrochlnside
sali, 1-2 mL mcthanalic HE ar digrane HC {15 M HED in methanal or &M HCL
in dioranes] was added ta the ether snhetban nd the respective amine and stirred at
o temperaturs for 4-5h. Then, the seivent was remaved znd the renltng
Infdrm'h'lu:urldc salt af the amire was dried under high vaomum Far detsrmining the
jr:r]ds. l'r:.r G for selected amines, after completion of the reaction n-hexadecne
(10K pIL) a8 standard was added fo the Teaction vials and the reacticn I|m|:1'|.|.|:t.s wWere
diluiven] with cthpl acetate followed by Sliraclon valng & plug af silica and then
avalyzed by GO,

General procedure for the gram scale reactions. The Tetlan ar glass tted 300
(5—]‘]3) ar S ml. ill:lg] {in case 520 g) or I0mL {in case af X L5g) autoclave
wis charped with a magnetic stirring har and the correspending carbany! compuuaned
(2=2 g‘,l_ Tlaesy 25=15 il r-am:.rl aleohid was added. Suhscq:mﬂy. R (FPOyls
(sl of caralyata equivalent to 2-3 mol¥) was added. The autaclave was fushed
with bydrogen twice at 40 bar pressuse and then it was pressurined with 5-7 har
ammonia gas and 40 bar bydrogen The asteclee was placed e an dusminanem block
prefeated b 140 (placed 30 ovin beloce countisg e seaction tene n arder o
atiain rezchon bemperture) and the reaclion was slireed Gor Qe peguired tine, Dmeing
the reactinn the insde tempemature of the auwtacave was measured b be 1300 ad
thia temperatuze was wied as the reaction temperatare. After conpleton of e
reeziom, the mutncoe was conled to room tempemature. The remzining amrmonia acsd
bwdeopen were discharged and the reachon producs wers removed fram the 2uta
clive, The reaction pradncts were analyred by (GO-B8 and the correspanding primary
amines were purified by column chromatography (silic; n-necane-ethyl acetaie
mixture]. The resulting amines were converbed o their respective ypdoochlocide @01
ard chamacterized by MMEL

Procedure for the im situ NMR studies, The in stha phservation o the Ru-
bivdrides was performed under brdrogen saturation condibions a5 mm glass
MK b, {H.]_lﬂp]:lt‘d with a PTFE Jicy inlez hiese and a croclatinn it which
produses 4 conlinuous gaa Aew through the aalation™ 57, The herwn solatinn of
the precursar caomplex RuCl(PPhy)y (50 mg) in 015 ml. methannl).5 mL henzene
&h was trznaferted to the WME tube andsr At. After assembling the dewice under
imert gas and characterizing the salation Ty its "IT 2nd P NMR spectra, the
systern was filled with neat hydrogen {ahsahete pressure [ Shar]. A gas faw at' ]
ml min ! was used to saturats the sohstan, 'TTand *' P MMR specra were taken at
cepular Snlervals bo twatiter the feaction progees, Changes wese immediatehy
vhserable as shown in Fig. 2. Aller bree haurs, the lemperaluse was raised avd
leeprt at about &0 °C for anether three bears to complete the reaction, Mo fusther
changes were detected therealler, The color of the solution was changed Lo beick-
red at the end of the experiment. Nate that maintining 2 continuous gas flow Gl
the wery end was et possible, because hlack particles of precipitating metallic Bu

were clomging the tubing,
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Ultra-small cobalt nanoparticles from molecularly-
defined Co-salen complexes for catalytic synthesis
of aminest

Thirusangurmurugan Senthamarai,” Vishwas G, Chandrashekhar,®
Manoj B. Gawande, ®@® Narayana V. Kalevaru, 2 Radek Zooril, B
Paul C. J. Karner, ®7 Rajenahally V. Jagadeesh @** and Matthias Beller@**

We raport the synthesis of in situ generated cobalt nanoparticles from molecularly defined complexes as
efficient and selective catalysts for reductive amination reactions. In the presence of ammonia and
hydrogen, cobalt-zalen complexes such as  cobalt)-MN.A-bisisalicylidene]-1,2 -phenylenediamine
produce ultra-small (7-4 nm| cobalt-nanoparticles embedded in a carbon-nitregen framewaork. The
resulting materials constitute stable, reusatle and magnetically separable catalysts, which enable the
syrthesis of linear and branched benzylic, heterocyclic and aliphatic primary amines from carbormy
compounds and ammoenia. The solated nanoparticles also represent excellent catalysts for the syntness

rsc lifchemical -scienoe

Introduction

In recent years, 3d metal-based nanoparticles (NPs) emerged as
promising catalysts for the synthesis of functionalized and
complex organic molecules for advanced applications in life
and material seiences.! Traditonally, such syntheses are per-
formed using homogeneous organometallic complexes,® which
are often sensitive and more difficult to recycle compared to
heterogeneous materials.™ For the preparation of stable but at
the same time active and selective WPs, the use of suitable
precursors and optimal methods is cruecial.! Commaonly, nano-
particles are prepared by chemical reduction processes, calei-
nation or pyrolysis in the presence of suitable supports and
metal precursors. The resulting materials are applied particu-
larly in industrially-relevant bench mark reactions of less
functionalized molecules? However, in recent years there is an
increasing interest to use such catalysts for advanced organic
synthesis, specifically for the preparation of life science prod-
uets' Tn this respect, the preparation of specific NPs by
immobilization and pyrolysis of organometallic complexes or
metal organic frameworks (MOFs) on heterogenecus supports
attracted also attention.* These supported NPs show high

“Letbmiz-Instta fir Katalyse &, V. an der Uriversindt Rostock, Albert-Einstein-Sir. 28q,
18059 Eostock, Germany. B-meil jogadeesh rgienshalfpeatelysic de; manthizs
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*repional Centre of Advanced Technologles and Matertals, Department of Physical
Chemisry, Faadty of Sciemce, Folacki Urfeersin,  Olomour, Slecheiteld 27,
Olamous, F8371, Crech Republic
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af primary, secandary as well as tertlary amines including biclogically relevant N-methyl amines.

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

The resulting amines represent privileged molecules widely
usged in chemistry, medicine, biology, and material science.® For
their synthesis, catalytic reductive amination of earbonyl
compounds using molecular hydrogen is widely applied as cost-

Co-salen complex Magnatic Co NP
MH;. Hy HH,
iﬂ HzQ-THF Hy Hy —— )\M
™ M) 120 °C HH, HH; - n
R.)'ﬂkpq
I gitis generated Co NPa

Fig.1 In ity gareration of Co-NPs far reductive aminations
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effective methodology in both academic research and indus-
try.#AT8 Amang reductive aminations, the synthesis of primary
amines, which can be easily functionalized to high value
products, continues to be especially  important'stAe
Regarding catalysts for this reaction, precious metals-based
ones are known to a large extent®® However, in recent years
Co-'" and Ni'®tbased nanocatalysts have successfully been
developed in addition to RANEY® nickel.™

Results and discussion

In situ generation of Co-NPs and their activities

Following our concept, we initially investigated the reaction of
cobalt salen complexes to obtain NPs. For example, using the
cobale-N,N-bis(salicylidene}-1.2-phenylenediamine (complex I
in water-THF as solvent in the presence of ammonia and
maolecular hydrogen at 120 "C a black precipitate of Co NPs is
formed, which can be magnetically separated [Fig. 1 and 53¢). To
explore their reactivity, preliminary catalytic experiments were
earried out for the reductve amination of 4-bromobenzaldehyde
1 to d-bromobenzylamine 2 in presence of ammonia and
molecular hydrogen [Fig. 2). Indeed, using a mixture of cobalt(u)
acetate and NN -bis(salicylidenc)-1,2-phenylencdiamine (1.1} led
to the formation of 15% of 2, In contrast, testing simple cobalt{u)
acetate under the same conditions produced no desived product.
Rcmrkahljr, the defined complex Co-L1 [ﬂ:mp]c: E] exhibited
excellent activity as well as selectivity in the bench mark reaction
{98% of 4-bromobenzylamine). In addition, other molecularty-
defined Co-salen complexes have also been tested (Fig. 51t)
and complexes I-IV showed good activity (B5-90% yield), while
complex V resulted in lower product yield [50%6). In all cases of
active cornplexes, the reaction mixtures turned black after some
hours. Henee, we assumed the in sity formed cobalt-NPs are the

,@AD Co-catalyst My
+ NHy =i
Br A5 bar Ho, 120°C
1 HyD-THF 2

E 100
£ m
E

B0
g
2 40
- I
@
sl

" w

= ‘F,,s' .;s“' d’e‘ 4-‘9’
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Catalyst |

*{i

Fla. 2 Reductive amination of 4-bromobenzaldebyde: Activity of
cobalt catalysts”. "Reaction corditions: 0.5 mmol 4-bramoberizalde-
hyde, 6 mol¥% Co-complex, [(Co MPs), 5 bar MHz, 45 bar Ha, 25 mL
HaO—-THF [15:1), 120 *C, 2& h, GC yields using n-hexadecane as
standard.
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“real" active species for the reductive amination reaction. To
confirm this, we performed a standard mercury test in the pres-
ence of complex T and after addition of 15 mg Hg the reductive
amination reaction did not occur. Hot filtration of NPs and
testing the filtrate for the reaction showed that Co-NPs did not go
into solution as soluble particles. Studying the course of the
benchmark reaction at different intervals of time showed a pro-
longed catalyst preformation time and only afler 10 h 4-bromo-
benzylamine started to form [Fig. 531). Apparently, complex T
generated nanoparticles slowly, which then catalyze the desired
amination process. For comparison, we also prepared cobalt
nanoparticles separately by mixing complex I, ammonia and
hydrogen (see 57at). After isolation, they were tesied under
similar conditions and exhibited comparable activity and selec-
tivity to that of ir sty generated ones. Due to their physical
properties, the Co NPs could be magnetically separated and were
comveniently re-used up to three times (Fig. 2). However, after the
third cycle we observed a significant decrease in activity and
selectivity. In addition, the stability of the catalyst system was also
confirmed by recyeling the WPs after reduced reaction time
(Fig. 541). Mext, we compared the reactivity of these active NPs
with related supported NPs. However, addition of carbon or silica
support to the reaction led to completely inactive materials
[Fig. 2). Om the other hand, materials prepared by immobilization
of complex 1 on carbon or silica and subsequent pyrolysis
produced catalysts with moderate activity (Fig. 2; 40-50% yield of
2). In addition, specific cobalt nanoparticles have been prepared
by using chemical reduction of cobalt salts™ and tested for their
activides. However, none of these cobalt nanoparticles formed
the desired product, 4-bromobenzylamine (Table 81,1 entries 5-
6). All these results reveal the supericrity of the simply in situ
generaled Co NPs (Fig. 3).

Characterization of ir sty Co-NPs

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

T LT
Lass acsive o
Carban or 5I0, 3l
supported CoNPs - "Hq “1"1“!;!4!
40507
Immebilizad an HA-THF
earben o Si0; 120 %¢
A pyralyeed
u, HH: = il R(JIL‘HQU'" HH;
di} ColPs N s R
'III.'l “C f -nu active & HyO-THF
Additan of 120 °C
warbon or 360, H Ro(H]

T Hz MH,
Qotactval ¥ omr, 1m0
NH;
Ry "Ry}

“A%

Fig. 3 Reductive amnation of carbomd compounds in gresence of
MH3z and H; using difierent Co NPs produced from cobali—salen
complex.
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characterizations using transmission electron microscopy
[TEM), energy dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).

TEM analysis of cobalt-particles at different magnification
showed sheets and at some places thread bundles like
morphology where cobalt nanoparticles are embedded in
carbon and nitrogen framework (Fig. 4). Further detailed
morphologieal investipations were performed by HRTEM-STEM
analysis. A close inspection of HRTEM images at 20 nm,
revealed the presence of ultra-small (range 2-4 nm) cobalt
nanoparticles (Fig. 4 and 56%) supported on graphitic carbon.
The HAADF-glemental mapping displayed a homogeneous
distribution of the cobalt nanoparticles (Fig. 4). In case of the
recycled catalyst, we observed that these particles were stll
intact and there are no noticeable changes in the morphology
(Fig. 88%).

X¥RD patterns of in situ  generated and reused Co-
nanoparticles do not show variations on the phase composi-
tion [Fig. 59%). Two allotropes of metallic cobalt have been
identified, one with face centered cubic arrangement (Co-foe,
space group Frmim, PDF card 01-089-7093), and the other one
with hexagonal closed packing (Co-hep, space group Pe,/mmc,
PDF card 01-089-7373). Elemental analysis of the bulk material
showed 96.8 wit%h of Co, 0.15 wt% of C and only 0.5 wit% of N.
Complementary, XP5 analysis displayed the presence of larger
amounts of C, N, and 0 [C =344, N =12, 0= 47.24 and Co =
16.8 at%) on the surface (Fig. 510t). The high resolution XP
spectra of NPs in C1s region can be deconvoluted into five peak
components with binding energles of 284.6, 285.6, 286.3, 288.5
and 289.4 ¢V corresponding to C-C sp:, c-C spj', C-0/C-N, and

Wiew articls Onlineg
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C=0, and O=C-0 type bonds with individual atomic% of
£4.09, 19.30, 8.5%, 3.20 and 4.82 respectively, showing the
graphitie nature of the carbon material (Fig. 5a). The presence
of a specific N1s peak at 399.7 confirms pyrrolic nitrogen
(Fig. 5b). The three peak components at 529.5, 531.4, and
532.9 &V in 018 spectra originate from the presence of Co[OH),
(6.99%), C=0 (73.09%), and O-C on the surface of cobalt
(19.92%). This reveals partial oxidation at the surface of the
optimal material (Fig. 5¢). In agreement, the two main compo-
nent peaks having binding energy at 780.7 eV (50.81%) and
782.5 eV [22.54%) confirm the presence of Co™ (Co{OH),)
(Fig. 5d).** Three small peaks having binding energies at 778.09
(2.45%), 781.09 (0.59%) and 783.02 (0.35%) eV indicate the
presence of metallic cobalt'*®

The HR-XPS of reused catalysts revealed that there is no
shifting of binding energy in Co 2ps» peak but the ratio of
metallic cobalt vs. cobalt hydroxide was slightly changed
(Fig. S11d7). On the other hand, no perceptible change in the
binding energies of C1s and N1s was discerned except for the
slight shifting of the pyrrolic nitrogen peak from 399.7 eV w
400.2 ¢V, thus reiterating no apparent alteration in the chemical
nature of the carbon shell of the catalyst [Fig. 511a and bt

It is interesting to note that these cobalt-particles exhibit
ferromagnetic behaviour with distinet values of coercivity field
and remanent magnetization ([Fig. 5§12f). Ferromagnetic
behaviour at room temperature is due to the stronger effect of
the magnetic dipole interaction compared with thermal flue-
tuaticns. We do not observe any blocking temperature sug-
gesting the size of nanoparticles above 10-15 nm (eg the
system is not superparamagnetic at room temperature].

Fig. 4 TEM images of in situ generated Co-NPs from complex | (3 and b) HRTEM images of cobalt catatyst, [T} magnified STEM image, (d—gl
elemental mapping images where C, M, O and Co ane in blue, yellow, green and red colours.
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Fig. 5 HR-XFS5 spectra of in sitw generated Co NPs,

Symthesis of lincar primary amines

Then, we tested the general applicability of our & site generated
nanoparticles for the synthesis of primary amines. As shown in
Schemes 1 and 2, a variety of soucturally diverse and fune-
tionalized benzylic, heterocyclic and aliphatic linear and
branched primary amines can be prepared in pood to excellent
yields. Simple and subatituted aldehydes underwent smooth
reaction to give primary benzylic amines in up to 2% yield
(Scheme 1, products 3-7). For example, fluoro-, chloro-, and
bromo-substituted  benzaldehydes produced corresponding
amines without significant dehalogenations [n 86-92% yields
(Scheme 1, entries 8-12). Differsnt functionalized benaylic
amines containing methoy, rifluoromethoxy, dimethylamine,
ang ester groups as well as C-C double bonds were smthesized
in up Lo 95% yield (Scheme 1, products 14-23). In addition to
benzylic amines, primary aliphatic ones were also prepared
under similar conditions [Scheme 1, products 25-27), Interest-
ingly, the natural product perillaldehyde was successfully ami-
nuted to produce the cormesponding amine in 87% yield
{product 27).

Symthesis of branched primary amines
Mext, we tested the reductive amination of ketones [Scheme 2,
which is more challenging compared to aldehydes.

Mevertheless, at higher temperature {130 *C) nine aromatic
and six aliphatic branched primary amines were prepared in up

2978 | Chem Sci, 20200 T, 25732961
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to 92% yield, In addition, separately prepared Co NPs from
complex I, gave similar yields of amines to those obtained by in
sty genemated nanoparticles.

Synthesis of secondary and tertiary amines

Apart from primary amines synthesis, we explored the appli-
cability of Co-NPs for the synthesis of secondary and tertiary
amines. Interestingly, testing complex I which generates the
active NPs wide supra for the reaction of benzaldehyde and
anilire at 120 "C in presence of molecular hydrogen (40 bar] led
to the formation of imine (v-benzylideneaniling)] as the =ole
product. Under these conditions noe nanaparticles could be
isolated after the reaction.

Apparently, the presence of both ammonia and hydrogen are
reguired for the generation of the active NPs! Indeed, using iso-
lated Co NPs, which werne prepared from complex I, ammonia and
hydrogen, led to excellent activity and selectivity for the synthesis
of secondary and tertiary amines including A-mechyl amines
[Scheme 3}, As representative examples different benzaldehydes
were reacted with substituted anilines and the corresponding N-
benzylanilines were oblained in 87-983% yields (Scheme 1; prod-
ucts 41-45). Similarly, reactions of different benzaldehydes with
benzylic and aliphatic amines produced selectively the come-
sponding secondary and tertiary amines [Scheme 3; products 46—
35). In addition, aliphatic aldehydes and 4-llucroaniline under-
went reductive amination and gave the corresponding secondany
amines [Scheme 3, products 56-57). Finally, NN -dimethylamines

Ths jourral s ® The Roval Sooety of Chemistry 2020
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Schama 1 In situ generated Co-rancpartcles catalyzed synthesis of
linear primary amenes from aldehydes®. *Reaction conditions:
0.5 rnenod sldehyda, 6 mol¥ comolex | (22 mg), S-7 bar NHy, 45 bar Hy,
25 miL HaO=THF (1.5 : 1), 120 *C, 24h, isolated yiekds. " Sarme as ‘@’ at
130 *C. ©Sama as 3 in 25 mL H30. ¥ same a5 8" using prapared and
Isclated Co-MPs from comglex | {2 mg; 65 malX Col
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Scheama 2 Synthesis of branched primary amines from ketones using
in sitw genersted Co-nanoparticles® *Reaction conditions: 0.5 mmal
ketare, 6 molk cormpbex | (22 mgl 5-7 bar NHy 45 bar Hy, 2.5 mL H:0,
130 “C, 24 h, isolated yialds " Same as 'a’ in H;O=THF (L5 : 1 ratio)
“Usirg prepaned and izolated Co- NPs from complex | (2 mg; 6.5 moiX
Ca).

were also prepared from three different aldehydes and aqueous
NN dimethyl amine [Scheme 3, products 38-60).

Reaction upscaling

In order to demonstrate the synthetic otlity of this novel
reductive amination protocol, we performed the amination of 5
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Scheme3 Synthesis of secondary, tertisry and N-rmethyl amines using
Co-nanoparbcies prepared from complex I, *Asaction conditors
0.6 mmol dehyoe, 0.5 mmol amine, 2 mg Co-NPS (65 molX Col. 45
bar Hp, 2.5 mib Hy0, 130 *C. 20 7, solated yields *Same as ‘o’ using
1 mlL agq. MM -dimethylamine instead of amine

carbonyl compounds in 5-10 g scale (Scheme 4). As expectad, all
the tested reactions could be successfully upscaled and the
yields (92-96%) of the corresponding primary amines were
comparable to that of small scale (0.5 mmol) reactions,

Experimental
General considerations

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

Mo ¥ - s i sl >

nrant
Sur-eclas)

Scherme 4  Grarn-scale synthesis of selected primiary amines using in
situ generated Co-NPs . "Reaction conditions: 5-10 g of carboryl
compaund, welght of complex | correspards to & mali, 5-7 bar NH,
45 bar Hy 75-150 mL HO-THF (1- 11 120 °C, 24h, isolated yields
B Sarne as ‘2’ at 130 °C in 75 mL Hs0,
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amorphous fumed, S.A. 300-350 m> g~*) was obtained from Alfa
Aesar. Carbon powder, VULCAN® XC72R with Code XVC72R
and CAS No. 1333-86-4 was obtained from Cabot Corporation
Prod. The pyrolysis experiments were carried out in a Nytech-
Qex oven.

X-ray diffraction patterns were recorded with an Empyrean
(PANalytical, The Netherlands) diffractometer in the Bragg-
Brentano geometry, Co-Ka radiation (40 kv, 30 mA, 2 = 0.1789
nm) equipped with a PIXcel3D detector (1D mode) and
programmable divergence and diffracted beam anti-scatter
slits. The measurement range was 26: 5-105°, with a step size
of 0.026°. The identification of crystalline phases was per-
formed using the High Score Plus software (PANalytical) that
includes the PDF-4* database.

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

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

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

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

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

Preparation of Co-salen complexes (see scheme S17)

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

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

Procedure for reductive amination

(a) Procedure for the synthesis of primary amines. The
magnetic stirring bar, 0.5 mmol of the carbonyl compound
(aldehyde or ketone) and 22 mg complex I (in case of in situ
generated Co NPs) or 2 mg of prepared and isolated Co NPs were
transferred to an 8 mL glass vial. Then, 2 mL of solvent (water or
THF/H,0 (1.5:1)) was added and the vial was fitted with
septum, cap and needle. The reaction vials (8 vials with different
substrates at a time) were placed into a 300 mL autoclave. The
autoclave was flushed with hydrogen twice at 40 bar pressure
and then it was pressurized with 5-7 bar ammonia and 45 bar
hydrogen. The autoclave was placed into an aluminium block
preheated at 135 °C in case of aldehydes and 145 °C in case of
ketones and the reactions were stirred for the required time.
During the reaction, the inside temperature of the autoclave was
measured to be 120 °C in case of aldehydes and 130 °C in case of
ketones and this temperature was used as the reaction
temperature. After completion of the reactions, the autoclave
was cooled to room temperature. The remaining ammonia and
hydrogen were discharged and the vials containing reaction
products were removed from the autoclave. The reaction
mixtures containing the products were filtered off and washed
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thoroughly with ethanol. The reaction products were analyzed
by GC-MS. The crude product was purified by column chro-
matography using ethyl acetate and n-heptane as the eluent.
The corresponding primary amines were converted to their
respective hydrochloride salt and:characterized by NMR and
GC-MS ' analysis. For converting into hydrochloride salt of
amine, 0.3-0.5 mL 7 M HCl in dioxane or 1.5 M HCl in methanol
was added to the dioxane solution of respective amine and
stirred at room temperature for 4-5 h. Then, the solvent was
removed and the resulted hydrochloride salt of amine was dried
under high vacuum. The yields were determined by GC for the
selected amines: after completing the reaction, n-hexadecane
(100 pL) as standard was added to the reaction vials and the
reaction products were diluted with ‘ethyl acetate followed by
filtration using plug of silica and then analyzed by GC.

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

Isolation of in situ generated cobalt nanoparticles

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

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

Recycling of in situ generated cobalt-nanoparticles

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

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

Gram-scale reactions

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

Preparation of cobalt-nanoparticles

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

(b) Preparation of carbon and silica supported Co-nano-
particles. In a 50 mL round bottomed flask, cobalt salen
complex (316.8 mg) and 25 mL of ethanol were refluxed at 80 °C

Chem. Sci,, 2020, 11, 2973-2981 | 2979
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Chemical Science

for 15 minutes. To this, 700 mg of Vulcan XC 72R carbon
powder or SiO, was added and then the whole reaction mixture
was refluxed at 80 °C for 4-5 h. The reaction mixture was cooled
to room temperature and the ethanol was removed in vacuum.
The solid sample obtained was dried in high vacuum, after
which it was grinded to a fine powder. Then, the grinded
powder was pyrolyzed at 800 °C for 2 hours under an argon
atmosphere and cooled to room temperature.

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

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

Conclusions

In conclusion, we demonstrated that the in situ formation of
cobalt nanoparticles from molecularly defined precursors is
straightforward and convenient. Such approach can be used as
a versatile tool to prepare selective and active heterogeneous
catalysts. In our specific case, Co NPs are formed from cobalt-
salen complexes (e.g. cobalt(u)-N,N'-bis(salicylidene)-1,2-
phenylenediamine) in the presence of ammonia and
hydrogen. Thereby, well-defined ultra-small metallic cobalt and
cobalt hydroxide nanoparticles embedded in a cobalt-nitrogen
framework are formed. The resulting NPs are stable in the
presence of air and water and allow for the preparation of
various functionalized and structurally diverse linear and
branched benzylic, heterocyclic and aliphatic primary amines
as well as secondary and tertiary amines. Moreover, they can be
easily magnetically separated enabling easy catalyst recycling
and product purification.
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N-Methyl- and N-alkylamines represent important fine and bulk
chemicals that are extensively used in both academic resaarch
and industrial production, Notably, these structural motifs are
found in a large number of life-science molecules and play
vital roles in regulating their activities. Therefore, the develop-
ment of convenient and cost-effective methods for the synthe-
sis and functionalization of amines by using earth-abundant
metal-based catalysts is of scientific interest. In this regard,
herein we report an expedient reductive amination process for
the selective synthesis of N-methylated and N-alkylated amines
by using nitrogen-doped, graphene-activated nanoscale Co,0,-
based catalysts. Starting from inexpensive and easily accessible
nitroarenes or amines and agueous formaldehyde or aldehydes
in the presence of formic acld, this cast-efficient reductive ami-
nation protocol allows the synthesis of various N-methyl- and
N-alkylamines, amino acid derivatives, and existing drug mole-
cules.

Armines, which are produced on a multimillion ton scale per
annum, represent highly privileged chemicals that are used ex-
tensively in research laboratories, industrial production, and
drug discovery." The majority of the existing life-science mole-
cules and natural products contain amino groups, which con-
stitute key scaffolds and play vital roles in their functions.™
Owing to the enomous utilization and “noble” applications of
amines, the development of more cost-effective and conven-
ient methods for their synthesis and functionalization starting
fram easily available feedstocks and abundant reagents contin-
ues to be an actual and important task for organic symthesis
and the chemical industry. Regarding their synthesis and func-
tionalization, catalytic reductive amination is a method that is
used widely in research laboratories and industries.” ™ In gen-
eral, most known reductive aminations have been performed
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by using high-pressure molecular hydrogen in the presence of
precious-metal-based catalysts™* In recent years, a few non-
noble-metal-based catalysts have also been developed for
these reactions.” However, for the laboratory preparation of
amines, 1o avoid the use of high-pressure hydrogen and speci-
alized equipment, alternative methods are highly desired. In
this regard, complementary to molecular hydrogen is formic
acid, which is a nontoxic and easily handled chemical. Note-
waorthy, this abundant and cost-effective liquid serves as a suit-
able hydrogen-storage material'® and has been used in transfer
hydrogenation reactions for the preparation of various chemi-
cals®" Hence, reductive aminations performed with the use of
formic acid represent useful and operationally simple proce-
dures™ To achieve more sustainable and cost-efficient reduc-
tive amination processes to access highly functionalized and
structurally diverse amines, the use of appropriate catalysts is
crucial,

With respect to modern, state-of-the-art catalysts, there
exists increasing interest in earth-abundant metal-based sys-
tems owing ta their high abundance, low cost, and low toxici
tv™" In recent years, molecularly defined non-noble metal
complexes have been successfully developed for selected or-
ganic synthesis for reactions for which noble metals were pre-
viously required™ However, most homogeneous complexes
are sensitive and need synthetically demanding ligand systems.
Im contrast to these homogeneous complexes, nanomaterial-
based heterogeneous catalysts are highly preferable for the ad-
vancement of more sustainable processes, because these ma-
terials are extremely stable, easily separable, and reusable.”"""
Despite the existence of thousands of such materials, most of
them work under drastic conditions and are difficult to apply
for the refinement of complex malecules. Hence, the search for
new materials and suitable precursors to produce active and
selective nanocatalysts, especially those based on base metals,
continues to attract the attention of academic and industrial
researchers. In this regard, we previously introduced nitrogen
ligated cobalt complexes as precursors to produce nitrogen-
doped graphene (NGr)-activated nanoscale Co,0, particles sup-
ported on carbon under pyrolysis (Co,0/NGrBC catalysts)."™
Remarkably, these cobalt-oxide nanoparticles were shown to
be excellent catalysts for highly selective redox reactions in-
volving functionalized molecules*™*'% Mativated by these
cobalt materials (Co,0,/NGr@C) and on the basis of our contin-
wous work to develop sustainable processes for amines synthe-
sis, herein we demonstrate the synthesis of N-methyl- and N-al-
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kylamines starting from nitro compounds or amines and ague-
ous formaldehyde or aldehydes.

Typically, the immobilization and subsequent pyrolysis of
in situ generated nitrogen-ligated Co complexes on commer-
cial carbon (Vulcan XC72R) at 800°C under an argon atmaos-
phere produces nanoscale Co,0, particles and generates spe-
cific nitrogen-doped graphene surfaces that surround cobalt-
oxide particles.™ (Figure 1)
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Figure 1. Comyersion of a homogeneous cobakt-nitrogen complex into nitro-
gen-doped, graphene-activated nanoscale Co,0, particles supported on
carbon

To demonstrate the applicability of our cobalt-based materi-
als for reductive N-methylation, 4-methoxynitrobenzene was
treated with agueous formaldehyde as a methylation reagent
in the presence of formic acid as the hydrogen source. As seen
from Figure 2, pyrolysis of insitu generated cobalt-nitrogen
complexes with different ligands on carbon exhibited varying
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Figure 2. Cobalt-catalyzed reductive N-methylation of 4-methcoynitroeben:
zene: activity of cobalt catafysts,
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catalytic activities. The pyrolysls of ColOAc)-L1 (L1 =phenan-
throline) on carbon led to a highly active catalytic material and
produced  4-methoxy-WN-dimethylaniline  in  88%  yield
(Figure 2). However, related cobalt materials prepared by using
ligands L2-14 showed lower activity (25-599). As expected,
the homogenecus cobalt complex and pyrolyzed simple
cabalt acetate an carbon showed no activity.

The active material Co-L1@C-800 was characterized by
transrission electron microscopy (TEM), X-ray photoelectron
spectrascopy (XPS), electron paramagnetic resonance (EPR)
spectroscopy, and X-ray diffraction (XRD) analysis"™* (for de-
tailed characterization, see the Supporting Information). The
characterization data reveal that the active material mainly
contains Co,0, particles of 2-10 nm size. These cobalt-oxide
nanoparticles are surrounded by a nitrogen-doped graphene
layers {Figure 3; also see Figures S2 and S3 in the Supporting
|nfarmation). In addition, a very small Co andfor CoQ core and

Figure 3. TEM images of the Co,0,/NGrEC catalyst: Images of nanoparticle
distribution [right] and visualization of the formed nitrogen-doped graphene
layeers (lefih.

a Coy0, shell with a size of 20-80 nm are also present (Fig-
wres 3, 52, and 53], The nature of the nitrogen species was de-
termined by XPS analysis, which showed three distinct peaks
in the N1s spectra with electron binding energies of 3930,
4008, and 4023 eV (Figure 57). The lowest binding energy
peak is recognized as pyridine-type nitrogen, which is bound
to a metal lon. The next electron binding energy of 400.8 eV is
characteristic for pyrrole-type nitregen. Finally, the peak at an
electron binding energy of 4023 eV is assigned to quaternary
amine species. These characterization studies confirm that the
active material contains mainly nanoscale Co,0, particles,
which are surrounded by nitrogen-doped graphene layers. No-
tably, the formation of nanosized cobalt-oxide particles and
the generation of nitrogen-doped graphene layers, which acti-
vate the Co,0, particles, are important for the activity of the
catalyst. The Co—N interactions can facilitate decom position of
formic acld to generate hydrogen in situ and also enhance the
reactivity of the reductive amination reaction,

With the active material {Co,0./NGr&C) and the set of opti-
mized conditions in hand, we performed the reductive N-
methylation of nitroarenes by using agueous formaldehyde in
the presence of formic acid. Among the different kinds of
amines, N-methylated derivatives are of special interest, as this
small motif plays a vital role in regulating the biclogical and
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pharmaceutical properties of all kinds of life-science male-
cubes™ |n addition, the N-methyl moisty present in bioactive
molecules such as peptides and DNA controls biological fune-
tions and also plays a significant role in the actions of enzymes
and antibodies and in pharmacokinetics and drug delivery™
On the laberatory scale, especially in drug discovery, h-rmethyl-
amines have been prepared by using activated, but tomic
methyl compounds such as methyl jodide and dimethyl sul-
fate, which generate significant amounts of waste."" However,
in industry these products are frequently synthesized by Es
chweiler-Clarke methadology™ and catalytic reductive amina-
tions, in which the eorresponding amine and formaldehyde are
converted into N-methylamines (n the presence of hydrogen
or a stoichiometric amount of reducing agents™® Despite
these methods, the development of selective protocols invalv-
ing the use of earth-abundant metal-based catalysts is highly
desired.""

In general, N-methylated {heterolaromatic amines are pre-
pared starting from the coresponding anilines." "™ However,
anllines are produced by the hydrogenation of nitroarenes!'™
Therefore, a straightforward and direct synthesis of N-methyla-
mines from nitroarenes is advantageous in terms of step econ-
omy and the price of substrates ™ *"* |ndeed, 26 various ni-
troarenes underwent reductive amination to produce N-meth-
ylamines in good to excellent yields by using our cobalt cata-
lyst (Scheme 1)

For bath drug discovery and organic synthesis, the introduc-
tion of an N-methyl moiety in structurally diverse molecules is
of central importance. In this regard, selective transformation
of the nitro group into the M-methylamine functionality in the
presence of sensitive halides, OH groups, 5H groups, ketones,
esters, amides, and C=C bonds was achieved with product
yields of 83-91% (Scherme 1). Next, NN-dimethylcyclohexane
was prepared from the corresponding nitre compound, which
showed that this catalyst was alsa active for aliphatic nitro
compounds. Further, N-methylation of a nitro-substituted bio-
legically active molecule {ie., nimodipin} and challenging dini-
tro compounds was also performed (Scheme 1, products 25—
27).

In addition to the preparation of aromatic N-methylamines
from nitroarenes, our protocol allows for the reductive N-meth-
ylation of bicactive primary and secondary amines as well as
amino acids (Scheme 2), which can be exploited for life-science
applications. As an example, paroxetine and duloxetine were
N-methylated without affecting other functionalities or the
core structures of the molecules [Scheme 2, products 31 and
32). Motably, phenylalanine and tyrosine amino acid esters
were also dimethylated successfully (Scheme 2, products 23
and 34). In addition, the two drugs amitriptylin and venlafaxine
were prepared (Scheme 2, products 35 and 36).

After having demonstrated the preparation of N-methyla-
mines, we applied our catalyst to the N-alkylation of nitroar-
enas with aldehydes (Scheme 3} Although a few non-noble
metal-based catalysts have been used for reductive M-alkyla-
tions, they exhibited poor reactivity and selectivity for chal-
lenging substrates.” Expediently, upon using our cobalt nano-
catalyst, structurally diverse alkylamines were prepared

ChemCatChem 2018, 10, 1235~ 1240 www.chemeatchem.org
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Scheme 1. Nanoscale Co,0,-catalyzed synthesis of N-methylamines from ni-
troarenss. ™ [a] Reaction conditons: nlraarens (1 mmol), formaldehyde

(37 wit% in water, 200 pL} Co,0,/MGrEC (B0 mg, 4 mal% Col, formic acid
[5.3 mmol, 5.3 equiv. as a BCOOH/ELM (5:2) mixture], BulH (3 mL), 100"C,
24-44 h; ylelds of solated praducts are given. [bf GC yield wsing m-hexade-
cane {100 ul) as & standard. [c] Reaction conditions: nitroarene (1 mmol),
formaldehyde (37 wt% in water, 200 pl} Co,OyMNGrEC (160 mg, 4 maol% Col,
formic ackd [10.6 mmal, Y06 squiv, as a HCDOHESMN [5:2) miawne], tBudH
(3 mL), 100°C, 2444 h,

iScheme 3). Clearly, we demonstrated the viahility of this
method for the synthesis of complex and more challenging
amines, As seen from Scheme 3, both functionallzed nitroar-
enes and aldehydes reacted smoothly and produced secandary
amines in good to excellent yields. Thus, the unique feature of
this catalyst in that it can be used for both reductive N-methyl-
ation and N-alkylation reactions was demonstrated.

Mext, an interesting application was presented for the selec-
tive N-alkylation of amino acid esters and the preparation of

o 2078 Wiley-vCH Verlag GmbH & Co, KGas, Weinheim
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Scherne 2, Cobalt-axide-catalyzed ¥-methylaton of interesting armines and
life-science molecules. Reaction condiions; amine {1 mmal), formaldehyde
[37 wat % in water, 200 pL) Coy0u/NGriC [ED ma, 4 ol % Col, forrmic ackd
[22 mmol, 22 equiv 85 & HOOOH/ELHN (5:2) mibcure], tBaOH (3 mLk, 100°C
14 h; yields of isolated prodiscts are given.

existing drug molecules (Scheme 4). As a result, phenylalanine
and tyrosine amino add esters were successfully N-alkylated
with different aromatlc aldehydes (Scheme 4, products 55-61).
Motably, N-alkylated and N-methylated amino acid derivatives
are widely distributed in nature, and such molecules are used
in gharmaceutical. cherical, and biological processes. Further,
bwo existing drug molecules, piribedil and fenpropimorph
(Scheme 4, products 62 and 63), were prepared. Thus, this
benign reductive amination process shows feasibility for selec-
tive late-stage manipulation of amine-based life-science male-
cules,

Finally, the practical utility was demaonstrated by perfarming
gram-scale reactions. Without changing the reactlon condi-
tions, selected nitroarenes (1-3 g) were Mealkylated and N-me-
thylated to produce the corresponding amines with yields sim-
ilar to these obtained on a 1 mmaol scale (Scheme 5). These re-
sults prove that this protocol can be easily scaled for the prep-
aration of several grams of amines.

In general, the stability, recycling, and reusability of a given
catalyst are imporiant features for the advancement of sustain-
able industrial processes. Noticeably, this Co,0/N@C catalyst is
highhy stable and can be conveniently recycded up to five
times to produce functionalized secondary amine (Figure 4).

In summary, we developed a selective and convenient re-
ductive amination process for the preparation of N-methyl-
and N-alkylamines by using an earth-abundant cobalt-based

Chemtarthem 2018, 10, 1735 - 1240 www.chemcatchem.org
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Scheme 3. Co, 0/ NGrPC-catalyzed reductlve aminatian of nitroarenes with
aldesyydes for the synthesis of M-alkylated amines, Reaction conditions: nitre-
arene (1 mmad, aldehyde (1.5 mmad), Cop0 M GrBC {4 mol % Col, formbc
acid [4.3 mmal, 43 equiv. as a HODOHEGN {5:21 mixture], BuOH (3 ml),
100°C, 2d4=44 ; yiekds of isolated praducts are given.
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Scheme 4. M-Alkylation of aming acids by usng a nanoscale cobalt-ordide
catalyst, Azaction conditions: amine {1 mrmol), aldehyde 1.5 mmaol), Co0f
NGrEC {4 ol % Col, farmic add [1.5 memel, 1.5 equiv, 25 a HOOOHTELN (532}
mibkture], tBuDH [3 mL), 100°C, 14 h; yields of isolated predacs are given,
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Scheme 5. Demonstrating the Coy0/NGrEC-catalyzed reductive amination
protocal for gram-scale reactions™ [a] Reaction conditions: formaldehyde
{37 wt % In wates, 200 pb), Co,0./NGnE8C (B0 mg, 4 mel% Col, farmic acid
[53 mmel, 5.3 equiv. as a HOOOH/EEM {5 :2) mixture] for each 1 mmol nitro-
arene, 1BeDH {25-30 mL), 100°C, 20-30 h; yields of isolated products ane
given. [b] Reaction conditions: aldehyde (1.5 mmell, catalyst (80 mgl, and
formic acld [4.3 mmol, 4.3 equiv. as a HCOOH/ELN 15:2] mixture] for each

1 mmal sitroarene, (BuOH (25-30 mL), 100°C, 24-30 h; yiekds of isolated
products ane given,
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Figure 4. Recycling of the Co 0 /NGreC caralyst for the preparation of func-
tionalzed secondary amines. Reaction conditions: 4-nitrascetophenane

(5 mmal}, 4-{rifivorometyllbenzaldetyde (7.5 mmoll, catalyst (400 mag,

4 ol % Co), formic acid [21.5 mmol, 4.3 equiv. a5 a HCOOHELN (5:2) mix-
ture], BuGH (10 mL}, 100°C, 24-30 h; yields were determined by GC by
using n-hexadecane (250 pl) as a standard.

nanocatalyst. Starting from nitroarenes or amines and agueous
formaldehyde or aldehydes, this operationally simple and cost-
effective protocol allowed the synthesis of structurally diverse
and functionalized N-methylated and N-alkylated amines. The
synthetic utility of this method was established by the func-
tionalization and preparation of life-science maolecules and
amino acid derivatives. Using a single cobalt-based catalyst, re-
ductive N-methylation and N-alkylation reactions were both
successfully performed.
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) Check for updtes Stable and reusable nanoscale Fe,Oz-catalyzed
o oo s 2g | @€TODC OXidation process for the selective syn-
2 thesis of nitriles and primary amidest

Kathiravan Murugesan,® Thirusangumurugan Senthamarail,” Manzar Sohail,”
Muhammad Sharit,” Marayana V. Kalevaru® and Rajenahally V. Jagadeesh @+

The sustainable introduction of nitrogen maoieties in the form of nitrile or amide groups in functionalized
melecules is of fundamental interest because nitrogen-containing motifs are found in & large number of
lite science molecules, natural products and materials. Hence, the synmthesis and functionalzation of
pitrles and arnides from easily available starting materizls using cost-effective catalysts and green
reagents (s highly desired, In this regard, herain we report the nanoscale iron cxide-catalyzed environ-
rmeritally benign synthesis of nitiles and primary amides from aldehydes and agqueous ammonia in the
presence of 1 bar O or air. Under rmild reaction conditions, this iron-catalyzed asrobic oxidation process
proceeds 1o fynthesise functionalized and structurally diverse aromatic, aliphatic and heterocydic nitriles
Additionally, applying this iron-based protocol, primary amides have also been prepared in a water
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1. Introduction

The development of iron-catalyzed reactions for modern state-
of-the-art organic synthesis is an important goal of chemical
research.* Remarkably, the high abundance, lower price and
lower toxicity of iron make it an ideal metal for catalysis appli-
cations,"* and it can be a suitable candidate for replacing
existing precious metal-based calalysts. Compared to homo-
geneous iron complexes, heterogenecus catalysts based on
nanostructured iron materials are more practical and cost-
efficient catalytic systems due to their case of separation, re-
usability and stability.'®** In order to realize more environ-
mentally benign syntheses, iron eatalyzed reactions should
exploit the use of green and renewable reagents under mild
reaction conditions.’***~ Clearly, iron-catalyzed syntheses uti-
lizing atmospheric Oy or air'®®"" and ammonia® that demon-
strate exquisite selectivity represent a more sustainable process
that is crucial for the advancement of academie research and
industrial production. Therefore, the development of iron cata-
Iyzed aerobic oxidation reactions is highly desired for the pro-

pihniz Institut fiir Kocalyee & V. an der Unnveridtgt Eoatock, Alber-Binstein-Sm
249a, 18059 Rostock, Germony. E-mall fagadeesh Rogenahallyidearalysic de

*The Center of Resrarch Excellence in Nanotecknalagy (CENT) and Depariment of
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dueton of valuable chemicals, especially nitriles and amides.
It is worth noting that nitriles and amides represent major
building blocks and central intermediates for the synthesis of
advanced chemicals, life science molecules and materials ***
Furthermore, these struchural motifs have been found o be
integral parts of bic-active molecules and natural
products,'*17

While simple nitriles have been prepared by industrial
ammoxidation processes under harsh conditions (=300 °C in
the gas phase),”® functionalized and structurally diverse
nitriles still rely on toxic cyanation reactions.™ The limitations
of ammesidation and drawbacks of cyanation inspired the
search for alternative sustainable routes for the synthesis of
nitriles from suitable starting materials. In this regard, the
catalytic oxidative conversion of alcohals™ ar aldehydes™®*!
using ammonia represents a green method to produce various
nitriles,

Complementary to alcohols are aldehydes, which are readily
available fine and bulk chemicals, and they serve as suitable
starting materials for the preparation of various chemicals such
as amines,” carbowylic acids,™ aleohols,® esters® and hetero-
cycles,® as well as for C-C bond forming reactions that enable
the preparation of an army of interesting molecules™ =™, In
particular, the recently reported Pe-*"* and Cu-**® catalyzed oxi-
dative conversions of aldehydes to carboxylic acids are guite
interesting. Regarding the synthesis of nitriles from aldehydes,
few methods have been reported using different nitrogen
sources, such as hexamethyldisilazane (HMDS),™® hydroxyl-

T pournal 5 @ The Royal Society of Chamstny 2018
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amine,® NaN;,™ Kj[Pe[CN)]"' and ammonia, ™ usging
different cal:alysts. Unfortunately, except ammonia all of these
reagents are either toxic or produce stolchiometric amounts of
waste. Remarkable ammonia Is considered to be a green and
abundant nitrogen source for the preparation of nitrogen con-
taining compounds., With regards to the uwtilization of
ammonia for the synthesis of nitriles from aldehydes, various
oxidants and catalysts have already been mpﬂﬂed_zu«.ﬁ::,n—u
Among these, iodine and iodine-containing compounds were
commonly employed.” However these reagents are not only
sensitive and hazardous, but also produce significant amounts
of waste, Hence these reagents are not suitable from a green
chemistry perspective. Next, Ru-based catalysts were used
under harsh eonditions (130 °C and 6 bar air).*™*® In addition
to ruthenium, Cu,* Ni,*** and Mg-Mn"® based systems are
also used to catabyze the reaction of aldehydes and ammonia
to obtain nitriles. Among these, the Cuw/TEMPO/bipyridin
catalyst system works under mild reaction conditions
(25 *C and 1 bar 0;).*** Even though this catalyst works under
mild reaction conditions, it is a homogeneous catalyst and
cannot be recyeled.™® In addition, the use of NaOH addi-
tive and narrower substrate scope have hindered its practical
utility for the sustainable synthesis of nitriles.”'* Furthermore,
other oxidants/catalysts such as trichloroisocyanuric acid
(TCCA),*** tetrabutylammonium tribromide (TBATB),**
chloramine-T (CAT)** and ceric ammonium nitrate (CAN)*
have also been used for the preparation of nitriles from alde-
hydes and ammonia. Again these compounds led to the for-
mation of a significant amount of waste and hence they are
not considered as green oxidants. Overall, most of these meth-
odologies have disadvantages regarding the use of toxic and
waste generating reagents, poor selectivity or narrower sub-
strate scope for the synthesis of functionalized and structurally
diverse nitriles. Hence, greener and more efficient method-
ologies are required for the synthesis of advaneed nitriles from
aldehydes wsing heterogeneous iron-based catalysts under
mild reaction conditions. In this regard, herein we repoet the
application of a reusable iron oxide catalyst for the gynthesis
of a variety of nitriles from aldehydes and agueocus ammonia
under mild reaction conditons. Compared to previously
reported catalysts (Fig. 1), our iron-based catalyst is more

Fa {40 °C, 1 b O} (This mathesd]
[Apptes to tha spaasds of ail Kinds of ndrlas)

TECA, TRATE, CAT, CaN
T grean axaams)

Fig. 1 The syrthesiz of nitriles from aldehydes and ammonia using
differant catalysts/oxidants: a comparison of our method with previoushby
reported methods.
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advantageous and allows the synthesis of functionalized and
structurally diverse nitriles. Motably, the synthetic utility and
practical applicability of this catalyst have been demonstrated
by performing gram-scale syntheses and recycling the catalyse
In addition to the synthesis of nitriles, a greener protocol for
the preparation of amides is also demonstrated vsing fron-
based catalysts, starting from aldehydes and ammonia in a
water medium.

2. Results and discussion

2.1. Preparation of nanoscale Fe,0q-based (Fe,05-N/C)
catalysts
In 2013, we developed nancscale FeyOy-based particles acli-
vated by mitrogen doped graphene layers for catalysis appli-
cations {Fey0,-N/C).™ Inspired by these materials and based
on our objective to develop iron-based sustainable chemical
processes, hergin we demonstrate the synthesis of all kinds of
aromatie, heterncyclic and aliphatic nitrile as well as primary
amides starting from aldehydes and agueous ammania using
1 bar of molecular oxygen or air. Typically, this Fe,;Os-based
catalyst has been prepared [Fig. 2) by impregnation of an
in situ generated Fel[n)(1,10-phenanthroline)s(Oac), complex
on commercial carbon (Vulcan XC 72R) and subsequent pyrol-
ysis at 800 *C for 2 h in an argon atmosphere (Fe-phen/C-800;
phen = 1,10-phenanthroline}.®*” The detailed preparation and
characterization of this material by transmission electron
microscopy (TEM), XN-ray photoelectron spectroscopy [XPS],
electron  paramagnetic resonance (EPR) spectroscopy, and
Massbauer spectroscopy has been reported in our previously
published paper™ (see also ESIT). The Fe-phen/C-200 catalyst
was characterized by the formation of nanoscale Fe,0
particles (2-5 and 20-80 nm), which are surrounded by 3-5
nitrogen doped graphene layers (Fig. S1At). In contrast to
the active material, the inactive material, Fe{OAc)y/C-800,
prepared without phenanthroline contained much larger and
well facerted Fe,0, particles with a size of 100-800 nm., In this
case there was no formation of graphene layers and hence
these particles are not surrounded by graphene layers.

The X-ray photoelectron spectra for the N 1s eleéctrons
(Fig. 53A1) of the Fe,0,-N/C [Fe-phen/C-800) catalyst reveal

i “
2+
% 1. hmh:ﬂ:-nﬂnn
. of &8
PUSEREENE— Y
(g:rr{ TN e —
N E l] (800 °C, Ih, Ar)
|
Nanoscale FeqDy-NC-catalysts
Fay0yp e N-doped graphans

L -

Fig. 2 The preparation of nitrogen doped graphene activated namo-
scale FezOn-particles supported on carbon.
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that there are three N 1s peaks that occur at 398.3 &V, 300.3 eV
and 401.0 eV. The first two peaks are assigned to the pyridinic
nitropens and Fe-N centers respectively. The peak observed at
401.0 eV is assigned to nitrogen in a grapheme-like structure,
In the XPS for the Fe 2p electrons, owo peaks corresponding to
Fe species in the near-surface region were observed (Fig. S3R7).
The fArst (major) appeared at 712.4 eV and the second (minor)
at 709.9 V. The first peak is due to the presence of Fe®'
species (more likely Fe,0,) while the second peak is assigned
to Fe*' species. Fe®' species are in a minor propordon com.
pared to Fe'" species. By XPS analysis, in the Fe-phen/C-800
catalyst both the Fe®" (major) and Fe® [minor) species are
present on the surface of the material. Hensever, the bulk com-
position is somewhat different to the surface composition. In
the bulk, we can see the presence of mainly the Fe'' species
[in the form of Fea04). The presence of FeaOy in the bulk com-
posttion was confirmed by EPR spectroscopy and Misshauer
spectral analysis (Fig. 84 and 55; see ESIt for more details).
Based on the reactivity and detailed spectroscopic characteriz-
ation of the active (Fe-phen/C-800) and inactive ([Fe{OAc)/
C-B04)) catalysts, the active sites of the catalyst consist mainly
of nanoscale Fe,0, particles, which are surrounded by the
nitrogen species of the graphene layers. Both the nano-sized
particles and the Fe-N interactions are responsible for the
remarkahle activity of this catalyst. Thus, the active sites
appear to be Fe-N, centers that govern the catalytic activities,

2.2. Reaction design for the synthesis of nitriles

Using our Fe-phen/C-800 catalyst (Fe,0,-N/C), we started to
investigate the preparation of nitriles from suitable starting
materials using agueous ammonia in the presence of 1 bar
molecular oxygen at a mild temperature (<50 °C) in conven-
tional apparatus {in a glass vial using a balloon), without the
use of any special equipment or an autoclave. Under these con-
ditions, first we tested beney] alcohol at 40 °C with 1 bar (4 in
the presence of the Fey04-N/C catalyst and found that no reac-
tion oecurred to produce the desired benzonitrile. However, to
our surprise the reaction of benzaldehyde selectively gave
benzonitrile in a 96% yield (Table 1, enoy &). Obviously, the
homogeneous catalyst systems based on iron acetate or iron
acetate/phenanthroline were found to be inactive [Table 1,
entries 1 and 2). Similarly, the unpyrolvzed Fe-phen@C
material, pyrolveed simple iron acetate on carbon (Fe
(CAc),@C-300) and bullk Fe,0, were also not active (Table 1,
entries 3-5). After getting excellent results using the Fe.0,-N/C
catalyst, and establishing a set of mild reaction conditions, we
explored the applicability of this methodology for the prepa-
ration of nitriles from aldehydes and agueous ammonia, As
seen from Schemes 1-3, structurally diverse and functionalized
aromatic, heterocyclic and challenging aliphatic nitriles have
heen synthesized from various aldehydes.

2.3, Synthesis of structurally diverse aryl nitriles

Aryl nitriles, which are an important motif found in a majority
of nitrile containing life science molecules, especially in the
central nenous system (CNS), cardiovascular and anti-HIV

268 | Green Chern, 2018, 20, 256273
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Table 1 The preparation of benzonitile from berzaldebhyds and
aqueocus ammonia usirg iron catatysts: a comparison of the catalytic
activity

HO E ]
+ B Wy _'__*o-m H‘E:]’c + 2HO
1 bar @; (Ballacn}
i-temyl abechal, 40 'c
Entry Catalyst Yield of benzonitrile (%)
1 Fe{Oc), <1
2* Fe{OAc); + phen <1
3 Fe-phen@c <1
4 Fe{OAC)y@C-800 <3
5 Bulk Fe,0, =1
&5 Fe-phen@C-800 o6

Carbon = Vulean XC72R, phen = phenanthroline. Materials were
pyrolvzed at 800 °C for 2h under argon and bulk Fe,0, was obtained
commercially (>06% Fe basis).® Homogeneous catalysis reaction con-
ditiona: 0.5 mmol benzaldehyde, 300 pL ag. NH; (28-30% NH: basis),
0.015 mmol Fe{0Ac);, 0.045 mmaol phenanthroling; 1 bar Oy (halloon],
2 mL t-amyl alcohol, 40 C, 24 h, GC yields determined using 100 uL
mhexadecane as standard. ®Heterogeneous catalysis reacton con-
ditions: 0.5 mmol benzaldehyde, 300 pL ag. NH; {28-30% NH; hasis],
weight of catalyst corresponds to 3 mol% Fe, 1 bar O, [balloon), 2 mL
t-amyl aleohal, 40 =C, 24 h. GC yiclds determined using 100 pL n-hexa-
decane as standard,

HO M
R‘@fc*hl"m_ﬁ_f'f.m_._bn‘@ﬁ‘.im

1 bar O (Balloon)
I-Aw;flihhrml.ﬂ"c

1 8e% * 285%  kwEn” ,m-
v@,ﬁﬂ @,L‘.H
F
B: A% 7 TG Y gm'
S mm-'.
N " u
HHy \D@‘m I-'
11: 34% 12; 8% 1Harn’ u—m' 15; oo *
N M
I;:f o ﬁiﬁr‘ o8
N, .
16: 96% " 1T:9F%T iR 16 8% o0; gam *

M
21 95% * 23 5%
Schame 1 The FeyOs-MN/C-catalyzed synthesis of structurally diverse
and functionalized berzonitriles. Reaction conditions: 0.5 mmaol alde-
hyde, 200=300 ul aq. NH; (28=30% WH; basis), 30 myg catalyst [3 molk
Fel, 1 bar O3 {balloon), 2 mL t-amyl slcobol, 40 *C, 24 h isolsted yields
are shown. * Yields were determined by GC wsing 100 plL n-hexadecane

83 standard.
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Scheme 2 The preparation of cyano-heterocycles using the FeaOs-
M/C calalyst Reaction conditbons: 0.5 mmeal aldehyde, 200-300 pl aq.
MH; (28-30% MH; basish 30 mg catalyst (3 maolX Fel, 1 bar Qg [ballcaon),
2 L t-amyl alcohol, 40 °C, 24 h. solated yields are showr ® Yields were
determined by GC using 100 plL n-hexadecans as standard.
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Schame 3 The synthesis of challenging aliphatic nitriles using the
Fe,0-N/C  catalyst. Rasction condidors: 05 mmel aldehyde,
200=300 pl ag, NHs (28-30% MH; basis), 30 mg catatyst (3 mols Fel,
1 bar Oy (ballooan), 2 mL t-army alcakol, 40 °C, 24 h |solated yields are
shenwn. * Yields were determined by GC by using 100 pl n-hexadecanse
s standard.

drugs,'® were obtained in good to excellent yields (Scheme 1),
Interestingly, halogenated benzonitriles, which encounter
selectivity problems when made by typical cyanation reactions,
were prepared in 89-97% yields [Scheme 1). The resulting
halogenated benzonitriles serve as precursors for agrochem-
icals, pesticides and engineering materiale. As an example,
2, 6-dichlorobenzonittile (DCBN), which is a herbicide and a
key intermediate in the preparation of various potential pesti-
cides and the engineering of highly thermally resistant plas-
ties, was obtained in & 94% vield [Scheme 1; product 11). This
particular reaction is of high commercial significance and is
also a very challenging topic in the feld of heterogensous

Thus journal s © The Royal Socety of Cnematsy 2018
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catalysis under gas phase conditions due to steric hindrance
[Le due to the substitution of two deactivating chlorine atoma
in the artho positions). The yield of DCBN achieved in the
present study is much higher than that of state of the art
catalysts (Ynoew = oo 80% only). Also, functionalized benz-
aldehydes underwent selective reactions to produce challeng-
ing bermonitriles in yields of up to 97% (Scheme 1),

2.4. Synthesis of heterocyclic nitriles

Next, cyano-substituted heterocyeles and aryl nitriles bearing
heteroeyelic backbones were smthesized in B4-96% yields
(Scheme 2). In general, heterocyclic nitriles have been found to
be key starting materials for the preparaton of various active
subunits of medicinal and biological molecules.

2.5. Synthesis of challenging aliphatic nitriles

In subsequent efforts, various aliphatic aldehydes, that are
diffcult to react, were chosen as potential substrates to
produce their cormesponding nitriles in good to excellent yields
[up bo 96%, Scheme 3). More interestingly, the allylic nitriles,
which are important starting compounds for allylic amines,
were oblained without further oxidation of their olefinie group
(Scheme 3).

2.6. Green synthesis of primary amides

The creation of amide functionalities™ ™ is highly important
in chemistry, medicine and biology because they play a major
role in the amplificaton and configuration of life science
molecules, peptides, proteins and materials.***** In general,
primary amides have been prepared by the reaction of car-
boxylic acids or their activared derivatives, such as acid chioe-
ides and anhydrides, with ammaonia, Nevertheless for the gyn-
thesia of this important class of amides, more environmentally
benign procedures are required. In addition to aleohols,*
the synthesis of primary amides from aldehydes and ammonia
has also been cartied out using manganese oxide ™ &h2*"
EMno, ™™ and iodine’® However, the use of iron-based
heterugeneous catalysts for the synthesis of primary amides is
abvicusly more advantageous,

After having successfully demonstrated the preparation of
importan: mitriles, we have further extended the potential
seape of the Fey0.-0/C catalyst for the direct and one-pot syn-
thesis of primary amides from benzaldehyde and agueous
ammonia. Tnterestingly, this catalyst was also observed to be
active and selective for the preparation of even primary amides
[Scheme 4). Howeser, o achieve sufficient activity and selecti-
vity, the reaction temperature and pressure had to be raised to
a certain extent and the reaction conditions needed to be
adjusted accordingly. In a water medium, we were able o
convert aldehydes into primary amides using aguecus
ammania and air in a yield of up to 91% {Scheme 4],

The reaction pathway for the formation of nitriles and
amides is presented in Scheme 5. In the first step, the for-
mation of the intermediate, 8 primary imine was formed from
an aldehyde and ammeonia. Tn the presence of the Fe,O,-N/C

Geen Chern, 2008, 20, 266273 | 269
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Scheme 4 The nanoscale FeyOs-catalysed synthesis of amides from
aldehydes and aqueous ammonia. Reaction conditiors: 0.5 mmol alde-
hyde, 100 pl ag. NHs (28=30% NH; basis), 50 mg catalyst (5.0 mol¥% Fel,
10 bar air, 3 mbL Hy0, 120 *C, 24 h. isolated yields are shawn.
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Scheme 5 The reaction pathway for the FeyaO3-MN/C-catalyzed syn-
thesis of nitriles and amides from aldehydes and ammania.

catalyst, this unstable imine underwent oxidation to produce a
nitrile. In the final step, in presence of water and ammonia,
the formed nitrile was hydrobzed to praduce a primary amide.
The production of the amide from the nitrile requires a higher
temperature to proceed under forcing conditions. In order to
confirm the formation mechanism of the amide, wo per-
formed the reaction of benzonitrile in water at 120 °C in the
presence of ag. ammonia and a catalyst. In this case, the for-
mation of benzamide in an 80% yield was observed, This
result clearly evidenced chat water is required for the formation
of amides from aldehydes and ammonia. Due to the involve-
ment of a two step reaction, the obtained yields of the amides
are somewhat lower than those of the nitriles. In this case the
unreactive nitrile was observed as the other product.

2.7. Scale up studies for gram scale synthesis

In order to demonstrate the synthetic and practical utility of
this approach using our iron-catalyzed synthetic protocol, we
also performed the gram scale (Le. 1 to 5 g) reactions. In the
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Scheme & Demonsirating the gram scale reactions for the synthesis of
some seiected nitriles over the Feg0y-N/C catalyst. Reaction conditions:
2=5 g substrate, the waight of the catalyst corresponds to 3 molX Fe,
200 WL ag. MHy for every 0.5 mmol substrate, 40 *C, 10-50 mL t-amyl
aleahol, 1 bar O (balloon), 24=30 h. [sclated yields are shown

interest of scale up, a few grams of seme selected aldehydes
were converted to their corresponding nitriles under identical
reaction conditions. The yields of the desired nitriles obtained
from these tests are very much comparsble and quite
consistent with those obtained from the small (0.5 mmaol)
scale tests (Scheme 6).

2.8. Stability and recyclability of the Fe,05-N/C catalyst

In general, the stability, recyclability and reusability features of
any catalyst are very important for the advancement of sustain-
able industrial processes. Noticeably, our Fe,Oy-N@C catalyst
is highly stable and ran be conveniently recyeled up to 5 times
without any significant loss of catalytic activity and selectivity
(Fig. 3). The recycled catalyst was subjected to TCP analysis and
it was found that there was no leaching of iron in the recyeled
catalyst.

The stability of the catalyst was also tested by performing
kinetic studics (Fig. 561). The effect of ammonia concen-
ration, reaction time, amount of catalyst, concentration of
substrate (benzaldehyde) and pressure of O; on the yield of
benzonitrile was studied (Fig. 561). Noticeably, the catalyst is
stable and exhibited similar catalytic activity in the presence of
an excess of ammonia (1 mL), with a prolonged reaction time
and at a high pressure of 05 (5 bar). As seen from the kinetic
plots [Fig. 56f), on increasing the reaction time, catalyst
amount and ammonia concentration, the yield of benzonitrile

100 -

80

60

40

20 4

0+ : : L : ; ;
1 2 5 B

Number of runs

Fig. 3 Recyclability of the Fea03-MW/C catalyst for the synthesis of
benzonitrile. Reaction conditions: 1 mmaol benzalydehyde, 60 mg cata-
lyst (3.2 mol¥ Fel, 400 pL ag. NH; {2B-30% NH; basis), 1 bar O;
{balloon), 4 mL t-amyl alcohol, 40 *C, 24 b, Yields were detarmined by
GL using n-hexadecans as standard.

Yield of benzonitrile (%}
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increased and the highest yield was observed for the reaction
that took 24 h with 30 mg of catalyst, in the presence of 200 pL
aq. ammonia and one bar O,.

3. Experimental section

3.1. Procedure for the preparation of the Fe,0;-N/C
(Fe-phen/C-800) catalyst (1 g)**
Appropriate amounts of Fe(OAc), and 1,10-phenanthroline
corresponding to 3 wt% of Fe in a 1 : 3 molar ratio of Fe to phe-
nathroline were stirred in ethanol for 30 minutes at room
temperature. Then, carbon powder (VULCAN® XC72R, Cabot
Corporation Prod. Code XVC72R, CAS no. 1333-86-4) was
added and the whole reaction mixture was stirred at 60 °C for
12-15 hours. The reaction mixture was cooled to room temp-
erature and the ethanol was removed in vacuo. The solid
material obtained was dried at 60 °C for 12 hours, after which
it was ground to a fine powder. Then, the powdered material
was pyrolyzed at 800 °C for 2 hours under an argon atmo-
sphere and then cooled to room temperature.

Elemental analysis of Fe,03;-N/C (pyrolyzed Fe-phen/C at
800 °C) (Wt%): C = 91.1, H = 0.19, N = 2.69, Fe = 2.95.

3.2. General procedure for the preparation of nitriles

An 8 mL oven dried glass vial was charged with a magnetic
stirrer bar and 0.5 mmol of the appropriate aldehyde and then
2 mL t-amyl alcohol was added. Next, 30 mg Fe,03-N/C (i.e. Fe-
phen/C-800) catalyst (3 mol% Fe) was added followed by the
addition of 200-300 pL aq. NH; (28-30% NH; basis). The glass
vial was fitted with a septum and screw cap. Then a balloon
containing 1 bar O, was connected to the reaction vial via a
needle and the reaction was allowed to proceed for 24 h at
40 °C under continuous stirring. After completion of the reac-
tion, the reaction vial was cooled down to room temperature
and the excess O, was gradually discharged. Then, the catalyst
was filtered-off, and washed with ethyl acetate. The solvent
from the filtrate containing the reaction products and
unreacted substrates (if any) was removed in vacuo and the
target nitrile was purified by column chromatography. In the
case of determining the yields by GC, 100 pL n-hexadecane was
added to the reaction vial containing the products, and diluted
with ethyl acetate. Then, this was filtered through a plug of
silica and the filtrate containing product was analysed by GC
(HP-6890, column HP-5 30 m x 250 mm x 0.25 pm) equipped
with a FID. The conversion and yields were determined on the
basis of the GC area counts using pre-calibrations. All products
were analyzed by GC, GC-MS and NMR spectroscopy analysis.

3.3. General procedure for the preparation of amides

A magnetic stirrer bar and the appropriate aldehydes were
transferred to an 8 mL glass vial and then 3 mL H,O was
added. Later on, 50 mg Fe,03-N/C (i.e. Fe-phen/C-800) catalyst
(5 mol% Fe) was added followed by the addition of 100 pL aq.
NHj;. Then, the vial was fitted with a septum, cap and needle.
The reaction vials (i.e. 8 vials in each test) were placed into a

This journal is © The Royal Society of Chemistry 2018
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300 mL autoclave (PARR Instrument Company, USA) and then
the autoclave was pressurized with 10 bar of air. The autoclave
was placed into an aluminium block and the temperature of
the aluminium block was set to be 120 °C inside the autoclave.
The reactions were allowed to progress under continuous stir-
ring for the required time at 120 °C. In this set-up the tempera-
ture of the aluminium block was set to more than 120 °C
(130-140 °C) in order to attain exactly 120 °C inside the auto-
clave. After completion of the reaction, the excess air that
remained in the autoclave was slowly depressurized and then
the samples were removed from the autoclave. Afterwards, the
catalyst was filtered-off and washed with methanol. The
solvent from the filtrate containing the reaction products was
removed in vacuo and the corresponding amide was purified
by column chromatography. All products were analyzed by
GC-MS and NMR spectroscopy analysis.

3.4. Procedure for the gram scale reactions

The reactions were performed similarly to the procedure men-
tioned in section 3.2, in a 100 or 300 mL glass fitted autoclave
with the following conditions; 2-5 g aldehyde, a corresponding
3 mol% Fe, 200 pL aq. NH; for every 0.5 mmol substrate,
40 °C, 10-50 mL t-amyl alcohol, 24-30 h. After completion of
the reaction, the autoclave was cooled to room temperature
and the remaining air was discharged. The catalyst from the
reaction mixture was filtered off and washed with ethyl acetate.
The solvent from the filtrate containing the reaction products
was removed in vacuo. The corresponding nitrile was purified
by column chromatography (silica and an n-hexane-ethyl
acetate mixture). All products were analyzed by GC-MS and
NMR spectroscopy analysis.

3.5. Procedure for recycling the catalyst

The recycling of the catalyst was carried out for the synthesis
of benzonitrile using the same procedure given in section 3.2
under the following reaction conditions: 1 mmol benz-
aldehyde, 60 mg Fe,05-N/C (Fe-phen/C-800) (3% Fe), 400 pL
aq. NHj, 1 bar O,, 4 mL t-amyl alcohol, 40 °C, 24 h; yields were
determined by GC using 100 pL n-hexadecane as standard. In
each run, after the reaction, the catalyst was separated by cen-
trifugation, washed thoroughly with ethyl acetate and dried
under vacuum. Then, the dried catalyst was used further,
without any purification or re-activation. The recycled catalyst
and centrifugate containing the reaction products were sub-
jected to ICP analysis. This analysis showed that the content of
Fe in the recycled catalysts had not decreased (2.94) and also
Fe was not detected in the centrifugate.

4. Conclusions

In conclusion, we have demonstrated a green method for the
preparation of nitriles and primary amides starting from
various easily accessible aldehydes by making use of a combi-
nation of an earth abundant Fe-based nano-catalyst and green
reagents such as atmospheric O, or air and inexpensive

Green Chem., 2018, 20, 266-273 | 271



Contribution to the Publications

Published on 28 November 2017. Downloaded on 19/01/2018 10:28:17.

Paper

aqueous ammonia. Under operationally simple and mild reac-
tion conditions, this iron-based catalyst is highly reactive and
selective for the synthesis of a series of functionalized and
structurally diverse aromatic, heterocyclic and aliphatic
nitriles. Additionally, this aerobic green oxidative method has
been applied in the preparation of primary amides. Moreover,
the synthetic utility and practical applicability of this method
were demonstrated by up scaling the reactions to gram scales
(1-5 g scale) and recycling of the catalyst.
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Cobalt-based nanoparticles prepared from MOF—
carbon templates as efficient hydrogenation
catalystst

Kathiravan Murugesan, & Thirusangumurugan Senthamarai® Manzar Sohail, (& *
Ahmad S. Alshammari,® Marga-Martina Pohl® Matthias Beller @ **
and Rajenahally V. Jagadeesh &

The development of efficient and selective nanostructured catalysts for industrially relevant hydrogenation
reactions contifues ko be an actugl goal of chemical research. In particular, the hydrogenation of nitrles and
nitroarenes is of impartance for the production of primary amines, which constitute essential feedstocks
and key intermediates for advanced chemicals, life science molecules and materials. Herein, we report
the preparation of graphene shell ercapsulated CoxDy- and Co-nanoparticles supported on carbon by
the template synthesis of cobalt-terephthalic acid MOF on carbon and subsequent pyrolyss. The
resulting nanoparticles create stable and reusable catalysts for selective hydrogenation of functionalized
and structurally diverse aromatic, heterocyclic and aliphatic nitriles, and as well as nitro compeounds to
primary amines (=65 examples). The synthetic and practical utility of this novel non-notle metal-based
hydrogenation protocol is demonstrated by upsealing several reactions to multigram-scale and recycling

rsc.lifchemnical-sclence of the catalyst,

Introduction

The development of base metal catalysts for sustainable and
cost-effective processes is an actual and long standing goal of
chemical research in academia and indusoy'™® Among the
different synthetic technologies, catalytic hydrogenations
represent a versatile tool box for the preparation of numerous
fine and bulk chemicals, fuels, and life science molecules **
Until today, on a practical scale these reactions mainly rely on
precious metal-based catalysts,*® as well as RANEY® nickel. """
However, the availability and high price of precious metals, and
selectivity problems and sensitivity of RAMEY® Ni spurred
interest towards alternative eatalysts %" In this respect,
reusable supported nanoparticles are attractive due to easy
separation, accessibility of active sites, control of size, and
prospect of mild reaction conditions.”™ Traditionally, sup-
ported metal nanoparticles are prepared by thermal [pyrolysis
or calcination) or chemical reduction of the respective metal
salts on heterogeneous supports.”™™ Despite the synthesis of

“Laibniz-tnatinn filr Katalyse e V. an der Universitdt Rostock, Albert-Einsiein-Sir. 25a,
18059  Romeck Germamy.  Emeall:  Matthias Bellergbratalyss.de  fagadeesh
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‘e Center of Ressarch Excellence tm Nanotecknology (CENT), Kirg Fahd University af
Prirolewsn and Minerals, Dhaefran 31261, Sewdi Arabia

“King Abdulazlz City for Science and Teckrology, Ripadk 11442, Saudl Arabin

+ Electronic  supplementary  inforrmadon  (ESI) awailable, See DO
101039/ cBecl280Ta

This journa & € The Royal Society of Chemistry 2018

literally thousands of such catalytic materials, the majority of
them does not permit for the refinement of functionalized and
complex molecules. ™ However in recent years, more potent
materials were prepared by using specifie precursors such as
metal-nitrogen  complexes?™™*  or  soructure-controlling
templates.”* In this respect, metal organic frameworks
[MOFs) built from metal lons and different organic linkers can
be assembled in a highly flexible manner®** So far, MOFs
proved to be suitable for gas separation and storage, but also
interesting catalytic applications have been realized, ™™ espe-
cially via subsequent pyrolysis processes. ™ Complementary to
these materials, most recently we described the use of cobalt-
diamine-dicarboxylic acid-based MOFs as precursors for the
preparation of supported nanoparticles and single Co atoms,
which exhibit excellent caralytie activity for reductive amina-
tions.™ In this case, both the nitrogen and carbosxylic acid linker
was necessary to produce an active material. In continuation of
our efforts to develop cost-efficient materials® for sustainable
catalysis, herein we deseribe the expedient preparation of
a cobalt-terephthalic acid MOF-carbon template, which forms
after pyrolysis graphene shell encapsulated Co,0,/Co particles.
The resulting nanoparticles are supported on carbon, which
creates stable and reusable catalysts for selective hydrogena-
tions of aliphatic and aromatic nitriles and nitro eompounds
(Fig. 1).

The resulting amines are of interest to chemistry, medicine,
biology, biochemistry and material science ™ For example,
amine maotifs constitute an integral part of the majority of life

Chovrr. Sci, 2018, 9. 8553-8560 | B553
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Fig. 1 Preparation of graphene encapsulated cobalt oxide- and
cobalt-nanoparticles supported on carbon by the pyrolyss of cobalt-
terephthalic acsd MOF=carbon termplate,

science molecules and natural products.** In fact, among 200
existing drugs, more than 170 contain at least one nitrogen
atom regulating their activities.” Among the different kinds of
amines, primary amines attract special interest because they
can be easily further transformed; thus constitute central
intermediates for the production of specialty chemicals, phar-
maceuticals, agrochemicals, dyes and polymers. In industry
primary benzylic, aliphatic and aromatic amines are often
prepared by the hydrogenation of the corresponding nitriles*—™*
and nitroarenes, ™" respectively. Apart from traditional
noble metal-catalysts,*~* Raney®-nickel™™ or -cobalt,” Fe,™™
Co,** and Mn*-based catalysts have recently been disclosed.
Despite these achievemnents, still the development of active and
selective nanocatalysts based on earth abundant metals is
desired.

Results and discussion

Catalyst preparation and activity studies
At the start of our investigations, we prepared a cobalt-
terephthalic acid MOF template on carbon by reacting cobalt
nitrate and terephthalic acid (1 : 3) in DMF with carbon powder
at 150 “C. After slow evaporation of solvent, the corresponding
material was pyrolyzed at different temperatures (400, 600, 80O,
and 1000 °C) under inert atmosphere. The activity of the
prepared potential catalysts was tested for the hydrogenation of
benzonitrile to benzylamine as a bench mark reaction. Among
these, cobalt-terephthalic acid MOF@C-800 was the most active
material. However, a mixture of the desired benzylamine (<15%)
and several side products such as N-benzylidenebenzylamine
and dibenzylamine were obgerved [Table 1, entry 1). To
suppress their formation, the reaction was performed in pres-
ence of hydrogen and ammonia. The latter is known to control
the selective formation of primary amines from nitriles
[Fig. 51t). Advantageously, under these conditions benzylamine
was obtained in 97% yield (Table 1, entry 2). Other materials
such as pyrolyzed cobalt nitrate on carbon [cobalt nitrate@C-
200), unpyrolyzed MOF-carbon template (cobalt-terephthalic
acid MOF@C) and isolated MOF (cobalt-terephthalic acid
MOF) were also tested and none of these materials were active
[Table 1, entries 3-5). As expected, cobalt nitrate and cobalt-
terephthalic acld under homogeneous reaction conditions
were also not active [Table 1, entries 6-7). Further, the cobalt-
terephthalic acid MOF was pyrolyzed directly without carbon

B554 | Chem 5cl. 2018 9, B553-8560
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Table 1 Hydregenation of benzonitrile to benzylamine: activity of
cobalt catalysts®

Entry Catalyst Conv. (%)  Yield [%)
1° Cobalt-terephthalie acid MOF@C-800  >99 <15
- Cobalt-terephthalic acid MOF@C-800 =99 7

3 Cobalt nitrate@iC-800 <5 <2
4 Cobalt-terephthalic acid MOFEC <1 <1
5 Cobalt-terephthalic acid MOF <2 <1
& Cobalt nitrate + terephthalic acld < <1
il Co(NOg) -6H0 <1 <1
& Cobalt-terephthalic acid MOF-B00 2] 96
# mMaterials are pyrolyzed at 800 *C for 2 h under argon. l]uhah content
in the pyrolysed sample supported on carbon = 4.5 wide, * Reaction
conditlons: Heterogpeneous eatalygis condidons = 0.5 mmol
benzonitrile, 5 mg catalyst (3.8 mol% Co), 3 mL toluene, 25 bar Hy,
120 °C, 15 h. * Same as ‘0’ with 5 bar NH,. ¢ Homogeneous catalysis
conditions = 0.5 mmaol benzonitrile, 0.02 mmel Co{NO);-H,0,
0.05 mmol linker, 3 mL toluene, 25 bar Hy, 5 bar NH,, 120 °C, 15 h.
* Material was prepared by the direct pyrolysis (800 °C, 2 h Ar) of MOF
without carbon support.

support and tested for its catalytic activity, Interestingly, this
material was also found to be active and produced 96% of
benzylamine (Table 1, entry 8). However, due to the high cobalt
content (40% wt%), this catalyst (cobalt-terephthalic acid MOF-
£00) exhibits less stability compared to the cobalt-terephthalic
acid MOF@C-800.

To further optimize the benchmark reaction and to study the
course of the formation of products, we varied different
parameters such as ammonia concentration, reaction tme,
amount of catalyst, and hydrogen pressure in the presence of
the optimal catalyst (cobalt-terephthalic acid MOF@C-800). As
shown in Fig. §2,% complete conversion of benzonitrile (0.5
mmol-scale] and formation of benzylamine as the sole desired
product was observed in presence of 20 myg of catalyst at 20 bar
of H,.

Characterization of the active nano-catalyst

In order to understand the structural features of the most active
material, cobaliterephthalic acid MOFEC-B00 was character-
ized using Cs-corrected STEM (scanning transmission electron
microscopy), XRD (X-ray diffraction), EPR (electron para-
magnetic resonance), and XPS (X-ray photoelectron spectros-
copy] spectral analysis. TEM analysis of the active material

Flig. 2 TEM images of cobalt-terephthalic acid MOF@C-800 catalyst
showing Coy0y and Co-nanoparticles [A] and metallic cobalt particles
encapsulated in graphene shells {8 and CL

This journal is 8 The Roval Socety of Chemistry 2008
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revealed the formation of cobalt oxide (Co,0y) particles with 5-
30 nm size (Fig. 2). In addition, the material also contained
metallic cobalt nanoparticles. Interestingly, both types of
nanoparticles are encapsulated within graphene shells (Fig. 2).
In conirast, the inactive material cobalt nitrate@C-800 con-
tained hollow Cos0, particles above 50 nm size (Pig. 541).
Notably, this material contained no graphene shells. Further,
the formation of Co,0-particles was confirmed by XRD data
[Fig. 571). Also, XRD analysis revealed the formation of cobalt-
terephthalic acid MOF (Fig. S8F).

To understand the nature of the active metal species in maore
detail, EPR measurements were performed, too. Cobalt-
terephthalic acid MOFEC-800 displayed a broad signal with
a resonance peak observed at 3391 G with full width at half
maxmuem (FWHM) 1640 G (Fig. 59%). The g value 2.572
observed was about 23% higher than the gvalue of free electron
(2.00] in space. This indicates Co in higher oxidation states
(Co™Co®). The observation of only one peak indicates the
presence of one paramagnetic species predominantly.*
Further, to confirm the presence of Co.0,, we performed XPS
analysis of Co2p and O1s electrons for cobalt-terephthalic acid
MOF@C-800 (Fig. S10%). The binding energy values of its most
intense CoZp signals match very closely to the presence of
Co,0, at the surface of the catalyst. The Co2p™® and Co2p™™
peaks appeared at 779.75 eV and 794.91 eV, respectively. The
Cozp*?-Co2p™™ splitting energy of 15.16 eV is also in close
agreement with Lhe presence of Co,0,. Weak peaks, which are
the characteristics of Co™ in Coy0y, support the absence of
other CoO species. It is generally known that in Co,0,, the
Co2p™* spectrum of cobalt oxdde is representative for high spin
co® and low spin Co™ jons.”* The O1s surface spectra showed
a significant broadening towards higher binding energy and
was deconvoluted in three components. The first peak at
529.05 eV is representative of a cobalt oxide network, while the
second peak present at 531.60 eV could be related to the pres-
enee of hydroxyl groups in the inner surface. The third broad
peak at 535.23 V' is related to water adsorbed at the surface.®
The BET surface area of cobalt-terephthalic acid MOFEC-800 is
1584 m* g ' and the corresponding average pore size is
7.96 nm (Fig. $9 and 5101). Notably, TEM analysis revealed the
formation of both Co40, and metallic Co nanoparticles in the
most active sample (cobalt-terephthalic acid MOF@C-800).
However, XPS and XRD analyses detected only Co,0,-parti-
cles. This might be due to the small quantity or size of metallic
cobalt particles, which are difficult to detect by XRD or XPS.

Hydrogenation of functionalized (heterojaromatic nitriles

With the optimal material (cobalt-terephthalic acld MOF@EC-
800) in hand, we investigated the scope and general applica-
bility for the hydrogenation of nitriles. As shown in Fig. 3 and 4,
various functionalized and structurally diverse benzonitriles,
heterocyclic nitriles and challenging aliphatic ones smoothly
underwent hydrogenation to produce the corresponding
primary amines in good to excellent yields. For example, 8
different halogenated benzylic amines, which constitute
common building blocks in the chemical indusity, were

T jowmna & & The Royal Socety of Chemisiny 2018
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Fig. 3 Cobalt-terephthalic acid MOF@C-BO0-catalyzed hydrogena-
tion of benzonitriles and cyano-heterocycles to primary amines®
*Reaction conditions: 0.5 mmol berzonitrile, 25 mg catalyst (3.8 molk
Col. 3 mL wluene, 25 bar Hy, § bar NH;, 120 *C, 16 h; isclated ywelds
PG yields using 100 pl n-hexadecane, lsolated as respective hydro-
chiloride salts.

obtained in 85-95% vield without significant dehalogenations
(Fig. 3; products 7-14). In order to apply this protocol for
advanced organic synthesis and drug discovery, achieving high
chemo-selectivity is of crucial importance. In this regard, we
were pleased to find excellent hydrogenation selectivity in the
presence of amide, ester, and even C-C double and triple bonds
(Fig. 3; products 17-21). Furthermore, diverse heterocyclic
amines have been prepared from the corresponding nitriles
(Fig. 3; products 23-29).

Hydrogenation of aliphatic nitriles

Next, we performed the hydrogenation of aliphatie nitriles to
the corresponding primary amines (Fig. 4). Compared to
aromatic nitriles, such hydrogenations are in general more
difficult and need harsher conditions. Fortunately, this catalyst

Cherm. 5ci. 2018, 9. B553-8560 | 8555
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is similar active and selective for the hydrogenation of aliphatic
substrates, too, As a result, aliphatic amines including long
chain, (bi)cyclic and as well as allylic ones were obtained in up
to 93% yield (Fig. 4). The preparation of hexamethylenediamine
in 75%—a central precursor for nylon 66 polymer (Fig. 4;
product 43} —highlights the industrial relevance of this
methodology.

Chemoselective hydrogenation of nitroarenes to anilines

After having demonstrated the reduction of nitriles, we specu-
lated on the utility of our cobalt-catalyst for other hydrogena-
tions to give amines.

In this context, several nitroarenes were hydrogenated to
produce the corresponding anilines with excellent yields
[Fig. 5-6). Similar to nitriles, aromatic, heterocyclic and
aliphatic nitro compounds were selectively reduced. For
example, halogenated anilines were obtained in up to 95% yield
without dehalogenation (Fig. 5; products 48-54). Most inter-
estingly, 4-iodonitrobenzene, which is a highly sensitive
compound, led in 95% to the corresponding aniline (Fig. 5;
product 53). In other structurally diverse and functionalized
malecules the nitro group was also selectively reduced. As
a result, hydroxyl groups, aldehyde, ketone, ester, amide, and
C-C double bonds were untouched.

Hydrogenation of nitro heterocyeles and nitroalkanes

Mext, 5 representative nitro-substituted heteroarenes were
hydrogenated to produce amino-substituted N-heterocycles
(Fig. 6; products 70-75). For example, the resulting 8-amino-
quineline (product 71) represents a key intermediate for prep-
aration of primaguine, tafenoquine and pamaquine drugs,
which are used in the treatment of malaria. Finally, nitro-
cyclohezane and 1-nitrohexane were tested. It should be noted
that most of the known nitro reduction catalysts either show
poor reactivity or de not work at all for aliphatic nitro
compounds. Favorably, using this novel cobalt catalyst both

8556 | Chern Sci. 2018 9. BS53-8560

Fig. 5 Cobalt-terephthalic acid MOFRC-800-catalyzed hydrogena-
tion of functionalized nitroarenes to anilnes”. *Reaction conditions:
0.5 mmol nitroarene, 25 myg catalyst (3.8 molX Col. 3 mL THF-HO
{1 : 1], 20 bar Hz, 120°C. 20 h, isolated yields. "GC wields using 100 ul
n-hexadecane. “With 40 bar Ha.

compounds were successfully hydrogenated and produced
primary amines in 78 and 91% yield, respectively (Fig. 6
products 76 and 77).

Demonstrating scale-up and catalyst recyeling

To complement the synthetic viability of the catalyst system and
the developed protocols, upscaling of selected reactions and

ml iﬁ; mm wnﬂr j

T0: B T 0% TEEN TE#N
My .
N k- &
’Og 3 i f o.‘ml i
H P T
TH: BI% TS 9% T L el I
b A

Fig. 6§ Hydrogenation of nitro-heterocycles and aliphatic nitro
compounds catalyzed cobalt-terephthalic acid MOF@C-800-catalyst
*Reaction conditions: 0.5 mmol nitro compeound, 23 mg catalyst
(3.8 mol¥ Col, 3 mL THF=HZO i1 - 1), 20 bar Hz. 120 °C, 20 h, isclated
yielas, "With 40 bar Hz in 3 mL ¢t-butanol solvent, “GC yields using 100
ul n-hexadecane,
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recycling of catalyst arc presented, The hydrogenation of three
nitriles two nitrcarenes on gram-scale (2-5 g) proceeded easily
and in all cases similar yields 1o mg-scale reactions were ob-
tained (Fig. 7).

In addition, these cobalt exide nancparticles proved to be
highly stable in the benchmark hydrogenation and were recy-
cled and reused for 5 times without significant loss of catalytic
activity (Fig. 8). TEM analysis of the reused catalyst showed that
there is no change in the structere of metallic Co particles
(Fig. 5 and 561). However, a change in the steucture of the
cobalt oxide particles was observed. Some of these particles
migrate out from graphene shells and form new structures on
carbon support (Fig. 55 and 56%).

Experimental
General considerations

All nitriles and nitroarenes were obtained eommeretally from
various chemical companies, Cobalt(s) nitrate hexahpdrate,
terephthalle acid were obtained from Sigma-Aldrich. Dry
toluene, 99.8% was obtained from across chemicals, Carbon
powder, VULCAN® NCT2ZR with Code XVC72R and CAS no.
1333-86-4 was obtained from Cabot Corporation Prod. The
pyrolysis experiments were carried out in Mytech-Gex oven.
Before using, the purity of nitriles and nitroarenes hag been
checked.

The TEM measurements were performed at 200 kv with an
aberrationcorrected JEM-ARMZ0OF (JEOL, Corrector: CEOS)
The microscope Is equipped with a JED-2300 (JEOL)] energy-
dispersive X-ray-spectrometer (EDXS). The aberration cor-
rected STEM imaging (High-Angle Annular Dark Field [HAADF)
and Annular Bright Field (ARF) were performed under the
following conditions. HAADF and ABF both were done with
a spot size of approximately 0.1 nm, & copvergence angle of 30-
36° and collection semi-angles for HAADF and ABF of 90-170
mrad and 11-22 mrad respectively. The solid samples were
deposed without any pretreatment on a holey carbon supported
Cu-grid (mesh 300) and transferred to the microscope.

- - .
F HiH, i
NHy i Hy
I F F
3k e E 13 N
8g mcale} 85 scala) [2g scale)
@.*H: : HHy
&0 gom ¥ &7:93% "
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Fig. 7 Reprasenting tne practical utility of the ccbalt-catalyzed
hydrogenation protocod for gram scale reactions. Resction conditions:
*31-5 g mitrile, 25 mg catatyst (3.8 mol® Cao) for each for sach 0.5 mmol
substrate, 25 bar Hz, 5 bar NHs 120 °C, 20-60 mlL toluene 16 h,
lsolated respective hydrochloride salts. ®2-3 g nitrcarene 25 mg
catalyst (3.8 mol¥ Coj for each 0.5 mmal substrate, 40 bar Ha, 120°C,
2040 mbL T=HE-HD (1 : 1), 20 h, isolated yields.
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Fig. 8 Demanstrating the recycling of cobalt-terephthalic acid
MOF@C-800-catalyst for the fydrogeration of benzonitrile o ben-
zylamine. Reaction condition: 5 mimol benzonitrile, 250 mg catalyst,
[3.8 molX Cao), 20 mL toluene, 25 bar Wz, 5 bar NHz, 120 °C, 16 h, GC
yields using A-hexadecane standard,

XRD powder pattern were tecorded either on a Panalytical
X Pert diffractometer equipped with a Xeelerator detector or on
a Panalytical Empyrean diffractometer equipped with a FTXcel
3D detector system., Both were used with automatic divergence
slits and Cu kai/e2 radiaton (40 kV, 40 mA; J = 0.015406 nm,
00154443 nm). Cu f-radiation was excluded by using nickel
filter foil. Peak positions and profile were fitted with pseudo-
Voigt function using the HighScore Plus software package
[Panalytical). Phase identification was done by using the PDF-2
database of the International Center of Diffraction Data (ICDD).

EPR spectra were recorded in X-band ar 273 K on a Adani
Spinsean X-band electron paramagnetic resonance (EFR) spee-
trometer equipped with cavity @ factor and MW power
measurement with a magnetic feld modulation capability of
10-250 kHz. The data were measured at microwave frequency =
9,48 GHz; modulation amplitude = 8 G; modulation frequency
= 100 kHz as reported in the reference.

XPS data was obtained with a VG ESCALAB2Z20MNL (Thermo-
Seientific) with monochromatic Al Ku (1486.6 ¢V) radiadon. The
electron  binding energies EB were obtained without charge
compensation. For quantitative analysis the peaks were decomvo-
luted with Gaussian-Lorentzian curves, the peak area was divided
by a sensitivity factor obtained from the element specific Scofield
factor and the transmission function of the spectrometer,

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

GC and GC-MS were recorded on Agilent 68%0N instrument.,
GC conversion and yields were determined by GC-FID, HP&ES0
with FID detector, column HP530 m = 250 mm x 0.25 pm.

H, Y0 NMR data were recorded on a Bruker ARX 300 and
Bruker ARX 400 spectrometers using DMSO-d6, CD.OD and
CDCl, solvents.

Procedure for the preparation of cobalt-terephihalic acid
MOFs—carbon template and graphene shell encapsulated
cobalt-based nanoparticles

A 50 mL dried round bottomed flask was charged with magnetic
stirring bar and 1.52 mmol of cobalt{i) nitrate hexahydrate and
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4.58 mmol of terephthalic acid. Then 25-30 mL of DMF was
added and stirred at 140-150 °C for 20-30 min. To this mixture,
1.5 g of carbon powder (VULCAN® XC72R) was added followed
by the addition of 15 mL DMF and the reaction mixture again
was stirred at 150 °C for 4-5 h by fixing reflux condenser. Then,
the reflux condenser and magnetic stirring bar were removed
and the round bottomed flask containing reaction products
were. Then, the round bottomed flask containing reaction
mixture was placed into an aluminium block preheated at
150 °C and allowed to stand without stirring and closing for 20—
22 h at 150 °C in order to slow evaporation of DMF and to form
Co-MOF-carbon template via solvothermal process. After
complete drying, the material was cooled to room temperature
and grinded to fine powder. The powdered material was pyro-
lyzed at 800 °C for 2 hours under an argon atmosphere and then
cooled to room temperature after pyrolysis. (Elemental analysis
(Wt%): cobalt-terephthalic acid MOF@C-800: Co = 4.5, C =
90.70%, H = 0.25%.

Procedure for the preparation and isolation of cobalt-
terephthalic acid MOFs

A 50 mL dried round bottomed flask was charged with magnetic
stirring bar, 0.52 mmol of cobalt(u) nitrate hexahydrate and
4.58 mmol of terephthalic acid. Then 25-30 mL of DMF was
added and stirred at 140-150 °C for 20-30 min. Then, the round
bottomed flask containing reaction mixture was placed into an
aluminium block preheated at 150 °C and stirred for 20-30
minutes by fixing reflux condenser. Then, the reflux condenser
and magnetic stirring bar were removed and the round
bottomed flask containing reaction products were allowed to
stand without stirring and closing for 20-24 h at 150 °C in order
to slow evaporation of DMF and to form Co-MOFs via sol-
vothermal process. Afterward the product obtained was cooled
down to room temperature and washed with hot DMF and then
dried at 150 °C and at high vacuum.

General procedure for the hydrogenation of nitriles

The magnetic stirring bar and 0.5 mmol corresponding nitrile
compound was transferred to 8 mL glass vial and then 3 mL
solvent (toluene) was added. Then, 25 mg of catalyst was added
and the vial was fitted with septum, cap and needle. The reac-
tion vials (8 vials with different substrates at a time) were placed
into a 300 mL autoclave. The autoclave was flushed with
hydrogen twice at 25 bar pressure and then it was pressurized
with 5 bar ammonia gas and 25 bar hydrogen. The autoclave
was placed into an aluminium block preheated at 130 °C
(placed 30 minutes before counting the reaction time in ordered
to attain reaction temperature) and the reactions were stirred
for required time. During the reaction the inside temperature of
the autoclave was measured to be 120 °C and this temperature
was used as the reaction temperature. After the completion of
the reactions, the autoclave was cooled to room temperature.
The remaining ammonia and hydrogen were discharged and
the vials containing reaction products were removed from the
autoclave. The catalyst was filtered off and washed with ethyl
acetate. The filtrate containing product was subjected to
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evaporation to remove solvent and ammonia. The crude
product was diluted with ether and 1-2 mL methanol HCI or
dioxane HCI (1.5 M HCl in methanol or 4 N HCI in dioxane) was
added and stirred at room temperature for 4-5 h to obtain
hydrochloride salt of amine. Then, the solvent was removed and
the resulted hydrochloride salt of amine is dried under high
vacuum. For determining the yields using GC analysis, after
completing the reaction n-hexadecane (100 pL) as standard was
added to the reaction vials and the reaction products were
diluted with ethyl acetate followed by filtration using plug of
silica and then analyzed by GC.

General procedure for the hydrogenation of nitro compounds

The magnetic stirring bar and corresponding nitro compound
(0.5 mmol) were transferred to the glass vial and then 3 mL
solvent (water-THF or tertiary butanol) was added. Then, 25 mg
of catalyst was added and the vial was fitted with septum, cap
and needle. The reaction vials (8 reaction vials at a time in case
of 0.5 mmol scale) were placed into a 300 mL autoclave. The
autoclave was flushed with hydrogen twice at 30 bar pressure
and then it was pressurized to 20 bar or 40 bar hydrogen pres-
sure. The autoclave was placed into an aluminium block (placed
30 minutes before counting the reaction time in ordered to
attain reaction temperature) preheated at 130 °C and the reac-
tions were stirred for required time. During the reaction the
inside temperature of the autoclave was measured to be 120 °C
and this temperature was used as the reaction temperature.
After the completion of the reaction, the autoclave was cooled to
room temperature. The remaining hydrogen was discharged
and the samples were removed from the autoclave. Catalyst
from the reaction mixture was filtered off and washed with THF
and then ethyl acetate. The solvent form filtrate containing
reaction product was removed in vacuo. The corresponding
aniline was purified by column chromatography (silica; n-
hexane-ethyl acetate mixture). Then, dried over anhydrous
Na,SO, and the solvent was removed in vacuo. For determining
the yields using GC analysis, after completing the reaction n-
hexadecane (100 uL) as standard was added to the reaction vials
and the reaction products were diluted with THF followed by
filtration using plug of silica and then analyzed by GC.

Procedure for up-scaling the reactions

For the hydrogenation of nitriles. To a Teflon or glass fitted
300 mL or 1.0 L autoclave, the magnetic stirring bar and cor-
responding nitriles were transferred and then 120-150 mL of
dry toluene was added. Then after, required amount of catalyst
(25 mg for each 0.5 mmol substrate) was added. The autoclave
was flushed with hydrogen twice at 30 bar pressure and then it
was pressurized with 5 bar ammonia gas and 25 bar hydrogen.
The autoclave was placed into an aluminium block preheated at
130 °C (placed 30 minutes before counting the reaction time in
ordered to attain reaction temperature) and the reaction was
stirred for required time. During the reaction the inside
temperature of the autoclave was measured to be 120 °C and
this temperature was used as the reaction temperature. After the
completion of the reaction, the autoclave was cooled to room

This journal is © The Royal Society of Chemistry 2018
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temperature. The remaining ammonia and hydrogen were dis-
charged and the reaction products were removed from the
autoclave. The solid catalyst was filtered off and washed thor-
oughly with ethyl acetate. The reaction products were analyzed
by GC-MS and the corresponding primary amines were con-
verted to their respective hydrochloride salt and characterized.

For the hydrogenation of nitroarenes. To a Teflon or glass
fitted 300 mL or 1.0 L autoclave, the magnetic stirring bar and
corresponding nitrocompounds were transferred and then 120~
150 mL of THF-H,O was added. Then after, required amount of
catalyst (25 mg for each 0.5 mmol substrate) was added. The
autoclave was flushed with hydrogen twice at 30 bar pressure
and 40 bar hydrogen. The autoclave was placed into an
aluminium block preheated at 130 °C (placed 30 minutes before
counting the reaction time in ordered to attain reaction
temperature) and the reaction was stirred for required time.
During the reaction the inside temperature of the autoclave was
measured to be 120 °C and this temperature was used as the
reaction temperature. After the completion of the reaction, the
autoclave was cooled to room temperature. The remaining
hydrogen was discharged and the reaction products were
removed from the autoclave. The solid catalyst was filtered off
and washed thoroughly with ethyl acetate. The reaction prod-
ucts were analyzed by GC-MS and the corresponding anilines
were isolated.

Procedure for catalyst recycling

The magnetic stirring bar and 5 mmol benzonitrile were
transferred to glass fitted 100 mL autoclave and then 20 mL dry
toluene was added. Then after, 250 mg of catalyst was added.
The autoclave was flushed with 30 bar hydrogen and then it was
pressurized with 5 bar ammonia gas and 25 bar hydrogen. The
autoclave was placed into heating system and reactions were
allowed to progress at 120 °C (temperature inside the autoclave)
by stirring for required time. After the completion of the reac-
tion, the autoclave was cooled and the remaining ammonia and
hydrogen were discharged. To the reaction products, 250 uL n-
hexadecane as standard was added. The catalyst was then
separated by centrifugation and the centrifugate containing
reaction products was subjected to GC analysis for determining
the yield of benzyl amine. The separated catalyst by centrifu-
gation was then washed with ethyl acetate, dried under vacuum
and used without further purification or reactivation for the
next run.

Conclusions

In conclusion, we prepared cobalt nanoparticles encapsulated
in graphene shells supported on carbon by pyrolysis of simple
cobalt salts and terephthalic acid (TPA). Compared to other
recently developed nano-catalysts, this Co-TPA-carbon catalyst
does not require nitrogen-doping for activity, which opens new
avenues for catalyst design. The presented material constitutes
a general base-metal hydrogenation catalyst, which allows for
selective reduction of a series of functionalized and structurally
diverse aromatic, heterocyclic and aliphatic nitriles, as well as

This journal is © The Royal Society of Chemistry 2018
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nitro compounds. The synthetic utility and practicability of this
cobalt-based hydrogenation protocol was further established by
performing gram-scale synthesis and recycling of the catalyst.
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ABSTRACT: The development of inexpensive and practical catalysts for arene
hydrogenations is key for future valorizations of this general feedstock. Here, we
report the development of cobalt nanoparticles supported on silica as selective
and general catalysts for such reactions, The specific nanoparticles were
prepared by assembling cobalt-pyromellitic -acid-piperazine coordination

Co-coardination potymen@sioy
Pyralysis

h, Ar, BOD AT

polymer on commercial silica and subsequent pyrolysis. Applying the optimal

nanocatalyst, industrial bulk, substituted, and fanctionalized arenes as well as
polycyclic aromatic hydrocarbons are selectively hydrogenated to obtain
cyclohexane-based compounds under industrially viable and scalable conditions.
The applicability of this hydrogenation methodology is presented for the

storage of H, in hqm.d organic hydmg&u cartlers,

5i0; supported Co-nanoparticles

EEYWORDS: arencs, cyclohexanes, co-nanaparticles, hydragenations, catalysis

B INTRODUCTION

Asomatic hydrocarbons represent an essential feedstock for the
chemical industry and their applications range from life
sciences to bulk and fine chemicals as well as polymers and
fizels. " In fact, the basic substrates such as benzene, toluene,
and xylene are produced on >100 million tons per annum.™*
Moreover, condensed arenes are available from oil refining on
large scale.) Because of their importance and abundance,
synthetic organic chemistry in the past century and even today
focused to a large extent on their fanctionalization."**" In
general, hydrogenations of arenes constitute green and 100%
atomeefficient processes for the synthesis of cyclohexane-based
pmducts,]'z'." which are alse used in industries, drog
development, material sciences, and energy sector.” % Because
of the high stability of the benzene ring, the majority of
catalysts for this transformation are based on precious
metals,*™7 In fact, the state-of-the-art systems constitute
Ru'""* and Rh.""""**"% For the advancement of sustainable
arene hydrogenation, the development of more earth abundant
metal catalysts is of central importance. In this respect, so far,
nickel™* including Raney nickel, " as well as few other
Co"™* " hased catalysts are known for the hydrogenation of
benzene and other simple substrates. However, in general,
thess catalysts exhibit poor selectivicy and low stability for
recycling and have not been applied for diverse com-
pounds, ™ Thus, costefficient and chemo-, regio-, and
stereo-selective hydrogenation of structurally challenging
aromatic hydrocarbons in the presence of heterogenecus

#AEE Publications = 219 American Chemical Society

B581

base metal catalysts are highly important and continue to
attract significant integest.

In recent years, supported nanostructured materials had
tremendous impact on the chemical industry and the
innowation of chemical pmcesm.w_ﬁ‘ Key for the implemcn-
tation of these materials is the preparation of active
nanoparticles on appropriate supports using inexpensive
precursors and appl}'hg_mmrmimt, easy to follow up, and
reproducible methods.*™** In this regard, pyrolysis of (in situ
generated) organometallic complexes,”™**"** metal arganic
frameworks [MQFE},:':"SS_ST and coordination Pul}lmr.:s
(CPs)™ ™ allows for the synthesls of unigque catalytic
materials. Notably, metal containing CPs can be :as'_l‘}f
engineered by variation of metal jons and organic linkers ™ ™"
Following this concept, the selection of suitable linkers for the
preparation of active nanoparticles with the precise size and
shape is most important. Advaniageously, a plethorm of
carboxylic acid- and nitrogen-based linkers are available to
prepare different CPs. Here, we describe the preparation of
cobalt-based CPs using inexpensive pyromellitic acid (PMA)
and piperazine (PZ) linkers and their use as convenient
precursor and structure directing template. Supporting these
CPs on commercial silica (AERDSIL) and subsequent
prrolysis creates reusable cobalt nanoparticles for the hydro-

Received: May 27, 2019
Revised:  [uly 15 2019
Published: Angust 21, 2019

00K 10,100 kel S50 143
ACE Caml, 301%, & ASEI-ASHE



Contribution to the Publications

ACS Catalysis

Research Article

Colhidhy 84,0
4 Sdr, DNF, 150 4
eag o N':l B ARdRn of 32,
E 2. S, DARF, 160 70
Hoy i n A, Gedvethamesl process
Faa rz
B U feios o
H w Ca-PWA-PE casrdizetion goiymer Bl 3 paored £ ball rescpe-ben
in e b g 0
- s e e L
i ’@]'m mmﬁm - ] !
; TP THA 2 HA LpaBSD  spE |

i, Organic Inksrs mmes for £2 preparaiion of cobal-arsd coordinaficn pofyman f

Figure 1. Symthesis of supported cobalt nanopasticles using CPs as precussors and structure controlling tensplates,

ield of cyoiohexyiamine (%)

|
G |

Cobalt catahses

50 bar Hy, <80H, 1350

o

E

W
2o, it i
sl s
| B & E
1 a
! B 0% DR 0% 0%
. 2 B M

S

Catalytiz matarsls

Figure 2. Hydrogenation of anline o cyclobenylamise: activity of cobalt cetalysts. Reaction conditions: 1 mmo] aniline, 120 mg catalyst {3 mol %
ﬂnj, 50 bar H;, 4 mL E-BL'UH‘ 1358 °C, 24 !1,, :.'i.L'dl were determimed by LS u.lil'ls n-hexadecane standard. “'L'Jn'talrl:m.l PTEP.‘I!.‘Ed. II.ﬂ.D.E'PDI':,I‘!‘D.EHI:

material reporied in ref 74

genation of industrially important and structurally diverse
arenes,

B RESULTS AND DISCUSSION

Preparation of Cobalt-Based Manocatalysts. Fisst, we
generated different cobalt-based CPs in situ im N.N-
dimethylformamide (DMF) combining Co{NO;);-6H,0
with different cachoxylic acds such as terephthalic add
{TPA; 14-benzenedicarboxyiic ackd; 1), tedmeste acid (1,35
benzenetrdearhonylic acid; TMA; 2), PMA (1,2,4,5-henzenete
tracarboxylic acid; PMA; 3), and nitrogen linker, [or example,
L 4-diszabicyele[2.2.2)octane (trethylendiamine; DABCO; 4)
and PZ {diethylenediamine; PZ; 5} (Figura 1).

The resulting materials were assembled on different supports
{80y, ALO,, ZSM-5 Ti0y carbon, and MgOQ) and then
pyrolyzed under argon to obtain the respective nanomaterials
{zee the PFapermental Section for detailed preparation).
Hereafter, these materials are labeled as Co-acid linker-amine
linker@support-x, where = denotes the pyrolysls temperature,

'I'rl,lii.a.lly, all af the p:‘l:]_:l:.l‘cd matetals were tested for the
hydrogenation of indostrially important aniline to cyelohexyl-
amine as a benchmark reaction {Figure 1), Cyclohexylamine is
used as a valuable intermediate for icals (e,
mucolytics, analgesics, bronchodilators) and herbicides,
Furthermore, it is the precursor for accelerators for vulcan-
ization and an effective corrosion inhibitor, Ficst, we tested Co-
TPA-DBCOG@SI0,-300 material prepared uwsing TPA and
DABCO linkers, which were used previously for the
proparation of cobaltbased MOFs and panocalayste %
Interestingly, this catalyst showed some activity (L3%).
Variation of the nitzogen linker fom DABCO to PZ gave
Co-TPA-PZ@5I0,-B00 with increased product yield (20%).
Further preparation of CPs nsing different benzene carboxylic
acid linkers and PZ resulted in more active materiale. Among
these, Co-CPs based on PMA and piparazine (PZ) linkers
produced the best catalyst {Co-PMA-PZ@5i0,-800), which
led to 90% cyclohexylamine. The reported cobalt-CP™ using
CoCl,-6H,0, PMA and PZ Linkers with a molar ratio of 1:1:3
was also prepared and immobilized on 510, Pyrolysis of this

D04 1101 02T s Lt 00 153
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material at 800 "C under argon produced a much less active
catalyst for the formation of cyclohexylamine (5%). To
produce an active catalyst, 3 equivalents of each of PMA and
PZ linkers with respect to cobalt are required. The X-ray
powder diffraction (XRDY) pattern of cobalt-PMA-PZ CP is
given in Figure 51, Compatiton with materiale made from
single linkers, Co-PMA@SI0,-800 and Co-PZ@SI0,-800,
showed activity (52%) far the former one, whereas the latter
js almost inactive. Similarly, cobalt nitrate@Si0,-800, the
nonpyrolyzed CoPMA-PZ@5I0, and comesponding Co-
PMA-PZ CP were not active too. In addition to the different
linkers, the effect of the pyrolysis temperature was also studied.
The material pyrotyred at 400 “C {Co-PMA-FZ@50,~400)
again is completely inactive, whereas pyrolysis at 600 °C and
1000 °C (Co-PMA-PZ@5i0,-600; Co-PMA-PZ@510,-1000)
showed little activicy (25 and 8%, respectively), Further, to
Imow the effect of supports, different supported materials
prepared using Co-PMA-PZ CF were also tested. Amaong these
AM.Dy, TiDy and zeolitesupposted catalysts showed some
activity (10—28%). However, carbon- and MgO-supported
omes are completely inactive.

Catalysis and Synthetic Applications. Hydrogenation
of Bulk and Functionalized Arenes. With the successful
catalyst Co-PMA-PZ@50,-800 for the henchmark process of
aniline to cyclohexylamine in hand, we carried out its general
applicability for the hydrogenation of wvarious aromatic
hydrocarbons. As shown in Schemes 1=4; this catalyst allows

Scheme 1. Co-PMA-PZ@%0,-800 Catalyzed
Hydrogenation of Bulk and Punctionalized Arenes to
Obtain Valoe-Added Cyclohexanes™

@ Co-FMAPZ MOFEID, 800 ‘O
R = R
50 bar Hy, LBUDH, 135 °C

RYeacalegon

IS T THRY

i

A% Y1 TN TERRR o 1
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*Reaction conditions: 1 mmol substrate, 120 mg catalyst (9 mal %
Co), 50 bar Hy, 4 mL e-BuOH, 135 *C, 24 h, yields were determined
by gas chromatography (GC) using n-hexadecane standard.
MNitrobenzene was wsed as substrate to obtaln cycloherpamine. At
150 °C for 48 b “At 150 *C for 34 b "For 40 h and isolated yields,

for the selective hydrogenation of diverse functionalized and
substituted arenes, incloding annulated compounds to epclic
aliphatic hydrocarbons, Several bulk chemicals including
benzene, toluene, and phenol wers hydrogenated to produce
industrially Important products in excellent yields [Scheme 1
products 8=11}. Az an example, cyclohexane is used for the
production of KA oil (mixture of cyclohexanone and
cycloheranal), adipic acid, and caprolactam. This product,
which is carrently prodoced (>3 million tons/annum) wsing

cither Ni or Pt catalysts at >160 °C,%™ s conveniently
formed in 95% yield at 135 °C and 50 bar H; (Scheme 1;
product 8). Similarly, methyleyclohexane used as energy fuel is
obtained In 95% (product 10). Apart starting from aniline,
cyclohesylamine can be prepared directly from nitrobenzene in
82% yield (Scheme 1; product 7). It is worthwhile to mention
bere that cyclohexplamine is industrially produced by the
hydrogenation of aniline (ses benchmark reaction), which is
obtained from nitrobenzene. In this respect, the prodoction of
cyclohexylamine directly from nitrobenzens has obvions
advantages with respect to step- and cost-economy. The
preference of this catalyst for chemoselzctive arene hydro-
genation iz showcased vsing functionalized substrates contain-
ing amine, ether, amide, ester, and pyrazole groups (Scheme 1;
products 13=22). In all these cases, the benzene ring was
selectively reduced by tolerating these functional groaps.
Hydragenation of Multiing Aromatic Hydrocarbons. In
case of aromatic hydrocarbons with muldple rings, the
reduction of one in the presence of athers is generally more
challenging and most of the known catalysts are less selective
for such substrates."" ™" However, using Co-PMA-PZ@8102-
800 catalyst regioselective hydrogenation of one ring in case of
naphthalenes, biphenyl, diphenyl methane, fluorine and
ganthene molecules took place at 135 °C (Scheme I; products

Scheme 2. Hydrogenation of Aromatic Hydrocarbons with
Multiple Rings Using Co-PMA-PZ@8i0,-800°

o8 bo P
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“Rpaction canditions: 1 mmaol substrate, 120 mg catalyst {9 mol %
Co), 50 bar Hy, 4 mL £BoOH, 135 °C, isclated pields ¥In 4 mb &
PrOH and GO yield wing nhexadecare. “In 4 mL -BoOH and 100
Al HO. %150 °C.

23-35). Notably, some of these partially hydrogenated
derivatives are of increasing imterest as intermediates for
energy technalogies. As an example, cyclohexylbenzene (CHB;
product 26) is vsed as electrolyte additive In lithivm ion
batteries. Interestingly, at slightly elevated temperature (150
2C) we achieved full hydrogenation in selected molecules. Asa
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Scheme 3. Diastereoselective Hydrogenation of Substituted Phenols and Arenes”
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result, ¥ bicyclic aliphatic hydrocarbons were obtained in up to
92% yields (Scheme 2; products 36—44),

Diasterenselective Hydrogenation Process. A major
challenge for any new arene hydrogenation catalyst to be
implemented in synthetic chemistry is the diastereoselective
hydrogenation of multiple substituted derivativeg 233 HI5TT
In general, such peactions offer a unique possibility to
synthesize platform molecules for new pharmaceuticals,
agrochemicals, and fine chemical applications. Unfortunately,
relatively, a few catalysts have been applied for such
transformations, ™ 52937 J‘.m-ung theze, notable wotks are
based on Rh"® and Ru' for the prepamation fluorinated
cycloalkanes and substituted cyclohexanols, respectively.

To evaluate the pat,enml af our Co-PMA-PZ@Si0,-500
system in this context, the hydrogenation of a series of
substituted phenols for the preparation of cyclohexancls was
performed. Apart from being interesting intermediates, the
present hydroxyl group can be easily further functionalized. As
shown in Scheme 3, various di- and trsubstituted phenols
underwent hydrogenation to give the corresponding diaster-
eoisomers in good to excellent yields (Scheme 3). 1,2-
Disubstituted phencls with methyl, cyclohexyl, and benzyl
groups lead preferentially to the thermodynamically more
stable trans products in up bo 95% selectivity (Scheme 3

products 2%, 38,40). On the other hand, 3-terf-butylphencl
gave the corresponding cis prodoct with 93%  selectivity
{Scheme 3; product 46). Ta understand this observation,
isomerization experiments of both eis- and fnens-2-methyl-
cyclohexanol were performed under the typical hydrogenation
conditions, However, no isomerization eccurred. Similar to the
1, 2-disubstituted phenols, the related 14-derivatives yield
preferentially the thermodynamically more stable trans isomers
(Scheme 3; products 30, 44, 49—54). An exception is the
formation of 27, which is explained by the stronger
coordination of the second arene ring to the catalyst surface,
which leads to the cds-preduct In case of 1,3-disubstituted
phenols, the cis products were preferentially formed, which is
also explained by their Increased thermodynamic stability
(Scheme 3; products 47—48). To showcase the selective
hydrogenation of disubstituted anilines and biaryls, N-phenyl-
toluidine and 4,4'-dimethylbiphenyl, respectively, were also
reduced in high yields (Scheme 3; products 44 and 27). As an
cxample for the reduction of trisubstituted arenes, the
hydsogenation of thymel (2-isopropyl-5-methylphenol; 55)
was investigated, which is industrially important for the
synthesis of menthol isomers™ At 150 °C, full conversion of
thymel was observed using our novel base metal catalyst
yielding 71% of (+): isomenthol.™

DO 100021 huml!hﬂZ!Ei
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Scheme 4. Application of Cobalt-Catalyzed Hydrogenation Process for the Storage of H, in LOHCs"
Hydrogenation of Mariotherm 3H: A potential
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Scheme 5. Representing the Synthetic Utility of Cobalt-Catalyzed Hydrogenation Process for Gram-Scale Reactions”

o L o oo

Z0: 8T%, 24h 26: 91%, 24h 25 B5%, 40 21: B, 40h 45; 92%, T4h
{1 scale) [1g scala) [2g scale) (2g seale) {3g scaks]
CHy
- s Bl S ?
A1: 92%, 24n 70T, 24h B 93%, 240 g 8% B55; 2%, 4Bh !
{5g scale) (10 scalo) (18g scals) (254 scate) [25g neals)

“Reaction conditions: 1=25 g suhstrate, 4.5 mal % catabyst, t-BuOH solvent (10 v for each | g substrate), 135 “C. *With 9 mol % catalyst. "In i-
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Applicability of Cobalt Nanoparticles for the Storage of
H, in LOHC. Catalytic hydrogenation reactions constitute a key
element for the transformation of renewable energy (wind, PV,
etc) into chemical energy carriers. In this context, the storage
of hydrogen in liquid organic hydrogen carriers (LOHCs) has
attracted significant interest in recent ycm's.w-a' In general,
different arenes such as benzene, methylbenzene, diphenyl-
methane, bipyridine, and dibenzyitoluene are considered as
LOHCs. For example, the latter compound is readily available
and technically applied as heat transfer oil (MARLOTHERM
SH, MSH). ™' Regarding the known catalysts for this
transformation, commercially available Ru/AlLO; was used for
the h;riru-genatiun of MSH {45% storage of hydrogen at 150
*C)." Using our cobalt catalyst at 150 °C, hydrogenation of
M5H yielded three different isomers with owverall hydrogen
storage of 65% (Scheme 4). In addition, other selected
molecules reacted smoothly and resulted in up to 99%
hydrogen storage (Scheme 4),

Synthetic Utiiity Co-Catalyzed Arenes Hydrogenation
Protocol. After having demoanstrated several applications of
this novel Co-PMA-PZ@E@510,-800 material, reaction upscaling
and catalyst recycling were showcased, Consequently, several
aremes were hydrogenated to obtain corresponding cyclo-
hexanes in up to 25 g (Scheme 5). Notably, all of these
reactions were carried out using lower catalyst loading (4.5 maol
% Co).

Recycling and reusability of the catalyst was performed using
phenol hydrogenation. It was recycled up to 4 Hmes without

B385

significant loss of activity and in all cases, the yield of
cyclohexanal was >90% (Figure 3}, In addition to recycling, we
also tested the stability of the Co-PMA-PZ@510,-800 catalyst
by performing recycling of the catalyst at reduced reaction time
(Figure 522). At 10 h of reaction time, the yield of
cyclohexancl in each run was rapidly decreased (Figure 522),
These studies showed that the catalyst is nmot stable and
deactivation occurred. Hence, 24 h of the reaction time is

@z‘:’“ Co-PMA-PZE@EI0;-E00 oM
———
50 har My, 138 °C, 24h U

1 2 a 4 §

Humbsr of runs

-

Yiald af cysiohaxancd [
e 3 HEBEESJEREE

Figure 3. Catlyst recycling for the hydrogenation of phenol to
cyclohexanal. Reaction conditions: 10 g phencl (106 mmel), 635 g
catalyst (4.5 mol %], 100 mL #BeOH, 135 °C, 24 h
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required to obtain >90% cyclohexanel in up to 5th ran (Figure

3)

Characterization of Co-Based MNanocatalysts. In order ta
identify the stroctural features and to understand the varying
catalytic activities of these nowvel cobalt-based matedals, we
characterized the active catalyst (Co-PMA-PZ@Si0,-800), less
active (Co-TPA-PZ@5i0,-800, Co-PMA@SiO,-800), and
completely inactive materials (Co-PZ@5i0,-800) using X-ray
powder diffraction (XED), Brunaver—Emmett—Teller (BET),
scanning transmission electzon microscopy (STEM), electron
energy loss spectroscopy (EELS), and energy-dispersive X-ray
spectroscopy (EDXS) and X-ray photoelectran spectroscopy-
{XPS). XRD analysis revealed that the must active catalyst
contains metallic cobalt partcles along with some Co 0,
(Higure 51). In case of less active materials, a mivtare of
metallic Co and oxidic cobalt (Cos0, and CoO) particles were
present [Figores 53 and 54, However, in case of the inactive
material, the presence of mainly Co, 0, particles was ohserved
(Figere 55). Ancther nonactive material, cobalt nitrate@&ic),-
500 also contained mainly metal oxide particles (Figure 56).
BET measurements revealed the importance of the surface area
for the catalyst activity which increased in the order of 42 (Cao-
PZ@SI0,-800), 77 (Co PMA@SIO,-800) to 155 m¥/g {Co-
PMA-PZ@5i0,-800) (Figures S§=510),

The STEM analysis of the most active material revealed the
formation of cobalt nanoparticles with sizes batween 5 and 20
nm of different compoesitions. Contrast in high-angle annular
dark field {HAADF) micrographs shows the presence of
probably metallic Co particles tightly coversd in graphitic
carbon and particles of Co oxide (Figure 4A) more locsely
attached to carbon and the support Unfortunately, dering
EDXS and EELS measorements, the morphology of the Co-
containing particles changed somewhat under the extended
influence of the electron beam and formation of particles
similar to sech Co oxide crystallites was observed. Therefors,
EELS data cannot be used to determine the exact nature of the
Ca species, for example, by fingerprinting the fine structure of
the Co-L edge in the HELS dara (Figures 512 and 5134).%
Additionally, there is a carbon phase containing N attached to
the 5i0, support as seen in the EELS elemental maps. High-
resohrtion HAADFE images of a free hanging carbon structure
indicate the presence of even heavier atoms in this phase;
howewet, the density was too low for EDXS or EELS analysis
(Figure 514). In case of the less active material prepared using
TPA and PZ linkers {Co-TPA-PZ@5i0,-800), metallic cobalt
particles are sorrounded by graphitic shells and Co oxide
particles show little contact to carbon structures when attached
to the silica support (Figures 4B and $138), The Co-PMAR
5i0;-800 material contained generally small (<15 am) with a
few large polycrystalline particles as emceptions (Figures 4C
and 513C}. Some of these particles are encapsulated within
large well-ordered graphitic carbon others withaut carbon shell
and probably of a Co cxide vadant are alse [ocated directly on
silica. In ease of the inactive sample (Co-PZ@5i0,-800]), large
particles up to 35 nm, which are completely encapsulated with
in graphitic shells, are found (Figures 4D and S13D). In
addition, some Co/Co,0, particles In core shell structures
were also observed, however, with no clear coonection to
carbon structures,

Further XPS analysis for Co-PMA-PZ@Si0,-800, Co-
PMA@Si0,-800, and Co-PZ@5i0,-800 samples has been
conducted to understand in more detail the states of cobalt and
nitrogen at the surface of the catalysts (Figure 515). In the
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Figure 4, STEM-HAADF and -ABF images of silica supported cobalt
catalysts. Left column shows HAADF images of the general struchire,
the middle column shows details of Co oxide particles with ABF
images as an inset to highlight possible carbon structores, and the
right column shows ABF images with details of Co particles, with
tightly packed graphitic covering of metallic Co particles where these
metallic particles are present, (a) Co-PMA-PZ@SI0,-800, (b) Co-
TPA-PZ@Si0;-800, (c) Co-PMAG@SIO-800, and (d) Co-PZ@5i0,.
800,

most active catalyst, {Co-PMA-PZ@5i0,-800) the deconvo-
lution of Co 2p peaks shows the presence of two types of Co-
species (Fignre 515; left image). The peak at 778.55 eV
represents metallic cobalt (Co 2p,,, ), while the peak at 780051
eV denotes Co® (2py, ) species (Figure 5154; left image). The
correspending Co 2p,;,, peaks are obgerved at 79443 and
79645 eV. Co 2pyn and Co 2p;; pesk cnergy splitting was
found to be 15.88 eV for Co(0) and 15.90 &V for Co**™ The
catalyst Co-PMA@SI0,-800 also contains mixed oxidaton
states for Co-species (Figure 515b; left image). A peak at
77849 eV represents the presence of Co 2py, in the metallic
state, whereas a peak at 77992 eV can be amigned to Co™
species. Although, a peak for Co® could not be deconvoluted,
however, the presence of strong satellite peaks at 786.43 and
80220 &V are indicative for multiple oxidized Co species, as
satellite peaks arise due to spin—spin interactions of different
Co species.”™™ The Co-PE@SI0,-800 material also shows the
presence of two cobalt spedes (Figure SL5c left image);
however, the absence of a Euk around 778.5 eV indicates that
metallic Co is not present.”™ The peaks present at 779,91 and
781.52 eV can be assigned to 2py;; Co™ and Co®" species. The
corresponding 2p ;, peaks are present at 793.52 and 795.45 eV
for both these species (Figure 515¢; left image). In these three
catalysts, surface concentration and states of N vary due to the
use of different ligands in the pyrolysis process. Clearly, the
presence of different linkers affects the graphitization process
and the vccurrence of W at the sorface™ Mevertheless, in all
these samples, N 1s spectra are complicated due to the low
concentrations of M on the surface and also its interaction with
cobalt, carbon, and 50, For Co-PMA-PZ@5i0,-800,

DO 10102V amcatal 9h02133
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which was prepared using Co(ND;}, PMA, and PZ, N 1s
spectra could be deconvolured to three N 1s peaks within the
catalyst structure (Figure 513a; right image). The binding
energies centered at 39935, 40136, and 40388 eV can be
assigned to andjﬂc N, prrrolic N, and graphitic N,
respectively.”™ " In contrast, the sample Co-PMA@SIO,-800,
which was prepared form Co{NOy), PMA, contains only two
types of N (Figure 515b; right image). Deconvolution results
fitting of two N-peaks centered at binding energies of 399.4
and 400.1 ¢V, Compared to Co-PMA PZ@Si0,-800, in this
case, graphitic N is absent at the surface. The presence of N in
this sample obviously comes from cobalt nitrate. The material
Co-PZ@510,-800 prepared by Co{NO;); and PZ also
contains two types of N Is peaks centered at 401.21 and
404.05 eV (Figure 515¢; right image). In this case, pyridinic N
is absent. Purther to know the phases of cobalt, in sim XRDy
analysis has been performed (Figures S16—521). If the catalyst
is decomposed, the formation of CoQ has to be observed at
800 *C under a helium {He) flow of 10 mL/min. However, the
catalyst cooled down, and the product of the thermal treatment
was investigated ex situ and observed only Co,0,. According
to this result, the experiments were performed by flushing with
He {10 mL/min) for approximately 25 min. Then, the gas fow
was stopped, and the temperature program was started, After
heating to 800 °C {25 "C/min heating rate], the diffraction
data were collected over a period of 2 b (each 10 min) and the
cooling of the sample were monitored by the collection of
diffraction data each 100 °C step. In this experiment, the
formation of metallic Co can be stated. Then, the metallic Co
is oxidized to Co;0, during the cooling process. An additional
experiment was also carried out to check the amount of O,
during heating, isothermal, and cooling procedure by the
analysis of the gas passed through an empty capillary. The
value of the Oy concentration was constant over the whaole
experiment (heating o 800 °C, 30 min isothermal, cooling to
25 °C, heating rate: 25 "C/min).

All of these characterization studies revealed that in the most
active material {Co-PMA-PZ@5i0,-800) different types cobalt
nanoparticles are present. Metallic Co particles tend to be
covered in graphitic shells possibly isolating them, whereas a
large fraction of Co oxide particles connects to the carbon
matrix containing nitrogen and possibly highly disperse Co.
The nitrogen content indicates that PMA with PZ as the linker
forms these structures which in accordance with the BET
results seems to cnhance the active surface area of the catalyst
strangly when compared to the pure support.

B CONCLUSIONS

In conclusion, we have developed efficient cobalt-based
nanocatalysts for gemeral and selective hydrogenation of
aromatic hydrocarbons to produce the corresponding aliphatic
products, which serve as essential compounds in chemical and
life sciemce industries as well as for energy and material
sciences. Key 1o success for this hydrogenating process is the
graphitic shell-encapsulated cobalt nanoparticles prepared by
the template synthesis of cobalt—PMA~PZ CP on commercial
silica and subsequent pyrolysis under an inert atmosphere.
This cobalt-based protocol proceeds for the hydrogenation of
industrial bulk, substituted, and functionalized arenes as well as
polycyelic aromatic hydrocarbons under industrially viable and
scalable conditions. In addition, this catalyst system has been
applied for the diastercoselective hydrogenation of multiple
substituted phenols and arenes. The wrility and applicability of
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this hydrogenation methodology is demonstrated by catalyst
recycling and gram-scale synthesis as well as for the storage of
H, in LOHC.

W EXPERIMENTAL SECTION

General Consideration. All substrates were obtained
commercially from wvariows chemical companies. Cobalt(II)
nitrate hexahydrate (cat no. 139267-100G), PZ (ReagentPlus,
=99%; cat no. P45907) 14-diazabicyclo[2.2.2]octane
(DARCO); ReagentPlus, >99%; cat no. D27802-15G), TPA
(cat mo. 185361; 98%), and titanivm{IV) oxide (TiO;; cat no.
T18467; >99.5%) were obtained from Sigma-Aldrich. PMA
{eat no. B23099; 96%), 1,3,5-benzenetricarboxylic acid (TMA;
cat no. ALS247; 98%), zeclite ZSM-5 ammonium (ZSM-5; cat
no. 45879), and magnesium oxide {Mgﬂ. cat no. 43196;
99.95%) were obtained from Alfa Aesar. t-Butanel (t-buQH,
code-390690025; 99.8%) was obtained from Across chemicals,
Silica (AEROSIL OX 50) was obtained from Evonik Carbon
powder, VULCAN XCTIR with code XVC72R and CAS no.
1333-86-4 was obtained from Cabot Corperation Prod. The
prrolysis experiments were carried cut in a Nytech Qex oven.
Pefore using, the purity of the substrate has been checked.

STEM measurements were Pm-fmm::l at 200 kV with
aberration-corrected JEM-ARM200E (JEOL, Correctot:
CEQS). The microscope was equipped with a [ED-2300
(JEQOL) encrgy-dispersive X-ray-spectrometer and Enfiniom
ER (GATAN) electron energy-loss spectrometer with dual
EELS for chemical analysis. HAADF and annular bright feld
(ABE) detectors were used for general imaging; the annular
dark field detector was used for pesition contrel for EELS
acquisition. Dual EELS was done at & camera length of 4 cm,
an illumination semi angle of 27.8 mrad, and a filter entrance
aperture semi angle of 41.3 mrad using the low loss region for
compensation of energy shifts during acquisition. The solid
samples were deposed without any pretreatment on a haley
carbon supported Cuo-grid (mesh 300) and transferred to the
micIoscope.

XRD powder pattern were recorded on a PAMalytical X'Pert
diffractometer equipped with a XNCelerator detector using
agtomatic divergence slits and Cu Kal/a2 radiation (40 kv,
40 mA; 4 = 015406, 0154443 nm). Co fradiation was
excluded using a nickel filter foil The measurements were
performed In 0.0167" steps and 100 5 of data collecting time
per step. The samples were mounted on silicon zero
background holders. The obtained intensities were converted
from automatic to fived divergence slits (0.25%) for further
analysis. Peak positions and the profile were fitted with
Pseudo-Voigt function using the HighScore Plus software
package (PANalytical), Phase identification was done by using
the PDE-2 database of the International Center of Diffraction
Data (ICDD).

BET surface areas of the catalysts were determined on a
NOVA 4200e instroment by N,-physisorption at —196 “C.
Prior to the measurements, the known amount of the catalyst
was evacuated for 2 b at 220 °C to remove physically adsorbed
wiaber.

In situ XRD studies were preformed on a Stoe Stadi P
equipped with a Stoe ht2-in situ oven and a Mythen 1K
detector in Debye—Scherrer geometry using a Mo-X-ray tube
[50 KV, 40 mA, Eel: 0.70930 A, Ge(111)]. Temperature
commechon was appliﬂi b)' measurement of well-known Fl'ﬂ&l!
transitions of standard matedals (AgNO, KCIO, AgSO,,
i, K;50, K.CrD,, WOy, BaCQ4), Gas dosage was done wia
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a Bronkhorst mass flow controller. The sample to investigate
was grinded, pressed to pellets by 1 pressure of 10 toms,
crushed, and sieved to fraction of 100—150 jm. The fraction
was filled to a quartz glass capillary (approx 2 mm outer
diameter, 1 mm inner diameter, opened on both sides) to a
height of approx. & mm and fixed by quartz glass wool at both
sides. The loading of the catalyst precursor was increased to 20
wt % to obtain data of reliable quality after the decomposition
af the precursor. The capillary was mounted into the in sitn
chamber, and the capillary was flushed with He (10 mL min™")
for 20 min. The gas flow was switched off before starting the
heating. The sample was heated to 800 °C (25 *C min "), and
the temperature was kept constant for 2 h while recording
diffraction data every 10 min (stationary measurement, 300 =
of acquisition ime). The cooling process (25 °C min™') was
monitored each 100 *C step.

All catalytic experiments were carried out in 300 and 100
mL aotoclaves (PARE Insoument Company). In order to
avoid unspecific reactions, all catalytic reactions were carried
out either in glass vials, which were placed inside the antoclive
or glass Tellon vessel-fitted autoclaves,

GC and GC—rmass spectrometry (MS) were recorded on
Agilent 6B90N lnstrument. GO conversien and yields were
determined by GC-FID, HPS8%0 with a FID detector, column
HP530 m x 250 mm > 0.25 pm

'H and BC NMR data were recorded on Bruker ARX 300
and Bruker ARX 400 spectrometers using DMSO0-d,, CDL,0D
and CDCl, sobrents.

HEMS data were recorded on 2 mass spectrometer MAT 95
XP (Thermo Electron), 70 ¢V,

Procedure for the Catalyst Preparation. Preparation of
Co-PMA-PZ@5i0, Template (3 g Preparation) and Pyrolysis
To Obtain Nanomateral, In a 30 mL round-bottom flask,
cobalt(IT} nitrate hexahydrate (444.5 mg; 1.5 mmol) and PZ
(3952 mg; 4.5 mmol) were stirred for § min in 13 mL of DMF
at 150 *C. To this mixture, the already diszolved (by heating)
PMA (116 g 4.5 mmel) in 10 mL of DMF was added. Then,
the round-bottom flask containing the reaction mixture was
plazed into an aluminum block preheated at 150 °C and stirred
for 20—30 min after fodng a refluix condenser to the roond-
bottorn flask. Then, 1.2 g of silica (AEROSIL OX 50) was
added followed by the addition of 15 mL of DME, and the
reaction mixture was stirred again at 150 “C for 4—5 h. Then,
the reflur condenser was removed, and the round-battom fask
containing the reaction product was allowed to stand without
stirring and closing for 20 h at 150 °C in order to slowly
evaporate DMF and to grow the cobali-CP template on
carbon. After the evaporation of the salvent and ensuring the
complete drying, the material was cooled to room temperature
and grinded to give a fine powder. The powdered matedal was
pyrolyzed at the defined temperature (400, 500, 800, or 1000
*C} for 2 b under an argon atmosphere and then cooled to
room temperature after pycobysis.

Elemental analysis (wt %): Co-PMA-PE@SI0-800: Co =
46%, C = 1692%, H = 0.10%, i = 32.50% N = 0.81%.

The same procedure has been applied for the preparation of
ather supparted materials.

Preparation af Co-PMA-PZ CP. [n a 50 mL round-battom
Hask, cobalt(1l} nitrate hexabpdrate {444.5 mg) and PZ (3952
mg} were stirred for 5 min in 15 mL DMF at 150 *C, and to
this mixture the already dissobeed PMA (by heating) (1.16 g)
in 10 mlL DMF was added Then, the round-bottom fHask

containing a reaction mixture was placed into an aleminum

block prebeated at 150 °C and stirred for 1 h after fixing a
reflux condenser to the round-bottom flask. Then, the refiux
condenser was removed, and the reaction mivture was allowed
to stand withoot stirring for [—2 h at 150 “C. A Pink codored
cobalt-CP waz formed and filtered theough filter paper and
washed 3—4 times with hot DM (15—20 mL each time). The
washed material was dried at 140-130 *C in an oven for 15 h
and then finally dried under high vacoum at room temperature
for 4—5 h.

General Procedure for the Hydrogenation of Arenes.
A magnetic stirring bar and 1.0 mmol of the coresponding
arene were transferred to a glass vial (8 mL), and 3 mL of the
solvent (+-BuOH) was added, Then, 120 mg of the catalyst
(Co-PMA-PZ@Si0.-800; 9 mol % Co) was added, and the
vial was fitted with a septum, cap, and needle. The reaction
wials '[EIEE'LL wlals with different substrates at a Li,me:l wese placed
mte a 300 mL autoclave, The autoclave was flushed with 30
bar hydrogen twice, and then, it was pressurized with 50 bar of
hydrogen. The autoclave was placed into an aluminum block
preheatad at 145 °C (placed 30 min before counting the
reaction time in erder to attain reastion temperature), and the
reactions were stirred for the required e During the
reaction, the inside temperature of the autoclave was measured
to he 1353 *C, and this temperature was used as the reaction
temperature. After completion of the reactions, the antoclave
was couled to room temperature. The remaining hydrogen was
discharged, and the vials containing the reaction products were
removed from the astoclave, The solld catalyst was filtered off
and washed thoroughly with ethyl acetate. The reaction
products were analyged by GC—MS. The comesponding
products were purified by eolumn chromatogeaphy (sllica; a-
hexane—ethyl acetate mixture) and characterized by WMR and
GC—MS analysis.

Procedure for the Yields Determined by GC for Selected
Compounds. After completion of the reactions, n-hexadecane
(100 nL) was added as the standard to the reaction vials, and
the reaction products were diluted with ethyl acetate followed
by filtration vsing plug of silica and then analyzed by GC.

Procedure for Gram Scale Reactions. To a Teflon or
glass fitted 300 mL or 1.0 L autoclave, a magnetic stirring bar
and the carresponding arene were transferred and 20—-250 mL
of +BuOH was added. After adding the required amount of
catalyst (Co-PMA-PZ@S5I0,-800; 4.5 mol % Co; 60 mg for
each 10 mmaol substrate), the auteclave was flushed with 40
bar hydrogen twice, and then, it was pressurized with 40 bar
hydrogen. The autoclave was placed into an alominum hlock
preheated at 145 °C (placed 30 min before counting the
reaction time in ordered to attain reactlon temperaturs), and
the reaction was stimed for the required time. During the
reaction, the inside temperature of the autoclave was measured
to be 135 *C, and this temperature was used as the reaction
temperature. After completion of the reaction, the astoclave
wag cooled to room temperature. The remaining hydrogen was
discharged, and the reaction products were removed from the
autoclave. The solid catalyst was filtered off and washed
thoroughly with ethyl acetate. The reaction products were
analyzed by GC—MS, and the corresponding products were
putfied by column chromatogrmphy (silica; #-hexane—ethyl
acetate mizture) and characterized by NMR and GC-MS
spectral analysis.

Procedure for Catalyst Recyding. A magnetic stirring
bar and 106 mmol of phenol were transferred to a 300 mL
:.l.ll:rn"j:.\lel and ﬂ::n, 70 mL -BuaQH was :dd:d'. Afer :J.ding
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63 g of catalyst (Co-PMA-PZ@Si0,-800; 4.5 mol % Co), the
autoclave was flushed with 40 bar hydrogen, and then, it was
pressurized with 50 bar hydrogen. The autoclave was placed
into the heating system, and reactions were allowed to progress
at 135 °C (temperature inside the autoclave) by sticring for the
required tme, After the completion of the reaction, the
autoclave was cooled and the remaining hydrogen was
discharged. To the reaction mixture, 250 gL n-hexadecane as
standard was added. The catalyst was separated by
centrifugation and the filtrate was scbjected to GO analysis
for determining the yield of cyclohexanel. The separated
catalyst was washed with n’l:h.}rl acetate, dried under vacuum,
and used without further purification or reactivation for the
next ran.
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Reductive amination using cobalt-based
nanoparticles for synthesis of amines

Kathiravan Murugesan, ‘u’mhwas G. Chandrashekhar, Thirusangumurugan Senthamarai,
Rajenahally V. Jagadeesh™ and Matthias Beller®*

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

Introduction

Among different kinds of chemicals, amines represent highly valuable 1}mp-uund5 mdc[}r applied
in many science areas, including chemistry, biology, medicine, materials and energy'”. As an
example, the majority of top-selling drugs contain nitrogen and/or amino groups, which umstitul.e
integral parts and play vital roles in their activities’. For the synthesis and functionalization of
amines, catalytic reductive aminations using molecular hydrogen represent a resourceful method
used in both academic laboratories and indus:r:.rs"’ﬁ. Common catalysts known for these reactions
are based on precious metals® " and Raney nickel™™™ However, for the advancement of cost-
effective and selective reductive amination processes, the development of non-noble metal-based
catalysts is preferable and continues to attract substantial interest. Compared to traditional
homogeneous catalysts, heterogeneous catalysts offer advantages such as stability and recyclability.
Among heterogeneous catalysts, supported nanoparticles™ , or single metal atoms™ " are of prime
importance because of their low energy consumption and high activities and selectivities. In this
regard, in recent years these materials have become the subject of increasing interest as catalysts
for organic synthesis™™ ™, With respect to reductive aminations using malecular hydrogen, to
our knowledge, only a few nanocatalysts have been developed™' ™", Among these, carbon-supported
Cos0y nanoparticles surrounded by nitrogen-doped graphene layers, developed by our group,
represent excellent catalysts for oxidation and hydrogenation reactions, as well as reductive
amination™, These cobalt oxide nanoparticles are prepared by the immobilization of a
cobalt-phenanthroline complex on carbon and subsequent pyrolysis at 800 “C under argon for 2 h.
This cobalt oxide-based nanocatalyst worked well for the reductive amination of aldehydes and nitro
compounds or amines to produce secondary/tertiary amines’’. Unfortunately, this catalyst is not
active for the synthesis of primary amines from carbonyl compounds and ammonia in presence of
malecular hydrogen.

n"a1 hias baller@catalysis. de
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Fig. 1 | Preparation of carbon-supported single cobalt atoms and nanoparticles encapsulsted within graphitic shells using a MOF template.

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

Here, we describe the detailed procedure for the synthesis of these cobalt-based nanocatalysts and
their application to obtain various amines of commercial and industrial importance. Notably, MOFs
represent suitable grlgc“qm.ws and self-scarifying templates for the preparation of nanomaterials under
pyrolytic methods :

In a representative procedure, the most active material is prepared by immobilization of an
in situ-generated cobalt-triethylenediamine (DABCO: 1)-terephthalic acid (TPA; 2) (Co-DABCO-
TPA) MOF on carbon and subsequent pyrolysis of the templated material under argon atmosphere
(Fig. 1), To identify a suitable MOF precursor, different MOFs, such as Co-DABCO-TPA,
Co-DABCO and Co-TPA, were generated in situ and used for the preparation of catalytic
materials. In particular, cobalt nitrate, DABCO and TPA in a molar ratio of 1:3:3 are mixed in
N N-dimethylformamide (DMF) and stirred at 150 °C to generate the MOF used in this procedure.
After MOF formation, carbon is added (Vulean XC72R) and the mixture is stirred again at 150 *C.
Slow evaporetion of the solveni (DMF) generates the desired template material (Co-DABCO-
TPARC). P}'m1':.rsi,; at B0 °C leads to the formation of carbon-supported single cobalt atoms and
nanoparticles (Co-DABCO-TPA@C-800). Under a similar procedure, other cobalt materials using
Co-MOFs containing single linkers such as Co-DABCO and Co-TPA are also prepared,

The resulting materials are characterized using Cs-corrected scanning transmission electron
microscopy (STEM), energy-dispersive X-ray spectroscopy (EDXS), electron energy loss spectroscopy
(EELS), X-ray photoelectron spectroscopy (XP5), and X-ray powder diffraction (XRD) spectral
analysis’” (see Supplementary Figures for detailed characterizations). The most active material
(Co-DABCO-TPA@C-800) is characterized by the formation of graphitic shells encapsulating
metallic cobalt particles with sizes ranging from <5 to 30 nm (Fig. 2, Supplementary Figs. la and Za),
The EDXS (Supplementary Fig. 4a, left) shows mainly the presence of metallic Co particles within the
carbon matrix In addition Lo these small metallic particles, single Co atoms, visible as bright dots by
high-resolution, high-angle annolar dark-field (HR-HAADF) STEM, were also detected within
so-called cloudy regions of short-range ordered carbon (Fig. 2, Supplementary Figs. la and 2a, right),
Apart from these, a small quantity of axidic cobalt (Co(II)) in the surface of core shell particles is also
present. To obtain information on Co, C and N relations, the parallel mapping of EDXS for all
elements and EELS (Supplementary Fig. 1b) arc performed. Compared to EDXS, the EELS technique
allows the detection of nitrogen species because, in the case of EDXS, the overlap of the C and N
edges minimizes, allowing visualization of small amounts of N, These analyses identified the presence
of nitrogen located in the vicinity of metallic Co particles and single Co atoms within short-range
ordered carbon (Supplementary Fig. 1), The XRD analysis of the Co-DABCO-TPA@C-800 catalyst
also showed predominately the presence of metallic Co particles, along with small quantity of cobalt
oxide particles (Supplementary Fig. 7). XPS analysis showed two states of nitrogen. One is correlated
to imine-like N known from pyridine (38 £V) and the other, displaying at higher binding energy,
corresponds to N bonded to Co (Supplementary Fig. 10a, right). These characterization data are
summarized in Table 1.

Hereafter, we denote the most active catalyst, Co-DABCO-TPA@C-300 as Co/GS@C, where 'GS'
stands for graphitic shells.
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Fig. 2 | TEM images of Co/GSEC (Co-DABCO-TPAEC-800) catalyst. a, Distritartion of cobatt nanoparticles. b Graphitic shell ancapaulated Co
nanoparticles. € Single cobalt atoms. Scale bars, 20 nm (8); 2 nm (b}

Table 1 | Characterization data for Co-DABCO-TPASC-B00 catalyst

Entry Technigue Reguired analysls Data found
2 STEM Distribution, morphalogy, size Graphitic shalls encapsulated matallic cobalt particles
and nature of nanoparticles with sizes from <5 nm to a maximum of 30 nm, Cobalt
single atorms. Small quantity of cobalt oxide
nanoparticles.
3 EDXS Etermental detection and mapping  Metallic cobalt with smal! guantity of oxldic cobalt
particlas
4 EELS Detection and distribution of Presence of nitrogen is celecled and located in the
nitrogen vicinity of metallic Co particles and single Co atoms
wilhin short-range order earban
5 KPS Mature and states of nitrogen XPS analysis showed tbwo states of nitrogen. One is

carrelated with imine-like M known from pyridine
(-398 eV} end the other, displaying at higher
hinding energy, corresponds to M banded o Ca

g *RD Different phases of cobalt Pradomnate presence of metallie Cao particles, alorg
with small guantity of cchalt oxide pasrticles

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

Among these materials, the ones pyrolyzed at 800 °C showed maximum activity and produced
veratrylamine in an B8% yield (Table 2, entry 3). Pyrolysia of cobalt-MOF's on carbon using
cobalt nitrate with either DABCO (Co-DABCO@C-800) or TPA (Co-TPAEC-300) alone yielded
less active catalysts (15-20% yields; Table 2, entries 7-8). We also tested our previously reported™
cobalt oxide-based nanocatalyst (Co-phenanthroline@C-800), prepared by the pyrolysis of
Co-phenanthroline complex on carben, and found that this catalyst is not active enough for the
reductive arnination to produce the desired primary amines (Table 2, entry 9). As expected,
homogeneous cobalt salts, different cobalt-based MOFs, and non-pyrolyzed materials were com-
pletely inactive (Table 2, entries 10-13),

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

+ NHy : - ’oﬁ\mz
40 bar Hy, t-BuOH, 120 °C L
4

3

Entry Catalyst Yleld of veratrylamine (35)
1 Raney nickal 50
2 Raney cobalt 30
3 Co-DABCO-TPAEL-800 &8
4 Co-DABCO-TPARC-400 1&8
5 Co=-DABCO-TPAZC-500 Fi
& Co-DABCO-TPAZLC-1000 B3
7 Co-DABCO@C-800 15
B Co-TRA@C-800 20
9 Co-phenanthroline@C-8040 1
10 Co(NOgl; - 6Hz0 1
1 Co-DABCO-TPA 1
12 Co-DABCO-TPA MOF 1
3 Co-DABCO-TPAMmC 1

Amacsion soncitiorn 05 memal of 3 4-dimnthoxytonsalin sy de, weight of catsbysl comesponds 1o 35 mal® ©, 5-7 Bar NHy, 40 bar Hy, 120 3 ml of
BUOH. 15 M Yol wirs deliemiegd by SO uking sehixidecane (000 ul) it standand i tne race of Rarey nakel, £5% of cormesponding alcohel and
1% of yaconcany amine vere ohaerved as side prodhucts, in Bhe case of Rarey cobalt, 64% of cormmpanding alcabal and 3% of srcondary smine wam
olstrved 44 S products. The nynthels of Ca-DABCOU@T-800 snd Co-OABDO-TRA MOF I described in Supplementary Maethod 2

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

Next, various aldehydes were reacted directly with nitroarenes (products 37-44) or amines
{products 45-50) in the presence of molecular hydrogen to obtain the corresponding secondary and
terliary amines (Fig. 5). For example, the alkylation of amino acid esters such as tyrosine methyl ester
with different aldehydes proceeded smoothly in up to an 89% yicld (products 47-4%), albeit race-
mization was observed. Under the present experimental reaction conditions, it is quite difficult 10
obtain retention of chirality without racemization in the case of reductive N-alkylation of amino
acids. However, Fering et al. have shown the possibility of retention of chirality with single isomers in
the case of N-alkylation of unprotected amino acids with alcohols by homogeneous Ru-catalyst®™. By
contrast, the reductive N-alkylation of (8)-(—)-a-methylbenzylamine and (R)-(+}-o-methylbenzy-
lamine took place without racemization of the stereocenter {products 51-52). Furthermore, we
applied this cobalt catalyst for the preparation of N-methylamines (Fig. 6), which represent an
important motif in naomerous drugs (eg. Oxycontin, Venlafaxine, Lexapro), Hence, different car-
bonyl compounds were reacted with aqueous N.N-dimethylamine (DMA) to yield products 53-57. In
addition, N-methyl amines were also prepared directly from nitro compounds or amines using
agueous formaldehyde as a methylation source (products 58-61).

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

Reaction scale-up was demonstrated by performing the reductive amination of three substrates at the
5- to 20-g scale (Fig. &), In all these cases, excellent yields were obtained (similar to those of the small-
scale reactions (100-150 mg). In addition to excellent activity and selectivity, our Co/GS@C catalyst
exhibits high stability and can be easily recycled six times without any reactivation (Table 3; Box 1).
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Fig. 3 | Co/G5@C-catalyzed reductive amination of aldehydes and ketones fur the synthesis of linear and
branched primary amines. Reaction conditions: 0.5 mmal of substrate, 25 mg of catalyst (35 mol% Co), 5-7 bar
MHa, 40 bar Hy, 3 ml -Buk, 120 °C, 15 h, with exceptions &s follows. 20-30: in THF (dry) sohvent; 21, 22.3%: for 20
e 23: for 30 h with 35 mg of catalyst. 24 for 24 h. |solated yields reported unless otherwise indicated. Isolated as
frem amines and corvarted to hydrochiaride salts for measuremant of NMR and HRMS spectra
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Flg. 4 | Co/GS@C-catalyzed amination of pharmaceuticals and steroid derivatives. Reaction conditions: 0.5 mmal
of ketone, 25 mg of catalyst (3.5 mol% Ca}, 5-7 bar NHa, 40 bar Hz, 3 mL of THF (dry), 120 °C, 15 h, with exceptions
as follows. 33, 34: for 24 h isolated yields reported unless olherwise indicated. Isclated as fres amines and
converted to hydrochloride salts for measuring NMR and HRMS.

Although this cobalt-based reductive amination protocol can be applied to the synthesis of
different kinds of amines, it still displays limitations such as {i} poor reactivity of ketones with amines
to produce branched secondary or tertiary amines and, (ii) racemization of N-alkylated products of
amino acids without retention of chirality.
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Fig. 5 | Co/GS@C-catalyzed synthesis of secondary and tertiary amines. Reaction conditions: 0.5 mmal of
nitroarene, 0.75-1 mmol of aldehyde, 25 mg of catalyst (3.5 mol% Ca), 20 mg of Ambserfite IR-120, 3 mlL of -BuOH,
120 *C, 24 h, with exceptions as follows. #5-52; 0.5 mmol of amine, 0.75 mmal of aldehyde. 46: 30 mg of catalyst,
30 h. 50-52 10 mmol of amine, 15 mmol of benzaldehyde, 500 mg of catalyst (3.5 mal®% Ca), 400 mg of Amberiite
IR-123, 15 mL of :-BuOH, 120 °C, 24 h. |solated yizlds ee, enantiomeric excess.
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Fig. 6 | Co/Gs@C-catalyzed preparation of N-methylamines. a, Reactions of aldehydes with dimethylamine.
Conditions: 0.5 mmol of aldehyde, 700 pL of agueous dimethylamine (40 %), 25 mg of catalyst (3.5 mol% Ca),
3 mlL of f-BuQH, 120 °C, 24 h; isolated yields. b, Reacticns of nitroarenes or amines with formaldehyde. Conditions:
0.5 mmol of nitroarene, 100-200 pl of agueows formaldehyde (37%), 11 THE/HLO (3 ml), with the
following exception. 61 0.5 mmol of amine, 100-200 pl of aguesus formaldehyda (37%), 11 THE/HL0 (3 mL).
Isalated yields.
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Fig. 7 | Preparation of drug molecules. Reaction conditions: 1 mmal of amine, 1.5 mmol of aldehyda, 50 mg of
catalyst (3.5 mol% Co), 3 mL of t-BuOH, 120 =C, 24 h, with excaptions as folfows. 65, 66: 2 mmol of amine, 1 mmaol
of aldehyde; synthesis of amina followed by acylation with acid chiorides (see Supplementary Method 2 for detaied
procedure), |solated yields.
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Fig. 8 | Reaction upscaling. Reaction conditions: 5-20 g of substrate, 25 mg of Co/Ga@C (3.5 mol% Co) for sach
0.5 mmol of substrate, 5-7 bar NHg, 40 bar Hy, S0-150 mL dry THF, 120 *C, 24 b, Isolated yialds

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

NH;

40barHy, 120%C  HO

No. of runs Yield of 4-(3-aminobutyliphanaol (36}

0
90
89
89
88
B7
8r

w~ fnoUn Bl R =

®paction condflions: S mmael, 250 mg of catatyst (3.5 mol%), 5-7 bar hiy, 40 bar Hy 20 mb of dry THF, 120 °C, 15 h, eclated yisids

Experimental design

Catalyst preparation

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

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

Catalytic reactions
The described protocol was applied to reactions ranging from a 0.5-mmol to a 120-mmol
scale. Similar yields were obtained in this range. The detailed experimental procedures to synthesize
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Materials

Box 1 ]WW%H&MWMmM-{MM
@ Timing

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

Procedure

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

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

3 Perform the reaction in an autoclave as described in Step TIACH-vi).

4 After completion of the reaction, let the autoclave cool lo room termperature. Discharge the remaining
ammenia and hydrogen and remave the reaction solution from the autoclave.

5 Transfer all of the reaction mixture to a centrifuge tube. Centrifuge the solution and separate the catalyst by
decanting the supernatant.
ugmcu STEP Apply a centrifugation rate of 4,032g (6,000 rpm) al room temperature (25 *C) for
5-10 min.

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

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

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

Reagents

{CAUTION For the handling of reaction gases (hydrogen and ammonia), appropriate safety measures

should be taken. Hydrogen is 2 flammable gas and hence it should be handled carefully. When filling the

autoclave with hydrogen, care should be taken to avoid allowing the gas to leak out. Gaseous ammonia is

corrosive and an irritant and can be fatal when inhaled. Check the material safety data sheets for

I'I}"dI'HECII and ammonia befare hmd]ing. The autoclaves should be handled r.ar:l'uﬂ'y: hence, proper

training is required. Convenient and pre-checked autoclaves should be used in order to avoid hydrogen

leakage & CRITICAL All solvents are used as received commercially without any purification.

* Cobalt(11} nitrate hexahydrate (Co(NO;)s - 6H.(x Alfa Aesar, cat. no. 36418-100G)

* 1,4-Diazabicyclo[2.2.2]octane (DABCO; ReagentPlus, 299%; Sigma-Aldrich, cat, no. D27802-25G)

* Terephthalic acid (TPA, 98%; Sigma- Aldrich, cat. no.185361)

= Aqueous formaldehyde (37%, stabilizer with ~10% methanel; Sigma-Aldrich, cal. no. 252549)

* Aqueous dimethylamine solation (40 wt% in H,O; Sigma-Aldrich, cat. no. 426458)

# Tetrahydrofuran (THF; 99.8%:; stabilizer free; extra dry: Acros Organics, cat. no. 45070010)

* Methanol (MeOH; 1.T. Baker, cal. no. 9070-01)

= Tertiary butanol (t-buOH, 99.8%; Acros Organics, cat. no. 390690025)

= N.N-Dimethylformamide (DMF, 99%; Sigma-Aldrich, cat. no. 348435000)

# Methanaolic HCI (0.5 M HC) in methanol, Alfa Aesar, cat. no. H31570)

» Dioxane HCl (4 N HCl in dioxane; T'CI Europe, cat. no. H1062)

s Vulcan XC72R carbon black (Cabot, cat. no. LOT-1584452)

= 3-Chloro-4-fluoronitrobenzene or 2-chloro- 1-fluoro-4-nitrobenzene (98.0%; Sigma-Aldrich, cat. no.
233234)

* Ethyl acetate (Walther CMP, cat. no. WALIDS21 5000)

» n-Hexane (Walther CMP, cat. no. BAKS65% 9025)

s Hexadecane (ReagentPlus, 99%; Sigma-Aldrich, cat. no. HE703)

s Silica gel (high-purity grade, pore size 60 A, 130-270 mesh, for column chromatography; Sigma-
Aldrich, cat. no. 288608)

* Sodium sulfate (Na,50,, ReagentPlus, =99,0%; Sigma-Aldrich, cat. no, 59627)
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* Deionized water

» Hydrogen (99.999%; Air Liquide)

* Argon

= Helium (He)

* Ammonia gas (99.99%%; Linde)

* Dimethylsulfoxide (DMS0-d,) (Sigma-Aldrich, cat. no. 151474)

s Deuterated methanal (CDy0D) (Sigma-Aldrich, cat. no. 151947)

* Deuterated chloroform (CDCls) (Sigma-Aldrich, cat. no. 151823)

* Holey carbon-supported Cu grid (mesh 300)

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

* 4-(4-Hydroxyphenyl)butan-2-one (>99.0%; TCI Europe, cal. no. HO604)
* 2-Chloro-1-fluoro-4-nitrobenzene (98.0%; Sigma-Aldrich, cat. no. 233234)
»2,3-Dihydrobenzo[b][1.4]dioxine-6-carbaldehyde (98.0%; Sigma-Aldrich, cat. no. 264598)
= Amberlite IR-120 (Sigma-Aldrich, cat. no. 1.15368)

* 4-(Phenoxymethyl}benzaldehyde (Maybridge, cat. no. CC3704CH)

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

Equipment

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

s Teflon-coated magnetic stir bars (19 % 41.3 mm; VWHR, cat no. 58949-210,)

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

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

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

# Aluminum block

* Weighing balance

* Vacuum pump

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

* Rotary evaporator

* Crucible and lid (china, 85 ml, 60 mm; Carl Roth, cat. nos. 12221 and 1239.1)

» Crucible and lid (china, 11 ml, 35 mm; Carl Roth, cat. nos. L218.] and [235.1)

* Oven (Neytech Qex)

» Autoclaves (100, 300 mL; Parr Instrument)

*Glass centrifuge tube

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

» Diffractometer equipped with a linear position-sensitive detector (PSDY; Stoe, STADT P model)

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

* Gas chromatograph {Agilent, model no. 68%0N network) equipped with 2 mass selective detector [Agilent,
model no. 5973 network) and a 30 m x 0250 mm * 0.25-pm column (Agilent, model no. HP-5MS; cat. no.
19091 5-433)

* Gas chromatograph (Agilent 6830 series) with a flame ionization detector (FID) and a 30 m x 0320 mm x
0.25-um column (Agilent, modal ne. HP-5; cat no. 19091]-413)

# Spectrometers {Bruker, model nos. AV 300 and AV 400)

* High-resolution electrospray ionization mass spectrometry (ESI-HRMS) instrument (HPLC system; Agilent,
model no. 1200) and an elecirospray ionization-time of flight-M5 (ESI-TOF-MS) system (Agilent,
model no. 6210)

= Electron ionization mass spectrometry (EI-HRMS) instrument (mass spectrometer; Thermo Fisher
Scientific, model no. MAT %5XFP)

# RBeflux condenser

* Needles

= Aluminum plate

= Silica gel (pore size 3 or 4)

» Silica Ed column I[]:uigﬂ:l. 200 mmy inner diameter, 15 mm; volume, 35 mL)

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

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

Softwwre
» WinX®™™ (hitps:/iwww stoe.com)/product/software-powder-xrd/)
s NMR-MestReNova (hitps://mestrelab.com/software/mnova/nnir/)

Equipment setup

Pyrolysis furnace (oven)

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

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

XRD

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

XP5

XP5 data are obtained with an X-ray photoelectron spectrometer with monochromatic Al Ka
{1486.6 £V) radiation. The electron-binding energies (Ep) are obtained without charge compensation.
For quantitative analysis, the peaks are deconvoluted with Gaussian-Lorentzian curves and the peak
area is divided by a sensitivity factor obtained from the element-specific Scoficld factor and the
transmission function of the spectrometer.

Autoclaves for carrying out reductive amination reactions

All catalytic experiments are performed in either a 100- or 300-mL autoclave by placing it into a pre-
heated aluminam block {E-LE, 10). ACRITICAL To avaid unspzciﬁr_ reactions, all catalytic reactions are
performed in either glass wvials, which were placed inside the autoclave, or Teflon/glass vessel-fitted

autoclaves.

Gas chromatography-mass spectrometry
Perform gas chromatography-mass spectrometry (GC-MS; instrument coupled to both GC and MS

instruments used for the analysis of organic compounds) analyses with column temperature limits of
—60 °C to 325 °C and helium as carrier gas. A representative method for monitoring the reaction is
shown in the table below.

Tima {min) Temperature (°C} Temperature ramp
0-2 40
2-M 250 21 °C/min
n-19 250
Gas chromatography

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

Time {min} Temperature {*C) Temperatura ramp
0-2 B0

2-10 160 10 *C/min

10=19 300 14 °C/min

19-24 oo

NMR spectral analysis

'H, “C NMR data are recorded on spectrometers using DMSO-d,, CD,OD and CDCly solvents,
Temperature should be ~25 °C (unless stated otherwise). Chemical shifi reference (shifts are given
relative to tetramethylsilane) normal is 7.27 ("H) and 77.0 ("*C) for CDCly: 3.32 ("H) and 49.0 ("*C)
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Fig. 10 | Equipmant setup for mductive amination reactions, &, Pressurizing the autoclave. b, Autoclave placed into
an aluminum black
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Fig. T | Starting materials for the preparation of Co/GSEC catalyst. a-d, Cobalt(ll) nitrate hexahydrate (CalNOg);
6H0; a); 1 4-diazabicycio[ 2.2 2 Joctane (DABCO; b, TPA (e} Wulcan XC72R carbon powder (d),

for CD,0D; 249 (*H) and 39.5 {"*C) for DMS0-d,. NMR-MestReNova software is used to integrate
the spectra.

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

Procedure

Catalyst preparation

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

Wet impregnation of Vulcan XC72R carbon powder @ Timing 26 h

1 Caleulate the appropriate weights of cobalt nitrate ((Co{NO,); - 6H,0), DABCO, TPA and Vulcan
XC72R carbon powder required for the preparation of 1 g, 3 g or 5 g of catalyst (see entries -3 in
the table below; Figs. 11-15). See Fig. 11 for starting materials,

Entry Co/Gs@C (g} ColNO.); - 6H.0 (g) DABCO (g) TPA (g) Vulean XC72R (g) DMF (mL)

1 1 0148 o 0253 05 20
3 0.444 0513 0.781 15 40
3 5 0.740 0855 1265 2.3 &0

2 Usea 100-mL RB flask for a 5-g-scale catalyst preparation and charge with Co{NO,); - 6H;0 and
DABCO. For small-scale reactions, use smaller flasks as appropriate (50 mL).
7 TROUBLESHOOTING

3 Add the appropriate amount of DMF (20 mL). Stir the mixture for 2-3 min al room temperature
{25 ), which leads to a dark blue solution. Set the speed of stirring to ~750 r.p.m.
? TROUBLESHOOTING
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Fig. 12 | Addition of cobalt nitrate and DABCO In DMF. a-e. Reaction setup (a); addition of Cobalt{i) nitrate
hawahydrate (Co(NOgly - 6H50: b); addition of 14-dlarabicyclo[2.2.2]octane (DABCO) to cobal(ll) nitrate
hexahydrate {c); addition of DMF to the mixture of cobalt(ll} nitrate and DABCO {d); after 2-3 min of stirfing the
mixture of cobalt{ll} nitrate and DABCO in DMF ().

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

? TROUBLESHOOTING

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

A CRITICAL STEP Vulcan XC72R carbon black is a fine powder and should be handled carefully
while wearing protective clothes and with local exhaust ventilation, Note, the ratio of cobalt to
linkers should be 1:3:3 {Co(NOy); - SHO/DABCO/TPA). TPA dissolves only in hot DME.

i Remove the reflux condenser and allow the RE fAask containing the reaction products to stand
without stirring or closing for 20 h at 150 °C in order to slowly evaporate the DMF and to grow the
Co-MOF template on the carbon.

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

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

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

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

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

BPAUSE POINT The obtained material can be stored for at least 4 months in closed glass vials at
room temperature without taking any special precautions.
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Fig. 13 | Preparation of TPA solution in DMF. a-e, Addition of TPA ta the other RB flask (a); 2cdition of DMF ta TPA
i RE flask (B): aftar addition of DMF to TPA at room temperature {c); placing the undissolved TPA in the aluminum
black for heating at 150 °C for § min with stirring (d); TPA solution after 5 min of heating at 150 =C (a),

Catalyst characterization @ Timing variable

9  Characterize the material by STEM, EDXS, EELS, XPS, and XRD spectral analysis. Refer to the Materials
section for setup of the TEM, XP§ and XRD equipment. For TEM, deposit the samples on a holey
carbon-supported Cu grid (mesh 300) without any pretreatment, and transfer it to the microscope.

10 Before using the material, check that the spectra are similar to those shown in the Supplementary
Information (see also Table 1).

Amination reactions
11 ‘The prepared catalyst can be used for reductive amination reactions (Fig. 17). Procedures for
each reaction type are described in options A-E. Options A and B are used to prepare (34,5
trimethaxyphenyl)methanamine and 4-(3-aminobutyljphenol, respectively. Option C is for
reductive amination of nitro compounds and aldehydes, such as the synthesis of 3-chloro-N-
((2,3-dihydrobenzo[b)[1,4]dioxin-6-yl)methyl)-4-fluoroaniline. Options D and E are for the
synthesis of tertiary amines. Option D is for reductive amination of carbonyl compounds and
dimethyl amine 1o prepare, for example, N.N-dimethyl-1-{4 {phenoxymethyl)phenyl}methana-
mine. Option E is for reductive amination of nitro compounds with formaldehyde solution, for
example, for the preparation of 4-(dimethylamino)-N-propylbenzamide.
(A) Synthesis of (3,4,5-trimethoxyphenyl)methanamine hydrochloride @ Timing 15 h
(i) Prepare the glass vial with a magnetic stir bar (Fig. 172) and add 3 mL of +-buOH as
solvent.
(i) Add 98.1 mg of 3,4,5-trimethoxybenzaldehyde (0.5 mmol) to the prepared glass vial
{iii) Weigh carefully 25 mg of the cobalt-based catalyst (3.5 mol%) prepared in Step 8 and add it
tor the reaction mixture, Fit the prepared vial with septum, cap and needle and place it in an
aluminum plate inside a 300-mL autoclave (Fig. 17b).
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Fig. 14 | Preparation of Co-DABCO-TPA MOF. a-e Additien of TPA sclution to cobalt nitrate+DABCO mixture in
DMF (al; color of the reaction mixture after addition of TPA solution to cobalt nitrate-+-DABCO micture in DME (b;
pracement of the reaction mixture in the aluminum biack (¢); fixation with reflux condenser and stirring at 150 *C
(d); colgr of the reaction mixture after 30 min of stirring at 150 *C (e).

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

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

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

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

A CRITICAL STEP The reaction times differ between substrates (Fig. 3). Work up the
sample using a Pasteur pipette with cotton stopper, filter off the catalyst from the reaction
solution through a short plug of silica gel (~3 cm), and rinse it with 4 mL of ethyl acetate
For each reaction with a different kind of substrate (Fig. 3), monitor the progress of the
reaction by GC-MS. To identify the desired product, take an aliquot {100 pl) of the filtrate
and perform GC-MS5 as described in the “Equipment setup’ section.

v

{vii
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Fig. 15 | Impregnation of Co-DABCO-TPA MOF on carbon. a-c. Addition of Vulcan XC7ZR carbon black support (a);
after addition of Vulcan XC72R carbon powder support (b); after 20 b of drying by slew sclvothermal process (e}

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

(ix) After completion of the reaction, coal the autoclave lo room temperature. Discharge the

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

{(x) Purification, After completion of the autoclave reaction, remove the sample from the
auloclave, Separate the catalyst from the solution using 2 30-mL Buchner filter funnel with
an embedded silica filter (pore size 3 or 4), Wash the catalyst along with the filter funnel,
using ethyl acetate {3 x 5 mL}.

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

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

{xiii) Collect the fractions of the pure product into a beaker, stir with anhydrous Na,50, for
5 min, and filter it off using a Buchner funnel.

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

{xv) Conwvert amines into their respective hydrochloride salts. To obtain the corresponding salts,
add 1-2 mL of methanolic HCl or dioxane HC1 (0.5 M HC in methanol or 4 N HCl in
dioxane) to the ether solution of the respective amine and stir the mixture at room
temperature for 4=5 h. Then remove the solvent and dry the resulting hydrochloride salt of
aming under vacuum.
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Fig. 16 | Grinding of the dried catalyst and pyrolysis. ab, Grinding of the dried catalyst Co-DABCO-TPA solid
raterial () used crucible with lid after pyrolysis (b).

(xvi) Analyre the structure and purity of the product by GC-MS, HEMS and NMR spectral
analysis.
7 TROUBLESHOOTING
(B} Synthesis of 4-(3-aminobutyl)phenol hydrochloride @ Timing 15 h
A CRITICAL The reaction described here is at a 05-mmaol scale. This reaction can be scaled up
1o a 20-g scale. Refer to Box 2 for a delailed procedure for deing this.
(i) Prepare the plass vial with a magnetic stir bar (Fig. 17a) and add 3 mL of dry THF.
? TROUBLESHOOTING
(ii) Add 82.1 mg of 4-(4-hydroxyphenyl)butan-2-one (0.5 mmaol) to the prepared glass vial,
(iii) Weigh carefully 25 mg of the cobalt-based catalyst (3.5 mol%) prepared in Step 8 and
add it to the plass vial containing the reaction mixture, Fit the prepared wial with
septum, cap and needle and place it into an aluminum plate inside a 300-mL autoclave
{Fig. 17h),
{iv) Pclffarm the reaction in an aotoclave as described in Step 11A (iv-xiii) to obtain
4-(3-aminobutyl}phenol hydrochloride.
(v) Analyze the structure and purity of the product by GC, GC-MS5, HRMS and NMR spectral
analysis,
7 TROUBLESHOOTING
(C) Reductive amination of 2,3-dihydrobenza(h][1,4]dioxine-6-carbaldehyde with 2-chloro-1-
fluoro-4-nitrobenzene @ Timing 24 h
(i) Place a magnetic stir bar in an 8-mL reaction vial and add 3 mL of -buOH solvent
{Fig. 17).
(i) Add 87.7 mg of 2-chloro- | -luoro-4-nitrobenzene {10 equiv.) and 821 mg of 2.3-dihydrobenze
[b][1.4]digxine-6-carbaldehyde (1.5 equiv.) to the glass vial
(i} Add 25 mg of the cobalt-based catalyst (3.5 mol%) prepared in Step 8 and 20 mg of Amberlite
[R-120 to the glass vial containing the reaction mixture,
7 TROUBLESHOOTING
{iv) Flush the autoclave with hydrogen at 40 bar pressure twice and pressurize it with hydrogen
to 40 bar.
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Fig. 17 | Glass reaction vials and autoclave setup. a-¢, Glass vials with magnetic stir bars, caps with sapta, needlas
and aluminum plate for placing viaks (a); 300-mL autoclave (left) and autoclave with preparad reaction wials (right;
b} pressurized autociave (e}

{v] Place the autoclave into an aluminum block preheated (o 130 °C and stir the reaction mixiure

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

(i) Tmplement Step 11A(vi-xii) to obtain the pure product of 3-chloro-N-{{2.3-dihydrobenzalb]
[ 1.4] dioxin-6-yl)methyl}-4-flugproaniine as an oil For the chromatographic purification of the
desired product, use a silica ged column with the foflowing size: length, 200 mm; inner diameter,
15 mun: and volume, 35 ml. As eluent, use @ mpvture of ethyl acetate and hexane [100% hexane
progresshvely brought to 1:1 ethyl acetate/hexane).

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

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

(1) Add 100 pl of aqueous dimethylamine (40 w3 in HyO) and 111.2 mg of 4-(phenoxymethyl)
benzaldehyde to the glass vial

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

(iv) Flush the autoclave with hydregen at 40-bar pressure twice and pressurize it with hydrogen
to 40 bar.
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The reaction described in the Procedwre is scaled up to 20 g. This scaled-up method generates 17.6 g of product
{4-(3-aminabutyldphenal) hydrochiaride. In scafing up any of these reactions, the steps below nead to be
optimized.

For other upscaling reactions (5- to 20-g scale), the amounts of catalyst and solvent need to be altered. An
ampunt of catalyst equivalent to 3.5 maf% and an amount of salvent eguivalent to 10 mi for 1 g of substrate,
Othar parameters, such as reaction time, temparature, and pressure of hydrogen and ammonia, are applisd in a
manmer similar to that used for small-scale reactions (0.5, mmaol).

Procadure

1 Charge the Teflon or glass fitted 300-miL autoclave with a magnetic stir bar and 150 mL of THF salvent. Then
add 20 g of 4-(d-hydroxyphenyilbutan-2-one (1.21.8 mmal}.

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

3 Perform the reaction in an autoclave as described in Step 11A{N=-v¥i),

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

5 Fer purification, implemaent Step T1A{viii-xil). For purification. use a silica gel column with the following size:
langth, 1,000 mm; inner diameter, 75 mm; and volume, 200 mL. As sheent, use a minture of athy| acetate and
haxane (1:10 athyl scetate/haxane prograssively brought ta 1.5 ethyl scetats hexans),

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

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

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

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

(E) Synthesis of N-methylamines: reaction between 4-nitro-N-propylbenzamide and aqueous
formaldehyde @ Timing 24 b
(i) Charge an 8-mL glass vial with a magnetic stir bar and add 3 mL of a THF-H,0 (1:1)
solvent mixture (Fig. 17).

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

(ti) Add 25 mg of the cobalt-based catalyst (3.5 mol%) prepared in Step 8 to the solution.

{iv) Flush the autoclave with hydrogen at 40-bar pressure twice and pressurize it with hydrogen
to 40 bar.

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

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

(vi) Implement Step 11A(vi-xii) to obtain the pure product 4-(dimethylamino)-N-propylben-
zamide s brown solid. For the chromatographic purification of the desired product, use a
silica gel column with the following size: length, 200 mm; inner diameter, 15 mm; and
volume, 35 mlL. As eluent, use a mixture of ethyl acetate and hexane (100% hexane
progressively brought to 1:1 ethyl acetate/hexane).

(vii) Analyze the structure and purity of the product by GCMS, HRMS and NMR spectral
analysis,
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Troubleshooting advice can be found in Table 4.

Table 4 | Troubleshooting table

Step Prablem Possible reasan Saolution

-4 The catalytic activity is Dissolving of beth linkers and cobatt nitrate DABCO and cobalt nitrate should be dissabed
lwnor than expactad together or dissolving of TPA and cobalt in DMF first, Next. TPA that hes already been

nitrate together. dissolved in DMF should be added

AL, MH;z peak in 'H MAMR It is possibla that the NH; peak mergad with Caonyert amines mto HC! saits and measure

TE(v) observed the residual salvent-water peak in DMSD NMR in DM50

TELT) The yield of the prodoct s 1§ 2 old bottle of THF was used, water might Use fresh and dry THF
lower than expected be presert in the THF

NCH The yiekd of the product is Less effective larmation of the The Amberlite IR-120 is needed as an additive
lower than expected secandary Imine to form the correspending imine effectively

Timing

Catalyst preparation

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

Step 7 and 8, heat treatment of the adsorbed Co-DABCO-TPA MOF on carbon: 3 b

Steps 9 and 10, catalyst characterization: variable

Amination reactions

Step L1A, synthesis of (34,5-trimethoxyphenyl)methanamine hydrochloride: 15 h

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

Step 11C, reductive amiration of 2 3-dihydrobenzo[b] [1,4]dioxine-6-carbaldehyde with 1-chloro-1-
flunra-4-nitrobenzens: 24 h

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

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

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

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

Anticipated results

Co-DABCO-TPAEC-800 catalyst

TEM analysis and data

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

To get information on the cobalt-carbon-nitrogen relation, the parallel mapping of EDXS for all
elements and EELS (Supplementary Fig. 1b) optimized for carbon, nitrogen and oxygen were per-
formed. Because the nitrogen signal is superimposed on the carbon signal in EDXS, these maps were
used only for the Co distribution. Figure 2b shows the maps of C, N and Co (left image) in the
neighborhood of a metallic particle wrapped by graphitic carbon. The C-N overlay in the HAADF
image (middle image] gives evidence that nitrogen is located not only in the graphitic shell on the
Co particle but surprisingly also in short-range ordered carbon, which is not part of the graphitic shell
and corresponds to features with single atoms shown in Supplementary Fig. l1a. Co traces arc
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detectable everywhere in the nitrogen-containing carbon at low concentrations. By contrast, the
less active material, Co-DABCO®@C-800, contained meinly hollow cobalt oxide (Cos0,) particles
(Supplementary Fig. 2b). In addition to Coy0y, some Co-Co30, core-shell particles were also pre-
sent. Although sub-nanometer Co structures were found in this material, no single Co atoms were
detected. Similarly, Co-TPA@C-800 (Supplementary Fig. 2c) also contained mainly cobalt oxide
(Coy0y) particles encapsulated within graphitic shells, along with a small quantity of metallic cobalt
in Co-Cos0, core-shell structures. No single Co atoms or sub-nanometer Co structiires were
detected in this material Cobalt nitrate@C-800, which was completely inactive, contained hollow
Ca30 with short-range ordered carbon from the support in the vicinity {Supplementary Fig. 2d). To
understand the formation mechanism of the active catalyst, materials pyrolyzed at lower temperatures
were also characterized (Supplementary Fig. 3). In Co-DABCO-TPA®C-400, @ minor amount of
metallic cobalt was present in the core of cobalt-cobalt axide core-shell structures, and no formation
of graphitic shells was observed. Co-DABCO-TPA@C-600 contained more metallic cobalt, and
incipient formation of graphitic shells enveloping the metallic Co was evident. Apparently, this
structural process is critical to high activity and stability. For the most active Co-DABCO-TPA®
C-800, single Co atoms within some of the graphitic structures were detected. In the case of
Co-DABCO-TPA@C-1000, most of the Co was present in metallic crystallite morphology completely
covered by graphitic structures. In all the active catalysts, cloudy regions of cobalt species in the 1- to
2-nm range were detected,

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

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

(3.4,5-Trimethoxyphenyl)methanamine hydrochloride

Column chromatography on silica gel (method: 10% ethyl acetate/hexane—60% ethyl acetate/hexane;
Fig. 15) yielded the free amine, which s further converted into the corresponding hydrochloride
salt to obtain the title compound in solid form (88%, 173.5 mg). "H NMR (300 MHz, rt, DMS0-d,)
8y = 8.69 (br &, 3H, NH;-HQ), 698 (s, 2H, 2x CH), 3.95 (s, 2H, CH3), 3.78 (s, 6H, 2x OCH,),
3,65 (s, 3H, OCH,). "'C MMR (75 MHz, rt, DMSO-dg) 8¢ = 153.25 (2x ©), 137.72 (C), 130.12 (C),
107.07 (2x CH), 50.48(0OCH;), 56.50 (2x OCH,), 4286 (CH,) ppm. HRMS (EI: caled. for
CioH s0:N, [M]+ 197.1046; found 197.1042. White solid.

4-(3-Aminobutyl)phenol hydrochloride

Column chromatography on silica gel (method: 10% ethyl acetate/hexane—60% ethyl acetate/hexane;
Fig. 18] yielded the free amine, which is further converted into the corresponding hydrochloride
salt to get the title compound in solid form (89%, 146.8 mg). "H NMR (300 MHz, . DMSO-d,)
By = 9.14 (br 5, 1H, OH), 840 - 803 (br s, 3H, NH;HC1), 698 (d, ] = B4 Hz, 2H, 2x CH),
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Fig. 18 | Structures of selected amines prepared in Step MA-E. a-e (3,4.5-trimethaxyphenylimethanamine
hydrochloride (Step 11A; a); 4-(3-aminobutyliphencl hydrochioride (Step 118; BY; 3-chloro-N-((2,3-dihydrobenze[b]

[1.4]diawin-E-yJmathy }-d-flusroaniline  (Step NC; ) NN-dimethyl-1-{4-(phenoxymethyipheny)methanamine
(Stap 110: d): Ad-{dimethylamina)-N-propylbenzamide {Step T1E 2.

6.71 (d, ] = 8.4 Hz, 2H, 2x CH), 3.20 - 2.93 (m, 1H, CH), 2,68 - 2.35 (m, 2H, CH,), 2.00 - 1.80 (m,
1H, CH), 1.77 - 1.56 (m, 1H, CH), 1.22 (d, ] = 6.5 Hz, 3H, CH,). "*C NMR (75 MHz, rt, DMSO-d,)
8 = 155,52 (C), 130.79 (C), 128.94 (2x CH), 115.14 (2x CH), 46.37 (CH), 36.10 (CH,), 29.96 (CH,),
17.94 (CH;) p.p.m. Traces of dioxane solvent peaks were observed in NMR. HRMS (ESI-TOF, m/z):
caled. for CygH sNO [M+H]+ 166.1226; found 166.1226. Off white solid.

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

Column chromatography on silica gel (method: 0% ethyl acetate/hexane—40% ethyl acetate/hexane;
Fig. 18) provided the title compound as colorless liquid (81%, 237.5 mg). 'H NMR (300 MHz, rt,
chloroform-d) &y = 6.79 - 6.74 (m, 1H, CH), 6.71 - 6,68 {m, 1H, CH), 667 (d, ] = 0.4 Hz, 1H, CH),
&.66 — 6.59 (m, 1H, CH), 642 (dd, ] = 6.1, 2.9 Hz, 1H, CH), 6.24 (ddd, ] = 8.9, 3.8, 2.9 Hz, 1H, CH),
4.05 (s, 4H, 2x CH,), 3.5 (s, 2H, CH;), 381 (br 5, 1H, NH). "*C NMR (75 MHz, rt, chloroform-d)
§g = 15090 (d, [ = 2373 Hz, ipso C), 14514 (d, | = 2.1 Hz, C), 14373 (C), 142,94 (C),
131.99 (C), 120.99 (d, ] = 18.4 Hz, C), 120.44 (CH]), 117.49 (CH), 116.83 (d. f= 215 He, CH), 116.34
(CH), 113.76 (d, ] = 0.7 He, CH}, 112.08 (d. J = 6.3 Hz, CH), 64.40 (OCH,), 64.35 (OCH;), 47.99
(CH,) p.p.m. HRMS (ESI-TOF, m/z): caled. for CysH,,CIFNO; [M+H]+ 292.0535; found 292.0529.
Colorless liquid.

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

Column chromatography on silica gel (method: 10% ethyl acetate/hexane—50% ethyl acetate/hexane;
Fig. 18) yielded the title compound in liquid form (86%, 207.7 mg). 'H NMR (300 MHz, o,
chloroform-d) & = 7.39 — 7.19 {m, 5H, 5x CH), 7.13 (d, ] = 8.6 Hz, 2H, 2x CH), 684 (d, ] = 8.6 Hz,
2H, 2x CH), 494 (s, 2H, CH,), 3.29 (s, 2H, CH,), 2.14 (s, 6H, 2x CH,). "'C NMR (75 MHz, rt,
chloraform-d) 8- = 158.10 (C), 137.11 {C), 130.75 (C), 13045 (2x CH), 128.62 (2x CH), 127.98 (2x
CH), 127.54 (CH), 114.65 (2x CH), 70.04 (CH,), 63.62 (CH,), 45.12 (2x CH,) p.p.m. HRMS (EI):
caled. for CisHsO1N1 [M]4 241.1461; found 241.1463. Yellow gum.

4-({Dimethylamino)-N-propylbenzamide

Column chrematography on silica gel (method: 10% ethyl acetate/hexane—70% ethyl acetate/hexane;
Fig 18) yielded the title compound in solid form (81%, 1673 mg). 'H NMR (300 MHz,
rt, chloroform-d) 8 = 7.61 {d, ] = 8.9 Hz, 2H, 2x CH), 6,57 (d, J = 8.9 Hz, 2H, 2x CH), 6.15 (br s,
1H, NH), 3.45 - 3.20 {m, 2H, CH,), 2.92 (s, 6H, 2x CH,), 1.73 = 1.40 (m, 2H, CH,), 088 (t, | =74
Hz, 3H, CH,). ""C NMR (75 MHz, rt, chloroform-d) 8¢ = 167.49 (CO), 152.32 (C), 12833 (2x CH),
121.66 (C), 111.07 (2x CH), 41.59 (CH3), 40.17 (2x CH,), 23.13 (CH;), 11.53 (CH;) p.p.m. HRMS
(EI): caled. for C3H 01Ny [M]+ 206.1413; found 206.1415, Brown solid

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.
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1. Introduction

Catalytic reductive aminations using molecular hydrogen for
synthesis of different kinds of amines

Kathiravan Murugesan,®!I" Thirusangumurugan Senthamarai,I" Vishwas G. Chandrashekhar,?"
Kishore Natte, ™ % Paul C. J. Kamer,? Matthias Beller*# and RajenahallyV. Jagadeesh*®

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

in presence of suitable catalysts and hydrogen that enable the preparation of linear and branched

in this review we

mechanisms of reductive

200 selling drugs of 2018 contained amine and/or nitrogen moieties,
which play significant rolesin their activities.3 Moreover, amines are
involved in the creation of proteins, enzymes, nucleic acids and
hormones in living beings (Fig. 2).1¢ For the synthesis and

Amines represent highly privileged chemicals extensively applied in
different science areas such as chemistry, biology, medicine, energy,
materials and environment (Fig. 1).133 These important compounds
serve both as fine and bulk chemicals as well as key precursors and
central intermediates for the synthesis of advanced chemicals,
pharmaceuticals, biomolecules, agrochemicals and polymers.16
Notably, amine functionalities are presented in majority of drugs and
biomolecules, and hence they constitute asintegral parts of these life
science molecules (Figure 2).16 As an example, >80% ofthe top

functionalization of amines, catalytic reductive aminations represent
convenient and common methodologies widely applied in both
research laboratories and industries.”33

In this amination process, carbonyl compounds such as ketones
and aldehydes react with ammonia or amines using suitable
catalysts in presence of molecular hydrogen or stoichiometric
reducing agents.”16 Regarding potential reducing agents,
molecular hydrogen is highly preferred because this regent is
abundant, inexpensive, and atom-economical well as produces
only water as the by-product.34 35Hence, catalytic
hydrogenations provide an important synthetic tool box in
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