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Abstract: Earth abundant metal-based heterogeneous catalysts with highly active and at the same time stable isolated
metal sites constitute a key factor for the advancement of sustainable and cost-effective chemical synthesis. In particular,
the development of more practical, and durable iron-based materials is of central interest for organic synthesis, especially
for the preparation of chemical products related to life science applications. Here, we report the preparation of Fe-single
atom catalysts (Fe-SACs) entrapped in N-doped mesoporous carbon support with unprecedented potential in the
preparation of different kinds of amines, which represent privileged class of organic compounds and find increasing
application in daily life. The optimal Fe-SACs allow for the reductive amination of a broad range of aldehydes and
ketones with ammonia and amines to produce diverse primary, secondary, and tertiary amines including N-methylated
products as well as drugs, agrochemicals, and other biomolecules (amino acid esters and amides) utilizing green
hydrogen.

Introduction

The development of new materials with improved chemical
and physical properties is a prerequisite to achieve a
sustainable and circular economy in the next two
decades.[1–3] In this respect, the preparation of such materials
using abundant and inexpensive feedstocks is crucial. Apart
from basic carbon- and silicon-based materials, many daily
life products require the use of specific rare-earth or
precious metals.[4–5] As an example, catalysis in both
academic research laboratories and industry relies to a
significant extent on noble metals allowing the production of
all kinds of bulk and fine chemicals including many life
science molecules.[6–8] Indeed, 80–90% of all processes in
today’s chemical industry as well as state-of-the-art organic
synthesis on catalysis.[8–10] Among these, around 80% of
catalysts used are based on heterogeneous materials.[8–12] As
a result, the global market for catalysts in 2023 is valued at

USD 39.36 billion and is projected to grow at a Compound
Annual Growth Rate (CAGR) of 5% in the forecast period
of 2024–2032.[13]

Clearly, new catalytic materials are the basis for the
further advancement of chemistry as a basic science and
industry, influencing many other science fields such as
biology, medicine, material science, and energy technologies.
Notably, contemporary synthesis of complex and functional-
ized organic molecules in industry still generates a major
extent of waste. In fact, the EU fine chemical and
pharmaceutical industries have a higher CO2 footprint than
the automotive sector.[14–15] To be consistent with the UN
sustainability goals[16] and to solve these problems see above,
upcoming catalytic systems should be highly active and
selective as well as applicable to a wide variety of substrates
including multi-functionalized and sensitive ones. Ideally,
they should be based on earth’s abundant metals instead of
precious ones.[17–21]

[*] Dr. Z. Ma, C. Kuloor, Dr. C. Kreyenschulte, Dr. S. Bartling,
Prof. Dr. M. Beller, Prof. Dr. R. V. Jagadeesh
Leibniz-Institut für Katalyse e.V., Albert-Einstein-Str. 29a, Rostock,
D-18059, Germany
E-mail: matthias.beller@catalysis.de

jagadeesh.rajenahally@catalysis.de

Dr. O. Malina, Prof. Dr. R. Zbořil, Prof. Dr. R. V. Jagadeesh
Nanotechnology Centre, Centre for Energy and Environmental
Technologies, VŠB–Technical University of Ostrava, Ostrava-Poru-
ba, Czech Republic
E-mail: radek.zboril@upol.cz

Dr. O. Malina, Prof. Dr. R. Zbořil
Regional Centre of Advanced Technologies and Materials, Palacky
University Olomouc, Olomouc, Czech Republic

Dr. M. Haumann
Physics Department, Freie Universität Berlin, Berlin, Germany

Dr. P. W. Menezes
Helmholtz-Zentrum Berlin für Materialien und Energie, Albert-
Einstein-Str. 15, 12489 Berlin, Germany

Dr. P. W. Menezes
Department of Chemistry, Technical University of Berlin, Berlin,
Germany

© 2024 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
NoDerivs License, which permits use and distribution in any med-
ium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Angewandte
ChemieResearch Article
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2024, 63, e202407859
doi.org/10.1002/anie.202407859

Angew. Chem. Int. Ed. 2024, 63, e202407859 (1 of 15) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0001-5709-0965
https://doi.org/10.1002/anie.202407859


In particular, iron-based systems are preferable due to
the inherited advantages of availability, price and their
environmentally benign nature.[22–25] Although such materi-
als are well-established to produce bulk chemicals, e.g.
ammonia[26–27] and FT-olefins[28–29] their design for advanced
organic synthesis is still challenging. In the last decade, the
introduction of so-called single atoms catalysts (SACs)[25,30–35]

with isolated metal sites has evolved as a strategy to improve
the activity of Fe-based heterogeneous materials.[25,36–39]

However, the creation of stable isolated metal atoms is a
difficult task, due to aggregation and coarsening effects. To
avoid these problems, several research groups[36–39] including
us[25,39–40] proposed the synthesis of microenvironments with
stabilizing Fe� N interactions. To create such highly dis-
persed metal sites, the use of suitable metal precursors and
preparation methodologies are important. As an example,
the immobilization of nitrogen-ligated iron complexes on
various supports and subsequent pyrolysis has been proven
to be a promising technology to create both Fe-NPs[41] and
Fe-SACs.[25,36–40]

Based on our longstanding interest in heterogeneous
catalysis, here we report the preparation of Fe-based single
atoms as highly active and selective catalysts for the
industrially relevant reductive amination of carbonyl com-
pounds with ammonia or amines in the presence of
molecular hydrogen to prepare benzylic, heterocyclic, and
aliphatic primary, secondary and tertiary amines including
N-methylated amines. The resulting products represent
valuable compounds for the chemical, pharmaceutical, and
agrochemical industries.[42–49] In fact, amine-based fine and
bulk chemicals are prepared to a significant extent via
catalytic reductive aminations, which also make use of easily
available carbonyl compounds, ammonia (or other primary
or secondary amines) and hydrogen.[44–50] However, to the
best of our knowledge no iron-based material is known for
the synthesis of different kinds of amines including drugs,
agrochemicals, and other biomolecules.
It should be noted that, compared to secondary or

tertiary amines, the selective synthesis of primary amines by
reductive aminations is challenging. The reaction of
carbonyl compounds with ammonia and molecular hydrogen
is often non-selective and side reactions such as over
hydrogenation to corresponding alcohols and N-arylations

likely occur.[46,50] In order to prepare primary amines in a
highly selective manner by avoiding these side reactions, the
catalyst should be highly active and selective for the
reduction of primary imines, which are intermediates to
obtain primary amines. Due to the instability and high
reactivity of primary imine, its reduction is difficult com-
pared to secondary imine. Thus, the catalyst works for the
synthesis of primary amines, generally applicable for secon-
dary and tertiary amines too. Interestingly, our Fe-based
single atom catalysts exhibited high selectivity towards the
synthesis primary amines as well as secondary and tertiary
amines (Scheme S1).

Results and Discussion

Preparation of Fe-Based Materials and Evaluation of their
Catalytic Performances

To ensure sufficiently reactive and creation of stable
catalytic centers, highly dispersed iron species were gener-
ated on nitrogen-doped carbon (Figure 1). For this purpose,
colloidal silica (LUDOX®HS-40; 40 wt% suspension in
H2O) was mixed in ethanol at 60 °C with different amine
ligands (aniline L1; p-phenylenediamine L2, PPD; o-phenyl-
enediamine L3, OPD; m-phenylenediamine L4, MPD; and
hexamethylenediamine L5, HMD). After 1 h, FeCl3 ·6H2O
was added and stirred for 20 h. Then, the solvent was
removed, and the resulting solid was dried and pyrolyzed
under argon at different temperatures (400–1000 °C) for 2 h.
Finally, the silica template and residual larger iron nano-
particles were removed by etching with ammonium hydro-
gen fluoride (5 M NH4HF2) and washing with 1 M HNO3
solution (Figure 1). The resulting materials are represented
as Fe-L@NC-T; where L and T represent ligand and
pyrolysis temperature, respectively. It should be noted that
all precursors used for this preparation are inexpensive and
available on a large scale.
Next, all Fe-based materials (Fe-L@NC-T) were tested

for the reductive amination of furfural 1 with gaseous
ammonia to obtain furfurylamine 2 in the presence of
molecular hydrogen as a benchmark reaction. Furfural is a
renewable feedstock, and the desired bio-based product is

Figure 1. Schematic representation for the synthesis of single atom Fe-catalyst with mesoporous N-doped carbon support.
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used for several industrial applications,[51–53] e.g. the synthesis
of the pharmaceutical drug furtrethonium. As shown in
Table 1, among the tested catalysts the one prepared from
L2 displayed the best performance (99% conversion; 85%
yield of furfurylamine 2; Table 1, entry 2). Apart from the
desired product, a small amount of the secondary imine was
formed. Other materials obtained from L1, L3, L4 or L5
showed lower activities and selectivities (Table 1, entries 1,
3–5). To evaluate the optimal pyrolysis temperature, materi-
als Fe-L2@NC-T prepared at 400, 600, 800 and 1000 °C were
tested in the model reaction (Table 1, entries 2, 6–8). On
increasing the pyrolysis temperature from 400–800 °C both
activity and selectivity of these materials also increased.
However, at higher temperature (1000 °C) the respective
material showed less activity and selectivity. Other materials
containing SiO2 and the one prepared without ligand as well
as the homogeneous complexes exhibited significantly lower
performance. Detailed optimization of critical reaction
parameters is shown in Tables S4–5.

Characterization of Fe-Based Single Atom Catalysts

To understand the structural features of the prepared single
atom catalysts and to establish a structure–activity relation-
ship, the optimum catalyst (Fe-L2@NC-800), the catalyst
before silica removal (Fe-L2@NC-SiO2-800) as well as a
recycled catalyst (Fe-L2@NC-800-R, after one run) were
characterized using X-ray powder diffraction (XRD), high
resolution transmission electron microscopy (HRTEM),
high-angle annular dark-field scanning TEM (HAADF-
STEM), energy dispersive X-ray spectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS), Mössbauer spectroscopy,

inductively coupled plasma optical emission spectroscopy
(ICP-OES), extended X-ray absorption fine structure (EX-
AFS) and X-ray absorption near edge structure spectro-
scopy (XANES) data collection.
The XRD patterns of these three materials are quite

similar and indicate the dominant presence of two distinct
diffraction peaks around 26° and 44°, which show similarities
to the (002) and (100) crystal planes of graphitic carbon and
graphene/graphite oxide, respectively (Figure S2)[54] but
show a rather large broadening possibly due to a lack of
long-range order. There are no diffraction peaks related to
crystalline metallic iron or iron oxides in any of these
materials, indicating that iron species are well dispersed in
the carbon matrix, and they are not present in the form of
nanoparticles as expected also due to very low content of
iron. Indeed, the contents of Fe in the optimal catalyst (Fe-
L2@NC-800) and recycled catalyst (Fe-L2@NC-800-R) were
determined by ICP-OES to be approximately 0.95 wt% and
0.93 wt%, respectively.
HAADF-STEM images of all three catalysts are shown

in Figure 2. Importantly, both fresh optimal catalyst Fe-
L2@NC-800 (Figure 2e) and the recycled one Fe-L2@NC-
800-R (Figure 2f) exhibited similar highly porous carbon
structure with the presence of single Fe atoms. In the
recycled material, very low amounts of Fe atomic clusters
were also observed indicating a partial agglomeration of
single atom centers with reaction time.
The porosity of fresh and recycled catalysts (Figure 2b

and c) clearly stems from the removal of SiO2 as proved by
the comparison of adsorption and desorption isotherms of
both samples (Figure S1). Indeed, adsorption desorption
isotherms confirm the highly mesoporous nature of the
sample exhibiting a large surface area of 509 m2/g (Table.
S1). The pore size distribution corresponds well with the
size distribution of original silica nanoparticles showing the
maximum at 6 nm. Meanwhile, EDS analyses of the fresh
and recycled catalyst also confirm the presence of Fe in all
the samples (Figs. S4 and S6). The high-resolution HAADF-
STEM images of fresh and recycled catalysts show the single
Fe atoms (Figure 2e and f, marked arrows and Figure S5a)
which cannot be seen in Fe-L2@NC-800-SiO2 due to SiO2
dominating the contrast (Figure 2d). Annular bright field
(ABF) STEM images corresponding to the HAADF images
in Figure 2 showing the carbon pore structure can be found
in Figure S7. The nature and size of pores in optimum
catalyst are clearly seen in representative HRTEM image in
Figure S5b.
Next, XPS was used to determine the surface elemental

compositions and electronic state of Fe-L2@NC-800 and Fe-
L2@NC-800-R catalysts. The survey spectra of both fresh
and recycled catalysts exhibited distinctive peaks of C, N, O,
Fe and Si, the latter one in small amounts remaining from
the preparation process of the catalyst (Table S2 and
Figure S8). The elemental quantification in Table S2 reveals
a Fe surface concentration of 0.2 at.% for both catalysts
whereas N can be found with 9.2 and 7.8 at.% for Fe-
L2@NC-800 and Fe-L2@NC-800-R, respectively. High-reso-
lution N 1s spectra (Figure 3a and Figure S9) of both
samples displayed five peaks at binding energies of 398.3,

Table 1: Fe-catalyzed reductive amination furfural with ammonia in
presence of molecular hydrogen.

Entry Catalyst Conv. 1 (%) Yield. 2 (%) Yield. 3 (%)

1 Fe-L1@NC-800 70 50 14
2 Fe-L2@NC-800 >99 85 10
3 Fe-L3@NC-800 81 68 12
4 Fe-L4@NC-800 89 77 10
5 Fe-L5@NC-800 61 35 20
6 Fe-L2@NC-400 40 28 10
7 Fe-L2@NC-600 77 62 12
8 Fe-L2@NC-1000 88 71 15
9 Fe-L2@SiO2-800

(Remaining SiO2)
15 6 7

10 Fe@SiO2-800
(Without ligand)

36 21 13

11 FeCl3
.6H2O+L2 10 2 7

12 FeCl3
.6H2O 8 2 5

Reaction conditions: 0.5 mmol furfural, 50 mg Fe-catalyst (1.5–
2.0 mol% Fe), 5 bar NH3, 40 bar H2, 2 mL MeOH, 130 °C, 24 h. For
homogeneous catalysis conditions: 10 mol% of FeCl3 ·6H2O and
30 mol% of ligand were used. Conversions and yields were deter-
mined by GC using n-hexadecane standard.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, 63, e202407859 (3 of 15) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



399.9, 401.0, and 402.8 eV corresponding to pyridinic and/or
Metal-Nx species, pyrrolic, graphitic, and oxidized pyridinic
N species,[55–56] respectively, as well as a peak at 405.7 eV
which corresponds to nitrate species probably from the SiO2
removal process. However, besides a reduction of the nitrate
peak the spectra of the fresh and recycled catalysts are
rather comparable. High-resolution Fe 2p spectra of both
samples are also very similar (Figure 3b and Figure S9) and
suggests the presence of several Fe species. The peaks at
708.5 and 721.8 eV suggest the presence of Fe2+ whereas the
peaks at 710.7 and 723.8 eV as well as at 713.2 and 726.6 eV
can be connected to Fe3+ and Fe-Nx species.[57–58] The
pronounced satellite peaks at 716.3 and 729.6 eV are
probably caused by the overlap of typical Fe2+ and Fe3+

satellite features.[57] XPS suggests that iron species might be
present in both fresh and recycled catalysts in the form of
single iron(II) and iron(III) atoms embedded in the
Fe� N� C local environment. Nearly the same character of
high-resolution N 1s and Fe 2p spectra of Fe-L2@NC-800
and Fe-L2@NC-800-R catalysts manifests that the local
environment of iron is well preserved after recycling. To
investigate the local surroundings, coordination, and elec-
tronic properties of iron species, Mössbauer spectroscopy

and X-ray absorption spectroscopy (XAS) were used for
further characterization.
The room temperature 57Fe Mössbauer spectrum of Fe-

L2@NC-800 shows two doublet components (Figure 3c).
Based on the derived hyperfine parameters, the doublet
with the lower values of the isomer shifts and quadrupole
splitting parameters (0.39 and 1.05 mm/s, respectively) is
attributed to Fe3+ ions in a high-spin state (S=5/2). The
other doublet with increased isomer shift value (0.46 mm/s)
and significantly higher quadrupole splitting (2.55 mm/s) can
be assigned to Fe2+ ions in the spin-state of S=2. The large
value of quadrupole splitting reflects the high asymmetry of
local surroundings of probed Fe2+ atoms as typical for
tetrahedral iron(II) coordination in e.g. Fe2+ phthalocya-
nines with Fe-N4 local environment. Indeed, the hyperfine
parameters of the Fe2+ doublet in Mössbauer spectrum of
Fe-L2@NC-800 sample are in the perfect correlation with
those measured for iron(II)-phthalocyanine.[59–60]

To further elucidate the valence state and local coordi-
nation structure of iron sites in the optimum Fe-L2@NC-800
catalyst, X-ray absorption spectroscopy experiments at the
Fe K-edge were performed. The X-ray absorption near edge
structure (XANES) spectrum of Fe-L2@NC-800 (Figure 3d)
reveals a K-edge energy of 7122.9 eV, which indicates

Figure 2. Overview (upper row) and high resolution (lower row) HAADF-STEM images of Fe-L2@NC-800-SiO2 (a, d), Fe-L2@NC-800 (b, e) and Fe-
L2@NC-800-R (c, f) showing the general morphology with the similarity between the size of the SiO2 particles and the size of pores in catalysts
after SiO2 removal.
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presumably similar amounts of Fe2+ and Fe3+ species, i.e., in
comparison to XANES spectra of FeIIO and FeIII2O3 (Fig-
ure S10). The relatively small pre-edge feature (~7112.5 eV)
suggests relatively centro-symmetric iron sites and the
shallow K-edge slope, and small white-line amplitude point
to a low coordination number. The Fourier-transformed
extended X-ray absorption fine structure (EXAFS) spec-
trum (Figure 3e) shows two resolved short-distance peak
features, due to 1st-sphere ligands at iron and smaller peak
features at larger distances below 3 Å. EXAFS simulation
analysis revealed two discernable iron-ligand bond lengths
of ca. 1.90 Å and 2.10 Å with a coordination number each of
close to 2, suggesting mostly 4-coordinated iron sites, as well
as small numbers of longer Fe� C distances (ca. 3–3.5 Å)
(Table S3). The longer or shorter Fe� N or Fe� O bonds are
likely attributable mostly to either Fe2+ or Fe3+ sites. We
note that nitrogen or oxygen bonding of iron cannot be
distinguished in EXAFS simulations due to similar Z-values
of these elements. Importantly, Fe� Fe distances were barely
discernable, confirming the dominant presence of isolated

single-atom iron sites in Fe-L2@NC-800. The EXAFS results
are well compatible with tetrahedral iron sites with 4
nitrogen ligands surrounded by several C-atoms in the Fe-
L2@NC-800 catalyst, but do not exclude other types of
coordination including oxygen bonds. Treatment of Fe-
L2@NC-800 with O2 resulted in a ca. 1.3 eV K-edge up-shift,
suggesting almost complete oxidation to Fe3+. This notion
was supported by the overall shortening by of the Fe� N
bonds determined by EXAFS, which, however, also re-
vealed an increase in the 1st-sphere ligands coordination
number, suggesting limited oxygen species binding at iron
(Figure S10 and Table S3). Treatment of a pre-oxidized Fe-
L2@NC-800 sample with H2 resulted in a ca. 0.5 eV K-edge
down-shift vs. the untreated material, due to minor iron
reduction, while the Fe� N bonds remained similar to the O2-
treated sample (Figure S10 and Table S3).
In summary, we propose that the optimal catalyst, Fe-

L2@NC-800 contains ca 1 wt% of iron species, which are
mainly in the form of isolated Fe2+ and Fe3+ atoms, which
are responsible for unique catalytic activity and selectivity of

Figure 3. XPS and XAS data for Fe-L2@NC-800. High resolution XPS in the (a) N 1s region and (b) Fe 2p region. (c) 57Fe Mössbauer spectrum. (d)
XANES spectrum at the Fe K-edge (K-edge energy at 50% level 7122.0�0.1 eV), (e) Fourier-transform of EXAFS spectrum in (f) (solid lines,
simulation; circles, experimental data).
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Fe-L2@NC-800 in reductive aminations. To confirm the
active species, the optimal catalyst, Fe-L2@NC-800 was
subjected to reduction with molecular hydrogen and oxida-
tion with air. The reduced material with H2 (Fe-L2@NC-
800-H2), which contains mainly Fe2+ species, exhibited
slightly higher activity and selectivity than that of the
optimal catalyst (89% yield of 2). However, the one calcined
in air, which contains larger amounts of Fe3+ species,
resulted in a less active and selective material. These
experiments indicate that the most active catalytic species
are iron(II) single ions tetrahedrally coordinated with nitro-
gen atoms in N-doped porous graphitic support. Impor-
tantly, the highly mesoporous structure and local coordina-
tion of iron species are preserved after the catalyst recycling
(Figure 2c and Figure S9). The combination of single iron
atoms sitting in Fe-NxOx environments, and the highly
mesoporous character of a carbon matrix seem to be crucial
factors contributing to the high activity and selectivity of the
developed catalyst. With respect to the reaction pathway of
reductive amination reaction, first the carbonyl compound
condenses with ammonia or amine and produces corre-
sponding primary imine or secondary imine as
intermediates.[46] These imine-based intermediates proceed
to hydrogenation in the presence of Fe-L2@NC-800 to
produce the desired product- primary or secondary amine. It
should be noted that primary imine is unstable, and it is
impossible to detect it; however, the corresponding secon-
dary imine is quite stable, and it was identified during the
reaction.[46]

Selective Synthesis of Primary, Secondary, and Tertiary Amines
with Fe-L2@NC-800

For introducing new catalysts, specifically heterogeneous
ones, their applicability to a broad range of substrates
including multi-functionalized and sensitive ones, must be
demonstrated. Initially, various primary amines were pre-
pared starting from carbonyl compounds and simple ammo-
nia (Scheme 1). The resulting products can be easily further
functionalized and therefore represent central building
blocks in organic chemistry. In this transformation, a general
problem is chemoselectivity avoiding the formation of
secondary and tertiary amines. To our delight, applying Fe-
L2@NC-800 the reductive amination of aldehydes to
benzylic, heterocyclic, and aliphatic linear primary amines
proceeded in good to excellent yields (up to 90%) with high
selectivities (Scheme 1A). Sensitive functional groups in-
cluding halides, cyano, esters, and amide as well as S-, N-
and O-heterocycles are well tolerated (Scheme 1; products
5–12, 16–24). Compared to benzaldehydes, the reductive
amination of aliphatic aldehydes is hampered by undesired
aldol condensation, which easily occurs under basic con-
ditions. Nevertheless, several aliphatic and araliphatic sub-
strates gave the corresponding primary amines in good
yields (up to 80%) and high selectivity (Scheme 1; products
23–26). The hydrogenation of the in situ generated imine
from aldehydes is faster than that of the corresponding
ketone-derived imines. Thus, a more active catalyst or more

drastic conditions are required for efficient reductive
amination of ketones. Interestingly, both industrially rele-
vant and structurally challenging ketones underwent smooth
amination in the presence of Fe-L2@NC-800 and produced
the corresponding branched primary amines in good to
excellent yields (Scheme 1B).
Next, we explored the synthesis of secondary and

tertiary amines (Scheme 2). As expected, different amines
reacted with aldehydes to give the corresponding secondary
amines selectively in up to 85% yield (Scheme 2A; products
40–60). As an example, the reductive alkylation of N-
containing heterocycles as well as primary and secondary
amines gave the corresponding derivatives in 67–85% yields
(Scheme 2A; products 50–53). Like aldehydes, diverse
ketones were reacted with various amines and produced the
corresponding secondary amines in 61–88% (Scheme 2B;
products 61–78). In general, for most reductive amination
reactions high chemoselectivity is observed. However, in a
few cases, e.g. 59, 65 and 75, we observed minor amounts of
the corresponding alcohol (<5%) and/or secondary imine/
amine (<10%).
Among the various alkylated amines, N-methylamines

are of special interest because of their role in regulating
biological functions.[61–62] In general, this class of amines is
prepared either through catalytic reductive amination with
formaldehyde[46,63] or by using (toxic) methylation
reagents.[61–62] By applying our single atom Fe catalyst, we
prepared selected N-methylamines starting from aldehydes
and N,N-dimethylamine (DMA), which is a readily available
bulk chemical (Scheme 3A; products 79–94). In addition, the
direct reductive methylation of amines with aqueous
formaldehyde produced selectively the corresponding N-
methylamines (Scheme 3B; products 95–106).

Synthetic Applications to Chiral Products, Biomolecules, and
Late-Stage Drug Functionalization

To showcase the potential of the presented Fe catalyst in
modern organic chemistry, we investigated its performance
in important synthetic applications. In this respect, the
functionalization of chiral molecules was studied at first. As
shown in Scheme 4A, N-alkylation of chiral primary and
secondary amines with different aldehydes took place
smoothly in the presence of molecular hydrogen to achieve
N-alkylated chiral secondary and tertiary amines with good
yields. Notably, under the reaction conditions the enantio-
meric excess (ee) of substrates and products is comparable.
For example, primary amines such as (R)-1-(4-
chlorophenyl)ethan-1-amine and (R)-1-(naphthalen-2-
yl)ethan-1-amine reacted selectively with substituted aryl
aldehydes to form the chiral benzyl amines in up to 80%
yield and 99% ee (Scheme 4A; products 107–108). In
addition, araliphatic and aliphatic amine led to reductive
coupling with benzaldehydes and provided the correspond-
ing chiral amines in up to 73 yield and 99% ee (Scheme 4A;
products 110–113).
Furthermore, (R)-1-(naphthalen-1-yl)ethan-1-amine pro-

vided the drug cinacalcet in 71% yield and 99% ee
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(Scheme 4A; product 109). The reductive amination of
amino acid derivates offers a straightforward methodology
for the modification of peptides and proteins. Nevertheless,
such reactions have been less explored compared to other
reductive aminations.[45–47] As an example, the reaction of
methyl L-phenylalaninate with 4-fluorobenzaldehyde pro-
vided the N-alkylated amino acid ester in 88% yield and
89% ee (Scheme 4A; product 114). The amination of
ketones with chiral amines leads to diastereomeric secon-
dary amines in moderate to good yields (Scheme 4B;
products 115–119). In the case of α-chiral amines and
aromatic ketones good diastereomeric ratios (dr) from
86 :14 to 59 :41 were obtained, while lower induction was
observed in the case of β-chiral amines and aliphatic
ketones.

Next, the versatility of this methodology is showcased in
the preparation of 13 existing drug molecules (Scheme 5;
products 120–132) for different kinds of medical treatments.
The desired molecules were synthesized in part in multi g-
scale and yielded up to 87%. In addition, this catalyst
system allows the introduction of -NH2 moieties into
complex molecules and drugs. Exemplarily, the amination of
raspberry ketone, zingerone, and azaperone (Scheme 5;
products 133–134, 136) as well as steroid derivatives were
demonstrated (Scheme 5; products 135, 137). Remarkably,
in the presence of a nearby chiral center high diastereose-
lectivity can be achieved (Scheme 5; product 135). Notably,
N-alkylated amino acid derivatives are widely distributed in
nature, and such molecules are found in modern pharma-
ceuticals such as Cilazapril and Enalapril, as they trigger

Scheme 1. Fe-L2@NC-800 catalyzed synthesis of primary amines from aldehydes and ketones with ammonia.[a] [a] Reaction conditions: 0.5 mmol
aldehydes, 50 mg Fe-L2@NC-800 (1.70 mol% Fe), 40 bar H2, 5 bar NH3, 2 mL MeOH, 130 °C, 24 h, isolated yields. [b]GC yield. [c] same as “a” with
0.5 mmol ketones at 140 °C. The primary amines were isolated by chromatography and converted to their corresponding hydrochloride salts for
measuring NMR and HRMS.
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Scheme 2. Synthesis of secondary and tertiary amines using Fe-L2@NC-800. Reaction conditions: 0.5 mmol amines, 0.7 mmol aldehydes, 50 mg
Fe-L2@NC-800 (1.70 mol% Fe), 40 bar H2, 2 mL MeOH, 130 °C, 24 h, isolated yields. [c] same as “a” with 0.5 mmol amines, 0.7 mmol ketones,
140 °C. [b] GC yield.
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many biological processes. Compared with standard amines,
the reductive alkylation of this class of compounds is more
demanding. Nevertheless, benzylic, heterocyclic as well as
multi-substituted amines reacted smoothly with methyl or
ethyl phenylglyoxylate and gave the corresponding α-amino
acid esters in up to 92% yield (Scheme 6; products 141–
158). The shown halogenated and functionalized α-amino
acid esters offer possibilities for further valuable trans-
formations. Similarly, different functional groups such as
hydroxyl-, ether-, thioether-, ester-, amide-, fluorenyl-con-
taining anilines as well as heterocyclic amines provided the
respective functionalized amino acid esters, e.g. 149, 154–
173.

Next, we explored the scope of α-keto esters, and a series
of substituted and functionalized amine acid esters were
prepared. The reductive amination of methyl pyruvate and
ethyl 2-oxovalerate with various anilines including secondary
amines led to desired products in high yield (Scheme 6;
products 174–177, 205–207). Similarly, different substituted
aryl keto esters including halogenated ones (F� , Cl� , Br� ,
CF3� ) as well as (thio)ether-, thiophene-, and di-substituted
substrates provided the corresponding products in up to
92% yield (Scheme 6; products 178–182, 199–204).
After successfully preparing a series of amino acid esters,

we turned to our research interest in the synthesis of
different amino acid amides. Firstly, we tried to use 1.0

Scheme 3. Synthesis of N-methylated amines from aldehydes and ketones applying Fe-L2@NC-800. A: Reactions of aldehydes with dimethylamine.
[a] Conditions are 0.5 mmol aldehyde, 1 mL aqueous dimethylamine (1 M), 40 mg Fe-L2@NC-800 (1.36 mol% Fe), 1 mL MeOH, 120 °C, 24 h,
isolated yields; [b] GC yield. B: Reactions of amines with formaldehyde. [a] Conditions are 0.5 mmol amines, 100 μL aqueous formaldehyde (37%),
40 mg Fe-L2@NC-800 (1.36 mol% Fe), 2 mL MeOH, 120 °C, 24 h, isolated yields; [b] GC yield.
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equiv. ethyl phenylacetate and 2.0 equiv. of aniline to
synthesize corresponding amides under standard conditions.
Unfortunately, our catalytic system did not give any desired
product. However, it is worth noting that when we use n-
octylamine instead of aniline, 93% of the desired product
can be achieved in the presence of 40 bar H2 at 80 °C for
20 h in t-BuOH solvent (Scheme 7; product 208). Further-
more, various substituted keto esters were also tested for
the synthesis of amine acid amide by using n-octylamine as
amine source and provided the corresponding products in
up to 90% yield (Scheme 7; products 209–217). In addition,
we also tried different amines as nucleophile reagents to
synthesize asymmetric amine acid amides (Scheme 7; prod-
ucts 218–220). Apart from the keto ester, we also tried to
prepare α-amino acid amides from α-keto amides and
anilines (Scheme 7; product 221–235). To our delight, our
catalytic system also exhibited high activity and selectivity
for the reductive amination of α-keto amide.

Stability and Reusability of Fe-L2@NC-800 Catalyst

For any heterogeneous catalyst, its stability, recyclability,
and reusability are key aspects to achieve chemical synthesis
in a more cost-efficient manner. To check these features, we
performed recycling experiments for the synthesis of ethyl 2-
anilino-2-phenylacetate and furfurylamine at two different
conversions (complete and around 50%, respectively). As
shown in Figure 4a, Fe-L2@NC-800 exhibited high stability
and can be recycled and used seven times without a

significant decrease in performance. However, using ammo-
nia gas as a reagent, the catalyst displayed lower stability
(Figure 4b). Hence, we assume that the type of amine has a
significant effect on the long-term stability of the catalyst.

Conclusions

Here, we present the general strategy for the synthesis of
single atom iron catalysts with highly mesoporous nitrogen-
doped carbon support. The developed universal catalysts
allow for the preparation of diverse primary, secondary, and
tertiary amines including N-methylated products as well as
life science molecules (pharmaceuticals, agrochemicals,
amino acid derivatives) starting from carbonyl compounds
and green hydrogen in good to excellent yields. Importantly,
the recycled catalysts keep the mesoporous character,
structural and electronic properties of active iron species,
thus resulting in very good reusability. In this regard, the
presented work demonstrates how non-noble single atom
catalysis can contribute to the advancements in sustainable
organic synthesis as well as the synthesis of life science
molecules. Notably, in this amination process only water is
produced as the byproduct. In addition, small amounts of
imines or alcohols as side products are formed, which are
also useful compounds. In this amines synthesis including
selected pharmaceuticals, generation of any other waste or
CO2 was not occurred. Thus, this heterogeneous Fe-based
reductive amination process is interesting not only for the

Scheme 4. Fe-L2@NC-800catalyzed synthesis of chiral products.[a] [a] Reaction conditions: 0.5 mmol amine, 0.7 mmol carbonyl compounds, 50 mg
Fe-L2@NC-800 (1.70 mol% Fe), 40 bar H2, 2 mL MeOH, 130 °C, 24 h, isolated yields. [b] same as “a” at 140 °C.
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synthesis of essential products but also important for the
advancement of waste- or CO2-free industrial process.
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