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Deuterated amines are key building blocks for drug synthesis and the identi-
fication of metabolites of new pharmaceuticals, which drives the search for
general, efficient, and widely applicable methods for the selective synthesis of
such compounds. Here, we describe a multifunctional phosphorus-doped
carbon-supported Fe catalyst with highly dispersed isolated metal sites that
allow for tandem reductive amination-deuteration sequences. The optimal
phosphorus-modified Fe-based catalyst shows excellent performance in terms
of both reactivity and regioselectivity for a wide range of deuterated anilines,
amines, bioactive complexes, and drugs (>50 examples). Experiments on the

gram scale and on catalyst recycling show the application potential of this
method. Beyond the direct applicability of the developed method, the
described approach opens a perspective for the development of multi-
functional single-atom catalysts in other value-adding organic syntheses.

Isotope labeling of amines plays an important role in the development
of new pharmaceuticals and agrochemicals, as the introduction of
isotopes is used to visualize the progression of bioactive compounds
in organisms and nature'. One of the most important isotopic labels are
deuterium atoms, which are commonly used for mechanistic investi-
gations in organic and organometallic chemistry, too’. As a result,
numerous synthetic methods for deuterium labeling have been
developed, with hydrogen isotope exchange (HIE) proving to be one of
the most important methodologies, especially for the late functiona-
lization of bioactive molecules®®. Interestingly, in recent years deut-
erated organic molecules gained attention as authentic medications
themselves due to the potentially extended half-life of the active
compound, allowing less frequent dosing, as well as minimizing or
avoiding toxic metabolites. The improved pharmacokinetic properties
of deuterated analogs of drug molecules are due to the greater stability

of C-D bonds (3.0 +1.2kJ/mol higher activation energy) against
metabolic degradation compared to C-H bonds’. Notably, in 2017 the
FDA approved the first deuterated drug, Austedo, for the treatment of
Huntington’s disease-related disorders®. In the same year, Concert
Pharmaceuticals sold a deuterated drug, Kalydeco (Ivacaftor), used in
treating cystic fibrosis, to Vertex Pharmaceuticals’, illustrating the
potential for deuterated pharmaceuticals. Since then, many other
companies including Teva Pharma, DeuteRx, BMS Pharma, Retrotope,
Aclaris Therapeutics, Alkeus Pharma, and Euclises Pharma have
expressed their interest in deuterated drugs’ ™.

Amino-substituted (hetero)arenes, which account for more than
50% of the 200 best-selling small molecule drugs in 2023", are inter-
esting building blocks for the production of known and new
deuterium-labeled drugs. Since the original discovery of Raney alloy
catalysts in 1954, many homogeneous and heterogeneous catalysts,
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a Selected state-of-art catalysts for deuteration of anilines
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Fig. 1| Catalysts development for deuteration and reductive amination reactions. a Selected state-of-the-art catalytic systems for deuterium labeling of anilines,
b reductive amination catalysts, and c this work of tandem catalytic reductive amination and deuteration using dual-functional Fe SAC.

predominantly employing precious metals such as Ir, Pd, Pt, Ru, and
Rh, have been reported for the deuterium labeling of anilines
(Fig. 1a)”". In recent years, state-of-the-art Fe- and Mn-based nano-
catalysts have also been developed for such transformations'®'’;
however, relatively high metal contents (20 mol% Fe and ~10 mol%
Mn) are required, and the structural heterogeneity of metal nano-
particles makes it difficult to identify active sites for further develop-
ment of more efficient deuteration catalysts.

To extend the development of deuterated amino-substituted
(hetero)arenes, domino and tandem processes are conceptually
interesting®. Here, further reactions take place under the reaction
conditions of the deuteration reaction. Ideally, the catalyst for the
corresponding functionalization reaction can be used directly for
deuteration. In this context, catalytic reductive amination is an
attractive tool for the synthesis of a broad repertoire of amino-
substituted compounds®* and numerous heterogeneous noble nano/
cluster catalysts have been developed for such conversions
(Fig. 1b)*®. In the past decade, there is a growing interest in alter-
native non-noble metal catalysts for reductive aminations. More spe-
cifically, cobalt, nickel, and the first iron nano-catalysts®**>*, as well as a
few examples of advanced single-atom catalysts (SACs) have been
fabricated®~¢. Based on these principles, the combination of reductive
amination and subsequent deuteration reactions has the potential to
significantly expand the spectrum of deuterated amine chemicals.

To combine the two desired transformations, namely reductive
amination and deuteration of anilines, into a one-pot system, we

envisioned the development of a multifunctional catalyst as essential.
Obviously, such a system would improve the reaction efficiency and
circumvent the need for tedious synthetic/purification procedures for
pre-functionalizations and workup. From both academic and industrial
perspectives, constructing a single-atom catalyst with 100% atom uti-
lization efficiency would represent an ideal approach for driving these
two reactions”*®, Especially Fe-based SAC, owing to the availability,
low cost, and biological relevance of iron, among other factors, are
interesting®. However, unlike sole reductive amination or deuteration
processes, conducting such a complex reaction system with single-
metal sites poses significant challenges and may be accompanied by
poisoning effects from functionalized substrates, intermediates, and/
or products®. Thus, subtle modifications of the coordinative envir-
onment on the metal center are required to construct such a multi-
functional single-atom catalyst, a task that remains challenging and
relatively underdeveloped.

Herein, we present for the first time a dual-functional phosphorus-
doped Fe-SAC that efficiently enables both reductive amination and
deuteration using H, as a reducing agent and inexpensive D,0 as a
deuterium source (Fig. 1c). We show that the Fe-SAC catalyst devel-
oped by us exhibits excellent catalytic performance at remarkably low
Fe content (0.2mol%) and achieves a TOF of 115h™. It enables the
production of various deuterated amines with a broad substrate
spectrum and a unique tolerance to functional groups, which also
allows late-stage deuteration of natural products and current
pharmaceuticals.
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Fig. 2 | Tandem reductive amination-deuteration of p-anisidine with
benzaldehyde®. a Catalyst testing, b reaction conversion-time profile, and

¢ proposed reaction pathway. “Reaction conditions: 0.25 mmol 1a, 0.25 mmol 1b,
0.2 mol% Fe catalyst (e.g., 20 mg Fe-P-C-800), 90 equiv. DO (405 uL), 1 mL
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toluene, 40 bar H,, 140 °C, 24 h. °Feyp/C (Fe-Cellulose-1000) is prepared according
to previous work', The NMR of products 1c +1d are shown in Supplementary
Figs. 25-26.

Results and discussion

Establishing a method of tandem catalytic reductive amination
and deuteration

Considering that Fe-based nanocatalysts have previously been proven
capable of catalyzing reductive amination and deuteration labeling
reactions separately’®**, the main challenge here was the development
of a dual-functional Fe-based catalyst that can drive both transforma-
tions under the same reaction conditions in one pot. Initially, a series of
Fe-based materials with different coordination environments were
prepared. For example, the P-doped carbon-supported Fe catalyst was
prepared by high-temperature pyrolysis of self-assembled precursors,
including a mixture of phytic acid, Fe(NOs)5'9H,0, and SiO, template,
under an argon atmosphere, followed by alkali etching to remove the
template®,

As the model system, the reaction between readily accessible p-
anisidine 1a and benzaldehyde 1b was carried out in D,O and 40 bar H,
in the presence of the prepared materials (Fig. 2a and Supplementary
Table 1). Notably, these and related substrates find widespread use in
the manufacture of pharmaceuticals and pesticides’. Inspired by
previous work suggesting that Fe-N sites could effectively catalyze the
activation of H,O for the oxidative C-C cleavage of amine*’, we started
testing N-doped carbon-supported Fe materials. However, the forma-
tion of small amounts of amination products indicated the weak
hydrogenation ability of Fe-N-C, regardless of their preparation
(column 1, Fig. 2a and Supplementary Table 1). This is also evidenced
by the fact that Fe-N-C SACs were mainly used in oxidative transfor-
mations rather than hydrogenation reactions* **. To realize the
desired two reactions with a single catalyst material under the same
reaction conditions, we investigated the influence of the coordinative
environment of the dispersed metal centers on the catalytic activity

and selectivity***®. Specifically, we synthesized little-known Fe-based
materials with S- and P-doped carbon supports and evaluated their
performance in the benchmark reaction. Thus, in the presence of
S-doped carbon on Fe-S-C materials, a higher amination activity but at
the same time a relatively low deuteration content (D) was observed
(-17% deuteration content, column 2, Fig. 2a and Supplementary
Table 1). Contrary, the Fe catalyst on a P-doped carbon support shows
significantly improved activity for the reductive amination reaction
with simultaneously high regioselectivity for the ortho-deuteration on
the aniline ring of 1c (Fe-P-C, 91% yield with 98% deuteration content,
column 3, Fig. 2a). This result is in sharp contrast to our previous
findings, where homogeneous catalyst allowed for ortho-position
deuteration only on the benzaldehyde ring (in the presence of aniline)
under similar reaction conditions®. In order to further improve the
reaction activity and selectivity, the coordination sphere of the active
metal centers was further modulated by varying the pyrolysis
temperature®®*¢, As a result, the Fe-P-C catalyst, pyrolyzed at 800 °C,
exhibited the best performance (columns 3-5, Fig. 2a). In addition, the
influence of critical reaction parameters, including temperature,
pressure, solvents, and quantity of D,0, were investigated and opti-
mized (Supplementary Fig. 1). In conclusion, this tandem catalytic
process can be efficiently conducted using 90 equivalents of D,0 in
toluene under 40 bar of H, at 140 °C. Interestingly, the Fenp/C (Fe-
Cellulose-1000) nano-catalyst described in our previous work™
showed only moderate reductive amination and deuteration activity
but also exhibited specific N-alkyl position deuteration (column 6,
Fig. 2a). Apparently, this latter deuteration is a result of the catalytic
reduction of the in situ generated imine group (see below). We con-
sider that this deuteration is a result of the different reactivity of Fe
nanoparticles*®, allowing the potential H-D exchange between H, and
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D,0. For comparison, several other heterogeneous catalysts (Cu, Co,
and Ni) were prepared and tested in the benchmark reaction, showing
moderate reactivity (Supplementary Table 1). Additionally, noble-
metal catalysts Ru and Rh, supported on phosphorus-doped carbon,
exhibited both reductive amination and deuteration activity (Supple-
mentary Table 1), but with deuteration occurring at the N-alkyl position
due to their high hydrogenation ability, similar to Fenp/C nano-catalyst.
In contrast, commercial Raney Ni and Rh/Al,O; catalysts only
demonstrated reductive amination activity, with negligible deutera-
tion ability (Supplementary Table 1), further highlighting the crucial
role of phosphorus incorporation in enhancing deuteration activity.

To demonstrate the intrinsic heterogeneous catalysis of the
Fe-P-C SAC, the homogeneous Fe(NO3);-9H,0 and the corresponding
organic precursor phytic acid were tested under optimal reaction
conditions and both exhibited little activity (Supplementary Table 1).
The activity of the heterogeneous material was further verified by a
hot-filtration experiment (Supplementary Fig. 2). It is noteworthy that
the Fe-P-C catalyst with low Fe loading exhibits two orders of mag-
nitude higher activity (115h™, Supplementary Table 2) than a Fe
nanocatalyst with high Fe loading (5.2 h™), highlighting and empha-
sizing the effectiveness of this single-atom catalytic system.

In order to clarify the reaction pathway for the formation of the
regioselective deuterated product Ic, several isotope labeling experi-
ments and kinetic profiles in the presence of optimal Fe-P-C catalyst
were conducted (Fig. 2b and Supplementary Fig. 3). Initially, deuterated
or non-deuterated H,O and H, were utilized as probe molecules in the
reaction (Supplementary Fig. 3). The regioselective deuteration in ortho-
position of the aniline ring was detected when using D,0 as the sole
deuterated agent, while deuteration at the N-alkyl position occurred
when D, was used as the reaction atmosphere, suggesting the D,0O
contributes to deuteration of the arene ring whereas the H, is responsible
for hydrogenation in reductive amination. The conversion-time kinetic
profiles (Fig. 2b—c) revealed that in the initial stages of the reaction, a
significant proportion of the intermediate Schiff base (1e or 1f) with a
relatively low D content is produced. The nearly constant D content of
Schiff base indicates its hindered deuterated transformation, a notion
further supported by a control experiment using 1f as reaction substrate
in the presence of D,0O (Supplementary Fig. 4). Subsequently, the target
deuterated product 1c accumulates at the expense of the Schiff base.
Since Schiff base If (or 1e) is formed rapidly from the condensation
between aniline 1a and aldehyde 1b, its slow hydrogenation to the ami-
nation product 1d and the rapid deuteration of 1d to final 1c indicate that
the hydrogenation of Schiff base should be a rate-determining step,
which was further validated by conducting a kinetic isotope effect
experiment (Kpy/Ki, =1.60, Supplementary Table 3). Further kinetic
analysis, based on the Arrhenius model of reaction rates, revealed that
the hydrogenation of Schiff base 1f occurs on the surface of the Fe-P-C
catalyst, characterized by a small pre-exponential coefficient and a low
activation energy (79.0 kJ/mol, Supplementary Fig. 5).

Structure characterizations and mechanistic investigations

To elucidate the intrinsic structure of the optimal Fe-P-C catalyst,
state-of-art characterizations were conducted. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis revealed that
the Fe mass loading in the Fe-P-C sample is 0.15 wt% (Supplementary
Table 4). The X-ray diffraction (XRD) pattern of the Fe-P-C sample
shown merely two broad peaks at 26° and 43° (insert, Fig. 3a), assigned
to reflections of the (002) and (101) planes of carbon, respectively,
indicating its layered planar structure®’. The weak and broad (101) peak
at 43° suggests that additional P doping leads to a lower degree of
graphitic crystallinity and richer defects in the carbon matrix, further
confirmed by its broader D and G bands at 1320 cm™ and 1596 cm™,
respectively, as well as a high-intensity ratio (/D//G =1.3) of the D band
to the G band in the Raman spectrum (Supplementary Fig. 6)%. It is
noteworthy that no diffraction peaks corresponding to Fe or FeO, are

detected, thus excluding the presence of any large Fe-containing
crystalline particles in the Fe-P-C catalyst. Combining these findings
with the absence of nanoparticles in low-magnification scanning
transmission electron microscopy (STEM) images (Fig. 3a and Sup-
plementary Fig. 7) indicates that any Fe species present are highly
dispersed in the carbon matrix. Numerous voids can be observed in
STEM images and a high Brunauer-Emmett-Teller (BET) specific sur-
face area of around 514 m?g™ (Supplementary Fig. 8) reveal a three-
dimensional (3D) interconnected and entangled mesoporous archi-
tecture. Additionally, energy-dispersive X-ray spectroscopy (EDX)
images reveal that Fe, P, and C elements are homogeneously dis-
tributed throughout the entire P-doped carbon matrix in the Fe-P-C
sample, and the spatially similar distribution of Fe and P signals sug-
gests that P atoms might be adjacent to Fe species (Fig. 3b and Sup-
plementary Fig. 9). Most evidently, sub-Angstrom-resolution high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) was employed to probe the highly dispersed Fe-
containing species. The representative images (Fig. 3¢ and Supple-
mentary Fig. 10) clearly demonstrate that the Fe species (bright dots)
are atomically dispersed on the P-doped carbon materials. The signal
intensity ratio of Fe; and P; atoms is around 2.2, following an atomic
number (2) contrast image-forming principle Z*7, which suggests that
the relative bright and dark spots correspond to the Fe and P atoms,
respectively, indicating the possible formation of Fe-P coordination in
the Fe-P-C material.

X-ray photoelectron spectroscopy (XPS) and X-ray absorption
spectroscopy (XAS) characterizations were further conducted to
determine the chemical states and electronic interaction between Fe
and P. Compared with pristine P-C (1.9 at.% P), the higher P contents
(3.1at.%) together with negative shifts of the characteristic peaks, as
well as the emergence of Fe-P species in the high-resolution P 2p XPS
spectra suggest that Fe and P may stabilize each other in the carbon
matrix by forming Fe-P coordination in Fe-P-C (Fig. 3d and Supple-
mentary Table 5). Figure 3e displays the X-ray absorption near edge
structure (XANES) spectrum of P L, 3-edge. Peaks a and b at the low-
energy side are due to transitions from spin-orbit split 2p electrons
(the 2p5,,and 2p;; levels, respectively) into the first unoccupied 3s-like
antibonding state®. It can be observed that both peaks show a sig-
nificant increase after the introduction of P, indicating electron
transfer from P to Fe due to potential Fe-P hybridization. At higher
energy, a broad and intense peak owing to 2p to 3d transitions can be
observed at around 147-155 eV, which is sensitive to the molecular
symmetry and to the local chemical environment of P, often referred
to as the ‘shape resonance™". The higher intensity of this broad peak for
Fe-P-C compared to P-C also suggests possible Fe-P interaction.
Figure 3f displays the XANES at the Fe K-edge of the Fe-P-C catalyst
and references. The edge energy (Eo) for the Fe-P-C sample is lower
than that of Fe,0j3 yet higher than that of iron phthalocyanine (FePc),
suggesting Fe atoms carry positive charges +6 (2 <6 <3, Fig. 3f and
Supplementary Table 6), consistent with the XPS characterization
results (Supplementary Fig. 11). The coordination environment of Fe
single atoms is determined by the extended X-ray absorption fine
structure spectra (EXAFS). In the Fourier-transformed EXAFS spec-
trum, a dominant peak at -1.63A is observed in Fe-P-C, which is
slightly longer than the Fe-N peak observed at ~1.44 A in FePc and can
be associated with the existence of a Fe-P path due to the relatively
longer Fe-P bond length (Fig. 3g)***. Additionally, the Fe-Fe peak at
~2.24 A that appears in Fe foil is not detected in Fe-P-C, confirming the
atomic dispersion of Fe. To further discriminate the coordination
atoms in Fe-P-C, 2D EXAFS wavelet transform analysis was conducted,
a more powerful technique with high resolution in both k and r space
(Fig. 3h-i and Supplementary Fig. 12)**. The only observed lobe
appears at (4.1 A", 1.6 A) for Fe-P-C, markedly distinct from that for Fe
foil (7.7 A™, 2.2 A) and FePc (3.8 A, 1.4 A), indicating that the Fe species
exist as mononuclear centers and also validating the assignment of the

Nature Communications | (2025)16:1840


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55722-9

3
©
A
>
=
@
c
9]
D)
=

10 20 30, 40 50,460
26

50 nm

2nm

50'nm

(d) (e) )] — Fefoi

-~ g _

s s z

=2 2 =

2 £

8]

=

140 145 150 155 160 165 7100 7110 7120 7130 7140 7150
138 136 134 132 130 Energy (eV) Energy (eV)

Binding Energy (eV)

Fe-Fe .
) : (h) (i)
Fe foil
Intensity*0.3

— Fe-N

@ A < <

= FePc f 21 f

= x x

Fe-P/C
——Fe-P-C
Fe-P-C-fit
0 1 2 3 4 5 6 1 ; : :
2 6 8 10 2 4 6 8 10
R(A) K (A" K (A7)

Fig. 3 | Synthesis and structure characterizations of Fe-P-C SAC. a The scanning
transmission electron microscopy image (insertion: X-ray diffraction), b elemental
mapping of Fe/P/C, ¢ high-angle annular dark-field scanning transmission electron
microscopy image (the relative bright and dark white dots are Fe atoms and P
atoms respectively, Z=atomic massg./atomic massp), d P 2p X-ray photoelectron
spectroscopy, e the normalized X-ray absorption near-edge spectra (XANES) at the

P L, ;-edge, f the XANES at the Fe K-edge (FePc: iron phthalocyanine), g the k*
weighted Fourier transform extended X-ray absorption fine structure spectra
(EXAFS) in r-space (k is the wavenumber, k = (2m.(E - Eo))"?/h, where h is Planck’s
constant), h wavelet transformation for the kK>-weighted EXAFS signal, and i EXAFS
fitting curve in the region of 1.0-2.3 A, shown in k’-weighted r-space of Fe-P-C SAC
and references.

scattering contribution from another heavier element (P) as the Fe-P
pair in Fe-P-C. Then, the quantitative structural parameters for the
first coordination sphere of Fe were extracted by least-squares EXAFS
curve-fittings, manifesting the Fe-P and Fe-C coordination numbers
(CN) of 1.2 and 3.1, with average absorber-backscattered distances (R)
of 230 A and 2.00 A, respectively (Fig. 3g, Supplementary Fig. 13, and
Supplementary Table 7). Based on this, we constructed the FeP,C; site
at a two-carbon-defected site of the graphene monolayer for density
functional theory (DFT) calculations. The optimized average bond
lengths of Fe-P and Fe-C are 2.13 A and 1.92 A, respectively, showing
good agreement with experimental values (Supplementary Table 8).
The charge density difference and projected density of states (PDOS)

analyses of Fe-P-C identify strong orbital interaction for the Fe-P
bonding, as evidenced by significant charge accumulation between Fe
and P atoms, as well as substantial overlap between the energy levels of
Fe 3d,, and P 3p, orbitals (Supplementary Fig. 14), which are also
corroborated by data illustrated in Fig. 3c-g, and consequently, both
Fe and P centers are positively charged, and the neighboring C center
are negatively charged, in line with their difference in electronegativity
(1.80/Fe, 2.235/P, and 2.544/C)*.

On the basis of the above results, the catalytic behavior of FeP,C3
in reductive amination and deuteration was explored using the DFT
method, with computational details outlined in the Methods section.
The reaction-time profile (Fig. 2b) shows that the first step involves the
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Fig. 4 | DFT calculation. The relative Gibbs free energy (AG) profiles of imine
hydrogenation on FeP;C; (colors represent: purple: iron, pink: phosphorus, gray:
carbon, blue: nitrogen, white: hydrogen).

rapid dehydration and condensation of aniline with benzaldehyde to
form a Schiff base intermediate, followed by its slower hydrogenation
to produce a secondary aniline. The final deuteration of secondary
aniline is faster, indicating the hydrogenation of the Schiff base is the
rate-determining step in this tandem reaction. Thus, our primary focus
was on calculating the imine hydrogenation step. As illustrated in Fig. 4
and Supplementary Fig. 15, initial calculations were conducted with the
hydrogenation of a simplified benzyl imine intermediate (Ph—-CH=NH).

Under the reaction condition (140 °C and 40 bar), the dissociative
H, adsorption with one H atom on Fe and one H atom on Fe-C bond
(M) is slightly endergonic by 0.09 eV, indicating the need of high H,
pressure for the reaction (Supplementary Figs. 16-17). Then, the co-
adsorption of benzyl imine (C;H;N*, M3) leads to the transfer of the H
atom on the Fe center and also to the Fe-C bond, with the conjugated
C=N bond attaching to the Fe atom, which results in an exergonic
process by 0.19 eV. Bader Charge analyses (Supplementary Fig. 18) of
M; reveal that the negatively charged N atom (-1.14 e) of the C=N bond
is more likely to react with the positively charged H atom (0.06 €) on
Fe-C, compared with the positively charged C atom (0.32 e) of the C=N
bond. As a result, the hydrogenation of the N atom proceeds with no
barrier (TS;) and is exergonic by 0.71 eV (M,). Finally, the formation of
N-methylaniline (C;HoN*) requires a free energy barrier of 0.48eV
(TS,) and is exergonic by 0.84 eV (P). Throughout the entire process,
the rate-determining step is the activation of H,, as further supported
by the pressure-dependent yields, which show reduced yields at
pressures below 40bar H, (Supplementary Fig. 1b). A slight dis-
crepancy in the energy barriers between experiment and theory
(Supplementary Fig. 5 and Supplementary Fig. 17) was observed for
imine hydrogenation, likely due to the simplified nature of theoretical
models and the complexities of experimental conditions. Corre-
sponding energy profiles and discussion are also provided in Supple-
mentary Fig. 19.

Following the hydrogenation steps, the tandem deuteration
reaction is initiated. The activation of H,O* occurs on Fe-P/C sites and
can have two configurations (Supplementary Fig. 20), in which OH* is
favorable on the Fe atom and H* on the P or C atoms (-0.26 eV vs
-0.29 eV), potentially resulting in the formation of protonated inter-
mediates (Supplementary Fig. 21). Notably, regioselective ortho-posi-
tion protonated intermediates on the aniline ring are most stable and
highly favored, while the meta-position protonated intermediates are
less stable by around 0.5eV. On the contrary, the ortho-, meta- and
para-position protonated intermediates of the benzylic ring are much
higher in energy by 0.9-1.2 eV. This provides a reliable explanation of

the solely regioselective ortho-position deuteration observed on the
aniline ring.

To further validate this proposed reaction mechanism, several
specific poisoning experiments were conducted with the reductive
amination and deuteration reactions, separately (Supplementary
Fig. 22). Both reactions exhibited a significant decrease in activity when
the Fe single-atom sites were poisoned by SCN-, underscoring the
pivotal role of Fe species in the hydrogenation and deuteration
processes*’. As anticipated, when the P sites were quenched by S*, the
activity of deuteration markedly decreased, while the performance of
reductive amination only exhibited modest degradation, which sug-
gests that the P sites primarily contribute to D,O activation. These
experimental results are consistent with the predictions from the DFT
calculations.

One-pot synthesis of diverse deuterated anilines via tandem
catalysis

With the optimized Fe-P-C catalyst in hand, we investigated its func-
tional group tolerance by applying diverse substrates. As depicted in
Fig. 5a, for aromatic aldehydes with electron-donating/withdrawing
groups (2c-7¢) and aliphatic aldehydes (8c-10c), high yields (55-93%)
and deuteration content (>80%) of the produced anilines are achieved.
Functional groups including methoxy, halides, and trifluoromethyl, as
well as more challenging ones, e.g., boronate ester, heterocycles, and
unsaturated alkene groups are well tolerated. The latter case (9¢) is
particularly interesting, as conventional noble metal catalysts used in
reductive aminations hydrogenate such functional groups. Compared
to aromatic aldehydes, the reductive amination of aliphatic aldehydes
can be hindered by the unproductive aldol condensation that occurs
under basic conditions. Nevertheless, several aliphatic substrates yield
the corresponding anilines in very good yields (up to 94%) and high
deuterium content (=93%, 8c-9c) in the presence of the Fe-P-C catalyst.
Particularly noteworthy is the effective conversion of the biomass-
derived building block furfural (10c), which is inexpensive
(1.0-1.2€kg™) and readily available on large scale from biomass
(>200 kT per year)®. Such state-of-the-art conversion to produce deut-
erated amines has rarely been reported compared to earlier routes of
furfural amination (Supplementary Fig. 23)*°. In general, the respective
amines are labeled at the ortho- or para-position to the amine group,
which can be explained for electronic reasons. However, a simple trick
makes it easy to achieve deuteration in the meta-position on the aniline
ring. More precisely, fully deuterated aniline is used as a substrate and
the reaction is carried out in water (H,0). In such a case, D-H exchange
reactions take place in ortho- and para-position, with the deuterium
atoms remaining in meta-position. In addition, °D- and simultaneously
BC-labeled products can be obtained with specific substrates (11-12c). It
is worth noting that reductive amination and deuteration of more
challenging substrates such as diamines and ketones also proceed well
to yield the corresponding deuterated anilines (13-16c).

As described in the introduction, amino-substituted (hetero)are-
nes serve as versatile building blocks for the synthesis of several dif-
ferent products used in agrochemicals and pharmaceuticals®?,
therefore the reactivity of various functionalized anilines was further
investigated (Fig. 5b). Encouragingly, the Fe-P-C catalyst enables the
effective reductive amination and deuteration of 17 different anilines
with excellent chemo- and regioselectivity (17-33c). Various halogen-
containing (chlorine and fluorine) anilines afforded the deuterated
products (18-21c, 26¢) without significant dehalogenation side reac-
tions, a common problem observed when using noble metal-based
catalysts. Even difficult heterocyclic anilines such as 1-phenylpiper-
azine, which could not be deuterated in our previous work’, under-
went reductive amination and deuteration of this molecule efficiently
with this catalyst system (29c). Additionally, sulfur-containing sub-
strates known to poison noble metal catalysts, exhibited good per-
formance under standard reaction conditions (23c and 30c). We
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Fig. 5 | Substrate scope. a-c Tandem reductive amination and deuteration of
different amino-substituted (hetero)arenes and aldehydes. *Reaction conditions:
0.25 mmol amino-substituted (hetero)arenes, 0.25 mmol aldehydes, 0.2 mol% Fe
catalyst (20 mg Fe-P-C-800), 90 equiv. D,0 (405 L), 1 mL toluene, 40 bar H,,

140 °C, 24 h; ®150 °C; °N-benzyl-2,3,4,5,6-pentadeuterioaniline as substrate, H,0 as

additive; “benzaldehyde-a-2C as substrate; °0.5 mmol benzaldehyde; 160 °C;
gcorresponding nitro compound as substrate. Subscripts under product represents
isolated yields; the numbers around D represent the deuterium incorporation; the
NMR spectra of products can be found in Supplementary Figs. 27-121.
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Fig. 6 | Applications. a Selected synthesis of deuterated bio-active and drug
molecules: showcasing the applicability of this domino transformation?, b scale-up
recycling experiments,® and ¢ HRTEM of used Fe-P-C catalyst after five recycles.
?Reaction conditions: 0.25 mmol anilines/amines, 0.25 mmol aldehydes, 0.2 mol%
Fe catalyst (20 mg Fe-P-C-800), 90 equiv. D,O (405 L), 1 mL toluene, 40 bar H,,
140 °C, 24 h; 150 °C; “reductive amination in toluene for 12 h, then adding D,O for

55¢: D-Kinetin: 58%P

continuing 12 h reaction; ‘10 mmol p-anisidine 1a, 10 mmol 1b, 1.0 g Fe-P-C-800
catalyst, 40 mL D,0, 150 mL toluene, 60 bar H,, 150 °C, 24 h. Subscripts under
products represent isolated yields; the numbers around D represent the deuterium
incorporation; the NMR spectra of products can be found in Supplementary

Figs. 121-132.

further explored the synthesis of deuterated multi-substituted ani-
lines, commonly found in biologically active and natural products
(Fig. 5c, 34c-37c). N-Methylamines are of particular interest due to
their role in regulating biological functions, typically prepared through
Pd/C-catalyzed reductive amination with formaldehyde. Using our
Fe-P-C catalytic system, we synthesized regioselective deuterated N-
methylanilines starting from formaldehyde and the corresponding
anilines (38-44c). The Fe-catalyzed synthesis of N-methylamines pre-
sented here is either more cost-effective or waste-free compared to
traditional alkylation methods. Furthermore, the presented reductive
amination and deuteration can be extended to nitroarenes as starting
materials. Accordingly, deuterated anilines (45-49c) were selectively
prepared via a domino-hydrogenation-deuteration-condensation-
hydrogenation approach. Considering the four chemical transforma-
tions involved, the observed yields (73-85%) are excellent.

Synthesis of deuterated pharmaceuticals and scale-up recycling
applications

To demonstrate the applicability of this heterogeneous Fe-P-C cata-
lytic system towards more functionalized and sensitive organic

molecules which are typically used in life sciences, the deuteration of
six natural products and drugs was studied. As depicted in Fig. 6a, the
reductive amination-deuteration transformation of Butamben 50c,
Procainamide 51c, Aminoglutethimide 52¢, Nimodipine 53¢, and Pen-
toxifylline 54c proceeded smoothly (51-85% yield) and good to
excellent D content (45-98%). Apparently, the presented methodology
provides a useful synthetic tool for obtaining deuterated drugs. Of
particular interest to us was the deuterated modification of Kinetin,
commonly used in cosmetic products as an anti-aging agent, which can
be directly obtained from bio-based furfural (55c, Supplementary
Fig. 23). This novel transformation expands the range of amination
products of furfural and paves a new way for the utilization of such
abundant bio-platform molecules.

In addition to potential cost advantages of such iron-based
materials, recyclability and scalability are crucial features for any
applications of heterogeneous catalysts, which can also considerably
facilitate product purification. As shown in Fig. 6b, our Fe-P-C SAC
exhibits moderate stability and can be conveniently recycled up to five
times at gram scale. The slight decrease in activity could possibly be
attributed to the loss of the catalyst materials during the recycling
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process. Following purification, bright yellow deuterated products
were obtained in 10 g-scale. Furthermore, transmission electron
microscopy images indicated used Fe-P-C SAC did not show aggre-
gation of the Fe species after recycling (Fig. 6¢c and Supplementary
Fig. 24, compared with Fig. 3a-c).

In summary, we have successfully synthesized a heterogeneous
iron-based catalyst with two functions by specifically modifying the
coordination environment of atomically distributed Fe centers. The
optimal material uses a phosphorus-doped carbon support which, in
combination with the Fe centers, enables the activation of H, and D,0.
This makes it possible to carry out catalytic one-pot tandem processes
for reductive amination and deuteration reactions to produce directly
deuterated anilines/amines. Kinetic profiling and control experiments
helped elucidating the tandem catalytic process, wherein reductive
amination precedes deuteration due to the hindered deuteration of
imine intermediates. Coupled with DFT calculation and key control
experiments, we have shown that the Fe-P/C pair sites exhibit mod-
erate activation ability for D,O, while the Fe sites facilitate H, activa-
tion, which working together enable the tandem catalysis to be
effectively achieved. We hope our findings provide guidance and
inspiration into the construction of atomically dispersed catalysts for
achieving multi-component organic transformations, offering under-
standing critical for catalyst design.

Methods

Materials

Phytic acid solution (50 wt% in H,O) was purchased from TCI. AERO-
SIL® fumed silica were purchased from Evonik. Fe (NO3);:9H,0, p-
anisidine and benzaldehyde were obtained from Sigma-Aldrich. D,O
was purchased from Eurisotop. The benzaldehyde was purified by
bulb-to-bulb distillation under reduced pressure. All the other chemi-
cal reagents were used as received without further purification.

Catalyst preparation

All catalysts were prepared by a template-sacrificial approach. As an
example, for the preparation of Fe-P-C-800 catalyst, a mixture of
30 mg Fe (NOs)5-9H,0 and 4 g phytic acid solution (50 wt% in water)
was added to 50 mL H,O and stirred under reflux at 120 °C for 30 min,
followed by addition of 2.0 g fumed silica and stirred at 120 °C for 12 h.
Then, the reflux condenser was removed to slow evaporation of H,O
for 24 h. After the evaporation of solvent and ensuring complete dry-
ing, the remaining solid was transferred to a crucible in the furnace and
fluxed with argon. The oven was then heated to 800 °C in Argon
atmosphere at a ramp rate of 5 °C/min and was held at 800 °C for 2 h.
The obtained black powder was washed twice by 50 mL 1 mol/L NaOH
solution at 90 °C for 12 h to remove the SiO, support. The recovered
solid was washed with 2 L water until the filtrate became neutral and
then dried at 80°C for 12 h. The resultant sample was labeled as
Fe-P-C-800. Unless otherwise stated in manuscript, Fe-P-C also
represents Fe-P-C-800. The samples pyrolyzed at 700 °C and 900 °C
were labeled as Fe-P-C-700 and Fe-P-C-900, respectively. In the
same procedure, Fe-N-C and Fe-S-C materials were synthesized
applying the corresponding N/S-containing organic precursors 1,10-
phenanthroline and 2,2-bithiophene, respectively. The P-C sample was
synthesized using P-containing organic precursors triphenylpho-
sphine without Fe salts.

Reaction tests

In the typical reaction, 0.25 mmol p-anisidine 1a, 0.25 mmol benzal-
dehyde 2a, 20 mg Fe-P-C catalyst, 405 uL D,0, 1.0 mL toluene were
put into an 8 mL vial fitted with magnetic stirring bar and septum cap.
A needle was inserted in the septum which allows gaseous reagents to
enter. The vials (up to seven) were set in an alloy plate and then placed
into a 300 mL steel Parr autoclave. After sealing the autoclave, the
autoclave was purged with N, for three times and H, for three times

and charged with 40 bar H, at room temperature. Then the reaction
mixture was stirred at a rate of 500 r/min and heated at 140 °C for 24 h.
After the reaction, the crude media was extracted with EtOAc
(3 x4 mL), then the organic phase was intensively shaken in presence
of 4 mL of H20 (e.g., ND2 > NH2) and this aqueous phase was further
extracted with EtOAc (3 x4 mL). The combined organic phases were
dried by anhydrous Na,SO,. Then the isolated product was obtained
by column purification using pentane/EtOAc mixture as flow phase and
submitted to NMR analysis for determination of the deuterium
content.

The yield of 1c or 1d (¥;. or Yi4) and the deuterium content of
1c +1d (Dyc + 19) Were calculated using the following equations:

ylc +ld(%) = (m011c +1d isolated)/(mOIIa fed) *100 (1)

Dic+14(%) = (1 - (CorrespondinngNMR peak arealﬁldproduced) / 2
(CorrespondinngNMR peak arealcstandard)) *100

Y1e(%) =Y 1c+1d(%) * Dic1a(%)and Y1g(%) = Y1c 114(%) *(1=Dyc.1a(%)  (3)

Reusability test
After each reaction, the catalyst was separated from the reaction sys-
tem by centrifugation. Then the collected catalyst was successively
washed by ethanol (50 mL x 3), and then dried at 80 °C for 2 h. The
obtained powder was submitted to the next batch of reaction using the
previously described reaction test procedure.

The actual Fe loadings were determined by inductively coupled
plasma spectroscopy (ICP-OES) on an IRIS Intrepid Il XSP instrument
(Thermo Electron Corporation).

X-ray diffraction (XRD)

Analysis was carried out on a PANalytical X'pert diffractometer using
Cu Ka radiation source (A = 0.15432 nm) with a scanning angle (26) of
10°-80°, operated at 40 kV and 40 mA.

Scanning transmission electron microscopy (STEM) and energy
dispersive X-ray spectroscopy (EDS)

Experiments were performed on a JEOL JEM-2100F microscope opet-
ated at 200kV, equipped with an Oxford Instruments ISIS/INCA
energy-dispersive X-ray spectroscopy (EDS) system with an Oxford
Pentafet Ultrathin Window (UTW) Detector.

The aberration-corrected high-angle annual dark-field scanning
transmission electron microscopy (AC-HAADF-STEM) analysis was
performed on a JEOL JEM-ARM200F equipped with a CEOS probe
corrector, with a guaranteed resolution of 0.08 nm. Before micro-
scopy examination, the sample was ultrasonically dispersed in ethanol
for 15-20 min, and then a drop of the suspension was deposited on a
copper TEM grid coated with a thin holey carbon film.

X-ray photoelectron spectroscopy (XPS)

Spectra were obtained on a Thermo ESCALAB 250 X-ray photoelectron
spectrometer equipped with Al Ka excitation source and with C as
internal standard (C 1s=284.0 eV).

Soft X-ray absorption spectroscopy (soft-XAS) spectra

Soft X-ray absorption spectroscopy (soft-XAS) spectra of P L, ;-edge
were performed at the beamline MCD-A at the National Synchrotron
Radiation Laboratory (NSRL) in Hefei, China.

X-ray absorption spectra (XAS)
X-ray absorption spectra (XAS) including X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
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(EXAFS) at Fe K-edge of the samples were measured at the beamline
14W of the Shanghai synchrotron radiation facility (SSRF) in China. The
output beam was selected by a Si(111) monochromator, and the energy
was calibrated against a Fe foil. The data were collected at room
temperature under transmission mode.

Nuclear magnetic resonance spectroscopy (NMR)

Nuclear Magnetic Resonance spectroscopy (NMR) spectra were
recorded at room temperature in CDCl; or d®DMSO on a 300/
400 MHz Bruker DRX-300/400 NMR spectrometer.

Density functional theory (DFT) calculations

Spin-polarized density functional theory (DFT) computations were
performed by Vienna ab-initio simulation package (VASP)*. The pro-
jector augmented wave pseudo-potentials (PAW)*® were used to
describe the interaction between atomic cores and valence electrons.
The Perdew-Burke-Ernzerhof (PBE)*® functional within the general-
ized gradient approximation (GGA) were used to get the electron
exchange and correlation energies. The cutoff energy was set by
500 eV. The FeP;C; site was constructed in a 6 x 6 periodic graphene
supercell according to the experimental coordination number. The
vacuum layers were set by 20 A. A1x 1x 1 Gamma centered Monkhorst
Pack k-point sampling was chosen®. Geometry optimizations were
pursued until the force on each atom falls below the convergence
criterion of 0.02 eV/A and energies were converged within 10~ eV. The
climbing-image nudged elastic band (CI-NEB) method® combined
with the DIMER method® was used to search the transition states. The
transition state structure is confirmed by only one imaginary fre-
quency in frequencies analysis. All reported energetic data include
zero-point-energy (ZPE) correction. The adsorption energy (E,qs) of
adsorbate (X*) is according to the equation of Eyqs = Ex+/siab — Esiab — Ex,
where Ex+/siab, Esiab, and Ey is the optimized total energy of the slab with
X*, the clean slab, and the free adsorbate (X) in gas phase (in a
20 A x20 A x 20 A cell). The barrier (E,) and the reaction energy (£;) are
calculated according to £, = E1s — Eis and E, = Egs — Eis, where Ejs, Ers and
Egs are the total energies of the corresponding initial state (/S), tran-
sition state (7S) and final state (FS), respectively. And the Gibbs free
energies of periodic model system are estimated by VASPKIT code®’.
G, and G, represent Gibbs free energy barriers and Gibbs reaction free
energies, respectively, which are calculated by G,=Grs—Gis and
G;=Gps— Gis.

In addition, the protonation Gibbs free energy at 298K was
computed at the B3PW91** level of theory in conjugation with the
TZVP% all electron basis set and carried out by using the Gaussian 16
program®,

Data availability

Other data are available from the corresponding author upon request.
All original data needed to evaluate the conclusions in the paper have
already been present in the manuscript and the Supplementary
Information (including Supplementary Figs. 1-133 and Tables 1-8).
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