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Abstract

Selective synthesis of primary amines via reductive amination becomes an important
research topic due to their wide applications. Various metal-based catalysts (Ru, Ir, Pt, Rh, etc.)
have been developed; however, most systems suffer from low efficiency and poor stability.
Here, we revealed that the hydride-like NH,* species, generated by the dissociation of NH3
over a core-shell structured Co@CoO catalyst is capable of accelerating the ammonolysis of
Schiff bases, the reaction intermediates. This catalyst can handle various reductive aminations
of aldehydes and ketones under mild conditions and run 21 times without deactivation. The
combination of various spectroscopic measurements and computational modelling illustrated

that this catalyst not only drives the dissociation of H; to active H> species, it also enables the
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homolytic and heterolytic cleavages of NHs to NH,> species. D, isotopic tracing experiment
provided further evidence of the direct participation of hydride-like NH,* species in the
ammonolysis of the Schiff bases. Theoretical calculations also verified the stable co-adsorption
state of the H> and NH,® species which allows the Schiff base to move freely on the surface of
the CoO shell, resulting in the exceptional catalytic activity. This study demonstrates, for the
first time, the potential of metal-oxide catalysts for the production of primary amines through
reductive amination.
Introduction

Amines, in particular primary amines, are widely used for the synthesis of dyes, surfactants,
polymers, pharmaceuticals, and agrochemicals, profoundly shaping the landscape of the
chemical industry.*” In the last decades, catalytic reductive amination of biomass-derived
carbonyl compounds (furfural, cyclopentanone, HMF, etc.) to obtain primary amines has drawn
particular attention, providing grand opportunities for the sustainable production of amines

from renewable energy™*°813
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Scheme 1. Comparison of catalytic mechanisms between noble metal catalysts and Co@CoO.
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The reductive amination of carbonyl compounds undergoes the direct amination of
aldehydes/ketones with NH; to imines and its subsequent hydrogenation. In the process, the
formation of Schiff bases is inevitable through the dehydration of substrate and primary amines
due to the stronger nucleophilicity of primary amine products than that of NHs.**" Previous
studies demonstrated that Schiff bases were accumulated in large quantities at the beginning
and then converted into corresponding primary amines, directly determining the rate of the
reductive amination.'**” Noteworthy, the Schiff bases intermediates require the further
ammonolysis to boost the selective production of primary amine products. Therefore, a key
challenge of this task is to design a catalyst that enables the dissociation of NHs;. Meanwhile,
with the help of H species dissociated on the designed catalyst, the highly efficient and selective
production of primary amine products can be achieved.

Reductive amination was usually catalyzed by supported metal (Ru, Ir, Pt, Rh, Ni, etc.)
catalysts.'”?° 1t is widely recognized that the free radicals (H-) generated by homolytic
dissociation of H, on the metallic species of these catalysts participate in the hydrogenation of
imine during reductive amination.*® Compared with the H- species, the H® species generated
through heterolytic dissociation of H, on single atom catalysts or metal oxide catalysts with
oxygen vacancies were recently proved to have better catalytic performance.®* Inspired by
the catalysis involving H® species, exploration on hydride-like NH,* species generated over
metal oxide catalysts to facilitate reductive amination is of strong interest. \ery recently, we
found that a core-shell structured Co@CoO catalyst with CoO shell having oxygen vacancy is
the real active site and enables the dissociation of H, to yield active H> species.®® Along this

line, the potential of the CoO shell to drive the dissociation of NH3 deserves special attention.



Here, we found that the hydride-like NH,* species dissociated on a core-shell structured
Co@CoO catalyst favors the reductive amination. This catalyst is efficient for the reductive
amination of various substrates to produce corresponding primary amines, outperforming
most of the metal-based catalysts. Through density functional theory (DFT) calculations and
D, isotopic experiments, we provided the direct evidence that hydride-like NH,> species was
indeed involved in ammonolysis of the Schiff bases and an in-depth understanding of why the
hydride-like NH,®> species can promote the reductive amination so efficiently from molecule
collision theory.

Results and discussion
Identification of core-shell structure of Co@CoO

The core-shell structured Co@CoO catalyst was prepared with co-precipitation followed
by reduction at 250 °C for 2h under 10%H,-90%Ar atmosphere. The characterizations by XRD,
TEM and EPR were collected in Figure 1 to confirm its structure and surface property. The
broad peaks at 41.6 ° and 47.5° are assigned to (100) and (101) planes of Hexagonal Cobalt
(JCPDS 05-0727), and the peaks at 44.2° and 75.8° are attributed to (111) and (220) planes of
Cubic Cobalt (JCPDS 15-0806). Two weak diffraction peaks at 36.5° and 61.5° are
corresponded to (111) and (220) of cubic CoO (JCPDS 43-1004). These observations suggest
that Co and CoO co-exist in the catalyst (Figure 1a). The TEM image shows that the outer
surface exposes the crystal plane of CoO and the inside presents the structure of Cubic and
Hexagonal Co, clearly proving its core-shell structure (Figure 1b). Furthermore, X-band
continuous wave electron paramagnetic resonance (EPR) spectrum was collected at 77 K to

detect the oxygen vacancy of Co@CoO (Figure 1c). The signal at g=2.00 is assigned to the



oxygen vacancies, demonstrating its rich surface oxygen vacancies. In short, the above all
results confirmed that Co@CoO presents a core-shell structure and the CoO shell is decorated

with oxygen vacancies.
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Fig. 1. Characterizations of Co@Co0. (a) XRD pattern; (b) TEM image and (c) X-band EPR
spectrum recorded at 77 K.
Identification of dissociation of H, and NH3z over Co@CoO

Then, in-situ DRIFTS experiments were conducted to verify the dissociation of H, and
explore the dissociation of NH; on the Co@CoO surface (Figure 2a and 2b). Upon the
introduction of H; into the gas cell, the band at 1000 cm™ assigning to the Co-H band appeared,
indicating the dissociation of H, on the CoO shell (Figure 2a). When introducing D gas into
the gas cell, the Co-H band and the O-H stretching vibration peaks disappeared, meanwhile the
peak of O-D bonding at 2000-2600 cm™ appeared, accordingly confirming that the heterolytic
cleavage of H; really occurs on the CoO surface of Co@CoO catalyst, in good agreement with

our previous finding. *
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Fig. 2. (a) In situ DRIFTS of Co@CoO under H./D, gas atmosphere. (b) NHs-adsorption
DRIFT spectra of Co@CoO. (c-d) Calculated structures of homolysis and heterolytic NHs on

CoO (100); Adsorption NHs, TS of homolysis NHz (E?9™°(TS)), TS of heterolytic NH3

ads

(Eheter (TS)), final state of homolysis NHs (NH; +H), and final state of heterolytic NH3

(NHy +H").

With the introduction of NH3 gas into the gas cell (Figure 2b), six bands were clearly
distinguished: the bands at 1593 cm™, 1252 cm™ and 1185 cm™ are assigned to the molecule
NH; coordinated to an electron-deficient metal atom (CoOx species)®’; the peak at 1129 cm™ s
ascribed to the hydrogen bonding formed by the coupling of nitrogen atom with hydrogen of
surface hydroxyl groups; and the band at 1420 cm™ is considered to be NH,* ions produced by
the coupling of surface Bronsted sites with NH3.%3% Importantly, the band at 1559 cm™
corresponding to the NH,* species appeared, clearly signifying that NHs is dissociated to afford
the surface Co-NH, and O-H species over the CoO shell.®%? These findings provide strong

evidence that the CoO shell indeed enables the dissociation of Hz and NHs simultaneously. We



suspected that the dissociated hydride-like NH,* species are favorable for the Schiff base
ammonolysis, thus resulting in the superior activity of Co@CoO catalyst.

Next, DFT calculations (Figure 2c and Figure 2d) were performed to comparatively
investigate the homolytic and heterolytic cleavage of NHs; over CoO (100) with oxygen
vacancies. For the homolytic cleavage of NHsto H> and hydride-like NH,>, the process is
strongly exothermic by 0.70 eV and gives a barrier of only 0.37 eV, indicating its great
feasibility in both thermodynamics and kinetics. By sharp contrast, the heterolytic cleavage
to H*" and hydride-like NH,* is only exothermic by 0.19 eV and has to overcome a higher
barrier of 0.62 eV. Comparison of the two energy profiles clearly demonstrates that over the
CoO shell, the homolytic cleavage of NHs to H* and hydride-like NH,* is of obvious
dominance compared with the heterolytic cleavage.

Activity and stability of Co@CoO in reductive amination

The above results confirm that the core-shell structured Co@CoO catalyst with oxygen
vacancies enables the homolytic cleavage of NH3 to H> and hydride-like NH,*. The catalytic
performance of this unique Co@CoO catalyst for the reductive amination was tested and three
common reductive aminations of biomass-derived compounds (cyclopentanone, benzaldehyde
and furfural) over Co@CoO were investigated (Figure 3a). For the reductive aminations of
cyclopentanone and benzaldehyde, Co@CoO shows two times higher productivities and lower
temperatures than that of any other reported metal-based catalysts, including noble-metal-based
catalysts. For the reductive amination of furfural, Co@CoO also outperforms most of the metal-
based catalysts and its productivities is only lower than that of Rui/NC/Nb,Os, a single-atom

catalyst since Rui/NC/Nb2Os allows the maximum possible atom economy. Although Raney



Co shows a slight advantage in productivities, higher temperature is required to overcome the
reaction energy barrier. Unequivocally, these results clearly demonstrate the overwhelming
efficiency of Co@CoO catalyst compared with almost all emerging metal-based catalysts in
common reductive aminations, probably because of its unique role of hydride-like NH*
species dissociated on the CoO shell. Applicability of Co@CoO towards the reductive
amination of various substituents including aromatic and aliphatic aldehydes/ketones was also
investigated (Figure 3b). Encouragingly, Co@CoO affords high yields (>94%) of primary
amines for all reactions tested. Noteworthy, the conversion of aromatic aldehydes/ketones with
electron-withdrawing and minor electron-donating substituents, such as F, Cl, Br and CH3;O
species, worked well in high yields of 94%-96%. Moreover, desired reactivity was achieved
when the aliphatic aldehydes and ketones with various aliphatic chains as the substrates. Even
Co@CoO is able to perform the reductive amination of biomass-derived furfural to furfuryl
amine (98% vyield), which is a significantly important process in biomass valorization, in a yield
of 98%. Then we explored its application in the reductive amination of biologically active
molecules, and the selective conversion of 4-, 2-methoxyphenylacetone, nabumetone and
Stanolone to their corresponding primary amines was realized. In short, these results fully

confirm the broad utility of Co@CoO to catalyze reductive amination.
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Fig. 3. (a) The catalytic performance of reductive amination between Co@CoO and other
catalysts,t+1617:19.20.22-27:43-45 (1) Reductive amination of aliphatic substituted ketones and
aldehydes to primary amines. Reaction conditions: 20 mg Co@CoO catalyst, 2 mmol substrates,
100 °C, 0.4 MPa NH3 2 MPa H,, 5 ml CH3;0H, GC yield with 1,4-dioxane as internal standard,;
a, GC yield with 1,4-dioxane as solvent and dodecane as internal standard; b, isolated yields of
converted hydrochloride salts. (c) Catalyst stability of Co@CoO for the amination of

cyclopentanone and the TEM image of the 21 times-used catalyst.

Considering the simple structure of cyclopentanone, its conversion was selected as a
probe reaction to study the catalyst stability and catalytic mechanism. We performed the
stability test of Co@CoO and found that the catalyst can be reused 21 times without any
deactivation in catalytic performance (Figure 3c). Interestingly, the activity has increased
after the first test, probably because the catalyst undergoes surface reconstruction to generate

more active surface sites. TEM images (Figure 3c and Figure 1b) show no obvious difference



between fresh and used Co@CoO and only the CoO shell became deeper. Consequently, the
great stability of Co@CoO will bring an attractive future in industrial application.

The unique role of the hydride-like NH>?" species
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Fig. 4. (a) The possible reaction route for amination of cyclopentanone (CPO). (b) Schiff bases
ammonolysis under D2, (c) Calculated adsorption structures of Schiff baseon reduced CoO (100)

surfaces. (Schiff base, H+Schiff base and NH, "~ a¢s + Schiff base).

The following emphasis was placed on the exploration of the unique role of the hydride-
like NH,* species. The time course (Figure S1) shows that the yield of Schiff base tends to
increase at the first 4h, then gradually converts into target product, cyclopentylamine with the
prolonging of reaction time. It indicates that the Schiff base is indeed the key intermediate and
its further conversion is able to determine the whole rate of the reductive amination. Previous
reports revealed that the conversion of Schiff base into primary amine includes two steps,

namely the addition of Schiff bases with NH; to geminal diamine and subsequent
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hydrogenolysis to produce primary amine (Figure 4a)."® Hydrogen-deuterium exchange
experiments were conducted to understand the reaction mechanism (Figure 4b). Under D; and
NHs, the Schiff bases were converted into cyclohexylamine and two deuteriums-isotopic
cyclopentylamine. The molecular ion peak of cyclopentylamine (CPA) has increased from 85
to 87, suggesting that D, was added into the C=N group of Schiff base. We speculate that the H
of -NHD is not stable, so the fragment peak at 87 was extremely weak and the fragment peak
at 86 was stronger (Figure 4b). Clearly, no D, attacked the cyclohexane part, indicating that the
NH,> species attacked the C* position of C-N, instead of C=N of Schiff base. This result
confirmed that the NH,> species as an active hydride-like species indeed participated in the
ammonolysis of Schiff base. To our knowledge, no evidence to prove the H* species directly
take part in the hydrogen/hydrogenolysis reaction was reported until now, although H* species
was believed to be highly active. Obviously, we provide convincing evidence that the hydride-
like NH,*species is directly involved in the reaction, which could indirectly indicate the H*
species involving the hydrogen/hydrogenolysis reaction and boost the research of H,
heterolysis.

We are now in a position to elucidate the key role of the hydride-like NH,> species through
DFT calculations (Figure 4c and Figure S2). With the introduction of H, and NHs, three
possible species including the clean CoO surface with oxygen vacancies (species 1), the one
formed via the adsorption of H> species on the reduced CoO surface (species 2) and the species
from the co-adsorption of H> and NH,* species on the reduced CoO surface (species 3) exist
in reaction system (Figure 4c). Comparison of adsorption energy of three species demonstrates
that species 3 is of distinctive advantage in thermodynamics, implying that the homolytic

11



cleavage of NHzto NH,> and H™ occurs easily to generate the most stable intermediate to drive
the following catalytic cycle. Furthermore, we quantitatively calculated the adsorption energies
of Schiff base on the three intermediates. The results show that the adsorption on species 3 is
strongly endothermic by 0.98 eV, larger than that on species 2 (0.16 eV). By marked contrast,
1.82 eV is released when the adsorption sites resided on species 1. These calculations disclose
that species 3 afford the weakest adsorption to Schiff base. It is therefore reasonable to believe
that the extremely weak adsorption allows the Schiff base to move freely on the surface of the
stable species 3, providing an in-depth explanation of why hydride-like NH,* species can

facilitate the reductive amination such uniquely from molecule collision theory.

ST
Qo0 cOuCoOu®N

Fig. 5. The possible reaction mechanism of imine hydrogenation and aminolysis of Schiff base.

Based on the above results, we proposed the mechanism of the ammonolysis of Schiff base
(Figure 5). Firstly, the dissociated the hydride-like NH,"> speciesand H over Co@CoO attacked
the C and N atoms on C—N groups of Schiff base, respectively, thus forming the corresponding
geminal diamine. Then the H™ species from H; attacked the C atom of C=N groups to produce
primary amines, respectively. The CoO shell not only drives the dissociation of H, to active H”
species but also enables the homolytic cleavage of NHs.

Conclusion

12



In summary, a hydride-like NH,> species-driven reductive amination was reported and
this unique NH,> species was generated from the dissociation of NHz over the CoO shell of
core-shell structured Co@CoO catalyst. This unique NH,> species gives Co@CoO
enormous power to convert various substrates to produce corresponding primary amines. This
catalyst exhibits considerable performance and excellent stability compared to other emerging
metal catalysts during the reductive amination. We revealed that the stable intermediate formed
through the co-adsorption of H* and NH,* species affords the extremely weak adsorption to
Schiff base, accordingly allowing the Schiff base highly active in the molecular collision to
present the desired reactivity. This work offers a new insight into the role of hydride-like NH,*
species and deepens the understanding of the dissociation of these hydride-like species involved

in many other important reactions.

Methods

Catalyst preparation

Co30.4 was synthesized with a precipitation method. Cobalt nitrate is used as the synthetic
precursor. In the typical process, 60 mmol of cobalt nitrate and 69 mmol of (NH4).CO3; was
dissolved in 200 ml distilled water, respectively. Then the solution of (NH4).CO3; was added
dropwise into the aqueous solution of cobalt salt under vigorous stirring until the pH of the
mother liquid reached approximately 8.5. Finally, the suspension was aged at 65 °C for 1 h with
stirring and then left to stand at room temperature for 12h. After filtration and thoroughly
washed with distilled water, the solid product was dried at 100 °C for 12 h and then calcined in
air at 450 °C for 4h to obtain C030..

13
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The as-prepared Cos04 was further reduced at desired temperature (250 °C) for 2 h under
flowing H. (10% H»-90% Ar mixed gas) in tube furnace with a ramp of 5 °C- min™* before use.
Thus-obtained reduced cobalt oxides were marked as Co@CoO.

Catalysts activity tests

The hydrogenation of propionamide was conducted in a Teflon-lined stainless-steel
autoclave (50 mL). After sealing the desired dosage of propionamide, catalyst, and CH3;OH in
the reactor, the autoclave was purged with NHjs three times and pressurized to the desired
pressure. After NH; purged, the H, was pressurized to the desired pressure. Then, the autoclave
was heated to the predetermined temperature in a short time. After reaction, the reactor was
guenched in an ice-water bath immediately.

The liquid phase was separated from the catalyst by centrifugation, and two individual
GC/GC-MS systems were used for product analyses. The qualitative analysis of products was
carried out on a GC-MS system (Agilent 7890A-5975C).

Catalyst characterization

Powder X-ray diffraction (XRD) patterns were recorded in the 6-26 mode on a D8 Focus
diffractometer (CuKa1 radiation, k=1.5406 A), operated at 40 kV and 40 mA within scattering
angels of 10-80°. Transmission electron microscopy (TEM) was obtained on a JEOL Model
2100 electron microscopy at 200 kV. The electron paramagnetic resonance (EPR) spectra were
collected on a Bruker A300 spectrometer at 77 K.

Diffuse reflectance infrared Fourier transform spectra (DRIFTS) were recorded on a Nicolet
Model iS-50 FT-IR spectrometer equipped with an MCT/A detector, and the sample cell was
fitted with ZnSe windows. Diffuse reflectance infrared Fourier transform spectra (DRIFTS)

14



were recorded on a Nicolet Model iS-50 FT-IR spectrometer equipped with an MCT/A detector,
and the sample cell was fitted with ZnSe windows. The DRIFT spectra were recorded with a
resolution of 4 cm* and 32 scans. For the adsorption and activation of Ha/D, over Co@CoO
catalyst, the as-prepared Cos0. was loaded onto DRIFT IR cell, then reduce at 250 °C for 1 h
under 10 % H,—Ar mixed gas. After cooling down to 90 °C under Ar atmosphere, the spectrum
was recorded as background. Then H; gas was imputed in the DRFIT cell at 90 °C for 40 min
and the spectrum was recorded. Finally, D, gas was flushed into the cell at 90 °C for another
40 min to record the spectrum. The NHs-DRIFT spectrum was also recorded in the similar
procedure. Typically, after cooling down to 90°C, NHs gas was passed through the DRFIT cell
for 5 min, then flushed with Ar at 90 °C for 20 min and recorded the spectrum.

Calculation Methods

In this work, all spin-polarized DFT calculations were carried out using the Vienna Ab—
initio Simulation Package (VASP)*. The projector augmented wave (PAW) method*’ and the
Perdew—Burke—Ernzerhof (PBE)* functional under the generalized gradient approximation
(GGA)* were applied throughout the calculations. The kinetic energy cut-off was set to 400
eV, and the force threshold in structure optimization was 0.05 eV/A. We used a large vacuum
gap of 15 A to eliminate the interactions between neighboring slabs. By adopting these
calculation settings, the optimized lattice constant of CoO is 4.248 A, which is in good
agreement with the experimental value of 4.267 A,

The adsorption energy of species X on the surface (Eads(X)) was calculated with

Eaas(X) = Exstab — Estab — Ex (1
where Exssiab 1S the calculated total energy of the adsorption system, while Ega, and Ex are
calculated energies of the clean surface and the gas phase molecule X, respectively. Obviously,
a negative value of Ea4s(X) indicates an exothermic adsorption process, and the more negative

the Eags(X) is, the more strongly the adsorbate X binds to the surface.
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The oxygen vacancy formation energy (Eov) was calculated according to

Eov = Esiab-ov + 1/2E02 — Esian (2)
where Egab-ov is the total energy of the surface with one oxygen vacancy, and Eo; is the energy
of a gas phase O, molecule.

For the model construction, we built a p(2x3) surface slab containing five atomic layers
for the CoO(100) surface, and the top four CoO layers of the CoO(100) were allowed to fully
relax, while the bottom atomic layers were kept fixed to mimic the bulk region. A2 x 2 x 1 k-
point mesh was used in calculations of all these models. Note that the on-site Coulomb
interaction correction is necessary for the appropriate description of the Co 3d electrons, and
all calculations are performed with U = 5.1 eV and J = 1.0 eV, which are consistent with the
values determined by previous studies®™*2,

In addition, we tested the effect of the spin state of 3d electrons in Co?* in the optimization

of CoO, and found that the high-spin antiferromagnetic arrangement was the most stable state,

and the calculated magnetic moment of 2.74 uB obtained from the difference in spin-up and

spin-down densities is consistent with literature reports®*>°,

Date availability. The data supporting the findings of this study are available within the article, or

available from the authors upon reasonable request.
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