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A B S T R A C T   

Unsaturated benzylamines and arylamines are the key building blocks for the synthesis of organic pharmaceu-
tical molecules, but their synthetic processes always suffer from low selectivity as a result of the excessive hy-
drogenation of unsaturated groups. Herein, the cobalt single-atom catalyst with an asymmetric Co1-N3-O1 
structure was designed and constructed on porous carbon nanospheres. It is found that the Co1-N3-O1 catalyst 
showed excellent catalytic activity toward the synthesis of unsaturated benzylamines and arylamines. The results 
of characterization analysis and density functional theory (DFT) calculation further clarify that introducing 
oxygen into the Co single-atom coordination environment of Co1-N3-O1 increased hydrogenation energy barrier 
of the terminal C=C double bond, which is beneficial to suppress competing hydrogenation reactions. Mean-
while, the Co1-N3-O1 catalyst had the lower energy barrier for reduction of the C=N bond to amino group, 
boosting the yields of unsaturated benzylamines and arylamines. This study offers an attracting strategy for 
efficient and selective reductive amination reaction by making use of the asymmetrically structured Co single- 
atom catalyst.   

1. Introduction 

Benzylamines bearing unsaturated groups are important chemical 
intermediates in the field of pharmaceutical, fine chemical and plastics 
industries [1–5]. As shown in Fig. 1, 4-vinylbenzylamine is the key raw 
material for the synthesis of the lipid-lowering drug Cholestyramine and 
strongly basic polystyrene anion-exchange resin [6]. Also, the targeted 
therapy drug Erlotinib can treat non-small cell lung cancer and effi-
ciently prolongs survival time, which is synthesized using the raw ma-
terial 3-ethynylaniline. However, compared with the ammonolysis of 4- 
vinylbenzyl chloride to 4-vinylbenzylamine, the selective reductive 
amination of 4-vinylbenzaldehyde is a very attractive route but remains 
a big challenge. The common Rainey Ni and Pd/C heterogeneous cata-
lysts are very easy to hydrogenate the vinyl and acetenyl groups, 
resulting in poor selectivity of unsaturated benzylamines and arylamines 
[7,8]. 

Recently, single-atom catalysts have exhibited great value in the field 
of heterogeneous catalysis owing to their high atomic utilization and 
adjustable coordination structure [9–14]. Furthermore, single-atom 
catalysts demonstrate excellent catalytic activity in many reduction 

reactions, such as aldehyde reduction [15,16], alkyne semi- 
hydrogenation [17], nitro-reduction [18–20] and CO2 reduction reac-
tion [21,22]. For example, Wang et al. reported that Co1-N4 single-atom 
on the α-cellulose derived carbon with a hollow-on-hollow architecture 
could efficiently catalyze transfer hydrogenation of nitrobenzene [23]. 
Zhu et al. reported that metal-N3 single-atom catalysts with different 
metal active centers achieved the reduction of nitroaromatic compounds 
under mild conditions [24–26]. Huang et al. also synthesized the 
asymmetric Cu1-N3 single-atom catalyst for achieving selective hydro-
genation of CO2 to obtain CO at low temperature [27]. These progresses 
show that the metal-Nx single-atom catalyst has a good potential in the 
selective reductive amination reaction. Therefore, at least three chal-
lenges need to be addressed for achieving efficient reductive amination 
of 4-vinylbenzaldehyde to 4-vinylbenzylamine: (1) single-atom catalyst 
requires a strong reducing amination capacity to ensure high conversion 
and stability. (2) Under catalytic reductive amination conditions, the 
vinyl group in 4-vinylbenzaldehyde must be suppressed to form ethyl 
group. (3) It is necessary to prevent the reductive coupling of 4-vinyl-
benzylamine and 4-vinylbenzaldehyde to form dibenzyl amine. 

Owing to the specific structural asymmetry in Co single-atom 
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catalyst, Zhai and his coworkers [28] found that the asymmetric Co1-N2- 
C2 structure could induce superior selectivity for photocatalytic oxida-
tion CH4 to CH3OH. In comparison with the N atoms of Co1-N4 site, the 
asymmetric Co1-N2-C2 structure could enable the charge transfer from 
coordinated C atoms to N atoms via the Co–C and Co–N bonds, resulting 
in such favorable photocatalytic activity. In addition to the regulation of 
single metal atom coordination environment by the C atoms, the intro-
duction of other coordinated atoms (e.g., oxygen [29], sulfur [30], and 
phosphorus [31]) for boosting the catalytic activity is an attracting 
strategy and has received much attention. 

Herein, N-doped hollow porous carbon spheres loaded with the 
asymmetric Co1-N3-O1 single-atom were prepared by high temperature 
pyrolysis and subsequent acid etching. Then the reductive amination 
and reduction reactions over the Co1-N3-O1 catalyst for highly efficient 
synthesis of unsaturated benzylamines and arylamines were investi-
gated systematically. Various characterizations techniques, control ex-
periments, and density functional theory (DFT) calculation were further 
carried out to clarify the paths and mechanisms of those reactions. In 
addition, the applicability and reusability of the Co1-N3-O1 catalyst were 
also tested. 

2. Experimental section 

2.1. Materials 

Cobalt(II) acetylacetonate (Co(acac)2, 97 %), ammonium hydroxide 
solution (28 % in water), dopamine hydrochloride (99 %), tetraethox-
ysilane (TEOS, 99 %), cobalt phthalocyanine (CoPc, 99 %), dicyandia-
mide (98 %), 4-vinylbenzaldehyde (97 %), and methanol (99.5 %) were 
purchased from Shanghai Titan Scientific Co., Ltd. NH3 and H2 with a 
grade of 99.99 v/v% were supplied from Jiangxi Huahong Gas Co., Ltd. 
All chemicals and solvents were used directly without further 
purification. 

2.2. Catalyst preparation 

As shown in Scheme 1, silicon spheres were prepared by traditional 
Stöber method [32]. 8 mL of ammonia hydroxide solution was added to 
100 mL of ethanol and 20 mL of water. Then 5 mL of TEOS was added 
into the above solution and stirred for 12 h to form silicon spheres. After 
that, 0.029 g of Co(acac)2 and 0.5 g of dopamine hydrochloride were 
charged into the above silicon spheres solution and stirred for 10 min. A 
black mixture was thus formed and stirred for 12 h. After centrifugal 
filtration and washed to neutral, the precipitate was dried at 70 ◦C for 
12 h to obtain a brown powder. The brown powder was put into a 
tubular furnace and calcined from room temperature to 900 ◦C under N2 
at a heating rate of 3 ◦C/min for 3 h. After cooling to room temperature, 
the obtained black powder was washed with 10 wt% hydrofluoric acid 
(HF) to remove the silica sphere template. Finally, the black powder was 
dried in a vacuum oven at 80 ◦C, and then the carbon spheres supported 
single Co atom catalyst was obtained and named as Co1-N3-O1. 

The synthesis procedure of N-doped carbon spheres (NC) was similar 
to that of Co1-N3-O1, except for the addition of Co(acac)2. The NC sup-
ported Co nanoparticles (CoNPs) was prepared via the impregnation 
method using Co(NO3)2⋅6H2O and NC, followed by the reduction of 10 
% H2/90 % N2 (v/v) at 900 ◦C for 2 h. For comparison, single Co atom 
catalyst with the symmetric structure of Co1-N4 was also prepared by 
pyrolysis of the precursor CoPc reported in the previous reference [33]. 

2.3. General procedure 

Typically, 0.5 mmol of aldehyde or ketone, 0.03 g of catalyst and 5 
mL of methanol were added to a Teflon-lined stainless reactor and 
stirred for 10 min. The air in the reactor was removed by H2, and then 1 
bar NH3 and 3 bar H2 were injected. The reaction was performed at 
specified temperature and time with stirring at 800 rpm. The reduction 
of nitro compounds was similar to the above-mention procedure, but 
without filling with NH3. After the completion of reaction, ethylbenzene 
was used as internal standard in the mixture. The liquid product was 
separated by filtration and analyzed using a Thermo Trace 1310 gas 
chromatography (GC) instrument equipped with FID and a TG-5HT 
capillary column (30 m × 0.25 mm × 0.25 μm). The molecular struc-
tures of the liquid products were identified by gas chromatogra-
phy–mass spectrometry (GC–MS) (Thermo Trace 1300 GC-ISQ). 

2.4. Computational details 

All the DFT calculations are performed by the Vienna Ab initio 
Simulation Package (VASP) [34] with the projector augmented wave 
(PAW) method [35]. The exchange-functional is treated using the 
generalized gradient approximation (GGA) with Perdew-Burke- 
Ernzerhof (PBE) [36] functional. The energy cutoff for the plane wave 
basis expansion was set to 400 eV. Partial occupancies of the Kohn–-
Sham orbitals were allowed using the Gaussian smearing method and a 
width of 0.2 eV. The local structure of Co1-N4, Co1-N3-O1, and CoNPs 

Fig. 1. Selected examples of current drugs and bio-active functional-
ized amines. 

Scheme 1. Schematic illustration for the catalyst preparation of Co1-N3-O1.  
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were built on the plane structure of graphene, where the k-point of 2 × 2 
× 1 was used in all the calculations. The transition state was calculated 
using the constrained optimization [37]. The self-consistent calculations 
apply a convergence energy threshold of 10-4 eV, and the force 
convergency was set to 0.05 eV/Å. The free energy corrections were 
considered at the temperature of 358 K, following:  

ΔG=ΔE + ΔGZPE + ΔGU – TΔS                                                            

where ΔE, ΔGZPE, ΔGU, and ΔS refer to the DFT calculated energy 
change, the correction from zero-point energy, the correction from inner 
energy and the correction from entropy [38]. 

3. Results and discussion 

3.1. Catalyst preparation and characterization 

The XRD and XPS patterns of the catalyst precursor were shown in 
Figure S1, indicating that cobalt has been loaded on the precursor. The 
metallic Co mass contents in the Co1-N3-O1, Co1-N4, and CoNPs catalysts 
were tested by inductively coupled optical emission spectrometer and 
the results are listed in Table S1. It is found that the Co mass percentage 
of Co1-N3-O1 was 0.78 wt%, as well as the Co mass percentage of Co1-N4 
was 0.91 wt%. For comparison, the CoNPs catalyst had the highest 
metallic Co content of 6.74 wt%. Moreover, the crystal phases of the 
catalyst samples were characterized by X-ray diffraction (XRD) 
(Figure S2). Two characteristic peaks appeared near 25◦ and 43◦, which 
belong to the (002) and (100) crystal planes of graphite-like carbon 

[39], respectively. Three peaks at 2θ=44.2◦, 51.5◦, and 75.9◦ were 
observed in the XRD pattern of CoNPs, assigned to the (111), (200), and 
(220) crystal planes of metallic Co0 (PDF#15-0806). The crystal 
diffraction peaks of metallic Co0 were not found in Co1-N3-O1 and Co1- 
N4, showing the probable absence of Co nanoparticles in these two 
catalysts. 

Scanning electron microscope (SEM) image showed that the shape of 
the hollow porous carbon spheres was uniform (Fig. 2a). Transmission 
electron microscope (TEM) images also indicated that the diameter of 
hollow porous carbon spheres was around 100 nm, and the surface was 
distributed with a thick-layered structure (Fig. 2b & c). The Co nano-
particles and clusters were not observed for the Co1-N3-O1 catalyst, 
which is consistent with the XRD results (Figure S2). Similarly, the TEM 
images of Co1-N4 showed carbon layered nanostructures without the 
observation of Co nanoparticles (Figure S3). By comparing the TEM 
images before and after HF treatment (Fig. 2b ~ d), it is demonstrated 
that the carbon sphere was hollow and the surface was not damaged by 
HF. Moreover, the aberration-corrected high-angle annular dark-field 
scanning transmission electron microscopy (AC-HAADF-STEM) images 
(Fig. 2e & f) indicated that the surface of hollow porous carbon spheres 
was covered with a thin layer containing Co single atoms (the bright 
spots as shown in Fig. 2g, Figure S4). Energy dispersion spectroscopy 
(EDS) mapping was further used to test the distribution of major ele-
ments on the surface of Co1-N3-O1 catalyst. Fig. 2h ~ k show that the Co, 
N and O elements were uniformly distributed on the surface of hollow 
porous carbon spheres. Especially, the weak signal of Co mapping in the 
Co1-N3-O1 catalyst with highly dispersing uniform state further verifies 

Fig. 2. (a) SEM image and (b & c) TEM images of Co1-N3-O1; (d) TEM image of Co1-N3-O1 before HF treating; (e ~ g) AC-HAADF-STEM images, (h ~ k) EDS mapping 
of Co1-N3-O1. 
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the presence of Co single atoms in the Co1-N3-O1 catalyst. 
The surface areas and pore volumes of the samples were tested by the 

N2 adsorption/desorption isotherms (Fig. 3a, Figure S5). The Bru-
nauer–Emmett–Teller (BET) surface area and pore volume of Co1-N3-O1 
catalyst were calculated to be 788 m2/g and 2.94 cm3/g, which are 
slightly smaller than those of NC without Co loading (surface area of 
863 m2/g, pore volume of 3.59 cm3/g) (Table S1). Whereas, the BET 
surface area of CoNPs decreased significantly to 562 m2/g due to the 
aggregation of a large amount of Co nanoparticles. Additionally, the 
surface area of Co1-N4 catalyst was only 88 m2/g and much lower than 
that of Co1-N3-O1. This shows that silicon sphere as a sacrificial template 
can result in the large surface area. 

X-ray photoelectron spectroscopy (XPS) was used to measure the 
elemental and valence composition of the catalyst surface. Table S2 lists 
the results of the C, N, O element content in the surface of Co1-N3-O1. 
The binding energies at 778.6 eV and 793.7 eV in the Co 2p XPS spectra 
confirmed the presence of Co nanoparticles in the CoNPs catalyst 
(Fig. 3b), while these two peaks were not found in the Co1-N3-O1 and 
Co1-N4 catalysts, which are accordance with the above XRD and TEM 
results. Moreover, the peaks with the binding energies of 780.7 eV and 
796.1 eV could be fitted in the Co 2p XPS spectra, which is assigned the 
Co2+ species [40]. Fig. 3c shows the N 1s spectra of the Co1-N3-O1 and 
Co1-N4 catalysts. It is found that graphitic N (401.3 ~ 401.4 eV) was 
mainly in Co1-N3-O1, while Co1-N4 had more pyridinic N (398.5 ~ 
398.7 eV). A fitting peak at 399.6 eV attributing to the Co-Nx bond was 
simultaneously detected in the Co1-N3-O1 and Co1-N4 catalysts [41]. In 

addition, the O 1s XPS spectra of the Co1-N3-O1 and CoNPs catalysts were 
fitted into four peaks as follows: O=C (531 eV), O-C (532.1–532.4 eV), 
O=C-OH (533.5–533.8 eV) and O-Co (530.3 eV) (Fig. 3d) [42]. The 
fitting peak of O-Co was absent in the Co1-N4 catalyst, verifying the 
coordination of Co atom with N atoms in the Co1-N4 catalyst. 

X-ray absorption fine structure (XAFS) measurements at the Co K- 
edge were performed to investigate the local structures of Co species in 
the Co1-N3-O1 catalyst. The normalized X-ray absorption near-edge 
structure (XANES) results are shown in Fig. 4a. Compared with the 
standard Co foil, the absorption edge of Co1-N3-O1 shifts to the higher 
energy and is close to that for CoO, indicating that the valence state of Co 
in Co1-N3-O1 should be close to + 2. The R space of the Fourier transform 
K2-weighted extended X-ray absorption fine structure (FT-EXAFS) 
spectra of Co1-N3-O1 showed that the main peak of Co1-N3-O1 at 1.41 Å 
was attributed to the Co-N or Co-O bond (Fig. 4b) [43], which is shorter 
than the Co–O peak of the standard CoO and the Co–Co peak of the 
standard Co foil. No Co–Co peaks or other high-shell peaks were 
observed for Co1-N3-O1, again confirming the single atom dispersion of 
Co species in the Co1-N3-O1. 

Subsequently, Fig. 4c ~ e shows the wavelet transforms (WTs) of Co 
K-edge EXAFS oscillations. The contour plots of Co1-N3-O1 present only 
one intensity maximum at ~ 1.41 Å (Y-axis) assigning to Co–N or Co–O 
coordination, as well as no intensity maximum related to Co–Co coor-
dination is detected. These findings obviously demonstrate that the Co 
species in Co1-N3-O1 are coordinated by N and O atoms. Furthermore, 
the precise coordination configuration of Co single-atom was correlated 

Fig. 3. (a) N2 adsorption–desorption isotherms of the Co1-N3-O1, Co1-N4, CoNPs, and NC catalysts; (b) Co 2p, (c) N 1s, and (d) O 1s XPS spectra of the Co1-N3-O1, Co1- 
N4, and CoNPs catalysts. 
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by FT-EXAFS fitting of the first shell, and the fitting results for different 
Co coordination environments were shown in Table S3, Figures S6 and 
S7. It is found that the configuration model of Co1-N3-O1 shows the best 

k space and R space fitting results (Fig. 4f & g). The coordination number 
of the central Co atom is about 4, while the mean Co–N bond and Co–O 
bond length of Co1-N3-O1 are 1.89 Å and 2.06 Å, respectively (Table S3). 

Fig. 4. (a) Co K-edge XANES spectra, (b) FT k3-weighted EXAFS spectra of Co foil, CoO and Co1-N3-O1; (c ~ e) Wavelet-transformed k3-weighted EXAFS spectra of Co 
foil, CoO and Co1-N3-O1; (f) Co K-edge EXAFS fitting caves in k space; (g) Co K-edge EXAFS fitting caves in R space. 

Table 1 
Catalyst screening for the reductive amination of 4-vinylbenzaldehyde.a 

Entry Catalyst Conversion 
(%) 

Selectivity (%) 

a b others 

1 Co1-N3-O1 >99 >99 0 0 
2 Co1-N4 >99 47 31 22 
3 CoNPs >99 20 62 18 
4 NC >99 0 0 >99 
5 CoPc >99 0 0 >99 
6 Co(acac)2 >99 0 0 >99 
7 Pd/C >99 0 68 32 
8 Ru/Al2O3 >99 12 33 55 
9b Co1-N3-O1 >99 >99 0 0  

a Reaction conditions: 4-vinylbenzaldehyde (0.5 mmol), catalyst (30 mg), NH3 (1 bar), 120 ◦C, H2 (3 bar), methanol (5 mL), 2 h, 800 rpm. b60 ◦C, 4 h. 
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As a result, the four-coordinated Co atomic structure is shown in the 
inset of Fig. 2g, in which each single Co atom is coordinated by three N 
atoms and one O atom in the plane. 

3.2. Catalyst screening 

Considering that the vinyl and aldehyde groups are easily reduced, 
the reductive amination of 4-vinylbenzaldehyde with higher chemo-
selectivity to generate 4-vinylbenzylamine was challenging due to the 
occurrence and competition of various side-reactions (Figure S8). To our 
great delight, the Co1-N3-O1 catalyst exhibited the highest selectivity to 
4-vinylbenzylamine with almost quantitative yield through reductive 
amination of 4-vinylbenzaldehyde at 120 ◦C for 2 h under 1 bar NH3 and 
3 bar H2 (Table 1, entry 1). However, both of the Co1-N4 and CoNPs 
catalysts showed very low selectivities of 4-vinylbenzylamine (Table 1, 
entries 2, 3), indicating that the over-reduction of vinyl group and other 
side reaction occurred to 4-ethylbenzylamine, bis(4-ethylbenzyl)amine 
and N-(4-ethylbenzyl)-1-(4-ethylphenyl)methanimine (Figure S8). In 
the poisoning experiments using KSCN and thiophene (Table S4), KSCN 
exhibited a strong inhibitory effect on formation of 4-vinylbenzylamine 
compared with thiophene, indicating that the catalyst activity is derived 
from Co single atoms rather than Co nanoparticles or clusters. This is 
because that KSCN has a strong affinity to Co single atoms and thereby 
cause the loss of catalytic activity [44]. On NC catalyst, 4-vinylbenzalde-
hyde and NH3 were dehydrated and condensed to form imine and their 
dimers. No catalytic activity was found on NC, which indicates that 
cobalt was crucial species in the reaction (Table 1, entry 4). The catalytic 
performance of Co1-N3-O1 was also better than other cobalt-based ho-
mogeneous catalysts. Homogeneous CoPc and Co(acac)2 were unable to 
catalyze this transformation in the reductive amination of 4-vinylbenzal-
dehyde (Table 1, entries 5 and 6). Pd/C and Rh/Al2O3 with stronger 
reducing ability showed low selectivity, and other by-products were 4- 
methylethylbenzene and 4-ethylbenzyl alcohol (Table 1, entries 7 and 
8). The mass spectra of the main product and by-products were shown in 
Figure S9. Particularly, the Co1-N3-O1 catalyst still induced a 99 % yield 
of 4-vinylbenzylamine at a relatively low temperature of 60 ◦C for 4 h 
(Table 1, entry 9). To verify whether over-reduction occurs at longer 
reaction time, the experiment with longer reaction time was conducted. 
After 12 h of reaction at 120 ◦C, there was still 99 % selectivity of 4- 
vinylbenzylamine over the Co1-N3-O1 catalyst, but 4-ethylbenzylamine 
and bis(4-ethylbenzyl)amine were the main products using the Co1-N4 
and CoNPs catalysts (Figures S10 and S11). 

Then, the reaction conditions for reductive amination of 4-vinylben-
zaldehyde catalyzed by the Co1-N3-O1 catalyst were optimized. Solvent 
was one of the most important factors for the liquid-phase catalytic re-
action (Table S5). Better catalysis was observed in protic solvents, where 
methanol was able to exhibit the highest selectivity to 4-vinylbenzyl-
amine. Yields were greatly affected in polar aprotic solvents, and the 
conversions were reduced in nonpolar solvents. In many heterogeneous 
catalytic reduction systems, the critical role of alcohols in heterolytic 
cleavage of H2 molecules by H-shuttling mechanism has been demon-
strated [19,45]. The methanol molecule accepts an activated H atom 
from the Co site and meanwhile donate a H atom to the acceptor by 
hydrogen bond, thereby promoting the heterolytic cleavage of H2 [46]. 
Protic solvent mediated hydrogen transfer generally has a lower acti-
vation barrier, leading to a significant enhancement of hydrogenation 
activity in the presence of alcohols [47]. The yield of 4-vinylbenzyl-
amine performed a positive correlation with the H2 pressure from 1 
bar to 12 bar, with slowly increase after 3 bar probably because the H2 
concentration was already sufficient to cover almost the entire catalyst 
surface (Table S6). Unlike H2 pressure and solvents, NH3 pressure 
showed no such significant influence on the reductive amination of 4- 
vinylbenzaldehyde, since there was enough NH3 to dehydrate and 
condensation with carbonyl group to form –CH=NH bond because of the 
excellent solubility (Table S7). The hydrogen source also had influence 
in reductive amination. H2, formic acid, and hydrazine hydrate were 

used as hydrogen sources respectively. The catalyst exhibited the 
highest 4-vinylbenzylamine yield under H2 condition, whereas formic 
acid and hydrazine hydrate showed poor catalytic activity (Table S8). 
No activity of formic acid as hydrogen source was due to the reaction of 
formic acid with ammonia to form ammonium formate. For hydrazine 
hydrate, it was difficult to catalyze the decomposition of hydrazine 
hydrate at low temperatures. In order to investigate the stability and 
reusability of Co1-N3-O1, the catalyst was tested at 50 ◦C and separated 
by simple centrifugation. After recycled for 10 times, the yield was still 
higher than 20 % (Figure S12), implying the reliable durability of the 
Co1-N3-O1 catalyst. From the XRD, EDS, N2 adsorption–desorption curve 
and XPS characterization results of the recycled catalyst (Figure S13), it 
can be found that single Co atoms did not agglomerate to form Co 
nanocrystals. The morphology, specific surface area, surface element 
distribution and valence state of the catalyst did not obvious change. 
These all indicate that the catalyst has good stability. 

3.3. Reaction mechanism investigations 

Above experimental results showed that the reductive amination of 
4-vinylbenzaldehyde over the Co1-N3-O1 catalyst mainly leaded to 99 % 
yield of 4-vinylbenzylamine, while the Co1-N4 and CoNPs catalysts pro-
duced a large amount of 4-ethylbenzylamine. To reveal the intrinsic 
catalytic mechanism, DFT was employed to probe the hydrogenation 
behavior of intermediate product (4-vinylphenyl)methanimine (con-
taining both vinyl and imine unsaturated functional groups) on different 
catalysts. Firstly, the hydrogenation process of (4-vinylphenyl)meth-
animine molecule adsorbed on Co1-N3-O1 and Co1-N4 surface with C=N 
terminal was calculated. The energy profiles are shown in Fig. 5a, and 
corresponding structures including transition state (TS) and intermedi-
ate state are shown in Figures S14 and S15. It can be seen from Fig. 5a 
that the process of (4-vinylphenyl)methanimine adding the first H atom 
possesses the highest energy barrier, which is the rate-controlling step. 
The TS1 energy barrier of Co1-N3-O1 is 0.17 eV lower than that of Co1- 
N4, and its TS2 energy barrier is also 0.05 eV lower. This indicates the 
imine group on (4-vinylphenyl)methanimine is more easily reduced to 
amino group by hydrogenation on Co1-N3-O1. Additionally, the hydro-
genation behavior of (4-vinylphenyl)methanimine adsorbed on Co1-N3- 
O1, Co1-N4 and CoNPs with the terminal C=C double bond was further 
investigated. The energy changes is shown in Fig. 5b, and corresponding 
calculated structures are shown in Figures S16 ~ S18. From Fig. 5b, it 
can be observed the two-step hydrogenation energy barriers (2.44 eV 
and 1.25 eV) of C=C on Co1-N3-O1 are the highest, while the energy 
barriers of TS1 and TS2 on Co1-N4 are 1.19 eV and 0.76 eV, and these on 
CoNPs are 0.75 eV and 0.97 eV, respectively. The highest hydrogenation 
energy barrier of C=C on the three catalysts is in the order of Co1-N3-O1 
> Co1-N4 > CoNPs, which maks a good agreement with the sequence of 
the yield of by-product 4-ethylbenzylamine. In particular, the TS1 en-
ergy barrier on Co1-N3-O1 is about twice that of Co1-N4, which implies 
(4-vinylphenyl)methanimine is more difficult to implement C=C hy-
drogenation on Co1-N3-O1. 

The faster H2 dissociation rate is beneficial to increase the hydro-
genation rate, but it will also increase the reduction tendency of various 
unsaturated functional groups. Therefore, the dissociation barriers of H2 
on the surface of Co1-N4, Co1-N3-O1 and CoNPs were also investigated. 
The energy change of the dissociation process and the corresponding 
state structures are shown in Figures S19 ~ S22. It can be seen from 
Figure S19 that the dissociation energy barrier of H2 on CoNPs is the 
lowest (0.45 eV), followed by Co1-N4 (1.72 eV), and the highest is Co1- 
N3-O1 with 2.23 eV. This shows that during the hydrogenation reaction, 
the concentration of surface dissociated H is very probably the highest 
on CoNPs, which would result in the highest reduction tendency of 
various unsaturated functional groups on it. On the contrary, the degree 
of H2 dissociation on the surface of Co1-N3-O1 is not so violent, which is 
beneficial to suppress other competing hydrogenation reactions. 
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Fig. 5. (a) Energy profiles of (4-vinylphenyl)methanimine hydrogenation by C=N on Co1-N4, and Co1-N3-O1 surface; (b) Energy profiles of (4-vinylphenyl)meth-
animine hydrogenation by C=C on Co1-N4, Co1-N3-O1 and CoNPs surface. 

Fig. 6. Reductive amination of aldehydes and ketones with different substituted groups. a Conditions: substrate (0.5 mmol), catalyst (30 mg), 60 ◦C, NH3 (1 bar), H2 
(3 bar), methanol (5 mL), 800 rpm. b 90 ◦C; c 100 ◦C; d 120 ◦C. 
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3.4. Substrate scope 

Various amines obtained by the reductive amination of aldehydes or 
ketones are very useful for the synthesis of drugs, pesticides and func-
tional materials. Then the Co1-N3-O1 catalyst was further applied to the 
reductive amination of different types of aldehydes including aromatic 
and aliphatic aldehydes. As shown in Figs. 6, 4- acetenylbezaldehyde 
was completely transformed to 4-acetenylbenzylamine (S1) at 60 ◦C and 
6 h. Cinnamamine (S2) was conveniently formed by reductive amination 
of cinnamaldehyde. For unsaturated aliphatic amine, 2-methylallyl-
amine (S3) was synthesized from 2-methacrolein at 90 ◦C. The synthe-
sis of some amines containing sensitive functional groups can be also 
efficiently synthesized. For example, hydroxyl groups (S4-S5) and 
carboxyl group (S6) are well preserved during reductive amination. 
Benzaldehyde and its alkyl substitutes (S7-S8), as the most basic aro-
matic aldehydes, are completely converted to corresponding benzyl-
amines at 60 ◦C. Benzaldehyde with F-, Cl- and Br-substituents (S9 ~ 
S13) can be reduced to corresponding benzylamines. Benzaldehyde 
substrates containing electron-donating functional groups (such as hy-
droxyl, methoxy and their disubstituted groups) also achieved high 
yields (S14 ~ S16). Heterocyclic aldehydes containing pyridine (S17) 
and furan rings (S5, S18) can be used to synthesize their corresponding 
primary amines, which can be used as valuable precursors and in-
termediates in the field of life sciences. The key psychotropic drug 
monomers phenylethylamine (S19) and amphetamine (S20) were ob-
tained with more than 88 % yield. Also, 2-methylpentylamine and 5,5′- 
bis(aminomethyl)-2,2′-bipyridine were efficiently realized from alkyl 
and pyridinic aldehydes (S21, S22). 

In addition to aromatic aldehydes, the Co1-N3-O1 catalyst was also be 
efficiently applied to reductive amination of aromatic ketones. Aceto-
phenone and its halogen-, cyano-, methoxy-, methylthio-, and amide 
functional group-substituted analogues exhibited high activity (S23- 
S31), demonstrating higher chemoselectivity and sulfur tolerance of 
Co1-N3-O1. As expected, the fuse-ring ketones and aryl-aryl ketone (S32- 
S36) with large steric hindrance required high reaction temperature of 
120 ◦C to obtain the target amine products with high yields. Acetyl 
thiophene and cyclohexanone can be reductively aminated to obtain 
corresponding amines (S37, S38). Besides, aryl–alkyl (cyclic) ketones 

were also successfully reduced to the destination amines (S39-S42). 
Following the success of reductive amination of aldehydes/ketones, 

the hydrogenation of nitrobenzene with different substituted functional 
groups over the Co1-N3-O1 catalyst was explored (Fig. 7). As an impor-
tant intermediate of antitumor agent Icotinib and Erlotinib [48], 4- 
vinylaniline (S43) and 3-aminophenylacetylene (S44) were obtained 
with more than 93 % yield. A 90 % yield of 3-aminocinnamic acid (S45) 
was also realized. Moreover, nitrobenzenes bearing different functional 
groups (e.g., –COOH, –CH3, halogen, –CN, –OH, -SCH3 and –CHO) were 
efficiently converted to corresponding anilines (S46 ~ S58). In addition, 
four anilines containing fused rings and heterocycles (S59 ~ S62) were 
also received with excellent yields. Overall, the Co1-N3-O1 catalyst 
exhibited fascinating catalytic activities in a wide scope of synthetic 
various anilines, demonstrating its universal applicability. 

4. Conclusion 

In summary, hollow N-doped carbon nanospheres supported Co 
single atoms with an asymmetric Co1-N3-O1 structure was successfully 
prepared and characterized. The Co1-N3-O1 catalyst exhibited good 
performance for efficient synthesis of various unsaturated benzylamines 
and arylamines from unsaturated aldehydes and nitro compounds under 
mild conditions. Compared with the indiscriminate activation cases of 
Co1-N4 and CoNPs, the Co1-N3-O1 catalyst had the highest hydrogenation 
energy barrier of the terminal C=C bond, which is beneficial to suppress 
competing hydrogenation reactions and thereby results in excellent 
yields of unsaturated benzylamines and arylamines. Therefore, the 
asymmetrically structured Co single-atom catalyst is considered to be an 
encouraging catalyst for highly efficient and selective reductive ami-
nation reaction. 
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Stöber method to the preparation of monodisperse resorcinol–formaldehyde resin 
polymer and carbon spheres, Angew. Chem. Int. Ed. 50 (2011) 5947–5951. 

[33] S.Y. Chen, T. Luo, X.Q. Li, K.J. Chen, J.W. Fu, K. Liu, C. Cai, Q.Y. Wang, H.M. Li, 
Y. Chen, C. Ma, L. Zhu, Y.R. Lu, T.S. Chan, M.S. Zhu, E. Cortés, M. Liu, 
Identification of the highly active Co–N4 coordination motif for selective oxygen 
reduction to hydrogen peroxide, J. Am. Chem. Soc. 144 (2022) 14505–14516. 

[34] G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals 
and semiconductors using a plane-wave basis set, Comput. Mater. Sci. 6 (1996) 
15–50. 
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