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Utilizing aromatic alkanes instead of aromatic oxygenated compounds as the starting materials for efficient
synthesis of N-benzylanilines remains a great challenge, which is hampered because of the chemical inertia
property of aromatic alkanes. Herein, a cost-effective and promising cascade protocol was proposed for synthesis
of N-benzylanilines via the amination of toluene over a cobalt-based catalyst. Both the intermediate benzala-
niline and target product N-benzylanilines could be achieved in 99 % yield with the optimized conditions.

Moreover, comparative experiments and characterization further clarified that the cascade synthesis of N-ben-
zylaniline was through the amination of toluene involving oxidation, condensation, and hydrogenation reactions.
Metallic cobalt loaded on Co-N-C/800-0.1 accounted for such superior catalytic performance. Furthermore, the
Co-N-C/800-0.1 catalyst also showed good applicability and reusability. This study offers a potential avenue for
direct synthesis of aromatic amines from available and inexpensive aromatic alkanes.

1. Introduction

Aromatic alkanes are plentiful in fossil resources, and they serve as
starting materials for numerous chemical intermediates and products
[1]. They are commonly used as solvents or fuels, but their applications
in organic synthesis are limited by their chemical inertia [2-4]. Signif-
icant progress in the functionalization of aromatic alkanes over the past
few decades has enabled the conversion of low-value aromatic alkanes
to obtain various aromatic oxygenated compounds such as aromatic
ketones, alcohols, and acids [5-9]. The acquirement of aromatic
oxygenated compounds from aromatic alkanes relies on many methods
such as carbene insertion, C-H bond activation, and
free-radical-mediated substitution/addition catalyzed by various tran-
sition metals [10-13].

Compared with aromatic oxygenated compounds, aromatic amines
show higher added value and more functions in dyes, surfactants, pes-
ticides, explosives, additives and so on [14,15]. Aromatic oxygenated
compounds reacting with nitrogen-containing compounds are a com-
mon route for synthesizing aromatic amines. For example, Ma and his
co-workers synthesized the Co nanoparticles loaded on the
nitrogen-doped carbon for the synthesis of N-benzylanilines via the
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N-alkylation of benzylic primary alcohols and anilines [16]. Xu and his
co-workers also used a nickel-based catalyst for preparing N-benzyla-
nilines by reductive amination of benzyl aldehydes [17]. Although
N-benzylanilines could be facilely synthesized with benzylic alcohols or
benzyl aldehydes as raw materials (Scheme 1, Route A), these aromatic
oxygenated compounds are mainly derived from the oxidation of aro-
matic alkanes. The synthesis of N-benzylanilines via the Route A has to
require an additional oxidation reaction of aromatic alkane.

Recently, some studies directly used toluene instead of benzylalde-
hyde or benzyl alcohol as raw material to synthesize N-benzylanilines
over various homogeneous or heterogeneous catalysts (Scheme 1, Route
B). However, this route still suffers from many drawbacks such as the
requirements of noble metals, organic oxidants (e.g., DTBP, TBHP), or
strong bases (e.g., KOtBu) and poor catalyst recyclability [18-22]. So
far, N-containing porous carbon materials loaded with Co nanoparticles
(Co-N-C) possess large specific surface area as well as rich mesopores,
etc. [23-26]. As well known, N atoms as dopant into carbon can improve
the activity of catalytic oxidation and condensation reactions [27], and
Co nanoparticles also play a role in activating Hy molecules [28,29].
Thereby, it is highly anticipated to design a N—C supported Co nano-
particles catalyst for efficient cascade synthesis of N-benzylanilines via
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Scheme 1. Various routes for the synthesis of N-benzylanilines.
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Scheme 2. Schematic illustration for the preparation of Co-N-C/800-0.1 catalyst.

the amination of toluene involving oxidation, condensation, and hy-
drogenation reactions (Scheme 1, Route C).

Herein, a set of heterogeneous Co-N-C catalysts were designed and
fabricated using colloidal silica as hard template together with high
temperature pyrolysis and subsequent acid etching. Moreover, their
catalytic performance in cascade synthesis of N-benzylanilines was
studied in detail. Various characterizations techniques and controlled
experimental study were also performed to clarify the paths of those
reactions. Finally, the applicability and stability of the prepared catalyst
were further tested.

2. Experimental section
2.1. Materials

Colloidal silica (30 wt%) was purchased from Sigma Aldrich Co., Ltd.
3-Aminophenol (98 %), aniline (99 %), melamine (99 %), cobalt (II)
nitrate hexahydrate (99 %), and formaldehyde (37 wt% in water) were
commercially acquired from Shanghai Macklin Biochemical Co., Ltd.
Toluene (99 %), 3-chlorotoluene (99 %), 4-chloroaniline (99 %), 2-
phenylethylamine (99 %), 4-bromoaniline (99 %), p-anisidine (99 %),
3, 5-dimethylaniline (99 %), p-toluidine (99 %), p-fluorotoluene (98 %),
and 4-fluoroaniline (99 %) were purchased from Adamas-Beta Co., Ltd.
All chemicals were received and used without additional purification.
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2.2. Catalyst preparation

As shown in Scheme 2, colloidal silica (5.0 g) and melamine (1.0 g)
were dispersed in deionized water (50 mL). The dispersion was stirred at
room temperature for 30 min. Subsequently, 3-aminophenol (0.5 g) and
10 mL of cobalt (II) nitrate solution (0.1 M) were simultaneously added
to the mixture and dispersed by stirring for another 30 min. Subse-
quently, 0.75 mL of formaldehyde solution was added dropwise into the
slurry and stirred vigorously for 24 h. The precipitate was gained by
centrifugation and flushed with water. After that, the precipitate was
treated by drying in a vacuum oven at 70 °C for 6 h to get the catalyst
precursor. The precursor was loaded in a tubular furnace, heated to 800
°C at a heating rate of 3 °C /min, and kept for 2 h under protection of Ny
(25 mL/min). The black powder obtained after cooling in the furnace
was named as Co-N-C/800-0.1@SiO,. Finally, the Co-N-C/800-
0.1@SiO; was treated with a 10 wt% hydrofluoric acid solution for 6 h
followed by washing with water until pH~7.0. The powder was dried
overnight in the vacuum oven at 80 °C, which labeled Co-N-C/800-0.1.

For comparison, the reference catalysts Co-N-C/700-0.1 and Co-N-
C/900-0.1 were prepared with similar procedure of Co-N-C/800-0.1 in
which 700 and 900 represented the calcination temperature ( °C). Then,
the preparation procedure Co-N-C/800-0.2 was similar to that of Co-N-
C/800-0.1, except for the different added amounts of Co(NOg3)2-6H20
(10 mL, 0.2 M). The catalyst prepared by the same steps as Co-N-C/800-
0.1 without the adding nitrogen source was named as Co-C catalyst. In
addition, the nitrogen-doped carbon material named as NC catalyst was
prepared without using Co(NO3)2-6H20 as raw material.

2.3. Characterization of Co-N-C catalysts

The N, adsorption/desorption analysis was carried out on a TriStar I
3020 device (Micromeritics). XRD analysis was conducted using a
Rigaku RINT-2200 X-ray diffractometer with a Cu Ko radiation. The scan
range was from 5° to 90°, and the scan speed was 20°/min. Surface el-
ements and their valence states were obtained by X-ray photoelectron
spectroscopy (XPS) on an AXIS Supra of Kratos Analytical using Al Ka as
radiation source (hv = 1486.7 eV). The binding energies were calibrated
based on the C 1 s peak at 284.8 eV. The catalyst morphology was
determined by a JEOL JEM-2100 transmission electron microscopy
(TEM) instrument and a HITACHI SU8020 scanning electron microscope
(SEM) instrument. The cobalt content in the sample was determined by
inductively coupled plasma optical emission spectrometry (ICP-OES)
employing an Agilent 720 ICP-OES device.

2.4. Catalytic performance

The cascade synthesis of N-benzylaniline was carried out under
continuous stirring in a 25 mL stainless-steel autoclave. In a typical run,
aniline (0.5 mmol), the catalyst (20 mg), and toluene (3 mL) were placed
in the autoclave. Afterwards, the air inside was exchanged with oxygen
several times and the O, pressure was maintained at 0.4 MPa before
reaction. Subsequently, the reaction was performed with a stirring rate
of 600 rpm at 160 °C for 12 h. Then the first reaction finished, the
reactor cooled down to room temperature. Subsequently, pure Hy was
purged into the autoclave several times to replace the O, and maintained
at 0.8 MPa before reaction. Then, the second step of the cascade syn-
thesis was performed at 150 °C for 12 h. The liquid product was sepa-
rated by filtration and analyzed using a Thermo Trace 1310 GC
instrument equipped with an FID and a TG-5HT capillary column (30 m
x 0.25 mm x 0.25 pm). The molecular structures of products were
identified by gas chromatography—mass spectrometry (GC—MS) on the
Thermo Trace 1300 GC-ISQ instrument.

Co-N-C/800-0.1 was recycled through the procedure including
centrifugation, washing with ethanol, and drying in the vacuum oven
(70 °C, 8 h). Then, the recycled Co-N-C/800-0.1 was directly used in the
subsequent cycle of N-benzylanilines synthesis.

Molecular Catalysis 555 (2024) 113912

Co(111)
Co-N-C/800-0.2

Ao rdh e A sh bkl

T Y ¥ y 4

Co-N-C/800-0.1

ey e

Wit L)

Intensity (a.u.)

Co-N-C/700-0.1

L W W Hiwiin

Co-N-C/800-0.1@SiO,

m m
"

Sio, (111)

20 30 40 50 60 70 80
20 (degree)

Fig. 1. XRD patterns of Co-N-C/700-0.1, Co-N-C/800-0.1, Co-N-C/800-0.2,
and Co-N-C/800-0.1@SiO, catalysts.

1000

—— Co0-N-C/700-0.1

—=— Co-N-C/800-0.1

Sper = 750 m*-g’!
S
800 - .
S

seT = 781 mz-g'l
—aA— C0-N-C/900-0.1
—v— Co-N-C/800-0.2 ey = 585 m2-g’!
600 —* Co-N-C/800-0.1@SiO, Spyr=190 m* g

per = 880 m*-g!

400

Quantity Adsorbed (cm®/g)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P)

Fig. 2. N, adsorption-desorption isotherms of Co-N-C/700-0.1, Co-N-C/800-
0.1, Co-N-C/900-0.1, Co-N-C/800-0.2, and Co-N-C/800-0.1@SiO-, catalysts.

3. Results and discussion
3.1. Catalyst characterization

The phase structures of Co-N-C catalysts were studied by XRD
analysis and the results are shown in Fig. 1. The diffraction peaks at 26 =
26° belonged to the (002) lattice planes of graphitic carbon with certain
defects and Co, N dopants [30,31]. Meanwhile, the diffraction peak at 20
= 22° for Co-N-C/800-0.1@SiOy was attributed to the (111) crystal
plane of silica [32]. Notably, another diffraction peaks at 20 = 44.2°
were assigned to the (111) lattice planes of the Co phase
(PDF#15-0806) [33]. It is found that the increasing calcination tem-
perature and Co loading would strengthen the peak intensity of metallic
Co®. Comparing the XRD profiles of Co-N-C/800-0.1@SiO, and
Co-N-C/800-0.1, the removal of SiO also resulted in a significant
enhancement of Co diffraction peak intensity. In addition, the XRD
patterns of several reference catalysts NC, Co-C, and Co-N-C/900-0.1
were also displayed in Figure S1.
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Fig. 3. (a) SEM image of the Co-N-C/800-0.1. (b) TEM (inset: Co nanoparticle size distribution and HRTEM) image of Co-N-C/800-0.1; and (c) corresponding

elemental mappings of the Co-N-C/800-0.1. (d) TEM image of the Co-N-C/900-0.1.

The Ny adsorption-desorption curves of as-prepared catalysts at
—196 °C were tested as shown in Fig. 2. These isotherms all exhibited the
typical characteristic of the type IV isotherm with a H3 hysteresis loop
(Fig. 2) [34-36], showing the existence of the mesoporous structure
[37]. Except for the Co-N-C/800-0.1@SiO, catalyst, each of the above
catalysts adsorbed a significant amount of Ny at the beginning of the
adsorption process (Fig. 2). When the relative pressure ranged from 0.50
to 0.95, the amounts of Ny adsorbed by the catalysts increased rapidly,
indicating the catalysts possessing slit-shaped pores [38]. The pore size
distribution curves were depicted in Figure S2, revealed that most of the
pores in the catalysts were 10-20 nm in diameter, confirming that the
catalysts are mesoporous materials. The specific surface area of
Co-N-C/900-0.1, Co-N-C/800-0.1 and Co-N-C/700-0.1 catalysts was
calculated to be 880, 781, and 750 m? g1, respectively, indicating that
increasing annealing temperature would enlarge the catalyst’s specific
surface area. In addition, the specific surface area of Co-N-C/800-0.2
was 585 m? g1 while the Co-N-C/800-0.1 was 781 m? g™, indicating
excessive metal loading would reduce the specific surface area. More-
over, Co-N-C/800-0.1@SiO; had the specific surface area of 190 m> g’l,

which is significantly lower than the case of Co-N-C/800-0.1 (781 m?
g™ 1. It implies that the removal of silica could notably increase the
specific surface area of Co-N-C catalysts. Larger specific surface area can
provide much more available reactive sites, which has a positive effect
in catalytic activity [39,40]. According to the results of ICP-OES
(Table S1), Co-N-C/800-0.1@SiO, had a higher Co content than
Co-N-C/800-0.1 catalyst, suggesting some cobalt species could be
eliminated during the removal of silica by acid treatment [41].

To gain more morphology information, SEM and TEM character-
izations were performed (Fig. 3). The SEM image of Co-N-C/800-0.1
(Fig. 3a) showed its spherical-like structure. And the TEM image
(Fig. 3b) depicted that the Co nanoparticles were highly dispersed on the
nitrogen-doped carbon support materials with an average size of 9.45 +
0.54 nm. However, according to Scheller’s formula, the average Co
crystallite size of Co-N-C/800-0.1 was calculated to 11.6 nm. It is worth
noting that the calculated Co crystallite size differs from the TEM image
result, potentially attributed to the inherent measurement error in XRD
for small particles. Moreover, the high-resolution TEM image (the inset
in Fig. 3b) exhibited lattice fringes with an intercrystalline spacing of
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Table 1

Catalytic oxidative imination of toluene over different catalysts.”

N

H CH
2 3 0: N v@ N /0
+ ]
catalyst

la 2a 3a 4a
Entry Catalyst Conversion of 1a (%) Yield of 3a (%) Yield of 4a (%)
1 Blank Trace Trace Trace
2 Co-N-C/700-0.1 86 85 <1
3 Co-N-C/800-0.1 >99 98 2
4 Co-N-C/900-0.1 78 77 <1
5 Co-N-C/800-0.2 86 83 3
6 Co-N-C/800-0.1@SiO, 60 59 <1
7 Co(NO3)2-6H20 30 19 11
8 NC 8 8 <1
9 Co-C 45 44 <1

# Reaction conditions: aniline (0.5 mmol), toluene (3 mL), catalyst (20 mg), Oz (0.4 MPa), 160 °C, 12 h.

0.20 nm, indicating the presence of the (111) crystal plane belonging to
the metallic Co® phase. It is consistent with the results of XRD patterns
[42,43]. Furthermore, the elemental mappings of Co-N-C/800-0.1
catalyst (Fig. 3c) revealed that C, O, N and Co elements were well
dispersed on the catalyst surface. However, in addition to the above four
elements, a small amount of silicon has been detected on the surface of
Co-N-C/800-0.1 catalyst, which may be a residue after pickling
(Figure S3, Table S2). As seen from the TEM images of Fig. 3d and
Figure S4, the agglomeration of Co nanoparticles was severe in Co-C as
well as Co-N-C/900-0.1, demonstrating that the doping of N atoms is
conducive to the dispersion of Co nanoparticles, but excessive pyrolysis
temperatures would result in the agglomeration of the nanoparticles.
In addition, the surface elemental compositions of Co-N-C catalysts
were determined by XPS analysis. The results (Figure S5) verified the
presence of Co, O, N and C in the catalysts. To determine the Co species
on the surface, high-resolution spectra of Co 2p were analyzed carefully,
and the handled results were shown in Fig. 4a. It is indicated that the

binding energies including metallic Co (778.8 eV 2p3/2 and 793.8 eV
2pl/2), Co3t (780.7 eV 2p3/2 and 795.8 eV 2p1/2) and Co*t (782.8 eV
2p3/2 and 797.8 eV 2pl/2), with two satellite peaks at 785.9 eV and
800.7 eV [44,45]. The detection of Co®" and Co?* peaks implies the
presence of Co oxides derived from the inevitable metallic Co oxidation
on the catalyst surfaces. This phenomenon is commonly found on sur-
faces of metal-based heterogeneous catalysts. Moreover, Fig. 4b displays
the high-resolution N 1 s spectra. The deconvoluted peaks of N 1 s
spectra include four peaks centering at 398.5 eV, 400.2 eV, 401.2 eV,
and 403.7 eV, belonging to pyridinic N, pyrrolic N, graphitic N, and
oxidized N, respectively [46,47].

3.2. Synthesis of N-bengzylaniline
Synthesis of N-benzylaniline involves two steps: (i) the preparation

of intermediate benzalaniline; (ii) the preparation of target product N-
benzylaniline. The first step was achieved via the oxidative imination of
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Table 2
Hydrogenation of benzalaniline to N-benzylaniline.”

Molecular Catalysis 555 (2024) 113912

Conversion of 3a (%) Yield of 5a (%)

Co-N-C/800-0.1 H
N& > N
H,
3a Sa
Entry Time (h) Pressure (MPa)
1 6 0.8
2 9 0.8
3 12 0.4
4> 12 0.8
5¢ 12 0.8
6 12 0.8

55 55
85 85
16 16
79 79
90 90
>99 >99

@ The oxygen in the autoclave was replaced with hydrogen after the first step, and the reaction was performed at 150 °C.

b The reaction temperature was 130 °C.
¢ The reaction temperature was 140 °C.

toluene (Table 1). Initially, a blank-control experiment without catalyst
was carried out (Table 1, entry 1), and no product was detected. Then,
the catalytic performances of Co-N-C/900-0.1, Co-N-C/700-0.1, and
Co-N-C/800-0.1 catalysts were tested (Table 1, entries 2-4). Among
them, the Co-N-C/800-0.1 presented the highest catalytic performance,
exhibiting the most remarkable performance, with an aniline conversion
of 99 % and a benzalaniline yield of 98 % (3a). It was noted that a trace
amount of by-product 1, 2-diphenyldiazene (4a) was produced in this
process, which was generated by the oxidative coupling of aniline. And
the optimized reaction conditions for N-benzalaniline synthesis were set
as Co-N-C/800-0.1 catalyst (20 mg, 2.3 mol%), 0.4 MPa O, 160 °C, and
12 h (Table S3). In contrast, the yields of 3a for Co-N-C/700-0.1 and Co-
N-C/900-0.1 were 85 % and 77 %, respectively. Additionally, the yields
of 3a for Co-N-C/800-0.2 and Co-N-C/800-0.1@SiO catalysts were 83
% and 59 %, respectively (Table 1, entries 5 and 6). Moreover, the
corresponding TOF of these catalysts were calculated, among which Co-
N-C/700-0.1 and Co-N-C/800-0.1 catalysts showed relatively good
performance (Table S1). These indicate that abundant mesoporous pores
and good dispersion of Co nanoparticles are positive to the catalytic
activity of Co-N-C catalyst, which corresponds with the results of Ng
adsorption-desorption analysis and TEM characterization. To prove the

()

CH;, 2

Co-N-C/800-0.1, O,
—_——— >

Reaction A: 160 °C,12 h

Yield: 3 %

NH, -0 o
2 3 Na

Yield: 99 %

Reaction B: + ©/
160 °C,12 h
CH;, -0
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Reaction C: X >
160 °C,12 h
NH, CH;

Co-N-C/800-0.1, N,

Reaction D: @ + @ ©/

160 °C, 12 h

Nﬁ A

vital role of the Co-N-C/800-0.1 in the reaction, several reference cat-
alysts were carried out under the same experimental conditions. The
yield of 3a for Co(NO3)2-6H20 was only 19% (Table 1, entry 7),
demonstrating that Co(NOgs)s-6H0 cannot effectively catalyze the
oxidative imination of toluene. Subsequently, the NC and Co-C catalysts
produced 3a in 8 % and 44 % yields (Table 1, entries 8,9), respectively,
demonstrating that well-dispersed Co nanoparticles and nitrogen dopant
are indispensable for the best performance of catalyst.

In the first step, the intermediate benzalaniline (3a) was obtained by
the oxidative imination of toluene. In the second step, the oxygen at-
mosphere in the reactor was changed to hydrogen atmosphere for the
preparation of target product N-benzylaniline (5a). The results are dis-
played in Table 2. What is gratifying is that benzalaniline (3a) obtained
in the first step can be further hydrogenated into N-benzylaniline (5a)
with high efficiency. After screening the reaction conditions for the
hydrogenation of 3a into 5a, the optimized conditions for achieving 99
% yield of 5a were as follows: Co-N-C/800-0.1 catalyst (20 mg, 2.3 mol
%), 0.8 MPa Hj, 150 °C, and 12 h.
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Scheme 3. (a) Control experiments for the oxidative imination of toluene; (b) Possible reaction pathway for the amination of toluene.
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Table 3
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Synthesis of various N-benzylanilines from toluene derivatives and aniline derivatives over the Co-N-C/800-0.1 catalyst.

-

CH, N
Co-N-C/800-0.1 NvGRZ -N-C/800- H 1R
M +R2® L @S CoN-CI800-041 IR
=

@N

Entry Substrate Benzalanilines (3)" N-Benzylanilines (5)"
1 NH,
H
N N
F o T
1b F F

3b.24 h,96% ¢
2 NH,
/©/ Nv@
° o
1c cl

3c. 18 h, 84%
3 NH,
/©/ Nv@
" 9]
1d Br

3d. 18 h, 75%

4 NH,
o~ i

le

N\/@
AN
AT

3e.12 h, 75% 4

5 /©/NH2

1f

oA

3f.12 h, 85%

5b. 12 h, 95%

o

5c. 24 h, 94%

Se. 12 h, 78%

ZT

5f.12 h, 95%

(continued on next page)
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Table 3 (continued)
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L \/@ -
- - R
®,NH2 . : X Co-N-C/800 0.1‘ @N\ X 2 Co-N-C/800-0.1 H \+R2
" g s ®
Z o
1 2 3 H, 5
Entry Substrate Benzalanilines (3)" N-Benzylanilines (5)"
6 NH,
1g
o/ €
3g.12 h, 78% S5g. 12 h, 98%
NH,

.

1h

Q

2b

2

cl
2¢

10

2

2d

11

3

2e

@NNQQ

3h. 6 h, 65% f

(j”ﬁ

3i. 24 h, 99%

oy

3j. 18 h, 99%

QNQO

3k. 18 h, 99%

o

31.12 h, 99% ¢

H
@/\/N\/©
5h.12 h, 95% 8
F
H
©/N\/©/

5i. 24 h, 99%

5k.12 h, 99%

Sl

51.12 h, 68%

Reaction conditions:.
150 °C;.
4120 °C;.
170 °C;.
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100 °C;.
8170 °C.
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2 substrate (0.5 mmol), toluene (3 mL), 20 mg catalyst, 160 °C, 12 h, 0.4 MPa O»;.

> 1.0 MPa H..
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Fig. 5. Assessment of the recyclability of the Co-N-C/800-0.1 catalyst by the measurements of the yields of (a) 3a and (b) 5a.

3.3. Control experiments

Several controlled experiments were performed to investigate the
possible reaction pathway for oxidative amination of toluene over Co-N-
C/800-0.1 catalyst (Scheme 3a). Under a pure Oy atmosphere, toluene
was converted into benzaldehyde with a yield of 3% (Scheme 3a, Re-
action A) with the presence of the Co-N-C/800-0.1 catalyst. Without the
addition of catalyst, a condensation reaction between aniline and
benzaldehyde produced N-benzalaniline with a 99 % yield (Scheme 3a,
Reaction B), demonstrating that the catalyst is unnecessary in the
condensation reaction [48]. Then, two control experiments were con-
ducted under a pure N atmosphere (Scheme 3a, Reactions C and D). The
results indicated that toluene could not be converted to benzaldehyde
when O was absent, even when aniline was present. On the basis of
these results, the possible reaction pathways for amination of toluene
were proposed (Scheme 3b). The terminal C(sp3)—H bond of toluene was
activated through synergistic catalysis between Co-N-C/800-0.1 catalyst
and molecular oxygen, accordingly with the formation of benzaldehyde.
Then the obtained benzaldehyde immediately condensed with aniline to
form benzalaniline. Finally, the resulting benzalaniline was readily hy-
drogenated to corresponding N-benzylaniline product.

3.4. Applicability and reusability of Co-N-C/800-0.1

Applicability and reusability are essential for examining the perfor-
mance of a catalyst. The scope of toluene and aniline for this cascade
process with Co-N-C/800-0.1 was explored. As shown in Table 3, aniline
derivatives with drawing aromatic substituents (-F, -Cl, and -Br) gave the
corresponding products in appreciable yields (Table 3, 3b-d). Ether-,
methyl- and dimethyl-containing aniline provided the target imines
product in 75 %, 85 % and 78 % yields, respectively (Table 3, 3e-g). It
seems that the electronic properties of the substituents have a strong
influence on the oxidative imination of toluene. When phenethylamine
was employed as starting materials, the product 3 h was in 65 % yield. In
addition, toluene derivatives with electron donor or withdrawing groups
were also investigated, resulting in the products 3i-31 with high effi-
ciency. To further enlarge the substrate scope, the second step was also
investigated by using various aniline derivatives and toluene derivatives
as starting materials. With the optimized reaction conditions for this

cascade process in hands, the subsequent hydrogenation process was
initiated at the end of the first step process. To our delight, the target
secondary amines could be generated with a yield of 68 % ~ 99 %
(Table 3, 5b-1). The identification of the above imines and secondary
amines was performed by GC-MS (Figure S6). And the GC-MS full mass
spectrums of all the reaction mixtures were shown in Figure S7. More-
over, a hot filtration test was performed to assess the catalyst leaching,
as shown in Figure S8. The Co-N-C/800-0.1 catalyst was removed before
the reaction was complete. The results revealed that the yield of ben-
zalaniline (3a) did not increase after the Co-N-C/800-0.1 catalyst was
filtered, effectively proving that the catalytic process was heteroge-
neous. Moreover, the Co-N-C/800-0.1 exhibited good stability as well as
recycling stability, as there were no significant decreases in the yields of
3a and 5a over five cycles (Fig. 5). Compared with the fresh Co-N-C/
800-0.1, XRD patterns of the reused Co-N-C/800-0.1 showed no
distinct structure change (Figure S9). Besides, the SEM and energy-
dispersive X-ray EDS analysis revealed that there was no significant
change in the morphology of catalyst and surface element proportions
after five cycles (Figure S10, Table S2). Furthermore, the average size of
Co nanoparticles (9.03+0.24 nm) of reused Co-N-C/800-0.1 did not
change significantly (Figure S11). Overall, these results highlighted the
excellent stability, recyclability, and substrate applicability of Co-N-C/
800-0.1.

4. Conclusion

In summary, a highly active cobalt-based catalyst was prepared using
a sacrificial template method and applied to a cascade protocol for
efficient synthesis of N-benzylanilines via oxidative amination of
toluene followed by hydrogenation. Under optimal reaction conditions,
the target product N-benzylaniline could be obtained with a 99 % yield.
Characterization and control experiments further revealed that the well-
dispersed cobalt nanoparticles in catalyst Co-N-C/800-0.1 played a
positive role in cascade synthesis of N-benzylaniline. In addition, various
aromatic amines with 65%—99% yields could be also achieved, showing
the excellent applicability and reusability of Co-N-C/800-0.1 catalyst.
This work provides a potential avenue for synthesis of aromatic amines
using inexpensive and available aromatic alkanes as raw materials.
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