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Abstract The design and fabrication of highly efficient, cheap, and stable heterogeneous catalyst

for the advancement of sustainable organic transformation is a crucial goal in both academic

research and industry. Herein, an efficient catalyst based on Cu-decorating on a N, P-codoped por-

ous carbon(Cu/NPC) derived from wheat straw was successfully synthesized by a cost-effective

method. The as-prepared Cu/NPC showed superior catalytic activity for the N-alkylation of amines

with alcohols via the borrowing hydrogen strategy. A variety of aromatic amines were converted

into the corresponding secondary amines in moderate to excellent yields. Noted that, such catalyst

can be easily prepared, recovered and recycled four times without obvious loss in both activity and

selectivity.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

N-alkyl amines and their derivations are an important class of chemi-

cals utilized as building blocks for the generation of dyes, pharmaceu-

ticals, agrochemicals, polymer and bioactive molecules (Carey et al.,

2006; Chang and Chow, 2009; Froidevaux et al., 2016; Lengvinaite

et al., 2008). Benefiting from their wide range of applications, the
design and development of cost-effective and facile synthetic methods

for N-alkylation of amines is highly desirable. Among numerous syn-

thetic strategies (Veefkind and Lercher 1998, Hayes 2001, Martı́nez-

Asencio et al., 2011), the N-alkylation of amines with alcohols is an

efficient and sustainable approach, which follows the borrowing

hydrogen or hydrogen auto-transfer. Generally, such hydrogen bor-

rowing approach consists of three different steps: (i) the alcohol is cat-

alyzed by a transition-metal catalyst to produce the corresponding

carbonyl compound; (ii) the carbonyl compound is condensed with

the amine to form the imine, and (iii) finally the imines is reduced to

N-alkylamine by using the metal hydride produced in the alcohol

dehydrogenation step (Guillena et al., 2010, Irrgang and Kempe

2019). It is should be noted that, in this transformation process, water

is the only by-product as well as alcohol is also inexpensive as an alky-

lation reagent owing to its abundant supply from biomass degradation.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2023.105124&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:feimengxia_123@163.com
mailto:huhongyu22@126.com
mailto:huhongyu22@126.com
https://doi.org/10.1016/j.arabjc.2023.105124
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2023.105124
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 D. Zhang et al.
Up to now, there are many homogeneous catalytic systems based

on Ir (Jiménez et al., 2018, Huang et al., 2019, Li et al., 2019, Luo

et al., 2020, Feng and Huang 2021), Ru (Huang et al., 2021, Karaca

et al., 2021), Rh (Wong et al., 2017), Mn (Fertig et al., 2018, Wei

et al., 2021), Ni (Vellakkaran et al., 2017, Balamurugan et al., 2020),

Co (Rosler et al., 2015, Emayavaramban et al., 2019, Prabha et al.,

2021), Fe (Minakawa et al., 2015), Cr (Kallmeier et al., 2020) com-

plexes for the N-alkylation of amine with alcohol. However, the

above-mentioned catalytic systems suffer from some drawbacks,

including low catalyst reusability and the use of expensive ligands.

Therefore, find out an efficient strategy to overcome the above draw-

backs is very important. Recently, the construction of heterogeneous

catalyst has proven an efficient route that can overcome these disad-

vantages of homogeneous catalyst. Hence, the development of efficient

and highly selective heterogeneous catalysts for the N-alkylation of

amine with alcohol is highly desirable. Until now, different types of

heterogeneous catalysts have been designed for this transformation

such as Au/TiO2 (He et al., 2010), Pd/C (Liu et al., 2016), Pd/MgO

(Corma et al., 2010), Pd/SiO2 (Alshammari et al., 2020), Pd-

CeNiXOY (Zhang et al., 2019), PdZn/Al2O3 (Furukawa et al., 2016),

Fe10Pd1/NC500 (Wu et al., 2021), Ag@polypyrrole material (Mandi

et al., 2016), Ag/Mo (Cui et al., 2011), Ag@Al2O3 (Paul et al.,

2017), Co2Rh2/C (Chung and Chung 2018), Ni/Al2O3 (Shimizu

et al., 2013),CuxAg1-x/Al2O3 (Shimizu et al., 2011), Cu-HT (Dixit

et al., 2013) and so on. From the above systems, although the precious

metal-based catalysts present good catalytic activity, the scarcity and

high cost greatly limited their commercial application. Consequently,

the design and development of non-precious transition metal-based

catalytic systems will be more meaningful. Among them, the Cu-

containing catalyst systems show excellent catalytic activity, but there

are few reports on the N-alkylation of amines with alcohols using Cu

nanoparticle catalyst alone.

In recent years, the carbon materials-based catalysis systems have

been received more research interest due to their good chemical and

thermal stability, high specific surface area, porous structure, excellent

electrical conductivity and controllable surface chemical properties

(Serp and Figueiredo 2009, Zhang et al., 2020). Because heteroatoms

differ from carbon atoms in their atomic size, electrical negativity,

and bond length, introducing heteroatoms into porous carbon materi-

als results in an uneven distribution of the charge of adjacent carbon

atoms, which improves the electron transport performance of carbon

materials while creating structural defects that contribute to improved

catalytic performance (Shang and Gao 2019, Wang et al., 2022). In

addition, heteroatoms, such as boron, nitrogen, fluorine, phosphorus,

sulfur and so on, are used to modify the surface of carbon materials,

which can effectively stabilize the loaded metal nanoparticles, improve

the interaction between the metal and the carrier, enhance the catalytic

activity, and broaden their potential applications (Gerber and Serp

2020, Das et al., 2023). Particularly, metal catalysis systems supported

by heteroatoms-doped carbon materials have received extensive atten-

tion (Cao et al., 2017, Duan et al., 2018, Song et al., 2018, Yang et al.,

2018, Gerber and Serp 2020). At present, carbon materials primarily

come from fossil energies such as petroleum, coal, natural gas, etc,

yet, they are becoming increasingly exhausted. Compared with fossil

energies, biomass resources have many advantages including abundant

reserves, biodegradability, low cost, and renewable, and can be used

for the preparation of carbon materials.

In this work, the N,P-codoped porous carbon (NPC) was fabri-

cated using P2O5 as the P source and wheat straw as the N and C

sources, containing about 6 wt% of N from its proteins and amino

acids. Further, the Cu nanoparticles were decorated on the fabricated

N,P-codoped porous carbon (NPC) to construct a heterogeneous cat-

alyst (Cu/NPC) for the reaction of N-alkylation of amines with alco-

hols. Importantly, the prepared Cu/NPC catalyst showed high yields

for the synthesis of secondary amines from various aromatic amines

and aromatic alcohols. To the best of our knowledge, there has been

no report on the preparation and application of such Cu/NPC materi-
als. Notably, the catalyst also exhibited high stability, environmental

benignity and good reproducibility.

2. Experimental section

2.1. General information

All reagents were purchased from Energy Chemical or Tianjin
Kemiou Chemical Reagent Co., Ltd. and used as received
without further purification. The wheat straw was obtained

from Yuzhong County, Gansu Province, China. The crystal
structures of obtained catalysts were characterized by power
X-ray diffraction (XRD, Rigaku D/max-2400 diffractometer
using Cu-K a radiation), The XRD diffraction patterns were

scanned in the 2h range of 5-85� and the raw spectrum was
provided. Nitrogen adsorption–desorption isotherms were
measured at 77 K using Micromeritics ASAP 2460 analyzer.

The pore-size distribution was calculated by Barrett, Joyner,
and Halenda (BJH) method from the desorption isotherm.
The morphology of catalysts was examined by field emission

scanning electron microscopy (FE-SEM, SU8010,Hitachi
Co.) with energy dispersive spectrometer (EDS). TEM analysis
was carried out with a JEOL JEM-2100F field emission trans-

mission electron microscope. The Cu loadings were measured
by inductively coupled plasma mass spectrometry (ICP-MS,
NexION350X,PerkinElmer). The X-ray photoelectron spec-
troscopy (XPS) measurements were performed with a Nexsa

spectrometer (Thermo Fisher Inc.) and the data was processed
using Avantage softwear. The Raman measurements were car-
ried out with a Renishaw inVia Raman microscope at room

temperature. The original spectra without any correction are
provided and the intensity of G and D peaks used to calculate
the ID/IG ratio.

2.2. Preparation of N, P-codoped porous carbon (NPC)

Firstly, the wheat straw was broken into pieces, ground into a

powder with a grinder, passed through 100 mesh sieves, and
dried. A certain amount of straw was homogeneously mixed
with P2O5(quality ratio 1:3) in the hydrothermal reactor with
teflon liner under an N2 atmosphere at room temperature.

After that, the mixture was kept at 160℃for 6 h (solvent-free
solid phase reaction). Cooling to room temperature, the resul-
tant black powder was then washed with deionized water until

the pH of the filtrate was neutral. Finally, NPC was obtained
after drying at 80℃for 6 h.

2.3. Preparation of the catalysts (Cun/NPC-x) [n is a number
(such as 1, 2, 3.and so on) and � denotes the calcination

temperature]

The Cun/NPC-x catalysts were prepared through the simple

precipitation-deposition method. NPC(1 g) was dispersed in
deionized water (100 mL) and Cu(NO3)2�3H2O (0.38 g) was
added to the solution under vigorous stirring. The pH value

was adjusted to about 11 using NaOH solution (0.2 g/mL)
and then the mixture was stirred for another 3.5 h at room
temperature. The precipitating agent in this procedure is

sodium hydroxide(NaOH), which allows the metal hydroxide
species to be deposited on the carrier’s surface.After that the
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solid sample was filtered and washed with deionized water
until the pH of the filtrate was neutral. The obtained solid
was dried at 70℃ for 6 h, and then was put in a quartz boat

and annealed at 450,550, and 650℃ for 2 h under in N2 flow
with a heating rate of 5 ℃/min. These catalysts were labeled
Cu2/ NPC-450, Cu2/ NPC-550 and Cu2/ NPC-550, and other

catalysts (Cu1/ NPC-550 and Cu3/ NPC-550) were prepared
following the same procedure.

2.4. Catalytic reaction

Amine(0.5 mmol), benzyl alcohol(1 mmol), catalyst(50 mg),
KOH(30 mg) and cyclohexane (3 mL) were introduced into a

glass reaction tube(35 mL). Argon was bubbled through the
mixture for 5 min, then the tube was sealed with a Teflon
lid. The reaction mixture was stirred at 140℃(oven tempera-
ture) for 12 h. After that, the reaction tube was cooled to room

temperature and 10 mL ethyl acetate was added. Then the
reaction mixture was analysed by GC–MS (Trace 1300-ISQ,
Thermo) and GC-FID (Agilent 7890B). The crude reaction

mixture was concentrated in vacuo and purified by column
chromatography [ethyl acetate / petroleum ether (b.p. 60–90 �
C) = 1:20–1:50] to give the corresponding products.

3. Results and discussion

3.1. Catalyst characterization

As shown in Scheme 1, the N,P-codoped porous carbon (NPC)

was prepared in a hydrothermal reactor using wheat straw and
P2O5 as precursors without solvent. The P2O5 reacted with the
hydroxide groups (–OH) in the biopolymer molecules of the
biomass(e.g., cellulose or lignin) to form biopolymer phos-

phates, in the following process, the phosphates could dope
P to the carbon matrix of the catalysts. In this process, P2O5

is not only provided as a P source but also as a dehydrating

agent. The specific surface areas and pore size of the prepared
Scheme 1 Schematic illustration for the
catalysts were determined by N2 adsorption–desorption mea-
surements. The content of Cu was identified by inductively
coupled plasma mass spectrometry (ICP-MS). The results were

shown in Table 1. By comparison, the as-prepared NPC-550
catalyst presents the BET surface area and pore volume of
814 m2 g�1 and 0.372 cm3 g�1,which is much smaller than

the as-fabricated Cun/NPC-550 samples. The NPC-550 cata-
lyst showed a small BET surface area may be mainly due to
the corrosion of alkali during the preparation process. As

shown in Table 1, the BET surface area and pore volume of
the Cun/NPC-550 decrease with increasing the Cu mass ratio.
Moreover, the pore size of the samples increases slightly with
the increase of Cu content. Nitrogen adsorption–desorption

isotherms of the samples were also measured (Fig. S1a). The
catalysts exhitied combined characteristics of type Ⅰand Ⅳ iso-
therms according to IUPAC classifications, indicating the cat-

alysts contain hierarchically micro-, meso-, and macro-pores
(Fig. S1b). On the basis of the ICP-MS analysis, the copper
loading in Cu1/NPC-550, Cu2/NPC-550 and Cu3/NPC-550

were 4.1 wt%, 8.1 wt% and 13 wt%, respectively. The surface
chemical compositions of the catalysts were characterised by
XPS, and the results are summarised in Table 2. The copper

content on the surface of Cun/NPC-550 increase with the
increase of copper loading amount. The NPC-550 catalyst
showed a lower nitrogen content than Cun/NPC-550 owing
to using copper(II) nitrate as raw material in the preparation

process. In addition, the low phosphorus content in the Cun/
NPC-550 is due to the use of alkali during metal loading,
which destroys the structure of some biopolymer phosphates.

The crystalline structures of the samples were characterized
by XRD. As shown in Fig. 1, the diffraction peak at about
23.0◦, which is assigned to the (002) diffraction of the graphi-

tic carbon(Dahbi et al., 2017), can be clearly visualized in the
support(NPC-550). In contrast, Cun/NPC-550 samples show
less intense reflection. Due to the use of NaOH during the

loading of Cu, the layered structure of the carbon carrier is
destroyed. For Cun/NPC-550 catalysts, the diffraction peaks
at 2h of 43.3◦, 50.4◦, 74.1◦ index to the (111), (200) and
synthetic procedure of the catalysts.



Table 1 BET surface area, pore volume, pore size and metal loadings of typical catalysts.

Catalysts SBET(m
2g�1) Pore volume(cm3g�1) Pore size(nm) Cu content (wt%)

NPC-550 814 0.372 3.49 –

Cu1/NPC-550 1104.7 0.442 3.51 4.1

Cu2/NPC-550 1063.4 0.438 3.62 8.1

Cu3/NPC-550 966.6 0.411 3.85 13

Table 2 Chemical composition analysis of the catalysts from XPS.

Sample Chemical composition(at%) N P Cu

C O

NPC-550 77.12 17.70 0.93 4.26 0

Cu1/NPC-550 83.96 12.08 1.36 2.25 0.35

Cu2/NPC-550 82.04 11.91 2.71 2.73 0.61

Cu3/NPC-550 81.44 12.87 1.91 3.01 0.77

Fig. 1 XRD patterns of the fabricated catalysts.
Fig. 2 Raman spectra of the fabricated catalysts.
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(220) crystalline planes of metallic cubic copper (JCPDS
No.04–0836), respectively(Wang et al., 2019), confirming the
formation of Cu0 during the calcination process. Noted that,

with the increase of the Cu content, the diffraction peaks inten-
sity of Cu gradually increases, which reveals the Cu ion was
successfully loading on NPC. It also suggests that there are

substantial interactions between copper ions and carbon carri-
ers. The Raman spectroscopy of the fabricated catalysts is
shown in Fig. 2. There are two peaks at around 1340 and

1590 cm�1, corresponding to the D (defects and disorder)
and G (sp2 graphitic carbon) bands of carbon, respectively.
Generally, the intensity ratio between the D and G bands
(ID/IG) indicates the degree of structural order with respect

to graphitic structure(Ma et al., 2021). The ID/IG ratios of
NPC-550, Cu1/NPC-550, Cu2/NPC-550, and Cu3/NPC-550
were 0.85, 0.79, 0.82 and 0.84, respectively, implying that

higher crystallization degree in all the samples and more defec-
tive sites or disorders in the NPC-550 (Bai et al., 2017). The
lower the Cu content, the higher the crystallinity, indicating

that the carbon layer is well crystallized when a small amount
of Cu is present. Furthermore, the higher ID/IG values of cat-
alysts with high metal loading than that of catalysts with low
loading demonstrated that more defects and disorder were pro-

duced due to more Cu nanoparticles, which is consistent with
the XRD results. It should be noted that, more defects can
provide more catalytic active sites during the catalysis process.

To confirm the presence of Cu nanoparticles on the surface
of the catalysts, the morphology of Cun/NPC-550 catalysts
was determined by SEM and TEM as presented in Fig. 3

and Fig. 4, respectively. As shown in Fig. 3 (a), (c), and (e),
the surface of supporter (NPC) is porous structure in favor
of the dispersion of Cu particles. It is clearly observed that

the majority of Cu particles were decorated on the surface of
NPC in Fig. 3 (b), (d) and (f) which only differ in the number
of copper particles. Moreover, the synthesized Cu particles
ranged in size from 35 to 135 nm (Fig. 4a, inset and

Fig. S2). Noted that, such Cu nanoparticles decorated on the



Fig. 3 SEM images of (a,b) Cu3/NPC-550, (c,d) Cu2/NPC-550, and (e,f) Cu1/NPC-550.

Fig. 4 (a) TEM image of the Cu2/NPC-550, and (b) HRTEM image of the Cu2/NPC-550.

Cu-decorating on N, P-codoped porous carbon derived 5
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surface of NPC can not only provide more surface active sites
but also enhance the structural stability.

Fig. 4 (a) presents the TEM image of the Cu2/NPC-550 cat-

alysts, confirming the Cu nanoparticles were successfully deco-
rated on NPC. The high-resolution TEM (HRTEM) image is
displayed in Fig. 4b. As shown, the sample exhibits the lattice

spacing value of 0.203 nm, corresponding to the (111) facet of
metallic copper(Fan et al., 2018), which is in good agreement
with the results of the XRD analysis as shown in Fig. 1. More-

over, other lattice fringes have a distance of 0.198 nm, which
matches the carbon material in NPC. Further, EDS image
mapping of the selected area was carried out to reveal the ele-
mental distribution on the surface of the catalysts. As shown in

Fig. 5 and Fig. S3, the elements of C, N, P and O are uniformly
dispersed on the surface of the catalysts. By comparison, the
catalyst possesses an uneven Cu distribution (Fig. 5f,

Fig. S3f) owing to spherical Cu particles, which further vali-
date the previous SEM and TEM results.

Further, XPS was performed to investigate the surface

chemical composition of the catalysts. Fig. 6a shows the Cu
2p XPS profile for Cu2/NPC-550. There are two peaks at
935.8 eV and 955.6 eV that can be attributed to the Cu 2p3/2
and Cu 2p1/2 binding energies, respectively. Moreover, the
existence of satellite peaks (944.6 eV and 940.8 eV) indicates
the oxidized copper Cu(Ⅱ), owing to the surface of the cata-
lysts in the air. Compared to the metallic Cu (932.6 eV), the

Cu 2p3/2 binding energy of Cu2/NPC-550 is positively shifted
to � 933.4 eV, implying that there is a strong interaction
between the Cu particles and porous carbon framework

(Wang et al., 2018). Noted that, the Cu 2p peaks can not be
detected in the NPC-550 sample (Fig. S4a), which indicates
that the sample surface does not contain Cu element. The

Cu 2p XPS spectrum of Cu3/NPC-550 is similar to that of
Cu2/NPC-550 with the same peak position and peak shape
(Fig. S4b). Fig. 6b presents the N 1 s spectra of Cu2/NPC-

550. There are four types of N including oxidic-N
(403.9 eV), graphitic-N (401.5 eV), pyrrolic N (400.1 eV),
Fig. 5 (a-f) EDS mapping disclosing the elemental distributi
and pyridinic-N (398.9 eV)(Ma et al., 2021). In addition, sim-
ilar results can be observed in NPC-550 and Cu3/NPC-550
(Fig. S4c and S4d). The C1s spectra of the samples were decon-

voluted into three peaks at 284.8, 285.4, and 287.3, which are
attributed to graphitic sp2 carbon (C–C), and carbon binding
with phosphorus, and nitrogen or oxygen (C-P and C-N or

C-O), respectively (Fig. 6 c, S4e and S4f) (Wang et al., 2018,
Ma et al., 2020). The P 2p spectra (Fig. 6d, S4g and S4h) dis-
play three peaks at �133.2 eV, �134.0 eV and �135.0 eV cor-

responding to C-P, P-O and P = O(Wang et al., 2018),
respectively. According to the above results of the spectra of
C 1 s and P 2p, it can be confirmed that an additional P ele-
ment is doped into the N-containing carbon network. More-

over, the XPS spectra of O 1 s for the samples also proved
the existence of P-O, P = O and C-O/C = O (Fig. S5). Noted
that, the differences in binding energy and intensity of P 2p

peaks for all samples suggest that there may be some interac-
tion between the P element and the Cu particles, and this inter-
action is also influenced by the metal content (Fig. 6d, S4g and

S4h).

3.2. Catalyst performance

Following, we continued to investigate the catalytic activity of
the samples for N-alkylation of amines with alcohols in cyclo-
hexane. In this case, aniline and benzyl alcohol were chosen as
model substrates. The corresponding results are compiled in

Table 3. There are two main products of model reaction.
One is N-benzylaniline, which is the target product, and the
other is N-benzylideneaniline, which is a by-product. Firstly,

NPC-550 was used as catalyst in the presence of KOH and
the desired product was obtained in low yield (Entry 1). Fur-
thermore, relatively lower yield of desired product was

observed without KOH (Entry 2). Subsequently, when a small
amount of Cu is loaded on the NPC-550 (Cu1/NCP-550) as the
catalyst, both the conversion of aniline and the selectivity of
on of C, N, P, O and Cu on the surface of Cu2/NPC-550.



Fig. 6 XPS spectra of Cu2/NPC-550, (a) Cu 2p, (b) N 1 s, (c) C 1 s, and (d) P 2p.

Table 3 Catalyst Screening and Reaction Condition Optimizationa.

Entry Catalyst Conv.(%)b Sel.(%)b

1 NPC-550 53 55

2 NPC-550c 15 32

3 Cu1/NPC-550 96 85

4 Cu2/NPC-550 100 95(87d)

5 Cu3/NPC-550 98 90

6 Cu2/NPC-450 65 59

7 Cu2/NPC-650 96 97

8 Cu(NO3)2 26 <1

9 KOH 25 68

a. Reaction conditions: aniline (0.5 mmol), benzyl alcohol(1 mmol), catalyst (50 mg), KOH (30 mg, AR,�85%), cyclohexane (3 mL), Argon,

12 h, 140 �C. b. Conversion of aniline was determined by GC-FID without correction. c. without KOH d. Isolated yield.

Cu-decorating on N, P-codoped porous carbon derived 7



Table 4 Substrate scope of functionalized aromatic amine with various benzylic alcoholsa.

3a(87%)                 3b(85%)                  3c (86%)                  3d(79%)

3e(91%)                    3f(89%)                 3g b (58%)              3hb (70%)

3i b (72%)                        3j(85%)                   3k(81%)               

3l(80%)                   3m(91%)                     3n(80%) 

3o(85%)                3p(86%)           3q(66%) 3r(78%)

3s(70%)                      3t b (79%) 3u b (71%)

3v b (70%)            3w b (75%)                3x b (71%)                3y(80%)

3z(90%)                    3aa(86%)                           3ab(90%)

3ac(86%)                     3ad(n.d) 3ae(n.d)

8 D. Zhang et al.



a. Reaction conditions: amines (0.5 mmol), alcohol (1 mmol), Cu2/NPC-550 (50 mg), KOH (30 mg, AR, �85%), cyclohexane(3 mL), Argon,

12 h, 140℃.

b. The catalyst is Cu3/NPC-550 (50 mg), other conditions were same as ‘‘a”.

c. Isolated yield. n.d = not detected.

Cu-decorating on N, P-codoped porous carbon derived 9
desired product start to increase (Entry 3). In order to get a
more effective catalyst, the Cu/NCP catalysts with different

Cu loading and calcination temperature were screened and it
was found that the Cu2/NPC-550 was the most effective cata-
lyst (Entries 4–7) and the catalytic efficiency of Cu3/NPC-550

was also good (Entry 5). However, a considerably lower reac-
tivity was observed in the presence of Cu(NO3)2 as catalyst or
in absence of catalyst (Entries 8–9). From the results in Table 3,

it can be seen that this catalytic system has excellent catalytic
effect with the promotion of alkali additive.

Based on the optimized reaction condition, we turned to
investigate the general applicability of the Cu nanocomposites

catalyst in N-alkylation of structurally substituted aromatic
amines and substituted aromatic alcohols. The results are
shown in Table 4. It can be clearly seen that the isolated yields

of N-alkylation reaction by aniline and aromatic alcohols
without or with electron-donating groups were more than
85% (3a-3c). Anilines containing electron-donating (-Me, -

Et, -t-Bu) groups were converted into their corresponding sec-
ondary amines in 66%-91% isolated yields (3d-3f, 3j-3q) with
different aromatic alcohols. The o-methylaniline generally pro-
vided moderate yields owing to the effects of steric hindrance

(3r and 3 s). Interestingly, the yields of desired products were
lower under standard reaction conditions using the aniline
with methoxy or halogen group as substrate, but when the cat-

alyst was replaced with Cu3/NPC-550 and other conditions
remained unchanged, the moderate yield was obtained(3 g-3i,
3 t-3x). The result illustrates that the catalytic activity of our

catalyst can be improved by adjusting the content of Cu for
substrates with different substituents. To our delight, aromatic
amines with slightly more complex including 3,4-
Fig. 7 The recycles ability of the catalyst (Reaction conditions:

aniline (0.5 mmol), benzyl alcohol(1 mmol), Cu2/NPC-550

(50 mg), KOH (30 mg, AR, �85%), cyclohexane (3 mL), Argon,

12 h, 140 �C. Conversion of aniline was determined byGC-FID

without correction.).
dimethlaniline and naphthalen-2-amine could be activated
and transformed to the corresponding secondary amines with

excellent yields (3y-3ac). However, amines with stronger
electron-withdrawing groups or aromatic alcohols with
electron-withdrawing substituents failed to give the corre-

sponding N-alkylation products under our reaction conditions
(3ad-3ae).

Next, the recyclability of Cu2/NPC-550 catalyst for the N-

alkylation of aniline with benzyl alcohol was investigated.
Fig. 8 (a) Gas chromatogram after 4 h of the reaction aniline

with benzyl alcohol catalyzed by Cu2/NPC.(b) Time-dependent

variation of substrates and products during the reaction of aniline

with benzyl alcohol catalyzed by Cu2/NPC. Reaction conditions:

aniline (0.5 mmol), benzyl alcohol(1 mmol), Cu2/NPC-550

(50 mg), KOH (30 mg, AR,�85%), cyclohexane(3 mL), Argon,

12 h, 140 �C. Conversion of aniline was determined byGC-FID

without correction.



10 D. Zhang et al.
Upon completion of the reaction, the catalyst was easily recov-
ered by filtration, washed with cyclohexane for several times
and dried for the next run. As shown in Fig. 7, the catalyst

can be successfully reused for five times without significant loss
in the conversion and the selectivity, which manifests the excel-
lent stability of the catalyst.

In order to examine the mechanism of the reaction, the N-
alklation of aniline using benzyl alcohol were analyzed by GC
and GC–MS. In particular, GC spectrum of the reaction mix-

ture after 4 h is shown Fig. 8(a). There are four obvious peaks
which correspond to aniline (retention time about 4.35 min),
benzyl alcohol (retention time about 4.73 min), the intermedi-
ate imine N-benzylideneaniline product (retention time about

8.94 min) and the desired N-benzylaniline (retention time
about 9.13 min) except for the solvent signals. A small amount
of intermediate benzaldehyde which is quickly condensed with

aniline to form the intermediate imine due to the presence of
alkali, peak at about 4.26 min, can be observed (Fig. 8(a),
inset). Although the peak is weak, it indicates that there is

dehydrogenation process during the reaction. The time-
dependent change in quantity variations of the substrate and
Fig. 9 Proposed mechanism for the reaction o
products during the reaction is present in Fig. 8(b). These
proved that the reaction has undergone a hydrogen transfer
process which is consistent with the previously reported litera-

ture (Guillena et al., 2010, Irrgang and Kempe 2019).
On the basis of the above result, a plausible pathway can be

proposed as shown in Fig. 9. As previously stated, The Cu-

catalyzed N-alkylation reaction could preceed via the
hydrogen-borrowing pathway. The benzyl alcohol is first
actived and dehydrogenated over the Cu/NPC catalyst in the

presence of base. Meanwhile, a Cu hydride specie (Cu-H)
and benzaldehyde would be formed (Shimizu et al., 2011).
Immediately, imine intermediate was generated by condensa-
tion of benzaldehyde and aniline. Finally, a hydrogen transfer

from the Cu hydride species to the imine intermediate proceeds
to yield a desired secondary amine. During the process of the
reaction, the interconnection between the Cu nanoparticles

and the surface of the supporter is enhanced (proved by
XPS) due to the presence of N and P atoms. The result of
the interaction is that Cu has a partial positive charge, which

is conductive to the adsorption of reactants. As a base pro-
f aniline and benzyl alcohol over Cu/NPC.
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moter, the addition of KOH increased the activity and selectiv-
ity to target product(Liu et al., 2012).

4. Conclusion

In summary, low cost and easily prepared heterogeneous Cu/NPC cat-

alysts have been shown efficient catalytic performance for N-

monoalkylation of aromatic amines with aromatic alcohols. The

advantages of the catalysts system are given as follows: (1) the prepa-

ration of carbon material uses biomass as a precursor, which is low-

cost, readily available, and renewable. (2) The biomass-derived carbon

has a large surface area, high pore volume, and porous structure,

which is beneficial for the dispersion of Cu particles and offers more

active sites for the reaction. (3) The doping of N and P heteroatoms

can not only show synergistic catalytic performance but also improve

the structural stability of the catalyst. So that there is no significant

loss in both activity and selectivity after at least 4 reuses. Our results

provide an effective strategy for other organic transformations via a

green and facile way. Initial mechanistic investigations confirm that

this is a hydrogen-autotransfer process, but the particular involvement

of N,P atoms is not well understood, More research is being conducted

to increase catalytic performance, investigate reaction mechanisms,

and broaden the range of applications for our catalyst
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