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re–shell catalyst for the tandem
reaction of amino compounds with aldehydes†

Jinhua Liang, a Lan Wu,*a Zhenhua Li, *a Yang Liu,a Nana Dinga

and Zhengping Dong *b

Heterogeneous noble metal-based catalysts with stable, precise structures and high catalytic performance

are of great research interest for sustainable catalysis. In this article, we designed a novel core–shell catalyst,

Pd@UiO-66-NH2@mSiO2, with Pd@UiO-66-NH2 as the core and mesoporous SiO2 (mSiO2) as the shell.

Scanning electron microscopy (SEM), X-ray diffraction (XRD) and Fourier transform infrared spectroscopy

(FT-IR) measurement results demonstrated that the obtained catalyst has an excellent core–shell

structure. It can significantly prevent the aggregation of Pd nanoparticles (NPs), as well as the leaching of

Pd NPs during the reaction process, owing to the protective effect of mSiO2. During the tandem

reaction of aniline and benzaldehyde to generate secondary amines, the prepared Pd@UiO-66-

NH2@mSiO2 is highly efficient, due to the strong acid sites provided by UiO-66-NH2 and the

hydrogenation reduction sites provided by Pd NPs. Meanwhile, the Pd@UiO-66-NH2@mSiO2 with

porous structure can also enhance the mass transfer of reactants to improve the reaction efficiency.

Additionally, the prepared catalyst was used to catalyze the series reaction of amino compounds and

aldehydes, and the results showed that just 5 mg of the catalyst can convert more than 99% of the

reactants within 60 minutes in the presence of 1 atm H2 at room temperature. Finally, the selectivity and

stability of the as-prepared catalyst were also confirmed.
Introduction

Secondary amines are important intermediates in the synthesis
of pharmaceuticals, cosmetics, fuels, and dyes.1–6 The tradi-
tional methods for synthesizing secondary amines include
reductive amination of carbonyl compounds,7,8 direct nucleo-
philic substitution reactions between primary amines and
alkylating reagents,9 and organometallic additions between
carbonyl compounds and highly reactive Grignard reagents or
organic reagents.10 However, the mentioned above methods for
synthesizing secondary amines require relatively expensive raw
materials, and the synthesis process is relatively complicated,
which limits practical application to a large extent. The one-pot
tandem reaction has attracted extensive attention in organic
synthesis due to its characteristics of few synthesis steps, simple
purication, high performance, less waste generated by atomic
economy, and short reaction time.11–13 And the one-pot tandem
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reaction of amino compounds with aldehydes provides an
atom-economical and environmentally friendly method for the
preparation of secondary amines.14 The one-pot tandem process
mainly involves two steps: rstly, the condensation of primary
amines with aldehydes to form imines, followed by reductive
hydrogenation of the imines to convert them to the corre-
sponding secondary amines. In order to drive the tandem
reaction, catalysts contain two kinds of sites, the solid acid sites
are used to catalyze the condensation of primary amines and
aldehydes, and the metal catalytic sites are utilized to catalyze
the hydrogenation in required condition.11,15 Catalysts with
both sites are considered as promising alternatives for one-pot
tandem reactions due to their relatively low corrosivity, high
catalytic activity, high selectivity, and easy separation for
subsequent use.16 In recent years, scholars have favored multi-
functional core–shell noble metal-based heterogeneous
catalysts.17–21 A noble metal is selected as an active site sup-
ported on a material that could not only act as catalyst site but
also act as support as the catalyst core. And another material
with high porosity and good stability is selected as the catalyst
shell to design a core–shell catalyst for catalyzing the tandem
reactions.22,23

It is critical to select the supports during the core–shell
catalyst preparation procedure. It is proved that the combina-
tion of metal organic frameworks (MOFs) and noble metals has
a broad prospect.24–28 MOFs are a relatively new class of porous
© 2023 The Author(s). Published by the Royal Society of Chemistry
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materials that form open crystalline frameworks with perma-
nent porosity by linking metal-containing units with organic
linkers,29–31 with tunable pore sizes, well-dened metal nodes,
tunable chemical composition, and surface function.32–36 There
are many advantages to supporting the noble metals on the
MOFs. For example: the noble metals NPs are highly dispersed
on the MOFs to prevent NPs agglomeration and reduce metal
load; the sites required for the catalysts can be obtained from
the well-dened metal nodes; the tunable pore sizes may facil-
itate the ability to catalyze reactants with various molecular
sizes.37 Li et al.38 reported MOF-derived core–shell catalysts
Ni@NC for catalyzing one-pot reduction amination to prepare
secondary amines exhibited excellent performance. In addition,
Anderson et al.39 successfully prepared a Pd-nanoparticle@MIL-
101(Cr) catalyst for one-pot tandem reduction amination.
However, there are still some challenges in designing core–shell
catalysts when use MOFs as the supports. For instance, the
metal NPs can easily leach from the supports and affect the
catalytic performance and the metal nodes contained in the
selected MOF cannot be used to catalyze the tandem reaction.
In order to solve above problems, in this work, UiO-66-NH2 was
chosen as the support to carry noble metal NPs.40 UiO-66-NH2

introduced N source to anchor the metal NPs to prevent
leaching during the reaction. Meanwhile, coordinatively
unsaturated Zr site contained in UiO-66-NH2 can catalyze the
cascade reaction.41,42

Many studies on core–shell catalysts have conrmed that,
anchoring noble metal NPs in the core,43,44 and the existence of
the shell ensures that the noble metal NPs can act alone in the
microenvironment and protect the metal NPs from leaching
and aggregation.45,46 Adding noble metals into the core–shell
catalysts is a key step in the catalytic cascade reaction. Zhang
et al.47 reported a stepwise self-assembly and concurrent self-
etching strategy to prepare SiO2@UiO-66-NH2 hollow
composite for Knoevenagel condensation (2-nitrobenzaldehyde
and malononitrile). Due to the absence of noble metals, the
catalytic reaction is relatively simple, which greatly limits the
practical application. Additionally, shell is very important in the
preparation of core–shell catalyst. Mesoporous silica (mSiO2),
which has high porosity and good stability, is oen used as the
shell of catalyst to improve the speed of mass transfer and
catalyst activity in the reaction process.48–50 Meanwhile, the
coexisting mSiO2 shell can protect the noble metal NPs from
leaching and aggregation during the reaction.51–53 In order to
improve the stability of the catalyst and protect the leaching and
aggregation of noble metal NPs, mSiO2 was chosen as the shell
to prepare the core–shell catalyst in this work.

Based on these, in this work, the noble metal Pd was sup-
ported on the UiO-66-NH2 as the core and mSiO2 was chosen as
the shell, we successfully prepared Pd@UiO-66-NH2@mSiO2

core–shell catalyst with core–shell structure. The results showed
that the prepared Pd@UiO-66-NH2@mSiO2 core–shell catalyst
exhibited excellent catalytic performance in the reaction of
amino compounds and aldehydes to secondary amines in the
presence of hydrogen and at room temperature (25 °C, 1 atm
H2). Therefore, it provides a new route for designing multi-
functional core–shell heterogeneous catalysts.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Experiment
Chemical materials

N,N-Dimethylformamide (DMF), 2-aminoterephthalic acid,
zirconium tetrachloride (ZrCl4), and acetic acid were purchased
from Tianjin Haines Biochemical Technology Co., Ltd. Cetyl-
trimethylammonium bromide (CTAB), tetraethylorthosilicate
(TEOS), palladium chloride (PdCl2), ammonium nitrate
(NH4NO3), and sodium borohydride (NaBH4) were obtained by
Tianjin Guangfu Fine Chemical Research Institute supply.
Ethanol (EtOH), dimethyl sulfoxide (DMSO), tetrahydrofuran
(THF) were purchased from Shanghai Alading Biochemical
Technology Co., LTD. Amino compounds and aldehydes were
obtained from Sinopharm Chemical Reagent Co., Ltd (China).
Deionized water was made in laboratory. All chemicals were
used without further purication.

Preparation of UiO-66-NH2

UiO-66-NH2 was prepared according to previously reported
methods.54,55 0.48 g ZrCl4 was dissolved in 120 mL DMF and
sonicated for 5 minutes, then 0.372 g of 2-aminoterephthalic
acid was added to the above solution, and continued to sonicate
for 5 minutes. Then, 5.9 mL of acetic acid was added, and ob-
tained solution was transferred to a Teon-lined autoclave
reactor and reacted at 120 °C for 24 h in an oven. The above
solution was naturally cooled to room temperature and pink
powder was collected by centrifugation, washed with ethanol for
3 times and activated in a vacuum oven at 80 °C for 24 h.

Preparation of Pd@UiO-66-NH2

300 mg UiO-66-NH2 was dispersed in 100 mL ethanol, 2.5 mL
6 mg mL−1 PdCl2 aqueous solution was added dropwise, aer
stirring for 6 h, NaBH4 solution was added for reduction,
continued stirring for 6 h, nally black powder was collected by
centrifugation and dried in a vacuum oven at 30 °C.

Preparation of Pd@UiO-66-NH2@mSiO2

375 g cetyltrimethylammonium bromide (CTAB), 300 mg
Pd@UiO-66-NH2 were dispersed in a mixed solution of 300 mL
deionized water and 60 mL ethanol. Aer stirring at room
temperature for 1 h, the temperature was increased to 50 °C,
and then 1.5 mL NH3$H2O was induced, nally the prepared
solution (1880 mL tetraethylorthosilicate and 30 mL absolute
ethanol) was added drop by drop in ve times. The above
solution was continuously stirred for 6 h and collected by
centrifugation. The collected black powder was etched with
100 mL NH4NO3/ethanol solution (6 mg mL−1) at 80 °C for 6 h,
then collected by centrifugation, washed three times with
ethanol and dried in a vacuum oven at 30 °C.

One-pot tandem synthesis of secondary amines

Typically, 1 mmol aniline, 0.5 mmol benzaldehyde and 5 mg
Pd@UiO-66-NH2@mSiO2 catalyst were dispersed in a 10 mL
round bottom ask with 3 mL solvent. The reaction system was
then purged with H2 ten times and stirred under a H2
RSC Adv., 2023, 13, 5186–5196 | 5187
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atmosphere at 25 °C for the indicated time. And the catalyst was
collected by centrifugation aer the reaction for subsequent
use.
Recovery of catalyst

The reused catalyst before the eighth cycle was recovered for in
a centrifuge at 12 000 RPM for 3 minutes, washed 3 times with
anhydrous ethanol and dried in vacuum at 30 °C for 24 h.
Catalytic characterization

The morphological and structural characteristics of the as-
prepared materials were analyzed by scanning electron
microscopy (SEM, ThermoFisher Apero S) and transmission
electron microscopy (TEM, FEI talos F200 s). The crystal struc-
ture of the catalysts were measured by powder X-ray diffraction
(PXRD, Rigaku miniFlex 600), Powder X-ray diffraction (PXRD)
patterns were recorded on a Rigaku miniFlex 600 with 2q from
3–90. The functional groups in the catalysts were analyzed by
Fourier-transform infrared spectroscopy (FT-IR, Bruker VERTEX
70). The valence states of different elements on the material
surface were analyzed by X-ray photoelectron spectroscopy (XPS,
PerkinElmer PHI-5702). The actual contents of metals in the
catalyst were determined by inductively coupled plasma-optical
emission spectroscopy (ICP-AES). The Brunauer–Emmett–Teller
(BET, 3H-2000PSA2) method was used to analyze the specic
surface area and pore size distribution. Nitrogen adsorption–
desorption measurements were conducted at 77 K on a surface
area and pore size analyzer (3H-2000PSA2) aer the samples
were degassed at 120 °C for 2 h. And selectivity measurement of
one-pot cascade reactions was detected by gas chromatography
(GC-2014 + AFSC, 230C) and gas chromatography-mass spec-
trometry (GC-MS, Agilent 5977E). Gas chromatogram and gas
chromatogram-mass spectrometry were recorded by 230C and
Agilent 5977E at 60–280 °C, respectively.
Results and analysis

As shown in Scheme 1, the preparation of Pd@UiO-66-NH2@-
mSiO2 mainly included three steps. Firstly, the UiO-66-NH2

metal organic framework was synthesized by using zirconium
chloride and 2-aminoterephthalic acid as building blocks;
Scheme 1 The preparation process of Pd@UiO-66-NH2@mSiO2 catalys

5188 | RSC Adv., 2023, 13, 5186–5196
secondly, the aqueous solution of palladium chloride was
added dropwise into the ethanol solution of UiO-66-NH2 by
traditional dipping method, and then reduced with sodium
borohydride to synthesize Pd@UiO-66-NH2 as the core; The
surface of Pd@UiO-66-NH2 was subsequently covered by
a mSiO2 shell by the classical Stöber method.56,57 CTAB was used
as a mesoporous template and was removed by etching with
NH4NO3/ethanol solution (6 mg mL−1).

The structure changes of the materials during the prepara-
tion were detected by TEM. As shown in Fig. 1(a), the as-
prepared UiO-66-NH2 exhibits a hexahedral morphology. And
Fig. 1(b) reveals that the Pd NPs of Pd@UiO-66-NH2 uniformly
dispersed on UiO-66-NH2. As can be seen in Fig. 1(c) that aer
being coated with mesoporous SiO2, the morphology of UiO-66-
NH2 remained unchanged, and the average particle size of Pd
nanoparticles is 8–9 nm. According to the analysis of TEM
images, the average size of Pd NPs in Pd@UiO-66-NH2@mSiO2

is almost unchanged compared with that in Pd@UiO-66-NH2,
indicating that the coating process of mSiO2 and the effect of
CTAB etching do not lead to aggregation of Pd NPs. In addition,
the corresponding element mapping conrmed that Pd@UiO-
66-NH2@mSiO2 contains N, O, Si, Zr, Pd and all these elements
are uniformly distributed [Fig. 1(d)].

The XRD patterns of the three prepared materials are pre-
sented in Fig. 2(a). The diffraction pattern of UiO-66-NH2 [curve
1 in Fig. 2(a)] is tted with published standard simulation
curves,54,55,58 which illustrate the successful preparation of
highly crystalline UiO-66-NH2. There is no obvious crystallinity
loss in Pd@UiO-66-NH2 [curve 2 in Fig. 2(a)], demonstrating
that the crystallinity of UiO-66-NH2 does not affect by the
addition of Pd NPs compared with UiO-66-NH2. Interestingly,
no diffraction peaks of Pd are observed, whichmay be due to the
high dispersion and extremely small particle size of Pd NPs.
Besides, there is a new broad peak that appeared around 20°,
which corresponds to mesoporous SiO2 (ref. 59) [curve 3 in
Fig. 2(a)]. The loss of crystallinity aer coating SiO2 is due to the
etching of SiO2 with NH4NO3/ethanol solution to facilitate the
formation of mesoporous structure. As illustrated in Fig. 2(b),
the FT-IR spectrum of 2-aminoterephthalic acid is in good
agreement with that reported literature.60 The peak that centers
that appear at 3505 cm−1 and 3388 cm−1 are attributed to the
asymmetric stretching vibration of –NH2 and the symmetric
t.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM images of (a) UiO-66-NH2, (b) Pd@UiO-66-NH2, (c) Pd@UiO-66-NH2@mSiO2; (d) HAADF-STEM image of Pd@UiO-66-NH2@mSiO2

corresponding element mapping images for N, O, Si, Zr, and Pd.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

5 
1:

53
:2

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
stretching vibration of –NH2, respectively. The weak peaks at
1661 cm−1 and 1660 cm−1 are ascribed to the bending vibration
of N–H. The strong peaks at 1583 cm−1 and 1568 cm−1 are
assigned to the C]O coupling of the symmetric stretching
vibration with the ring vibration. And the peaks at 1219 cm−1

and 1158 cm−1 correspond to the stretching vibration of C–N on
the aromatic ring. Furthermore, the peaks at the lower
frequencies 661 cm−1 are attributed to the Zr–Omodes,59 which
act as acidic sites in the catalyst.

As shown in Fig. 3, the elements contained in the prepared
catalyst Pd@UiO-66-NH2@mSiO2 are C, N, O, Zr, Si, and Pd.
Compared with UiO-66-NH2, the peak intensities of N, Zr, and
Pd in Pd@UiO-66-NH2@mSiO2 are weakened, because XPS can
only detect the signal of elements with a certain sample thick-
ness. The high-resolution C 1s spectrum exhibits two peaks at
284.6 eV, 285.6 eV which can be ascribed to C–C and C–O,
© 2023 The Author(s). Published by the Royal Society of Chemistry
respectively [Fig. 3(b)]. The high-resolution Zr 3d spectra of the
two samples reveal two peaks at 182.9 eV and 185.2 eV, which
are attributed to Zr 3d5/2 and Zr 3d3/2, respectively [Fig. 3(c)]. In
addition, the Pd 3d peak in Pd@UiO-66-NH2@mSiO2 is
deconvoluted into two peaks, Pd 3d5/2 and Pd 3d3/2 correspond
to Pd2+ and Pd0, respectively, and the coexisting Pd2+ may be
due to the existence of Pd–N bonds [Fig. 3(d)]. It can be found
on the XPS image that the peak intensity of Pd is very weak,
possibly because Pd NPs are coated in mSiO2 and only absorb
part of the X-ray. Therefore, the actual loading of Pd was
determined in Pd@UiO-66-NH2@mSiO2 to be 0.08 mmol% by
ICP-OES as shown in Table S1.†

The specic surface area and pore size distribution of the
synthesized materials are shown in Fig. 4 and Table S2.† As
shown in Fig. 4(a), both UiO-66-NH2 and Pd@UiO-66-NH2

exhibit type I N2 adsorption–desorption curves with specic
RSC Adv., 2023, 13, 5186–5196 | 5189
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Fig. 2 (a) XRD patterns of (1) UiO-66-NH2, (2) Pd@UiO-66-NH2, (3) Pd@UiO-66-NH2@mSiO2; (b) FT-IR spectra of (1) 2-aminoterephthalic acid,
(2) UiO-66-NH2.

Fig. 3 (a) The wide-range XPS spectra; the high-resolution spectra of (b) C 1s, and (c) Zr 3d in (1) UiO-66-NH2 and (2) Pd@UiO-66-NH2@mSiO2;
(d) the high-resolution spectra of Pd in Pd@UiO-66-NH2@mSiO2.
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surface areas of 1107.3 m2 g−1 and 1002.6 m2 g−1, respectively,
demonstrating that the existence of mesoporous structures in
the materials. With regard to UiO-Pd@UiO-66-NH2@mSiO2,
a type I/IV N2 adsorption–desorption isotherm exists and
specic surface area is 920.3 m2 g−1, indicating the simulta-
neous existence of microporous and mesoporous in this mate-
rial because of the introduction of mSiO2. Notably, the prepared
materials with high specic surface area and pores can enhance
5190 | RSC Adv., 2023, 13, 5186–5196
the mass transfer of reactants during reaction.61 The pore size
distribution of the prepared materials is shown in Fig. 4(b), the
pore size of Pd@UiO-66-NH2@mSiO2 is between 1.4–3.2 nm,
and the size of Pd NPs is 8–9 nm, revealing that Pd NPs are in
mSiO2 and it is arduous to be leached from the pores under the
encapsulation of mSiO2.

In order to investigate the synergistic effect between the Pd
sites and Lewis acid sites of the prepared Pd@UiO-66-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Nitrogen adsorption–desorption isotherms and (b) the corresponding pore sizes distribution curves of Pd@UiO-66-NH2@mSiO2.
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NH2@mSiO2 catalyst, a one-pot cascade reaction of aniline and
benzaldehyde was employed as a model reaction, and the
reaction conditions were optimized with molecular hydrogen as
the green hydrogen source under ambient pressure. At the same
time, the results were compared with those reported in the
previous literature.62

Firstly, this cascade reaction is not reacted without a catalyst
(Table 1, entry 1). However, the conversion of this tandem
reaction and the selectivity of the target product both reached
more than 99% in the presence of Pd@UiO-66-NH2@mSiO2

catalyst (Table 1, entry 2). Meanwhile, the TOF under this
condition is 618.75 h−1 and the TON is 618.75. The strong acid
sites contained in UiO-66-NH2 can promote the condensation of
aniline and benzaldehyde to form imine.63 Subsequently, the
imine is hydrogenated to form N-benzylaniline under the action
Table 1 Optimizing the reaction conditions of catalytic one-pot reactio

Entry Catalyst Solvent

1a — EtOH
2a Pd@UiO-66-NH2@mSiO2 EtOH
3a Pd@UiO-66-NH2 EtOH
4a UiO-66-NH2 EtOH
5a Pd@UiO-66-NH2@mSiO2 DMSO
6a Pd@UiO-66-NH2@mSiO2 THF
7a Pd@UiO-66-NH2@mSiO2 H2O
8a Pd@UiO-66-NH2@mSiO2 DMF
9b Pd@UiO-66-NH2@mSiO2 EtOH
10c SiNS–Pd IPA

a Reaction conditions: 25 °C, atmospheric pressure, 5 mg catalyst, 0.5 mmo
1 h. b 1mmol benzaldehyde. c 1mmol aniline, 1.2 mmol benzaldehyde, 2 m
18 h.64

© 2023 The Author(s). Published by the Royal Society of Chemistry
of the Pd metal sites. Then, the effect of solvents on the tandem
reaction was also carried out. In comparison studies, ethanol
was chosen as the solvent for this reaction to achieve the best
conversion and highest selectivity (Table 1, entries 2, 5, 6, 7 and
8). At the same time, the reaction is also affected by the molar
usage of the two initial reactants. When the molar amount of
benzaldehyde used is more than or equal to the molar amount
of aniline, benzaldehyde is preferentially converted to the side
reactant benzyl alcohol, reducing the yield of the target product
(Table 1, entry 9). Therefore, the use of excess aniline is the key
to achieving high selectivity of the target product. To further
investigate the catalytic properties of Pd@UiO-66-NH2@mSiO2,
comparative experiments are also performed. When Pd@UiO-
66-NH2 (without mSiO2 shell) is used as catalyst, due to the
leaching of Pd active sites during the reaction, the selectivity of
n of aniline with benzaldehyde

Conv. (%) c Sel. (%) d Sel. (%)

— — —
>99 — >99
>99 58 42
>99 >99 —
>99 96 4
>99 83 17
>99 72 28
>99 50 50
>99 58 42
>99 — >99

l benzaldehyde, 1 mmol aniline, 3 mL solvent, H2 balloon, reaction time:
L 2-propanol, 160mg SiNS–Pd catalyst, 1.0MPa H2, 60 °C, reaction time:
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Table 2 Optimizing the reaction conditions of catalytic one-pot reaction amines with aldehydesa

Entry Substrate Conv. (%) c Sel. (%) d Sel. (%)

1 >99 — >99

2 >99 — >99

3 >99 — >99

4 >99 4 96

5 >99 — >99

6 >99 — >99

7 >99 — >99

5192 | RSC Adv., 2023, 13, 5186–5196 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Entry Substrate Conv. (%) c Sel. (%) d Sel. (%)

8 >99 — >99

9 >99 — >99

10 >99 — >99

11 >99 — >99

a Reaction conditions: 25 °C, atmospheric pressure, 5 mg catalyst, 0.5 mmol aldehydes, 1 mmol amines, 3 mL EtOH, H2 balloon, reaction time: 1 h.
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N-benzylaniline was signicantly reduced, demonstrating that
the protection of the mSiO2 shell is a crucial factor for achieving
excellent selectivity (Table 1, entry 3). As expected, the initial
reactants could not be converted to the target product in this
tandem reaction with UiO-66-NH2, illustrating the critical role
of the Pd sites in the reaction (Table 1, entry 4). Furthermore,
compared with other catalyst (Table 1, entry 10), it is found that
the initial reactant can be converted into the target product only
under relatively harsh conditions (60 °C, 18 h, 160 mg cata-
lyst).64 In summary, the prepared catalyst enables the reaction of
aniline and benzaldehyde to generate the target product under
very mild conditions.

To further understand the general applicability of the
Pd@UiO-66-NH2@mSiO2 core–shell catalyst, various amines as
well as aldehydes were tested as reactants under the optimal
reaction conditions.

As shown in Table 2, the initial reactants are converted into
corresponding target products with high conversion and selec-
tivity. There are excellent conversion rates and selectivity in 2-
© 2023 The Author(s). Published by the Royal Society of Chemistry
methylbenzaldehyde, 3-methylbenzaldehyde, and 4-methyl-
benzaldehyde, 3-hydroxybenzaldehyde, o-anisaldehyde, 2-car-
boxybenzaldehyde, p-hydroxybenzaldehyde, indicating the
benzaldehydes containing only one functional group, the
conversion and selectivity of the tandem reaction are not
affected by the steric position of the group (Table 2, entries 1, 2,
3, 5, 6, 7 and 8). Meanwhile, the conversion and selectivity of
aniline with only one functional group and benzylamine also
perform well (Table 2, entries 9, 10 and 11). However, the
selectivity is relatively low (96%) for 3, 4-dimethylbenzaldehyde
containing two functional groups (Table 2, entry 4) to react with
aniline into the target product may be attributed to steric
hindrance. In addition, both reactants with electron-donating
groups and electron-absorbing groups do not effect on the
reaction, indicating that the inuence of electronic effects is not
obvious. In conclusion, the above results indicate that the effi-
cient and selective one-pot synthesis of secondary amines using
Pd@UiO-66-NH2@mSiO2 modied with different functional
groups of amines and aldehydes under very mild conditions.
RSC Adv., 2023, 13, 5186–5196 | 5193
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Fig. 5 (a) The recyclability of Pd@UiO-66-NH2@mSiO2 in the one-pot cascade reaction of benzaldehyde with aniline to corresponding
secondary amines and (b) TEM image of Pd@UiO-66-NH2@mSiO2 after the eighth cycle.
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To further understand the reaction process, the reaction
time course and the as well as the target product distribution
were carefully monitored (Fig. S1†).

It can be seen in Fig. S1† that benzaldehyde and aniline can
be completely converted into imine intermediate within 10
minutes under the function of the acidic sites of Pd@UiO-66-
NH2@mSiO2. Subsequently, the imine intermediate is reduced
by H2 with the extension of time with the assistance of the Pd
sites, and the target product N-benzylaniline is rapidly formed.

Besides, the stability of the Pd@UiO-66-NH2@mSiO2 core–
shell catalyst under the optimum reaction conditions is also
investigated. As shown in Fig. 5(a), Pd@UiO-66-NH2@mSiO2

exhibits excellent catalytic performance. The high activity is
maintained even aer 9 cycles, and a selectivity of 84% to the
corresponding secondary amine is obtained, due to the
protective effect of mSiO2, so that the Pd NPs were not leached
during the catalytic reaction (Table 1, entry 2). The selectivity of
the tenth cycle dropped sharply to 23%, possibly due to the
aggregation of Pd NPs during the recovery process [Fig. 5(b)].
These results indicate that the core–shell structure of UiO-66-
NH2@Pt@mSiO2 can effectively maintain the stability of the
catalyst.
Conclusions

In this study, a dual-site core–shell catalyst UiO-66-NH2@-
Pt@mSiO2 was prepared. The as-prepared catalyst exhibited
excellent catalytic activity and stability for the one-pot cascade
conversion of amino compounds and aldehydes to secondary
amines under mild conditions (25 °C, 1 atm H2), due to the fact
that UiO-66-NH2 provided acid sites for condensation of initial
reactants, and Pd NPs provided hydrogenation sites for further
hydrogenation of imine intermediates. Additionally, the new
prepared catalyst could be recycled up at least 8 times proving
that Pd NPs are protected by mSiO2 and will not be leached
during the reaction. In summary, the reasonable design of
Pd@UiO-66-NH2@mSiO2 catalyst in this work provides an
5194 | RSC Adv., 2023, 13, 5186–5196
approach for the preparation of other multifunctional catalysts
in the future.
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