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cluster catalysts by simultaneous
cooling–microwave heating: application in radical
cascade annulation†

Liangliang Song,‡a Roberta Manno,‡bc Prabhat Ranjan,a Victor Sebastian, *bcd

Silvia Irusta, bcd Reyes Mallada,bcd Luc Van Meervelt,e Jesús Santamariabcd

and Erik V. Van der Eycken *af

One of the hallmarks of microwave irradiation is its selective heating mechanism. In the past 30 years,

alternative designs of chemical reactors have been introduced, where the microwave (MW) absorber

occupies a limited reactor volume but the surrounding environment is MW transparent. This advantage

results in a different heating profile or even the possibility to quickly cool down the system.

Simultaneous cooling–microwave heating has been largely adopted for organic chemical

transformations. However, to the best of our knowledge there are no reports of its application in the

field of nanocluster synthesis. In this work, we propose an innovative one-pot procedure for the

synthesis of Cu nanoclusters. The cluster nucleation was selectively MW-activated inside the pores of

a highly ordered mesoporous substrate. Once the nucleation event occurred, the crystallization reaction

was instantaneously quenched, precluding the growth events and favoring the production of Cu clusters

with a homogenous size distribution. Herein, we demonstrated that Cu nanoclusters could be

successfully adopted for radical cascade annulations of N-alkoxybenzamides, resulting in various tricyclic

and tetracyclic isoquinolones, which are widely present in lots of natural products and bioactive

compounds. Compared to reported homogeneous methods, supported Cu nanoclusters provide

a better platform for a green, sustainable and efficient heterogeneous approach for the synthesis of

tricyclic and tetracyclic isoquinolones, avoiding a variety of toxic waste/byproducts and metal

contamination in the final products.
Introduction

Over the past decade, metal nanoclusters (NCs) have attracted
intense interest due to their use in different kinds of emerging
technological applications, including catalysis, biology, and
medicine.1–6 As demonstrated by Nørskov et al.,4b in the nano-
cluster scale (diameter < 2 nm) the number of accessible active
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sites increases, and the majority of them will occupy edges or
corners, which implies a different coordination number.
Furthermore, the discretization of the electronic energy levels
results in quantum size effects, losing the metallic behavior,
still observed for crystalline nanoparticles.5b,c The catalytic
activity of metallic clusters may be strongly enhanced as largely
demonstrated for Au and Ag NCs, which have been proposed as
valid alternatives to highly expensive metals, i.e. Pd or Pt.7–10

Recently, Cu NCs begin to receive increasing attention and
exhibit high potential for large-scale nanotechnology applica-
tions, not only due to their high yields in facile synthesis and
impressive optical properties, but also due to the earth-
abundance (around four orders of magnitude higher than Au,
Ru or Pt)11a and low cost of Cu as well as its environmentally
benign character.11–17

Despite extensive research investigations of Au and Ag
NCs,18–25 studies focusing on the synthesis of Cu NCs are scarce
mainly due to the difficulty in synthesizing highly stable and
small Cu(I)/Cu(0) nanomaterials.26–31 For example, in 2009,
Vázquez-Vázquez and co-workers prepared stable and small Cu
NCs through the employment of a slow water-in-oil micro-
emulsion technique.29 Subsequently, Vilar-Vidal and co-
Nanoscale Adv., 2021, 3, 1087–1095 | 1087

http://crossmark.crossref.org/dialog/?doi=10.1039/d0na00980f&domain=pdf&date_stamp=2021-02-20
http://orcid.org/0000-0002-6873-5244
http://orcid.org/0000-0002-2966-9088
http://orcid.org/0000-0001-5172-7208
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00980f
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA003004


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
sa

us
io

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
02

5-
10

-1
6 

18
:3

1:
40

. 
 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
workers31 synthesized aggregates of stable and small Cun NCs (n
# 14) in aqueous solution via a simple electrochemical cycle of
1000 s. Even if every single cluster presented a diameter smaller
of (0.61 � 0.13) nm, the XPS analysis conrmed that the
aggregates presented a core–shell structure, with a thin layer of
Cu(II) ions over the external surface. Recently, Kawasaki's
group30 reported the synthesis of approximately 2 nm Cu NCs
without using additional protective and reducing agents by
using a microwave-assisted polyol method. Cu(I)/Cu(0) nano-
particles of (2.3 � 0.3) nm were obtained aer 30 min of MW
irradiation achieving a maximum synthesis temperature of
185 �C in inert atmosphere.

As reported in our previous work,32a microwave irradiation
may guarantee a heating rate 10 times higher than conventional
heating. This promotes a nearly instantaneous and homoge-
neous nucleation. However, in accordance with the LaMer
model,32b the initial nuclei are unstable and tend to aggregate,
generating bigger nanoparticles. The rapid quenching of the
reaction and the heterogenization of the nanoclusters may
guarantee a longer stability.32c–e

Herein, we present an innovative microwave heating reactor,
cooled by ice to preclude the growth of nanoclusters and to
avoid MW absorption, for the in situ production of Cu NCs
directly inside of the 10 nm diameter channels of ordered SBA-
15 nanorods. The nanosynthesis reactor was designed exploit-
ing the selectivity of microwave heating. The dielectric loss
tangent tan d¼ 300/30, dened as the ratio between the dissipated
energy (300) and the energy stored (30),33a describes the interac-
tion of each material with the electromagnetic wave (Table 1).
On the basis of its value, we can distinguish between reectors
(e.g. metals), transmitters (tan d < 0.1, e.g. quartz or Teon®)
and absorbers (tan d > 0.1).33b In this work, the water based
precursors behave as high microwave absorbers. On the other
hand, the reactor was surrounded by a thin layer of water ice,
conferring microwave transparency.33c In this way, a simulta-
neous cooling–microwave heating occurred, guaranteeing both
a rapid localized nucleation and a nearly instantaneous block-
ing of undesired aggregation events.

Polycyclic isoquinolone frameworks are widely present in
lots of natural products and bioactive compounds,34,35 such as
naturally occurring alkaloids, industrially employed dyes,
paints, insecticides, antifungals, anesthetics, antihypertension
agents, disinfectants, and vasodilators.35b Although several
efficient methods have been developed to synthesize these
scaffolds, they mainly focus on homogeneous catalytic condi-
tions, including transition metal-catalyzed cascade annulation
Table 1 Loss tangent and penetration depth ofmaterials employed for
the reactor design33c,51

Material Loss tangent d Penetration depth (mm)

(1) Teon® 0.00028 92 000
(2) Ice 0.0009 11 000
(3) Pyrex 0.0005 �10 000
(4) Water 0.157 14

1088 | Nanoscale Adv., 2021, 3, 1087–1095
reactions.36–43 They have to utilize highly toxic, hazardous and
expensive chemicals, and inevitably lead to a number of toxic
waste/byproducts and metal contamination in the nal prod-
ucts. Therefore, developing a green, sustainable and efficient
approach for the construction of polycyclic isoquinolones still
remains a challenging task.

Despite the broad scope of diverse organic transformations
by Cu nanoparticles (NPs),44 organic synthesis employing Cu
NCs has been scarcely studied.45,46 Most examples of Cu NCs
focused on galvanic reactions, hydrogen evolution reactions,
reduction of CO2 and uorescence properties.11–17 Considering
the excellent performance of Cu catalysts in homogeneous
radical reactions,47 we next evaluated the catalytic activity of Cu-
NCs@SBA-15, unveiling their inuence on the activity and
selectivity towards isoquinolones and exploiting their unprec-
edented catalytic properties.

The catalytic activity of supported Cu-NCs@SBA-15 catalyst
was successfully illustrated by the further radical cascade
annulations of N-alkoxybenzamides for the construction of
various tricyclic and tetracyclic isoquinolones. This heteroge-
neous catalyst is stable and reusable under the employed
reaction conditions and can be easily isolated. To the best of our
knowledge, this is the rst report on Cu NCs exhibiting such
remarkable activity to radical cascade annulation reaction.
Experimental
Synthesis of amine graed SBA-15

The mesoporous SBA-15 nanorods were synthesized by a tradi-
tional sol–gel procedure.48 The non-ionic surfactant Pluronic P-
123 (1.2 g) was dissolved into 40 mL of HCl 1.75 M (AnalaR
NORMAPUR 37%) with the addition of 14 mg of ammonium
uoride NH4F (Sigma Aldrich, $98%). In this step the reactor
volume was strictly maintained at 20 �C and 1500 rpm stirring
rate (magnetic stirrer bar of Ø 6 mm � 25 mm) for 4 h. Then,
a fresh mixture of heptane (Sigma-Aldrich, 99% – 8.5 mL) and
TEOS (Fluka, 98% – 2.75 mL) was added, keeping the reaction at
1500 rpm stirring rate for 4 min. The heptane acts as swelling
agent,49 guaranteeing a higher nal pore diameter.50 Aer
10 min in a static condition, the solution was transferred to
a PTFE-lined autoclave for hydrothermal treatment at 100 �C for
Fig. 1 Schematic representation and optical inset of the coaxial
reactor for the simultaneous cooling–microwave heating.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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24 h. Next, the product was washed, ltered and calcined in
a muffle furnace at 550 �C for 5 h with a heating rate of
1 �C min�1. To conclude, the empty rod-shaped channels of
SBA-15 were amino-functionalized according to a previously
described procedure.32e Amass of 1 g of calcined rod-shape SBA-
15 was dispersed into 20 mL of toluene (Fisher Chemical,
General Purpose Grade). Aer 15 min of Ar-purging, we added
400 mL of (3-aminopropyl)triethoxysilane (Sigma-Aldrich,
$98%) maintaining the system at 110 �C for 1 h. Finally, the
product was ltered, washed with a mixture of
dichloromethane/diethyl ether (1 : 1 in volume) and dried at
80 �C overnight.
Synthesis of Cu nanoclusters

To prepare Cu nanoclusters we employed the reactor schemati-
cally represented in Fig. 1, which consisted of two coaxial tubes.
The external one (O.D. 24.5 mm, I.D. 20.7 mm) was made of
Teon, while the internal one was made of Pyrex (O.D. 16.4 mm,
I.D. 13.3 mm). The interspace between themwas occupied by ice.
As reported in Table 1, Teon®, Ice and Pyrex are microwave
transparent materials. On the contrary the liquid water is a good
MWabsorber. The reactor was xed in the centre of amonomode
CEM Discover® cavity immediately before starting the synthesis.
5 mg of Cu(NO3)2$3H2O (Sigma-Aldrich) were dissolved in 400 mL
of deionized water with the addition of 123 mL of Na-PAA (Sigma
Aldrich MW 1200, 45 wt% in water). Then, 100 mg of amino-
functionalized SBA-15 was loaded in the central volume and
impregnated by the water-based copper precursors to incipient
wetness. Aer homogenisation for 30 s by vigorous stirring, the
sample was irradiated by MWs-20 W for 17 s in high stirring
condition. Once themicrowaves were switched-off, the ice rapidly
cooled-down the system. To conclude, the catalyst was puried by
centrifugation at 12 000 rpm for 20 min with distilled water and
dried at 50 �C overnight.
Characterization techniques

High-angle annular dark-eld scanning transmission electron
microscope (HAADF-STEM) FEI Titan™ (80–300 kV) and
elemental analysis carried out with an EDS detector performed
in the scanning mode were adopted to conrm that the NCs
were smaller than 2 nm and were homogeneously distributed
over the mesoporous substrate. A 10 mL drop of Cu-NCs@SBA-
15 catalyst was dispersed in water, sonicated for 30 s and
deposited onto a holey carbon grid, made of Ni.

For heterogeneous catalysis it is important to verify that the
porous channels are not obstructed and the pores diameter is
big enough to assure the entrance and diffusion of the organic
substrate. The pore size distribution analysis was performed by
nitrogen adsorption at 77 K in a Micrometrics ASAP 2020, out-
gassing the sample at 26.7 Pa and 383 K for 5 h. The Brunauer–
Joyner–Halenda (BJH) method was applied to the adsorption
branch to calculate mean pore diameter (MPD) and pore size
distribution. The Brunauer–Emmett–Teller (BET) method was
applied to the adsorption isotherm in the range of relative
pressure 0.06–0.19 to calculate specic surface area.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The quantication of the Cu metal loading of the fresh
catalyst and aer 3rd reaction cycle was conducted by Microwave
Plasma Atomic Emission Spectroscopy (MP-AES) (Agilent 4100
MP-AES). First, 30 mg of the catalyst were digested under
microwave heating (200 �C for 20 min in Milestone Ethos Plus
microwave cavity) in 5 mL of a mixture of nitric acid (HNO3) and
hydrochloric acid (HCl) in a volume ratio of 1 : 3. Aerward, the
sample was ve times diluted by Milli-Q-water and ltered by
hydrophilic syringe lters of 0.2 mm. Finally, we determined the
oxidation state of Cu NCs before and aer catalytic test, using X-
ray photoelectron spectroscopy (XPS, Axis Supra spectrometer –
Kratos Tech). The samples were excited by a monochromatized
Al Ka source at 1486.6 eV, run at 12 kV and 10 mA. A survey
spectrum was measured at 160 eV pass energy, for the indi-
vidual peak regions, spectra were recorded with a pass energy of
20 eV. The peaks were studied by CasaXPS soware, adopting
a weighted sum of Lorentzian and Gaussian component curves
aer Shirley background subtraction. The binding energies
were referenced to the internal C1s standard at 284.9 eV.
Catalytic activity

To a Schlenk ask equipped with a stir bar were added 1 (0.1
mmol), Cu NCs (5 mol%), tBuOOH (50 mol%) and 1,4-dioxane
(1.0 mL) without any particular precautions to remove oxygen or
moisture. The reaction vial was immersed in an oil bath pre-
heated at 100 �C and stirred at 800 rpm. Aer 20 h, the reaction
mixture was centrifuged and the catalyst was washed three
times with 1,4-dioxane. The resulting organic layer was evapo-
rated under reduced pressure, and the residue was puried by
silica gel column chromatography (n-heptane/ethyl acetate from
2 : 1 to 1 : 2). The obtained products were characterized by 1H
and 13C NMR spectroscopy as well as HRMS (see ESI†).
Reusability test

To a Schlenk ask equipped with a stir bar were added 1 (0.1
mmol), Cu NCs (5 mol%), tBuOOH (50 mol%) and 1,4-dioxane
(1.0 mL) without any particular precautions to extrude oxygen or
moisture. The reaction vial was immersed in an oil bath pre-
heated at 100 �C and stirred at 800 rpm. Aer the 20 h, the
reaction mixture was centrifuged and the catalyst was washed
three times with 1,4-dioxane. The resulting organic layer was
evaporated under reduced pressure, and the residue was puri-
ed by silica gel column chromatography. The catalyst was
dried under vacuum oven at 50 �C for 24 h and used for another
cycle.
Leaching test

Hot ltration test was performed to evaluate the stability of the
catalyst towards leaching by removing the catalyst from the
reaction mixture aer 4 h. The reaction mixture was then
transferred into a new reaction vial equipped with a new stirring
bar and was continuously stirred for another 16 h at 100 �C. The
reaction ceased aer the removal of the catalyst from the reac-
tion mixture and no further conversion was observed, sup-
porting the heterogeneous nature of the reaction.
Nanoscale Adv., 2021, 3, 1087–1095 | 1089
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Fig. 2 (a and b) HAADF-HRSTEM analysis of Cu-NCs@SBA-15 with the selection of an area of 4 mm2 and (c) its relative EDS analysis. (d–g)
HAADF-HRSTEM analysis of Cu-NCs smaller than 2 nm. (h) Cu 2p XPS core level of Cu-NCs@SBA-15 in red and Cu(II) pattern in black showing the
characteristic satellite peaks. (i) N2 adsorption curve for the mesoporous substrate and the Cu-NC@SBA-15 catalyst.
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Results and discussion
Synthesis of Cu-NCs/SBA-15

The control of the size distribution in supported nanoclusters is
deemed important and it is still one the main challenges to
achieve in catalysts production. In our work, no copper aggre-
gation in form of nanostructures was observed by electron
microscopy analysis (Fig. 2a and b). The detection of Cu clusters
on SBA-15 functionalized surface was achieved using the
HAADF detector, since the contrast is approximately propor-
tional to the square of the atomic number of the elements. A
thick area (SBA surface) with lighter elements (Si and C) might
have the same contrast as a thinner area with heavier atoms (Cu
NCs), making the identication of Cu metallic clusters from the
mesoporous substrate more difficult. EDS analysis conrmed
the presence of metallic Cu clusters over the analyzed surface of
the mesoporous substrate (Fig. 2c). High-resolution imaging of
the mesoporous channels, in Fig. 2d–g, evidenced the presence
of Cu NCs smaller than 1.5 nm. Compared to literature data, the
innovative procedure here described is free of toxic reagents,
such as sodium borohydride largely adopted as reducing agent
for template-assisted synthesis.52 To balance the aggregation
1090 | Nanoscale Adv., 2021, 3, 1087–1095
force during the synthesis of nanoclusters, traditional proce-
dures usually adopt high concentration of long-chain organic
molecules, guaranteeing a long-time stability but reducing the
accessibility of reagents to the active sites for catalytic applica-
tions. In addition, the synthesis of unsupported nanoclusters
hamper catalyst recovery and reusability.53 On the other hand,
in situ nucleation assures synthesis yield higher than 80%, but
the long reaction times required (1–24 h)54 lead to lack of
control of size distribution. All of these problems hinder the
scalability of the synthesis process from the laboratory scale. To
address all these shortcomings, the proposed simultaneous
cooling–microwave heating method allows the production of
100 mg of catalyst in less than 1 min per batch, with a nal
metal loading of (1.2 � 0.2)%, corresponding to a synthesis
yield of 71%, an intermediate position between methods based
on wet-impregnation graing, where yields are around 50%,
and alternative in situ techniques such as H2 cold plasma or
solid grinding, whichmay guarantee a loading yield higher than
90%.55 Therefore our proposed methodology is safe, efficient,
atom economical, simple and suitable for large scale produc-
tion. Furthermore, as is well known, Cu nanoparticles are
usually oxidized in a rapid manner, resulting in a high
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 N2 adsorption measurement for SBA-15 and Cu-NCs@SBA-
15

Sample SBET (m2 g�1) Vt (cm
3 g�1) DBJH (nm)

SBA-15 317 0.89 9.3
Cu-NCs@SBA-15 306 0.69 8.1
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concentration of Cu(II)56 over the external surface of the nano-
particle, a Cu(II) shell that is inactive for several chemical
processes. As reported by Boronat et al.,57 a low oxidation rate
was observed for ultra-small nanoclusters. We conrmed by XPS
(Fig. 2h), that the sub-1.5 nmCu NCs synthesized, presented the
oxidation states of Cu(0) and Cu(I), whose peaks cannot be
separated. However, no satellite peak of Cu(II) was observed, as
reported in Fig. 2h in red. This insight is in accordance with the
recent results reported by Abiraman et al. of unsupported sub-
1 nm Cu(I) NCs stabilized by PAA template.58 The size control
and uniformity achieved with this methodology is as good as
the one reported with the template methodology,59 but the size
was signicantly decreased when compared with the use of
cysteamine,60 DNA,61 cisplatin62 or BSA63 as a template.

Finally, no pore obstruction occurred aer Cu NCs graing
(Fig. 2i). As listed in Table 2, the pore volume and the surface
SBET decreased respectively of 22% and 3.5%. No relevant vari-
ation of the pore diameters occurred with a nal diameter of
8.1 nm, which assured the accessibility of the mesoporous
channels for heterogeneous catalytic applications.
Heterogeneously catalyzed reaction

Due to the number of broad biological applications of polycyclic
isoquinolines, there is high interest to develop a green,
Table 3 Optimization of the reaction conditionsa

Entry Solvent t (h) Yieldb (%)

1 EtOAc (0.2 M) 12 41
2 CH3CN (0.2 M) 12 52
3 MeOH (0.2 M) 12 4
4 1,4-Dioxane (0.2 M) 12 55
5 THF (0.2 M) 12 0
6 1,2-Dichloroethane (0.2 M) 12 56
7 Acetone (0.2 M) 12 0
8 Toluene (0.2 M) 12 18
9 1,4-Dioxane (0.2 M) 20 57
10 1,4-Dioxane (0.1 M) 20 58
11c 1,4-Dioxane (0.1 M) 20 64
12c,d 1,4-Dioxane (0.1 M) 20 52
13c,e 1,4-Dioxane (0.1 M) 20 54

a Conditions: 1a (0.05 mmol), Cu NCs (5 mol%), solvent, 100 �C.
b Isolated yield. c 50 mol% tBuOOH was added. d 5 mol% CuCl was
added. e 5 mol% Cu-NPs@SBA-15 was added.

© 2021 The Author(s). Published by the Royal Society of Chemistry
sustainable and efficient approach for the production of poly-
cyclic isoquinolones. In 2018, Han and co-workers reported
a homogeneous Cu-catalyzed radical cascade annulation for the
synthesis of 1,2-oxazinane-fused isoquinolin-1(2H)-ones in
moderate to good yields, along with the unexpected oxygen-
trapped spirocyclic byproducts.47d Based on this, we investi-
gated the catalytic activity of the new Cu-NCs@SBA-15 in
a cascade radical cyclization reaction. This reaction
commenced by using 1a as a model substrate to optimize the
reaction conditions. When the reaction was performed with Cu
NCs (5 mol%) in EtOAc at 100 �C for 12 h, the desired tetracyclic
isoquinolone 2a was isolated in 41% yield (Table 3, entry 1). The
structure of 2a was conrmed by X-ray diffraction. Then various
solvents were screened, such as CH3CN, MeOH, 1,4-dioxane,
THF, 1,2-dichloroethane, acetone and toluene, showing that
1,4-dioxane and 1,2-dichloroethane could give better results
(entries 2–8). A longer reaction time and a lower concentration
gave some improvements (entries 9 and 10). When 50 mol%
tBuOOH was used as additional oxidant, 2a was obtained in
64% yield aer 20 h (entry 11). Next Cu-NPs@SBA-15 (5 mol%)
prepared by traditional impregnation method and CuCl
(5 mol%) were respectively considered as heterogeneous and
homogeneous catalysts47d to benchmark the heterogeneous
reaction results. Nevertheless, both of them gave lower yields
(entries 12 and 13) because of unidentied side products,
indicating the high efficiency of our synthesized Cu NCs.

Two pathways are proposed for the radical cascade annula-
tions (Scheme 1). Firstly, Cu(I) reacts with oxygen molecule from
air to give Cu(II) intermediate A or B. Substrate 1a is oxidized by
A or B through a hydrogen atom transfer process to produce the
Cu(II) intermediate C or D and radical intermediate E (path a).
Alternatively, Cu(I) and TBHP undergo inner-sphere single-
Scheme 1 Proposed mechanism.

Nanoscale Adv., 2021, 3, 1087–1095 | 1091

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00980f


Table 4 Catalyst activity test up to 3 cycles Table 5 Catalyst loading determination of fresh and used catalyst

Aer synthesis Aer 3rd cycle

Metal loading (1.2 � 0.2) wt% (0.9 � 0.1) wt%
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electron transfer process to give Cu(II) species C and tBuO
radical. Then tBuO radical obtains a hydrogen atom from
substrate 1a to afford radical intermediate E and tBuOH (path
b). Then E undergoes intramolecular 6-exo-dig cyclization to
deliver intermediate F. This is followed by aromatic homolytic
substitution to afford intermediate G. Product 2a is given from
the aromatization of G and Cu(I) is regenerated from C or D.

In order to verify the stability of the new Cu NCs catalyst, the
leaching behavior of the supported Cu NCs was rstly evaluated.
First, we performed a hot-ltration test by ltering off the
catalyst aer 4 h under reaction conditions and did not detect
Fig. 3 (a–d) HAADF-HRSTEM analysis and (e) Cu 2p XPS spectrum of the

1092 | Nanoscale Adv., 2021, 3, 1087–1095
further conversion aer the removal of the catalyst, suggesting
that the reaction is heterogeneous. We employed our catalyst up
to 3 cycles (Table 4). Aer the 3rd cycle, we observed a slight
decrease in the conversion. Agglomeration of nanoparticles is
quite common at the higher temperature. To evaluate the
deactivation of this catalyst aer the 3rd catalytic cycle, we
performed HRSTEM and XPS analyses. The stressed and pro-
longed high reaction temperature initiated undesired nano-
cluster aggregation, observing two different populations small
clusters and particles whose diameter ranged between 2 and
3 nm, as reported in Fig. 3a–d. Moreover, a percentage of 29% of
Cu(II) was determined by XPS aer the 3rd catalytic cycle, as
reported in Fig. 3e. The presence of Cu(II) can be rationalized by
the proposed mechanisms. Furthermore, 25% of copper
leaching was evidenced by the MP-AES analysis of the catalyst
aer 3rd catalytic cycle (Table 5). All these evidences support the
decrease in the conversion aer 3rd catalytic cycle.

With the optimal conditions in hand, various substrates
were explored to evaluate the scope of the Cu NCs-catalyzed
cascade radical cyclization (Table 6). The reaction was
compatible with N-alkoxybenzamides bearing diverse electron-
donating or electron-withdrawing groups at the para position
of the benzamide moiety, resulting in the formation of
heterogeneous catalyst after 3rd cycle at 100 �C for 20 h in 1,4-dioxane.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Scope for N-alkoxybenzamide substratesa,b

a Conditions: 1 (0.1 mmol), Cu NCs (5 mol%), tBuOOH (50 mol%), 1,4-
dioxane (1.0 mL), 100 �C, 20 h. b Isolated yield.
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tetracyclic isoquinolones 2b–e in 28–68% yield. Substrates with
various electron-donating or electron-withdrawing groups at the
para position of the phenylacetylene part also proceeded
smoothly to deliver the corresponding tetracyclic isoquinolones
2f–i in 47–57% yield. Additionally, reactions bearing substrates
with exible tethers were tolerated, leading to the correspond-
ing tricyclic isoquinolones 2j–l in 46–56% yield. Notably, during
the process of evaluating the scope, we did not observe the
formation of unexpected oxygen-trapped spirocyclic bypro-
ducts,47d which indicates the excellent selectivity triggered by
our prepared Cu NCs.
Conclusions

Simultaneous cooling–microwave heating is an efficient proce-
dure for the synthesis of metallic nanoclusters. The sub-1.5 nm
Cu clusters prepared in this work were homogeneously
distributed on the ordered mesoporous SBA-15, avoiding
undesired aggregations and pore obstruction. Furthermore, no
Cu(II) impurities were observed in the prepared catalyst. The
proposed methodology to produce Cu clusters-based catalyst is
safe, efficient, atom economical, simple and suitable for large
scale production. The catalyst was efficiently applied in the
production of the highly demanded tricyclic and tetracyclic
© 2021 The Author(s). Published by the Royal Society of Chemistry
isoquinolones by radical cascade annulations of N-alkox-
ybenzamides. Compared to conventional homogeneous strate-
gies, supported Cu nanoclusters set the better stage for green,
sustainable and efficient construction of tricyclic and tetracyclic
isoquinolones, avoiding a number of toxic waste/byproducts
and metal contamination in the nal products. The heteroge-
neous catalyst is stable and reusable up to 3 cycles and can be
easily separated from the reaction mixture.
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C. M. Crudden, Nat. Chem., 2019, 11, 419.

19 S. Zhao, R. Jin, H. Abroshan, C. Zeng, H. Zhang, S. D. House,
E. Gottlieb, H. J. Kim, J. C. Yang and R. Jin, J. Am. Chem. Soc.,
2017, 139, 1077.

20 C. N. Loynachan, A. P. Soleimany, J. S. Dudani, Y. Lin,
A. Najer, A. Bekdemir, Q. Chen, S. N. Bhatia and
M. M. Stevens, Nat. Nanotechnol., 2019, 14, 883.

21 H. Zhang, H. Liu, Z. Tian, D. Lu, Y. Yu, S. Cestellos-Blanco,
K. K. Sakimoto and P. Yang, Nat. Nanotechnol., 2018, 13, 900.

22 Z.-Y. Wang, M.-Q. Wang, Y.-L. Li, P. Luo, T.-T. Jia,
R.-W. Huang, S.-Q. Zang and T. C. W. Mak, J. Am. Chem.
Soc., 2018, 140, 1069.

23 M. J. Alhilaly, R.-W. Huang, R. Naphade, B. Alamer,
M. N. Hedhili, A.-H. Emwas, P. Maity, J. Yin, A. Shkurenko,
O. F. Mohammed, M. Eddaoudi and O. M. Bakr, J. Am.
Chem. Soc., 2019, 141, 9585.

24 K. Yonesato, H. Ito, H. Itakura, D. Yokogawa, T. Kikuchi,
N. Mizuno, K. Yamaguchi and K. Suzuki, J. Am. Chem. Soc.,
2019, 141, 19550.

25 T. Udayabhaskararao and T. Pradeep, J. Phys. Chem. Lett.,
2013, 4, 1553.

26 X. Yuan, Z. Luo, Q. Zhang, X. Zhang, Y. Zheng, J. Y. Lee and
J. Xie, ACS Nano, 2011, 5, 8800.

27 X. Su and J. Liu, ACS Appl. Mater. Interfaces, 2017, 9, 3902.
28 W. Wei, Y. Lu, W. Chen and S. Chen, J. Am. Chem. Soc., 2011,

133, 2060.
29 C. Vázquez-Vázquez, M. Bañobre-López, A. Mitra,
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