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Abstract: A magnetic CdS quantum dot (Fe;O,/polydopa-
mine (PDA)/CdS) was synthesized through a facile and con-
venient method from inexpensive starting materials. Charac-
terization of the prepared catalyst was performed by means
of FTIR spectroscopy, XRD, SEM, TEM, energy-dispersive X-
ray spectroscopy, and vibrating-sample magnetometer tech-

niques. Fe;0,/PDA/CdS was found to be a highly active pho-
tocatalyst for the amidation of aromatic aldehydes by using
air as a clean oxidant under mild conditions. The photocata-
lyst can be recovered by magnetic separation and success-
fully reused for five cycles without considerable loss of its
catalytic activity.

Introduction

The continuously growing demand for the development of
green and valuable transformations in organic synthesis has in-
spired chemists to address environmental and energy issues
through an operative and scalable technology."’ In this con-
text, visible-light-mediated photoredox catalysis has become a
versatile and powerful strategy for reducing thermochemical
or electrochemical activation energy by using safe, abundant,
clean, and renewable light sources.” However, the main con-
tributions come from homogeneous photoredox catalysts,
such as transition-metal complexes based on ruthenium or iri-
dium, as well as various organic dyes.”® Photoredox catalysis
with heterogeneous photocatalysts has the inherent advantag-
es of easy catalyst separation and recycling and is of great in-
terest from industrial and academic points of view.’™

The synthesis of amides is of great significance in organic
synthesis, because an amide is a key functional group in mate-
rials, natural products, and medicines."” Recent estimates from
the U.S. patent literature suggest that amidation reactions rep-
resent approximately 15% of all transformations To date, nu-
merous methods for constructing amide bonds have been re-
ported."™ The most well-established routes for the formation
of amides involve the reaction of amines with activated car-
boxylic acids or their corresponding derivatives,"” the Schmidt
reaction,"® the Beckmann rearrangement reaction,™ and
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modified Staudinger reaction.” From the perspective of green
chemistry, these processes generate a large amount of byprod-
ucts and chemical waste, so they need to be improved or re-
placed. Thus, much effort is being devoted to making the for-
mation of amide bonds more “green.” Among reported amide-
formation reactions, the direct cross-dehydrogenative coupling
(CDCQ) of aldehydes with amines is one of the most economical
methods to prepare amides, because the starting materials are
readily available and only hydrogen is produced as a byprod-
uct.

Various methods have been reported to form amide bonds
with aldehydes and amines as starting materials (Scheme 1).
Aldehydes are activated by forming acyl bromides,*" acyl cya-
nides,”?? nitriles,”® or active esters® as intermediates and are
then coupled with amines (Scheme 1a). Amines can also be
converted into N-chloramine®® or anionic amido complexes®®
as reactive intermediates to react with aldehydes (Scheme 1b).
In addition, catalytic methods with copper,”” coppet/silver,”®
iron,?? transition metals (Pd, Rh, and Ru),*” and lanthanide®®"
have been reported (Scheme 1c). However, some of these
strategies have inherent shortcomings, such as the employ-
ment of expensive transition-metal catalysts, elevated tempera-
ture, or superfluous use of strong oxidants. In recent photo-
chemical studies, visible-light photoredox catalysis has provid-
ed optional approaches for the oxidative amidation of alde-
hydes by using a phenazinium salt,*? rose Bengal,*® boron-di-
pyrromethene  (BODIPY),®¥ silyl-substituted  quinolizinium
compounds,®? hemicyanine derivatives (CAT),*® Ag/graphitic
carbon nitride (g-C;N,),”” or anthraquinone (AQN)-based orga-
nophotocatalysts®® (Scheme 1d). Nonetheless, most existing
methods involve the use of expensive catalysts and require ad-
ditives, and the separation of homogeneous photocatalysts is
still problematic. All of the deficiencies mentioned above
prompted us to continuously explore a less costly, greener,
heterogeneous, and simpler catalyst system under base-/addi-
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a. Activation of aldehydes for amide synthesis
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Scheme 1. Approaches for the amidation of aldehydes. LED = light-emitting
diode, PDA =polydopamine.

tive-free conditions in air for industrial applications that can
meet some principles of green chemistry.

Heterogeneous photocatalysis with semiconductor materials
(e.g., TiO,, CdS, ZnO, WO, Bi,WO,, and ZnWO,) has achieved
many applications due to the attractive properties of these
materials.’**¥ Among the available photoactive semiconductor
materials, cadmium sulfide (CdS) has attracted widespread at-
tention because of its narrower visible-light-response band
gap (approximately 2.4 eV) and more suitable band-edge posi-
tion.* CdS and CdS-based composite materials have been
used as photocatalysts for various critical fields, including
water splitting,* CO, reduction,”® nitrogen fixation,”” envi-
ronmental pollutant treatment,*® and organic synthesis.**=
However, the application of single-phase CdS in photocatalysis
is still restricted because the recombination of photogenerated
carriers occurs quickly. In addition, single-phase CdS is not
photostable, and photocorrosion may occur through the oxidi-
zation process of photogenerated holes under irradiation. An-
other important concern of CdS photocatalysis is the leaching
of Cd** ions, leading to the formation of dangerous metal ions
in solution.®” To overcome these CdS defects, some significant
achievements have been fulfilled by controlling the synthesis
of CdS by increasing the surface area and tuning the crystal
sizes and structures. For example, Xiang etal. reported the
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preparation of 2D ultrathin CdS nanosheets by a simple one-
step, solid-phase, synthetic method.”® This type of ultrathin
nanosheet structure can prevent surface sulfide ions from
being oxidized, thereby effectively inhibiting photocorrosion.
In addition, coupling CdS with other semiconductors, such as
Ti,G, T, Ni,S,B W,S,8% Zns, " Ag,S,®? and WO, is an ef-
fective method to suppress the recombination of photoin-
duced charge pairs.

Recently, magnetite nanoparticles (MNPs) have attracted re-
markable attention as a powerful catalyst support due to their
unique characteristics, including chemical and heat resistance,
low toxicity, simple and cheap preparation, large surface areas,
and simple isolation by using external magnets. Importantly,
magnetic separation is considered to be a green process that
can avoid the use of filtration or centrifugation steps during
the separation process.® Additionally, these magnetic materi-
als can also control the size, stabilize, and enhance the visible-
light activity of CdS.*™ More recently, some magnetic support-
ed CdS photocatalysts have been developed. For example,
Samadi-Maybodi and co-workers have synthesized Fe;0,/CdS
nanohybrids that displayed superior photocatalytic activity
toward the degradation of xylenol orange.*™® The CdS/C@Fe,0,
nanoreactor has been synthesized through the surface-imprint-
ing technique and applied as a photocatalyst in the photode-
gradation of ciprofloxacin.””’ Shi and co-workers have synthe-
sized yolk-shell-structured Fe;0,@void@CdS nanoparticles
(NPs) that exhibited excellent photo-Fenton activity toward the
degradation of methylene blue.*® Moreover, some novel mag-
netic intercalation photocatalysts, such as Fe;0,@Si0,@CdS,*
Fe,0,@Si0,@Zn0/CdS,” and 2D/2D CdS/a-Fe,0,"" have been
reported.

The PDA coating is one of the simplest and most versatile
approaches for the functionalization of material surfaces. PDA
has the ability to absorb light over a broadband spectrum
from ultraviolet to visible light.”? Under visible-light radiation,
its photoconductivity can be greatly enhanced, implying an in-
crease in photogenerated free electrons and electron holes.
The light-energy conversion of PDA can significantly improve
the catalytic activity of semiconductors and make PDA a po-
tential light-harvesting material for photocatalysis.”’ Mao and
co-workers reported that the photocatalytic activity of TiO,
could be significantly improved with the existence of PDA."¥
Feng etal. prepared PDA-coated silver core-shell nanostruc-
tures for enhanced photocatalysis.”” Palladium NPs stabilized
on PDA-coated magnetic nanocomposites have been synthe-
sized as reusable heterogeneous catalysts.” To the best of our
knowledge, the application of magnetic CdS quantum dots in
amide synthesis has not been reported. Based on these rea-
sons, and as part of our ongoing research interest in the devel-
opment of environmentally friendly synthetic methodolo-
gies,”””® herein, we used Fe;O, NPs as the core and synthe-
sized Fe;0,/PDA/CdAS nanocomposites, which exhibited high
photocatalytic activity for the aerobic oxidative amidation of
aromatic aldehydes (Scheme 1e).
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Results and Discussion

Synthesis and characterization of Fe;0,/PDA/CdS

The Fe;0,/PDA/CAS hybrid structure was fabricated through a
layer-by-layer process, as outlined in Scheme 2. First, Fe;O, NPs
were prepared by a chemical coprecipitation technique using
FeCl;-6 H,0 and FeCl,»4H,0 as precursors. The in situ synthe-
sized PDA molecules bind with Fe;O, NPs through strong cova-
lent bonds by using the vicinal dihydroxy group of dopamine.
The obtained PDA-coated Fe;O, NPs were then treated with
Cd(NOs);+4H,0 and thiourea to afford aminated Fe;O,/PDA/
CdS. The free amino groups of PDA were exploited as a robust
anchor and capping agent to stabilize CdS. As coordination
atoms, the nitrogen atoms contained in PDA play a key role in

chelating Cd".
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Scheme 2. Synthesis of Fe,0,/PDA/CdS.

The crystal phase structure and crystallinity of the Fe;0,/
PDA/CdS composite catalyst have a great influence on its pho-
tocatalytic activity. XRD can be used to characterize the crystal
phase structure and crystallinity of the photocatalyst. Figure 1
shows a comparison of the XRD results of pure CdS nano-
sheets, pure Fe;0, NPs, and Fe;O,/PDA/CdS. The main diffrac-
tion peak positions of the obtained Fe;0,/PDA/CdS catalyst

Cds

»‘m ‘ Fe304/PDA/CdS
; L —

Intensity(a.u.)

20 30 40 5‘0 60 70 80
20 (degrees)

Figure 1. Powder XRD patterns of Fe;O,, Fe;O,/PDA, CdS, and Fe;0,/PDA/
CdS composites.
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appear at 26.5, 43.9, and 51.9°, which correspond to the (111),
(220), and (311) crystal faces of CdS, respectively.*® The addi-
tional diffraction peaks at 30.1, 35.5, 43.5, 57.0, and 62.6° of
the composite samples correspond to (220), (311), (400), (511),
and (440) reflections of Fe,O, respectively.®* Furthermore,
there are no other unexpected peaks, other than Fe;O, and
CdS, in the patterns.

SEM and TEM analyses were performed to directly analyze
the microscopic structural information of the catalyst. The SEM
and TEM images of MNP-supported CdS are shown in Figures 2
and 3. The TEM image of the catalyst shows that magnetic par-
ticles are highly aggregated and CdS is distributed evenly on
the PDA-modified surface of the Fe;O, NPs. The average size of
these particles is about 60 nm. The SEM image of the catalyst
confirms that these NPs are uneven-sized particles and most of
the particles have a quasi-spherical shape. Meanwhile, SEM ele-
mental mapping indicated the uniform deposition of Cd, S, Fe,
O, and N elements over the entire Fe;0,/PDA/CdS (Figure S1 in
the Supporting Information). It was revealed that CdS had
been successfully immobilized on the surface of Fe;0,. These
results further confirm the high purity of the produced Fe;0,/
PDA/CdS structure. The amount of Cd metal in the immobi-
lized catalyst was found to be 36.64% based on inductively
coupled plasma atomic emission spectroscopy (ICP-AES) analy-
sis.

Figure 4 shows the FTIR spectra of Fe;O, Fe;O,/PDA, CdS,
and Fe;0,/PDA/CdS composites. The bands at 1620, 1384, and
1106 cm™' are the characteristic absorptions of CdS. The pres-
ence of Fe—O bonds in the magnetic particles is confirmed by
the characteristic band appearing at 570 cm™'. The intense and

Figure 3. TEM image of Fe;0,/PDA/CdS.
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Figure 4. IR spectra of Fe;0,, Fe;0,/PDA, CdS, and Fe;0,/PDA/CdS compo-
sites.

broad bands near 3420 cm™' in the three spectra are character-
istic absorption bands of the vibration of —OH bands, which
overlap with the —NH, stretching vibration.

We further investigated the surface area, which generally
has a great influence on the catalytic activity of photocatalysts.
Figure 5 exhibits the nitrogen adsorption-desorption iso-
therms of Fe;0,/PDA/CAS. The specific surface area of Fe;0,/
PDA/CdS obtained from the N, adsorption isotherms was
92.8 m?’g~". The pore size distribution calculated by using the
nonlocal density functional theory (NLDFT) method resulted in
a pore diameter of 5.9 nm.
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Figure 5. Nitrogen adsorption-desorption isotherms of Fe;0,/PDA/CdS.

The magnetic properties of samples of Fe,O, Fe;0,/PDA,
and Fe;O0,/PDA/CAS were evaluated by means of vibrating-
sample magnetometry (VSM) at room temperature. The VSM
magnetization curves of magnetic NPs, before and after immo-
bilization, exhibit superparamagnetic behavior (Figure 6). The
magnetic saturation (M,,) value is 59.14 emug ' for Fe;O,,
whereas the M., values of Fe;0,/PDA and Fe;0,/PDA/CdS de-
crease to 53.12 and 24.96 emug™', respectively. The significant-
ly reduced M, is probably due to the existence of a large
amount of nonmagnetic material on the surface of the Fe;O,
particles. Even with this reduction in saturation magnetization,
the prepared catalyst still retains a sufficient M,,, value and can
be effectively separated from the reaction system through an
external magnetic field.
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Figure 6. Magnetization curves of Fe;O,, Fe;0,/PDA, and Fe;0,/PDA/CdS.

Photocatalyst activity tests

After the detailed characterization of Fe;0,/PDA/CdS, its activi-
ty as a photocatalyst in the aerobic oxidative amidation of al-
dehydes was studied under visible-light irradiation at room
temperature. We began our investigation by using 4-nitrobenz-
aldehyde and pyrrolidine as model substrates. First, the effect
of various solvents on the product yield was examined at
room temperature (Table 1, entries 1-13). If water, acetone, v-
valerolactone, and PEG 600 were used as solvents, the desired
product could not be obtained (Table 1, entries 1-4). If the re-
action was conducted in ethanol, dichloromethane, n-hexane,
and toluene, the product was isolated in low yield (Table 1, en-
tries 5-8). The desired product was obtained in modest yields
in DMF, THF, 1,4-dioxane, cyclopentyl methyl ether, and 2-Me-
THF (Table 1, entries 9-13). Furthermore, we found that the re-
action proceeded under solvent-free conditions to give the
product in 62% yield (Table 1, entry 14). Delightfully, the reac-
tion could work well in DMSO and CH;CN; the best per-
formance was obtained in CH;CN, giving (4-nitrophenyl)(pyrrol-
idin-1-yl)methanone (3m) in 93% vyield (Table 1, entry 16).
Screening of different light sources showed that blue light
slightly increased the yield. The apparent quantum efficiency
(AQE) was 0.54% at 450 nm (see the Supporting Informa-
tion)."* Furthermore, increasing or decreasing the loading
amounts of catalyst did not improve the yield (Table 1, en-
tries 20 and 21). The photoactivity of bare CdS quantum dots
was also tested, and it was found that there was a slight de-
crease in the yield of 3m (Table 1, entry 22). This indicates that
the introduction of PDA significantly enhanced the light ab-
sorption and conversion of the CdS-catalyzed oxidative amida-
tion. Finally, control experiments revealed that only traces of
the product were formed in the absence of photocatalyst or
without Vvisible-light irradiation (Table 1, entries 23 and 24),
thus indicating that both the catalyst and light were essential
for effective conversion into 3m.

Amidation of aromatic aldehydes

Having established the optimized conditions, we investigated
the scope and generality of such transformations with various
aromatic aldehydes and pyrrolidine. As highlighted in
Scheme 3, representative electron-donating or -withdrawing
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Table 1. Optimization of the reaction condition for reaction of 4-nitro-
benzaldehyde and pyrrolidine under light irradiation.”
0}
light
H_HY Fe304/PDA/CdS NQ
Q solvent, air, r. t. O,N
O:N 3m
Entry L|ght source Solvent t[hl  Yield®™ [%]
1 blue LED H,O 30 trace
2 blue LED acetone 30 trace
3 blue LED y-valerolactone 30 trace
4 blue LED PEG 600" 30 trace
5 blue LED EtOH 16 20
6 blue LED CH,Cl, 16 21
7 blue LED n-hexane 16 22
8 blue LED toluene 16 23
9 blue LED DMF 16 50
10 blue LED THF 16 51
n blue LED 1,4-dioxane 16 53
12 blue LED cyclopentyl methyl ether 16 54
13 blue LED 2-Me-THF 16 60
14 blue LED none 16 62
15 blue LED DMSO 16 90
16 blue LED CH;CN 16 93
17 white LED CH,CN 16 75
18 ultraviolet light  CH;CN 16 76
19 green LED CH;CN 16 90
209 blue LED CH,CN 16 80
21 blue LED CH,CN 16 93
22" plue LED CH,CN 16 88
23 dark CH,CN 36 trace
249 plue LED CH,CN 24 trace
[a] Reaction conditions: 4-nitrobenzaldehyde (1.0 mmol), pyrrolidine
(1.0 mmol), and catalyst (20 mg, 6.4 mol% Cd) in the solvent (2.0 mL) at
room temperature, in air, 18 W LEDs. [b] Yields of products isolated.
[c] PEG=polyethylene glycol. [d] 10 mg catalyst was used. [e] 30 mg cata-
lyst was used. [f] Pure CdS (9.2 mg, 6.4 mol%) was used. [g] In the ab-
sence of photocatalyst.

groups on the phenyl ring of benzaldehyde substrates worked
well under the reaction conditions to deliver the desired prod-
ucts in moderate to excellent yields. The electronic effect of
the aldehyde has a clear influence on the transformation. In
general, high yields were observed for benzaldehydes with
electron-deficient groups on the phenyl ring, whereas elec-
tron-rich aryl groups significantly reduced the yields. The influ-
ence of substituents on benzaldehyde is consistent with that
reported in the literature.*>*® Both chloro and bromo substitu-
ents were well tolerated under the developed reaction condi-
tions, providing an easy means for further synthetic elabora-
tion. In particular, isophthalaldehyde and terephthalaldehyde,
with two aldehyde groups, reacted with one equivalent of pyr-
rolidine to afford the monoamidation products 3r and 3s in
81 and 83 % yield, respectively. It is worth noting that this pro-
tocol was also efficient for polycyclic and heterocyclic aromatic
aldehydes, and the corresponding amides 3t-3w were ob-
tained in moderate to good yields. Unfortunately, in the case
of aliphatic aldehydes as substrates, the reactions failed to
afford the desired products.
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Scheme 3. Substrate scope of aryl aldehydes. Standard reaction conditions.
Isolated yield.

Subsequently, the scope of the reaction was explored with
respect to different secondary amines under the developed re-
action conditions. As shown in Scheme 4, a range of tertiary
amides were obtained in good yields with 1,2,3,4-tetrahydro-
isoquinoline. The reactions of aldehydes with cyclic secondary
amines, such as morpholine, proceeded smoothly to generate
the desired amides 5n and 50 in high yields, but acyclic
amines, such as diethylamine, displayed lower conversion;
product 5p was obtained in a relatively low yield. Finally, the
acyclic amine N-methylbenzylamine can also be used as a cou-
pling partner and the corresponding amides (5q and 5r) were
isolated in 60 and 75% yield, respectively, demonstrating the
versatility of this reaction.

To demonstrate the practicality and synthetic value of the
protocol, the model reaction was scaled up to 10 mmol under
standard reaction conditions and desired product 3m was ob-
tained in 90% yield (Scheme 5).

Table 2 summarizes different photocatalytic systems for the
photocatalytic amidation of 4-nitrobenzaldehyde with pyrrol-
idine in the presence of various photocatalysts (including
phenazinium salt, rose bengal, BODIPY, quinolizinium com-
pounds, CAT, Ag/g-C;N,, and AQN). As observed from the re-
sults in Table 2, the present photocatalytic system is equally or
more efficient than those previously reported for this reaction
with respect to the reaction time and yield. In addition, the
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Scheme 4. Substrate scope of aryl aldehydes and secondary amines. Stan-
dard reaction conditions were used and reported yields are those of prod-
ucts isolated.
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Scheme 5. Large-scale synthesis.

use of precious-metal catalysts or the employment of nonre-
cyclable catalysts can be avoided in this catalytic system.

Recyclability of the catalyst

From an economic and environmental point of view, the high
stability and recyclability of a catalyst are key factors, especially
in industrial and well-designed, green synthetic pathways. For
this purpose, the stability and reusability of Fe;O,/PDA/CdS
were investigated by using model reactions. After the reaction
was completed, the catalyst was separated from the reaction
mixture by applying an external magnet, washing it with etha-
nol, and drying the catalyst at 80°C under vacuum. The cata-
lyst could be reused in the next run without further purifica-
tion. As shown in Figure 7, the recycled catalyst was reused at
least five times consecutively, with only a slight loss of catalytic
efficiency. The slight decrease in catalytic activity should be
due to the normal loss of catalyst during the workup proce-
dure.

After the fifth cycle, the reused catalyst was analyzed by
means of FTIR and SEM. The results showed that the catalyst
fully maintained its chemical integrity by comparing the FTIR
spectrum with that of the fresh catalyst (Figure S2 in the Sup-
porting Information). SEM images of fresh and recovered cata-
lysts indicated that slight morphological changes occurred
(Figure S3 in the Supporting Information). Furthermore, to de-
termine if any metal leaching had occurred, the amount of Cd
and Fe was determined by ICP analysis. According to this test,
the Cd and Fe contents after the fifth cycle were 0.50 and
0.48 ppm, respectively, in CH;CN (2 mL). This may be due to
the excellent affinity of PDA for CdS, which prevents it from
leaching. This result indicated that the synthesized Fe;O,/PDA/
CdS catalyst had excellent stability and durability under these
reaction conditions and could be used multiple times in cata-
lytic conversion.

100 -
€ 50
-}
Q
= 0

1 2 3 4 5

Number of cycles

Figure 7. Reusability of the catalyst.

Table 2. A comparison of the efficiency of Fe;0,/PDA/CdS with other reported approaches for the photocatalytic amidation of 4-nitrobenzaldehyde with
pyrrolidine.

Entry Photocatalyst (Imol %]) Reaction conditions® Yield [%] Ref.

1 phenazinium salt (1-2) air, 24 W lamp, THF, RT, 20 h 75 [32]

2 rose bengal (5) air, Na,CO;, 25°C, 15 W lamp, CH,CN, 48 h 40 [33]

3 BODIPY (2) air, 3 W blue LEDs, dioxane, BHT, RT, 12 h 75 [34]

4 quinolizinium (5) air, Na,CO;, blue LEDs, RT, CH;CN, 48 h 86 [35]

5 CAT (1) air, visible light, RT, DMSO/H,0 (1:1), 12 h 82 [36]

6 Ag/g-C3N, (5) air, 25 W CFL, THF, RT, 30 h 78 [37]

7 AQN (1) 0O,, 21 W CFL, THF, RT, 20 h 49 [38]

8 Fe;0,/PDA/CdS (6.4) air, 10 W blue LEDs, RT, CH;CN, 16 h 93 this work
[a] BHT =2,6-di-tert-butyl-4-methylphenol, CFL =compact fluorescent light.
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Mechanism study

To elucidate the possible reaction mechanism, some control
experiments were performed (Scheme 6). From the optimiza-
tion research, we know that this reaction does not work in the
dark, which implies the importance of visible light. Also, we
did not obtain any product if the model reaction was per-
formed under an inert atmosphere, indicating the role of
oxygen in the air in this reaction. In addition, the model reac-
tion was carried out in the presence of TEMPO or BHT, which
significantly reduced the yield of 3m, indicating the existence
of free-radical pathways. Meanwhile, we found that the
TEMPO- and BHT-trapped products A and B could be identified
by mass spectrometry. In addition, only 10% yield of 3m could
be achieved if the superoxide radical (‘0*") scavenger DMPO
was added to the reaction mixture.

Based on these investigations and previous related re-
ports,***® a plausible mechanism for the photoinduced amida-
tion reaction is depicted in Scheme 6. Initially, the free amine
undergoes nucleophilic attack to the aldehyde to give the inter-
mediate (4-nitrophenyl)(pyrrolidin-1-yl)methanol (I). Upon irradi-
ation with a blue LED, charge carriers of h* and e~ are generat-
ed on the surface of the photocatalyst.”” PDA can be used as a
photosensitizer for the activation of CdS under visible light.” In
addition, the PDA shell has the ability to undergo light-induced
hole formation under light irradiation, which can extend the re-
combination rate of photoinduced electrons and holes.” The
photoexcited electrons in the CB can reduce surface-absorbed
0, to form a superoxide radical, which further extracts one
proton from intermediate I, producing anionic (4-nitrophenyl)(-
pyrrolidin-1-yl)methanol (intermediate 1) and a hydroperoxyl

radical (OOH) species. Intermediate Il is further oxidized by pho-
togenerated h* to give radical intermediate Ill, which is subse-
quently oxidized by ‘OOH to give desirable final product 3m. In
the proposed catalytic process, byproduct H,O, can be detected
by adding excess saturated Nal to the post-photocatalytic reac-
tion solution, in which triiodide (I;7) species with a characteristic
UV/Vis absorption band at 350 nm will be formed through the
reaction of H,0, with an excess amount of |~.%”

Conclusion

We have demonstrated that magnetic CdS quantum dots can
be used as an efficient visible-light-active photocatalyst for the
oxidative amidation of aromatic aldehydes with amines by
using air as a clean oxidant. This method avoids the use of ex-
pensive catalysts, strong bases, and large amounts of other ad-
ditives. Furthermore, the magnetic catalyst is very stable under
the reaction conditions and can be easily recovered and
reused for five cycles without any decrease in the catalytic ac-
tivity. This new approach meets the requirements of green
chemistry and opens up a new avenue for the development of
more sustainable organic reactions for constructing syntheti-
cally important molecules under visible-light irradiation.

Experimental Section

General

All chemicals and reagents were obtained from commercial suppli-
ers and used as received without further purification. Melting
points were determined on an X-5 instrument and were uncorrect-

16) TEMPO (2 0 equiv)
oy QAQ @
N m (15%)
Blue LED ) / \
I Fe304/PDA/CAS| BHT (2.0 equiv) , (20%) +
CH3CN, air,
r.t,16h
DMPO (5.0 equiv) 3m (10%)
OH

Fe304/PDA/CdS

\/TEMPO

trapping

Scheme 6. Control experiments and proposed plausible mechanism for light-promoted amidation. TEMPO = 2,2,6,6-tetramethylpiperidinyloxy, DMPO = 5,5-di-

methyl-1-pyrroline N-oxide, VB =valence band, CB=conduction band.
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ed. IR spectra were recorded in the range of 400-4000cm ' on a

Bruker Tensor 27 FTIR spectroscope as KBr disks. Power XRD data
were obtained on a Bruker D8 Advance X-ray diffractometer, Cuy,
was used as the X-ray source, and the scanning rate was 0.05°s™"
between 20 and 80°. TEM was performed on a Hitachi H-7650 in-
strument running at 80kV. A scanning electron microscope
equipped with an INCA 350 energy-dispersive spectrometer acces-
sory was used on a Hitachi S-4800 SEM instrument to study the
surface morphology and elemental composition of the catalyst. 'H
and CNMR spectroscopy data were acquired on a Zhongke
Niujin AS 400 spectrometer (400 MHz for 'H NMR spectroscopy
and 100 MHz for *C NMR spectroscopy) by using tetramethylsilane
(TMS) as an internal standard. Mass spectra were recorded on a
3200 Qtrap instrument with an ESI source. The N, adsorption—de-
sorption isotherms were measured at 77 K by using an automatic
surface area and pore analyzer. ICP-AES analyses were performed
with an X Series 2 spectrometer. Irradiation experiments were car-
ried out on a WP-VLH-1020 photoreactor (Xi'an WATTECS Experi-
mental Equipment Co.)

Preparation of Fe,0,

Fe;O, NPs were prepared as reported by our group with modifica-
tions. FeCl;:6H,0 (20 mmol, 5.40g) and FeCl,-4H,0 (10 mmol,
1.98 g) were dissolved in distilled water (100 mL) in a three-necked
flask under sonication for 15 min. Ammonia solution (25 % v/v) was
added slowly to adjust the pH of the solution to 10. The reaction
mixture was then continually stirred at 60°C for 1 h. The magnetic
Fe;0, NPs were separated by using an external magnet, washed
with water followed by ethanol, and dried under vacuum at 80°C
for 24 h.

Surface modification of Fe;O,

Fe;0, (2 g) was dispersed in water (25 mL) under sonication for
30 min. Dopamine hydrochloride (2 g) dissolved in water (5 mL)
was added to the above solution and again sonicated for 2 h.
Amine-functionalized Fe;O, was precipitated with acetone, isolated
by using an external magnet, and dried under vacuum at 60°C for
2 h.

Synthesis of Fe;0,/PDA/CdS nanocomposites

Amine-functionalized Fe;O, (2 g) was added to an aqueous solu-
tion (25 mL) containing Cd(NO;);:4H,0O (8 mmol) and thiourea
(8 mmol). Then the reaction mixture was exposed to ultrasound for
30 min, followed by heating at 80°C for 15 min. An aqueous solu-
tion of sodium hydroxide (1 molL™") was added dropwise to bring
the pH of this mixture to 8.0, and the resulting slurry was stirred
for 30 min at room temperature. The resulting brownish solids
were separated magnetically, washed several times with water and
ethanol, and dried under vacuum at 70°C for 5 h.

General procedure for the oxidative amidation of aromatic
aldehydes with amines

To a 15 mL quartz tube equipped with a magnetic stirrer bar, alde-
hyde (1 mmol), amine (1 mmol), and Fe;O,/PDA/CdAS (20 mg,
6.4 mol% Cd) were added successively in CH;CN (3 mL). The reac-
tion tube was exposed to blue LED (450-460 nm, 10 W) irradiation
at a distance of approximately 3 mm from the bottom of the tube
at room temperature under air with stirring for an appropriate
time. Upon completion of the reaction (monitored by TLC), the re-
action mixture turned clear and catalyst was deposited on the

Chem. Eur. J. 2021, 27, 5483 - 5491 www.chemeurj.org

5490

magnetic bar, which was easily removed from the reaction mixture
by using an external magnet. The recovered catalyst was washed
with EtOH, dried under the vacuum, and reused. The organic layer
was evaporated and the crude product was purified by column
chromatography on silica gel to obtain the desired, pure com-
pound.
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