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1 | INTRODUCTION

The performance organic reactions in water as the most inex-
pensive and versatile solvent is now of great interest.''! More-
over, water is regarded as one of the most suitable solvents
from an environmental point of view due to lack of inflam-
mable, explosive, mutagenic and carcinogenic properties;
therefore, using it as a solvent in organic synthesis is very
desirable for chemists.

Some of the most powerful organometallic transforma-
tions for the synthesis of various organic molecules are transi-
tion metal-catalyzed C—O and C—N cross-coupling
reactions.'*®! The nitrogen-containing compounds and biphe-
nyl ethers so obtained have many applications in agrochemical
research, coordination and biological chemistry;~'"! in
addition, these compounds have potential clinical applications
as antitumor, antifungal and anti-inflammatory agents.!'*~'¢!

Principal methods for the synthesis of aniline deriva-
tives are Ullmann,m_lg] Chan-Lam'?*®! and Buchwald—
Hartwig!?' ! cross-coupling reactions, and considerable
efforts have been made to find new efficient and green

instead of the commonly used silica layer coating. This hybrid was used for
immobilizing copper nanoparticles to produce Cu/ascorbic acid@MNPs catalyst.
The catalyst was characterized and used in carbon—oxygen and carbon—nitrogen
(various substrates) cross-coupling reactions in aqueous media and at room temper-
ature with excellent product yields. Furthermore, the catalyst could be quickly and
completely recovered using an external magnetic field and reused for six reaction

cycles without significant change in catalytic activity.

ascorbic acid, C—N and C—O coupling, magnetic nanoparticles, room temperature conditions

catalytic systems and methodologies to improve these reac-
tions. In this respect, various metal catalysts such as palla-
dium,?* 1125261 and copper'®’?! are employed along
with a variety of coordinating ligands such as
proazaphosphatranes,'**** phosphanes,*>~* N-heterocyclic
carbenes,***!! chelating bisphosphanes****! and N- or
O-heteroatom-functionalized ligands.[*+~4°! Despite
successful use of these catalysts and ligands which provide
good results, they have some disadvantages such as cost, tox-
icity, non-recoverablity and sensitively to air and moisture.
One way to overcome these problems is the immobilization
of metal catalysts on various solid supports.

There are several accounts in the literature of the synthe-
sis, characterization and applications of heterogeneous cop-
per catalysts utilized in coupling reactions;>*~>*! however,
most of the catalytic systems cause high metal contamination
of the final products and require nitrogen atmosphere and
prolonged reaction times. Therefore the development of
new approaches taking into consideration short reaction time,

nicke

minimum metal pollution of products, simple reaction condi-
tions, easy isolation of products and catalysts, and
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renewability of catalysts is highly desirable. Use of nano-sup-
ports for the generation heterogeneous copper catalysts, such
as magnetic nanoparticles (MNPs), has attracted considerable
interest due to their high activity and environmental accept-
ability™®*>71; but the preparation of most reported catalysts
seems rather laborious and time-consuming.

Currently, magnetic separation provides a very useful
method for removing MNPs with an external magnet.'>*=%%
Furthermore, MNP-supported catalysts also demonstrate
high dispersion and reactivity with a high degree of chemical
stability, but magnetostatic interactions between particles
make them susceptible to agglomeration. In order to prevent
this aggregation, the surface of the MNPs is usually modified
with a suitable coating such as a silica layer.

Development of effective and practical catalytic methods,
which have economic and ‘greener’ aspects, has been a topic
of much interest in recent years. Learning from nature,
employing biomolecules is highly favorable in chemical trans-
formations. In the work reported herein, ascorbic acid (vita-
min C) was found as a particularly useful molecule for
coating of MNPs, since it is readily available, very safe and
has a strong affinity to MNPs. Furthermore, the hydrocarbon
tails containing hydroxyl groups which are obtained from
reaction of ascorbic acid and MNPs can help to stabilize tran-
sition metal catalysts and also prevent them from aggregation.

In continuation of our recent investigations of the applica-
tion of heterogeneous catalytic systems in cross-coupling
reactions,'®>°°! in this paper we report a new strategy for
C—0O and C—N cross-coupling reactions of aryl halides
(including aryl chlorides) and aliphatic/aromatic amines and
alcohols using the very safe, efficient and ecofriendly ascor-
bic acid which is tagged on an MNP scaffold-based copper
(D) catalyst (Cu/ascorbic acid @MNPs).

2 | RESULTS AND DISCUSSION

The catalyst was prepared following a straightforward and
green procedure. This is described in Scheme 1.

The produced catalyst, unsupported ascorbic acid and
iron oxide MNPs were characterized using Fourier transform
infrared (FT-IR) spectroscopy (Figure 1). In the spectra, the
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SCHEME 1 Preparation of Cu/ascorbic acid @MNPs

broad bands near 3442 and 558 cm™! in Figure 1(a) corre-
spond to OH and Fe—O (stretch vibrations); the absorption
bands at 577 cm™" are also attributed to Fe—O stretch vibra-
tions which confirms the existence of Fe;O,4 (Figure lc).[m]
Moreover, the characteristic peaks in Figure 1(c) at around
1650 and 1000-1300 cm™" can be assigned to the C=0
and C—O stretch vibrations, respectively, which relate to the
ligand.

The field emission scanning electron microscopy (SEM)
images in Figure 2 demonstrate the phase morphology of
Cu/ascorbic acid @MNPs.

Transmission electron microscopy (TEM) images are
shown in Figure 3, indicating that copper immobilized on
the MNPs does not aggregate. It can be observed that the
MNPs are spherical in shape and are completely
monodispersed. All these observations also show that the
opened-ring ascorbic acid is a good host and ligand for cop-
per nanoparticles. The average size of the MNPs is about §—
15 nm.

Figure 4 shows the magnetization curves of the catalyst.
The saturation magnetization for Fe;O4 is equal to
69.4 emu g~ and the magnetization value of Cu/ascorbic
acid@MNPs is 18.5 emu g~'. This investigation proves the
paramagnetic behavior of the catalyst. Due to the coating of
MNPs with the organic compound, M; is considerably lower
than that of the bulk magnetite.

The Cu loading of the catalyst was measured using induc-
tively coupled plasma (ICP) analysis and it was 3.12%
(0.52 mmol g™'). The crystalline structure of catalyst was
investigated using X-ray diffraction (XRD). As shown in
Figure 5, the characteristic peaks of Fe;O, appear at
20 = 30°, 35°, 43°, 53°, 57° and 63°. For CuCl the most
intense peak is seen at 20 = 28.45°, and two less intense
peaks also appear at 47.44° and 56.27°.

The thermal stability of the catalyst was also evaluated
using thermogravimetric analysis (TGA), and the thermo-
gram is shown in Figure 6. According to this curve, the
weight loss below 200 °C is 4% which corresponds to the
removal of physically adsorbed water. The main weight loss
in the second step is a result of removal of organic moieties.
These results indicate that the catalyst has high thermal
stability below 200 °C and can be attributed to the formation

.HOJ\
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FIGURE 1 FT-IR spectra of (a) MNPs, (b) ascorbic acid and (c) Cu/
ascorbic acid@MNPs

FIGURE 2 Field-emission SEM images of Cu/ascorbic acid @MNPs

of a stable copper complex. The degree of functionalization
on the MNPs could be calculated from the weight loss
between 200 and 800 °C of TGA and elemental analysis.

Applied
W1 LEY—?Egpan_ometallicJﬂ

emistry

FIGURE 3 TEM images of Cu/ascorbic acid@MNPs

The observed total weight loss for the catalyst is 45.1%; on
the basis of this value, the amount of organic moieties is
about 2.42 mmol g~ of catalyst.

The covalent anchoring of ligand and metal was con-
firmed using X-ray photoelectron spectroscopy (XPS). The
peaks at 284.5 and 933 eV are attributed to C and Cu(l).
The peaks corresponding to oxygen, carbon, nitrogen, iron
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FIGURE 4 Room temperature magnetization curves of Cu/ascorbic
acid@MNPs
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FIGURE 5 XRD pattern of Cu/ascorbic acid @MNPs catalyst
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FIGURE 6 TGA curve of Cu/ascorbic acid @MNPs

and copper are clearly observed in the XPS elemental survey
of the catalyst (supporting information S1).

The catalytic activity of Cu/ascorbic acid@MNPs was
investigated in C—N and C—O cross-coupling reactions.
Initially, the reaction of iodobenzene and aniline was selected
as a model reaction (Table 1). The activity of the catalyst was
studied with variation of several factors including base,
solvent, temperature and catalyst loading. Among the various
bases, KOH is found to be the most effective base. Then, the
same reaction was carried out in different solvents. Accord-
ing to the optimization results and the essential goal of green

chemistry, water is the best one. The effects of the amount of
catalyst and reaction temperature on the model reaction were
also explored. The best result is obtained using 5 mg of cat-
alyst (0.002 mol% Cu) at room temperature.

With the optimized conditions in hand, the substrate
scope of the amination of aryl halides was studied
(Table 2). The results indicate that a wide range of activated
and inactivated aryl iodides, bromides and even chlorides
work well. In principle, regardless of the exact mechanism
of the reaction, catalytic activity in nanocatalysis is
determined by the size of the nanoparticles. The smaller the
nanoparticles are, the more effective the catalytic activity.
The high activities of Cu/ascorbic acid@MNPs can be
related to the good dispersion and small size of the copper
nanoparticles.

To extend the substrate scope, the reactions of
benzylamine and various aryl halides were also investigated
under same conditions, the desired products being formed
in good to excellent yields (Table 3).

Also, N-arylation of aryl halides with imidazole is also
effective and can provide high yields of coupling products
(Table 4). The scope and generality of the reaction was also
evaluated by employing various aryl halides and butylamine
and 1,2- and 1,3-diamines. The results are summarized in
Table 5. The reaction of aryl bromide and iodide with various
1,2- and 1,3-diamines and butylamine can be performed
using our catalyst (Table 5).

In continuation, the scope of the process was explored in
C—O coupling reaction using phenol (Table 6). Phenol is
found to be reactive with iodo- and bromobenzene and
produces the desired products in considerable yields.

Gratifyingly, this heterogeneous catalyst system exhibits
high activity in C—O (Table 6).and multiple C—N coupling
reactions including anilines (Table 2) benzylamine (Table 3)
imidazole (Table 4).and aliphatic amines (Table 5) as sub-
strates, which provide moderate to excellent yields of corre-
sponding products.

A diversity of aryl iodides, bromides and chlorides con-
taining electron-donating and electron-withdrawing substit-
uents react efficiently with amines and phenols at room
temperature without protection of inert atmosphere. The
experimental results show that the electronic properties of
the substituents on the aromatic rings of the starting
materials have no significant effect on the reaction;
however, aryl iodides are found to be more reactive than
aryl bromides and aryl chlorides. Among aryl halides, aryl
chlorides are ideal substrates for coupling reactions because
they are inexpensive and widely available in comparison to
their bromide or iodide counterparts. The first step in cata-
lytic coupling reactions (oxidative addition) disfavors aryl
chloride substrates because of the high strength of the
C—CI bond. Most reported methods require high loadings
of palladium or copper catalyst and harsh reaction
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TABLE 1 Optimization of reaction conditions®

O 0 S

Entry Catalyst (mg) Base

Cu/AA@MNPs

base solvent

she

Solvent T (°C)/t (h) Yield (%)”

1 5 KOH DMF 12072 98
2 5 KOH DMF 80/3 95
3 5 KOH H,0 80/3 90
4 5 K5;PO, H,O 80/3 73
5 5 K,CO; H,O 80/3 71
6 5 KOH H,O 60/4 90
7 5 KOH H,0 r.t./6 96
8 5 K,CO; H,O r.t./6 65
9 5 None H,O .t./6 Trace
10 1 KOH H,0 r.t./6 62
11 10 KOH H,0 1.t./6 98
12 5 KOH PEG r.t./8 82
13 5 KOH DMSO r.t./6 49
14 5 KOH  None 1.t./6 34

“Reaction conditions: iodobenzene (1 mmol), aniline (I mmol), catalyst
(5 mg = 0.002 mol% Cu), KOH (3 mmol), H,O (1.5 ml).

°GC yield.

TABLE 2 C—N reaction of various aryl halides with aniline®

@,x HZ”\@ Cu/AA@MNPs (5 mg) @H\Q
R~F KOH, HQO rt. L

Entry X R Yield (%)"
1 1 H 96

2 1 4-OMe 95

3 Br H 90

4 Br 4-OMe 83

5 Br 4-NO, 76

6 Br 2-NO, 78

7 Br 4-Cho 71

8 Br 4-COMe 76

9 Br 4-Br 94

10 Cl H 52

11 Cl 4-NO, 61

12 Cl 4-COMe 49

“Reaction conditions: aryl halide (I mmol), aniline (1.5 mmol), KOH (3 equiv.),
water (3 ml) and room temperature for 6 h.

“Isolated yield.

plied
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TABLE 3 C—N reaction of various aryl halides with benzylamine®

X HN CUAA@MNPS (5 mg) H\/©
|/ I —_— =
¥

R KOH, H0, . RI 5.
Entry X R Yield (%)°
1 I H 97
2 I 4-OMe 93
3 Br H 87
4 Br 4-OMe 84
5 Br 4-NO, 89
6 Br 2-NO, 92
7 Br 4-Br 89
8 Br 4-Cho 41
9 Br 4-COMe 94
10 Cl H 67
11 Cl 4-NO, 51
12 Cl 4-COMe 43

“Reaction conditions: aryl halide (I mmol), benzylamine (1.5 mmol), KOH
(3 equiv.), water (3 ml) and room temperature for 6 h.

“Isolated yield.

TABLE 4 C—N reaction of various aryl halides with imidazole*

% =
Oy S
R

Entry X Aryl halide Yield (%)"
1 1 H 97
2 1 4-OMe 92
3 Br H 71
4 Br 4-OMe 68
5 Br 4-NO, 75
6 Br 2-NO, 33
7 Br 4-Br 77
8 Br 4-Cho 66
9 Cl H 59
10 Cl 4-COMe 40

“Reaction conditions: aryl halide (I mmol), imidazole (1.5 mmol), KOH (3
equiv.), water (3 ml) and room temperature for 6 h.

"Isolated yield.

conditions. Herein, C—N coupling of the less reactive aryl
chlorides gives good yields as evidenced from the results
in Tables 2—4.

In general, for the catalytic cycle of the C—N cross-
coupling reaction using Cu/ascorbic acid@MNPs, the
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TABLE 5 C—N reaction of aryl halides with aliphatic amines®

X
x CUAA@MNPs (5 mg)
\/ = +  NH>R R — | S NHR
R KOH, H30, r.t. e
R
Entry X Alkylamine Yield (%)”
1 I HN~ 92
2 I HzN/\/\NHz 93
3 I 93
N> N2
4 Br HQN/\/\ 90
5 Br HZN/\/\NH2 84
6 B 88
r HQNA‘/NHZ

“Reaction conditions: aryl halide (1 mmol), aliphatic amine (1.5 mmol), KOH (3
equiv.), water (3 ml) and room temperature for 6 h.

“Isolated yield.

TABLE 6 C—O reaction of various aryl halides with phenol®

@, X HO\@ CWAA@MNPs (5 mg) @J’x@
R~F koM. HO.rt H.0, rt. N

Entry X R Yield (%)"
1 I H 97

2 I 4-OMe 94

3 Br H 81

4 Br 4-OMe 94

5 Br 4-NO, 91

6 Br 2-NO, 95

7 Br 4-Br 81

8 Br 4-Cho 93

9 Br 4-COMe 67

“Reaction conditions: aryl halide (1 mmol), phenol (1.5 mmol), KOH (3 equiv.),
water (3 ml) and room temperature for 12 h.

*Isolated yield.

reaction may occur via oxidative addition and then reductive
elimination providing the C—N cross-coupled product
followed by removal of hydrogen halide with base.

The separation and reusability of noble metal catalysts are
trends of the catalysis industry and green chemistry, not only
for lowering costs, but also for avoiding pollution. To gain an
insight into this issue, catalyst reusability experiments in the
reaction of iodobenzene with aniline were carried out. After

each cycle, the recovered catalyst was washed with diethyl
ether and ethanol to remove any organic materials and acidic
solution. The recovery of our catalyst can be easily achieved
using a magnetic bar and the catalyst was successfully reused
at least six times without any significant loss of activity
(Table 7). The recovered catalyst was analyzed using FT-IR
spectroscopy and no marked changes are observed in the cat-
alyst structure (Figure 7).

Leaching of metal ions is a serious problem for supported
metal catalysts and prevents catalyst separation and recycling.
To this end, the reaction between iodobenzene and aniline
was carried out simultaneously in two different vessels under
exactly the same conditions. In each case, the reaction prog-
ress was monitored using GC. After 2 h the catalyst was sep-
arated from one of these vessels using a magnetic bar, while
the other remained unchanged. Thereafter, both of the reac-
tions were continued under the same conditions. After
another 2 h, both the reactions were stopped and their com-
pletion was again examined using GC. The results showed
that the reaction in the absence of the catalyst no longer
proceeded, while completion of the reaction in the other ves-
sel was improved. This observation confirmed that no
leaching was occurring in the reaction medium during the

TABLE 7 Reusability of catalyst

Run Yield (%)* Run Yield (%)*
1 96 4 81
2 95 5 75

87 6 73

“solated yield.

Fresh catalyst

After six runs

Transmittance (%)

T T T T

4000 3000 2000 1000 500
Wavenumber (¢cm™)

FIGURE 7 FT-IR spectra of fresh catalyst and catalyst recovered
after six runs
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process. The copper content of the recovered catalyst was
also determined after reaction using ICP analysis and the
results showed that only a very small amount (about 1%) of
copper metal was removed from the catalyst. In fact, the
leaching phenomenon that often is seen in heterogeneous cat-
alytic systems does not occur here, perhaps because of the
specific nature of the ligand. Therefore, it is concluded that
the ascorbic acid-modified MNP support plays an essential
stabilizing role for the supported catalyst in these coupling
reactions. It should be noted that, to the best of our knowl-
edge, this is the first demonstration of the combination of
copper() chloride nanoparticles onto MNPs coated with
ascorbic acid to generate an efficient and recyclable green
catalytic system.

3 | CONCLUSIONS

We have demonstrated the synthesis of a new and powerful
magnetic nanocatalyst which was employed in C—N and
C—O coupling reactions in aqueous media and at room tem-
perature. Excellent yields were achieved in relatively short
reaction times for a wide range of iodo-, bromo- and
chloro-arenes bearing both electron-donating and electron-
withdrawing groups. Marked advantages, such as palladium-
and phosphorus-free catalyst, the use of an ecofriendly
support and green solvent, provide the method with great
benefits in terms of safety, economy and sustainability.

4 | EXPERIMENTAL

4.1 |

"H NMR and '>C NMR spectra were obtained with a Bruker
Avance 400 MHz spectrometer in CDCIl;. FT-IR spectra were
recorded with a Jasco 680 (Japan) spectrophotometer using
KBr pellets. The saturation magnetization (M) of the sam-
ples was measured with a vibrating sample magnetometer
(Megh-natis Daghigh Kavir Co). XRD patterns were mea-
sured with a Philips X'pert powder X-ray diffractometer.
The samples were scanned in the 26 range of 0-100°. The
metal content of the complex was measured using ICP anal-
ysis (Varian Vista-mpx). The TGA curve was obtained with
a heating rate of 10 °C min~' using an STA503 win TA
(Bahr-Thermoanalyse GmbH, Hiillhorst, Germany). SEM
images were obtained using a Philips XL20 microscope.
TEM images were obtained using an EM208S microscope
with an accelerating voltage of 100 kV.

General

4.2 | Catalyst preparation

The MNPs were prepared according to the literature!’)

based on precipitation of magnetite nanoparticles from a
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mixture of iron(Ill) chloride and iron(Il) sulfate by ammo-
nia (25% solution in water). The MNP suspended in deion-
ized water were reacted with 3 g of ascorbic acid. After
mixing for 25 min, the black precipitates were collected
with the help of a magnet. The collected ascorbic
acid@MNPs were washed repeatedly with ethanol and
dried under vacuum conditions for 7 h at 60 °C. Next,
CuCl (1 g) was added to a water solution of ascorbic
acid@MNPs and stirred for 5 h. The resulting hybrid was
collected using an external permanent magnet and washed
with ethanol (3 X 10 ml) to remove the unreacted CuCl,
and finally dried under air (89% yield upon Cu consump-
tion determined by ICP analysis).

4.3 | General procedure for coupling of aryl
halides with amines

In a round-bottomed flask equipped with a magnetic stirrer,
aryl halide (I mmol), amine (1.5 mmol), catalyst (5 mg,
0.002 mol% Cu) and KOH (3 mmol) were stirred in water
(3 ml) under air atmosphere at room temperature for 6 h.
The progress of the reaction was monitored by TLC (eluent:
n-hexane—ethyl acetate, 5:1) and GC. After completion of
the reaction, CH,Cl, (15 ml) was added and the catalyst
was separated using an external magnet. The organic layer
was washed with water (3 X 10 ml) and dried over anhy-
drous MgSQ,. The product was isolated by column chroma-
tography (n-hexane—ethyl acetate, 5:1) to afford the
corresponding products. The described procedure was
applied for all of the amination reactions studied in the work
reported in this paper.

4.4 | General procedure for coupling of aryl
halides with phenol

In a round-bottomed flask equipped with a magnetic stirrer,
aryl halide (1 mmol), phenol (I mmol), catalyst (5 mg,
0.002 mol% Cu) and KOH (3 mmol) were stirred in water
(3 ml) under air atmosphere at room temperature for 12 h.
The progress of the reaction was monitored by TLC (eluent:
n-hexane—ethyl acetate, 5:1) and GC. After completion of
the reaction, CH,Cl, (15 ml) was added and the catalyst
was separated using an external magnet. The organic layer
was washed with water (3 X 10 ml) and dried over anhy-
drous MgSOy. The product was isolated by column chroma-
tography (n-hexane—ethyl acetate, 5:1) to afford the
corresponding products.

The products were characterized by comparing their
physical properties, melting points, and FT-IR, '"H NMR
and '®C NMR spectra with those found in the
literature.7%~7¢!
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