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Abstract: We present the synthesis and characterization of a new
Cu(l) complex supported on SBA-15 as a catalyst for preparing
anilines from the reaction of aryl halides with sodium azide. The SBA-
15 support was modified by treating it sequentially with (3-
aminopropyl) triethoxysilane (APTES), cyanuric chloride, and 2-
aminothiazole (AT). The modified mesoporous silica, SBA-15@BAT,
was then treated with a Cul solution in acetonitrile to give SBA-
15@BAT-Cu(l). The catalyst underwent thorough characterization
using conventional methods. X - Ray photoelectron spectroscopy
(XPS) analysis corroborated the presence of copper in the +1
oxidation state in the catalyst. The supported Cu(l) complex
sufficiently catalyzed the amination reaction of iodo-, bromo-, and
chloroarenes with NaN;. The catalyst was centrifuged, washed, and
applied in the subsequent run. We investigated the effects of various
reaction components and parameters to determine the optimal
conditions for the reaction. The heterogeneous catalyst exhibited
noticeable stability and was reused over seven runs with slight
deactivation.

Introduction

Coupling reactions are powerful tools in organic synthesis,
allowing for constructing complex molecules with diverse
structures and functionalities. Various compounds, including
aromatic amines, phenols, and diaryls, can be synthesized
through coupling reactions. These reactions involve the formation
of new bonds between different molecules, typically C-C or C-N

bonds. They are catalyzed by transition metals, including nickel,
palladium, copper, zinc, manganese, cobalt, and iron [,
Aromatic amines have an outstanding place among organic
compounds. They are widely used as intermediates for
synthesizing pharmaceuticals, dyes, biochemicals, polymers, and
antioxidants . They can easily convert to other important
functional groups such as diazonium salts, azo compounds,
isocyanates, amides, and imines Bl Efficient and sustainable
methods for synthesizing aromatic amines are crucial in organic
chemistry.

Metal-catalyzed reactions are one of the methods of C-N bond
formation. These metals are typically in the form of complexes or
nanoparticles, which can selectively activate one of the coupling
partners and promote the formation of the desired product. In this
context, catalytic methods including, Ni-catalyzed amination ],
Cu-catalyzed Ullmann-type reaction B, Pd-catalyzed Buchwald-
Hartwig Cross-Coupling reactions [©], nucleophilic aromatic
substitutions via Meisenheimer complex and aryne intermediate
], reduction of nitro compounds €], and the monoarylation of
ammonia with aryl halides ¥ have been investigated. Syntheses
of Pd-catalyzed primary anilines through the reactions of aryl
halides with benzophenone imine 1% Zn[N(SiMes),] Y or
Li[N(SiMe3),] *2 are also reported. Other ammonia surrogates
include allyl amine 3, aminotriphenylsilane 4, lithium amide ],
tert-fluorous Boc carbamate [, amidines 1, 2,22
trifluoroacetamide 8, and Josiphos ligands 9 have also been
investigated. However, in most of these methods, the use of
protecting groups can be a disadvantage, as removing these
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groups adds additional steps and complexity to the synthesis
process 29,

Sodium azide is a versatile and cost-effective reagent for
synthesizing N-heterocycles, nitriles, amines, and amides 4. The
first report on the Cul-mediated direct amination of a bromoarene
with sodium azide was published in 2007 by Thatcher et al. 22,
They prepared an aniline derivative from the corresponding aryl
bromide in the presence of L-proline in DMSO/ethanol. In a study
published in 2010, Qiao et al. 3 described a reaction that
involved the Cu-catalyzed coupling of ortho-functionalized
haloarenes with sodium azide in ethanol. Helquist et al. used the
Cu(l) catalyst to prepare anilines from the corresponding
haloarenes with NaN; in the presence of proline and N,N-
dimethylethylenediamine as the effective ligands ?4. At the same
time, Raman et al. ! reported the direct amination of electron-
deficient haloarenes with sodium azide under the Cu(ll)-
ascorbate catalytic system. In another study, Messaoudi et al. 2
utilized a Cu(0) complex of pipecolinic acid for the reductive
amination of haloarenes using sodium azide. Ascorbic acid was
used as an additive in the reaction, Scheme 1.

Br NH
S S 2
Cu(0) 10 mol%, 100°C, 3h
lil (o] o

N COOH
H

EtOH, NaNj;, ascorbic acid
L

=S—=

98%

Scheme 1. Cu(0)-catalyzed direct amination with NaNs 261,

Nisha et al. ?7 reported the regioselective ligand-free amination
of o-halopyridyl carboxylates with NaNs in EtOH. The reaction
proceeded through Ulimann-type coupling of halopyridyl
carboxylates with azide ion followed by reduction with EtOH.
Otvés et al. 281 successfully utilized a continuous-flow system to
selective Cu-catalyzed synthesize of aryl azides and anilines from
aryl halides with NaNs. Paik ! reported selective Cu-promoted
azidation and amination of aryl halides with NaNsz; under
microwave irradiation in DMSO. They observed that a selective
amination reaction can be achieved at 180°C. Reisner et al. 5%
presents a novel photocatalytic approach for the selective
synthesis of primary anilines. They used Ni(ll) deposited on
mesoporous carbon nitride as the high surface area photocatalyst
for the amination of haloarenes with NaN; in agueous MeOH.
Roemer et al. B4 studied the copper-mediated selective azidation
—amination of long-chain alkanoyl halobenzenes with sodium
azide. They showed that nitrene intermediates are involeved in
the formation of amine derivatives. Recently, Kancherla et al.
reported the first example on photoexcitation of diverse Pd(ll)
complexes for the synthesis of primary anilines with sodium azide.
They prepared a wide range of anilines under aerobic
photochemical conditions, without using external

photosensitizers, and sophisticated ligands at room temperature
32)

The 1,3-thiazoles and their derivatives are a class of S, N-
containing heterocycles recognized for over a century as
constituents of many biologically important molecules. Their
complexes with transiton metals are very potent
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chemotherapeutic reagents 3, Padilha et al. 4 reported the
determination of Cu(ll), Fe(lll), Ni(ll), and Zn(ll) ions in fuel
kerosene by 2-aminothiazole-modified silica gel. Xiong et al. (3%
conducted a study to evaluate the effectiveness of a polystyrene
resin functionalized with 2-aminothiazole in removing Au(lll) from
aqueous solutions. The resin removed Au(lll) ions selectively in
the presence of Ni(ll), Cu(ll), Cd(Il), and Co(ll) ions. In another
report, Liao et al. % reported the selective removal of Hg(ll) ions
in aqueous solutions in the presence of Pb(ll), Ni(ll), and Cd(ll)
ions. Abderrahim and co-workers used the polystyrene
functionalized with bis(2-aminothiazole)-substituted triazine as a
chelation unit for both Au(lll) ions and Au(0) nanoclusters. The
catalyst exhibited its catalytic potential in reducing 4-nitrophenol
[37]

The immobilization of homogeneous catalysts is of interest to
many research groups because it is compatible with the principles
of green chemistry. Due to catalyst recovery and recyclability,
synthetic processes are cost-effective. Furthermore, immobilized
catalysts produce low waste stream and metal contaminations in
the final products 8,

Polymers B9 and silica compounds 1“9 have been widely used to
support catalysts. SBA-15 and MCM-41 are highly regarded for
their catalyst applications due to their large pore size and high
surface area. SBA-15, in particular, is highly acclaimed for its
uniform pore size, large tubular channels, high resistance to
hydrothermal degradation, and thick walls, making it a preferred
solid support 11,

As mentioned in the above paragraphs, the amination of aryl
halides with NaNs; has been thoroughly investigated using
homogeneous copper complexes. However, the application of
heterogeneous catalysts for this purpose has not been explored.
In_our ongoing investigation into the immobilization of metal ion
complexes on mesoporous supports for catalyst purposes, we
have carried out the synthesis and characterization of a Cu(l)
catalyst, SBA-15@BAT-Cu(l). The results of our study indicate
that the Cu(l) complex supported on SBA-15 can be utilized as a
catalyst in the preparation of anilines from the reaction of
haloarenes and sodium azide. Primary aryl amines were
selectively obtained without forming azide products in n-BuOH as
the solvent. The catalyst could be quickly recovered by
centrifugation and exhibited remarkable stability, and recyclability.
This study represents the first instance where a supported Cu(l)
catalyst is utilized to synthesize of anilines through the amination
of aryl halides with sodium azide.

3. Results and Discussion

3.1. Catalyst synthesis and characterization

The mesoporous silica, SBA-15, was prepared by TEOS and
P123 in acidic media “?. Figures 1-Aa, b and 1-Ac, d depict the
SEM and TEM images of the prepared SBA-15. The tabular
structure of the mesoporous silica is clearly seen in both images.
The interplanar lattice space (d-space) of SBA-15 was also
observed on the HRTEM image. The d-space of mesoporous
arrangement with p6mm plane group was found around 9 nm
(Figure 1A-c, d).
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Scheme 2. Schematic presentation for synthesizing SBA-15@BAT-Cu(l).

Figure 1. A) (a, b) SEM and (c, d) HRTEM image of SBA-15.

SBA-15 was treated successively with APTES, cyanuric chloride,
and 2-aminothiazole to give SBA-15@BAT. The supported ligand
was further treated with an acetonitrile solution of Cul at room
temperature to give the immobilized Cu(l) catalyst, Scheme 2.
The FT-IR spectra of SBA-15, silylated SBA-15, and SBA-
15@BAT are shown in Figures 2A-a to 2A-c. A strong peak at
1088 cm™, corresponding to the siloxane bond (Si-O-Si), was
consistently observed in all FT-IR spectra. The absorption bands
associated with aliphatic C-H stretching vibrations appeared at
2930 cm™ and 2864 cm™. The absorption frequencies related to
the N-H bending and triazine ring vibrations are observed at 1542
cm? and 1624 cm?, respectively 3, Figures 2A-b and 2A-c. In

THF, Et;N, 0 °C, 24 h  DMF.Et;N,130°C,48h It 12h

3

the spectrum of the grafted ligand (Figure 2A-c), the stretching
vibrations corresponding to C=C and C=N bonds of the thiazole

ring appeared at 1442 cm™ and 1672 cm™, respectively.
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Figure 2. A) FT-IR spectra of: (a) SBA-15, (b) Silylated SBA-15, and (c) SBA-
15@BAT; and B) CP MAS *3C NMR spectrum of SBA-15@BAT.
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Figure 2B shows the CP/MAS '3C NMR spectrum of SBA-
15@BAT, with distinct peaks observed at different chemical shifts
representing different carbon environments in the material. The
signals that appeared at 12.5 (C1), 25.2 (C2), and 43.8 (C3) ppm
are characteristic of sp carbon atoms of the propyl chains 4. The
signals observed at 168.5-170.8 ppm in the spectrum may
correspond to the sp? carbons of the triazine ring carbon atoms
and the ipso carbon atom in the thiazole ring. The signals
associated with the sp? carbon atoms adjacent to sulfur and
nitrogen atoms in the thiazole ring appeared at 139.6 ppm and
114.2 ppm, respectively.

Figure 3a shows the thermo-gravimetric analysis (TGA) curve of
SBA-15. The curve displays a mass reduction of approximately
4.64% from room temperature to 700°C, attributed to the
elimination of adsorbed water molecules. The grafted ligand,
SBA-15@BAT, shows an apparent mass reduction of about
18.27% under similar conditions in two steps, Figure 3b.
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Figure 3. TGA curves of (a) SBA-15, (b) SBA-15@BAT, and (c) DTG curve of
SBA-15@BAT under N2 atmosphere, scan rate of 10°C/min).

The subtraction of these two values gives the amount of grafted
ligand onto the SBA-15 (Am = 13.63% or 136.3 mg g*). The
second stage of the mass loss within 520-700°C probably relates
to the thermal decomposition of the triazine ring and aminopropyl
moieties. Figure 3c depicts the DTG curve of the supported ligand
and discriminates the inflection point in Figure 3b.

EDAX analysis of the supported catalyst with qualitative data is
shown in Figure 4A. The presence of copper in the prepared
catalyst was confirmed by the copper-related signals.

The BET isotherms and pore size distribution of SBA-15 and the
supported catalyst are shown in Figures 4B-a and 4B-b. The
surface analysis data are collected in Table 1. The BET isotherm
analysis of SBA-15 and the supported catalyst reveals type-1V
isotherms with H1 hysteresis loops, indicating the presence of
cylindrical in the material 3. Specifically, the SBA-15 sample
demonstrates an inflection point in the absorption branch at p/p°
= 0.75 and a narrow pore size distribution of 3.15 nm, confirming
the formation of uniform pores. The pore size distribution and p/p°
value were changed to 3.15 and 0.55, respectively, after
modifying the surface of the SBA-15 with Cu(l) complex.
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Figure 4. A) EDAX spectrum of SBA-15@BAT-Cu(l); and B) Nitrogen
adsorption—desorption isotherms (a) and pore size distribution (b) of SBA-15
and SBA-15@BAT-Cu(l).

The surface area, average pore volume, and pore diameter of
SBA-15 were determined to be 698 m2g?, 0.80 cm®g?, and 6.12
nm, respectively. After incorporating BAT-Cu(l) into SBA-15,
these values changed to 228 cm?g?, 0.42 cm®g?, and 3.15 nm,
respectively.

Table 1. Physical properties of the prepared materials.

S Pore b
Sample (nBéT 1 volume (n"r‘;;
9 (cm® g%)
SBA-15 698 0.80 6.12
SBA-15@BAT-Cu(l)  228(207)  0.42(0.40)  3.15(1.94)

[a] The values in the parenthesis refer to the measured parameters in
the recovered catalysts after the first run.

XPS measurements were performed for all samples to obtain
information about the structural features and the chemical
environment. The XPS analysis was utilized to confirm the
incorporation of Cu atoms and evaluate the oxidation state of Cu
in the catalyst samples. Figures 5A-C display the high-resolution
survey spectra and Cu 2p regions of SBA-15@BAT and SBA-
15@BAT-Cu(l). After the Cu complexation, the survey spectrum
of SBA-15@BAT-Cu(l) indicated the presence of Si, C, O, N, S,
and Cu (PP At. 0.11%) in the sample (Figure 5B). The presence
of copper in SBA-15@BAT-Cu(l) sample was clearly indicated by
analyzing the Cu 2p region (928-963 eV), Figure 5-C. The binding
energy values of 932.7 eV and 952.6 eV are associated with the
Cu 2psz and Cu 2pys,, respectively. These results suggest that Cu
is present in the +1 oxidation state in the sample €1,
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Figure 5. High-resolution XPS survey spectra of (A) SBA-15@BAT, (B) SBA-
15@BAT-Cu(l); high-resolution Cu 2p region of (C-a) SBA-15@BAT, and (C-b)
SBA-15@BAT-Cu(l).

Figures 6a-d display the high-resolution C1s and N1s spectra of
SBA-15@BAT and SBA-15@BAT-Cu(l). The Cls spectrum of
SBA-15@BAT was fitted in four components at 284.1, 285.0,
286.1, and 287.61 eV that corresponded to C=C “7, C-H/C-C/C-
S/C4 1“8, C-N, and C=N 19, respectively (Figure 6A-a).

& Intensity (a.u.)

Intensity {a.u.)
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dominant peak at 399.1 eV, suggesting a higher contribution from
the corresponding component compared to the peak observed at
398.3 eV, which can be a reliable evidence that the nitrogen of
C=N groups are bonded to copper.

3.2. Amination of aryl halides

In order to find the most favorable reaction conditions for the
amination of p-Br-toluene (1.0 mmol), we conducted several
experiments using sodium azide. We tested different variables,
such as the solvent, base, reaction temperature, and catalyst
loading. The results of these experiments are shown in Figure 7a-
¢ and are summarized in Table 2.

The results of the solvent screening demonstrated that the
reaction did not occur when carried out in CHsCN, H.O, and
DMF/H,0O (50/50) (Entries 1-3). The best result was observed in
n-butanol solvent at 120°C (Entry 7, 40% yield). Among the
investigated bases, the best performance was observed when 2.0
eq. of K,CO3 was incorporated (Entry 17, 51%). Screening the
catalyst dosage revealed that applying the catalyst containing
1.90 mol% of Cu (50 mg) gives the highest yield (Entry 23, 77%).
Poor yields were obtained at the lower catalyst loadings (Entries
17, 21-22). Higher catalyst loading did not lead to higher yield,
probably due to the catalyst aggregation (Entry 24, 77%). Notably,
the reaction did not occur when no base/catalyst was present
(Entries 10 and 19), as well as when only Cu-free pre-catalyst (50
mg) was used (Entry 20).

Table 2. Optimization of conditions for the catalytic amination of p-Br-toluene
by sodium azide. (26!

296 294 292 290 288 286 284 282 2380
Binding Energy (V)

(e

-HIC-CIC-SICar
285.16

% ©€=C

CoareN % 28438

28792

_ Intensity (a.u.)
. Intensity (a.u.)

296 294 292 290 288 286 284 232 280 408 408
Binding Energy (eV)

Figure 6. High-resolution XPS spectra of SBA-15@BAT: a) C1s region, b) N1s
region; and SBA-15@BAT-Cu(l): c) C1s region, d) N1s region.

As considering in Figure 6B-a, it seems that the Cu(l) bond
causes a slight change in the binding energy for the fourth

/@Br SBA-15@BAT-Cu(l) /@,NHz
+ NaN; ——— 3
Base, Solvent
En. Solvent Base (mmol) (Cr:ol%)/(mg) &e)"ﬂ
408 406 404 402 400 398 396 394 1 CHsCN K2COz (1.0 mmol) 0.95/25 0
Binding Energy (eV) 2 H20 K2COs3 (1.0 mmol) 0.95/25 0
3¢ DMF/H20 (50/50) K2CO3 (1.0 mmol) 0.95/25 0
4 2-PrOH K2COs3 (1.0 mmol) 0.95/25 28
5 1-PrOH K2COs (1.0 mmol) 0.95/25 33
6° n-BuOH K2COs3 (1.0 mmol) 0.95/25 36
7 n-BuOH K2COs3 (1.0 mmol) 0.95/25 40
8 EtOH (96%) K2CO3 (1.0 mmol) 0.95/25 32
9 MeOH K2COs3 (1.0 mmol) 0.95/25 32
10 n-BuOH No base 0.95/25 0
404 402 400 398 396 394 11 n-BuOH Pyridine 0.95/25 0
Binding Energy (eV) 12 n-BuOH EtsN (1.0 mmol) 0.95/25 13
13 n-BuOH NaHCOs (1.0 mmol) 0.95/25 23
14 n-BuOH Na2COz (1.0 mmol) 0.95/25 34
15 n-BuOH K3PO4 (1.0 mmol) 0.95/25 40
16 n-BuOH K2CO3z (1.5 mmol) 0.95/25 45
17 n-BuOH K2COs (2.0 mmol) 0.95/25 51
18 n-BuOH K2CO3z (2.5 mmol) 0.95/25 51
19 n-BuOH K2CO3z (2.0 mmol) No catalyst 0
20 n-BuOH K2COs3 (2.0 mmol) d Cu-free 0
pre-catalyst
21 n-BuOH K2COs (2.0 mmol) 1.33/35.0 62
22 n-BuOH K2CO3z (2.0 mmol) 1.52/40.0 67
23 n-BuOH K2COs (2.0 mmol) 1.90/50.0 7
24 n-BuOH K2CO3z (2.0 mmol) 2.09/55.0 77

component associated with C=N groups to higher values (287.9
eV). The N1s region of SBA-15@BAT was deconvoluted in four
components at 398.3, 399.2, 399.8, and 400.7 eV (Figure 6c),
which are associated with the nitrogen atoms of C=N, C=N*
(triazine and thiazole rings), N-H (amines), and C-N, respectively
(4950 The Nis spectrum of SBA-15@BAT-Cu(l) displayed a

Optimal reaction conditions are in bold.

@ Reaction conditions: Aryl halide (1.0 mmol); NaNs 2.0 mmol; Base (2.0
mmol); Solvent (3.0 mL); reaction time 24 h; and temperature 120°C.

bl solated yields.

[l Reaction temperature 100 °C.

[ Cu free pre-catalyst 50 mg.
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The supported catalyst, SBA-15@BAT-Cu(l), was employed in
the amination reaction of various haloarenes with sodium azide.
The results of this reaction are presented in Scheme 3 and
summarized in Table 3.

Yield (%)

CHIGN H20

DMFHZO  2-PrOH 1-PIOH n-BuOH n-BuOH
(1M} (120°C) M00eC)  (120°C)
Solvent

EtOH (96%)  MeOH

Yield (%)

NaHCO3  Na2Co3 K3PO4 K2co3 K2co3 K2co3 K2co3

(1.0mmol) (1.5 mmol) (2.0 mmol) (2.5 mmol)

No base  Pyridine Et3N

Base

Yield (%)

(0.95, 25) (1.33,35) (1.52, 40) (1.71, 45) (1.90, 50) (2.09, 55)
Cu (mol%, mg)

Figure 7. Optimization of the amination reaction conditions: p-bromotoluene
(2.0 mmol); Solvent (3.0 mL); NaNz (2.0 mmol); and reaction time 24 h; a)
Solvent and temperature (Cu(l): 0.95 mol%, 25 mg), reaction temperature
120°C, K2COs: 1.0 eq.; b) Base (Cu(l): 0.95 mol%, 25 mg); and c) The catalyst

dosage.

lodobenzene (la) exhibited greater reactivity compared to
bromobenzene (2a) and chlorobenzene (3a). This trend is
consistent with the strength of the halide leaving groups, where a
more reactive leaving group facilitates the attack of azide ions and
the formation of intermediate C, Scheme 4. Aryl halides
substituted with an electron-withdrawing group at the para
position exhibit higher activity than those substituted with an
electron-releasing group. For example, p-aminonitrobenzene (3b)
was obtained from p-bromonitrobenzene (6a) with an 80% yield.
However, p-bromoaniline (8a), p-bromotoluene (12a), and p-
bromophenole (15a) produced the corresponding anilines in lower
yields over more reaction times. The same trend was also
observed for p-chloronitrobenzene (7a) and p-chloroaniline (9a).
Substituted haloarenes on the ortho position also exhibit the same
trend (e.g., 13a and 16a). This can be attributed to the
acceleration of the reductive elimination step via the facilitation of
amino group transfer to the aryl moiety inside intermediate G,
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Scheme 4. On the other hand, electron-withdrawing substituents
increase the electron deficiency of the copper center and facilitate
the formation of intermediate C, Scheme 4. However, the reaction
with the aryl halide (18a), which contains electron-attracting
substituents at both ortho- and para-positions, was unsuccessful.
The hetero haloarene, 2-Br-pyridine (20a), also gave poor yield
(40%), probably due to the competition of the nitrogen atom of the
pyridine ring in coordinating with the metal center.
X NH,

R@ . NaN, SBA-15@BAT-Cu(l) R@

K,CO3, n-BuOH, Reflux

1a:X=I,R=H 2a:R=H

1b: X=Br,R=H 2b: R=2-COOH
1c:X=CI,R=H 2c: R =4-NO,
1d: X =1, R=2-COOH 2d: R =4-NH,
1e: X =CIl, R=2-COOH 2e: R=4-COOH
1f: X = Br, R=4-NO, 2f: R=4-CH;
19: X = Cl, R = 4-NO, 2g: R = 2-NO,
1h: X =Br, R =4-NH, 2h: 1-Aminonaphthalene
1i: X =CI, R=4-NH, 2i: R=4-OH

1j: X=Br, R =4-COOH 2j: R=2-OH

1k: X = Cl, R = 4-COOH 2k:R = 3-OCHj3

2I: 2-Amino-4-nitrobenzoic acid
2m: 4-Aminoresorcinol
2n: 2-Aminopyridine

11: X =Br, R=4-CH;

1m: X = Br, R=2-NO,

1n: 1-Bromonaphthalene

10: X =Br, R =4-OH

1p: X =Br, R = 2-OH

1q9: X =Br, R=3-OCH;

1r: 2-Bromo-4-nitrobenzoic acid
1s: 4-Chlororesorcinol

1t: 2-Bromopyridine

Scheme 3. The amination reaction of haloarenes with sodium azide.

EDAX analysis of the recovered catalyst (after the first run)
confirmed the presence of copper in the sample, Figure 8A.

1200 - Si
Elt Line Int W% A%
(A) C Ka 2291 3286 4322
1000 + N Ka 146 377 428
- O Ka 6231 4080 4029
2 200 4 Si  Ka 1922.0 2117 1191
g S Ka 6.1 0.09 0.04
3 Cu Ka 74 091 023
£ 600 4 I La 5.9 040 0.05
Z 100.00 100.00
< 400 o
K]
£
200 -1
s
cu | LS 0 cu cu
0 ¥ x : T \
0 2 4 6 8 10
k eV
0.6
300 —- (B-b)
= (&2 E o5
EI 250 —+—SBA-15@BAT-Cu(l) § 04 SBA-15@BAT-Cu(l)
2 200 | - Recovered catalyst o Recovered catalyst
= 5 03
g 150 s
g 100 E o
g 2 o
S 50 ®
8 0
0 0 8

2 a
0 0.2 0.4 0.6 0.3 1 Pore Width (nm)

Relative Pressure (PIP?)

Figure 8. A) EDAX spectrum of the recovered SBA-15@BAT-Cu(l) after the first
run; B) Nitrogen adsorption—desorption isotherms (a) and pore size distribution
(b) of the fresh and the recovered SBA-15@BAT-Cu(l).
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Table 3. Monoarylation of haloarenes.[® %

X

1a-1t

+ NaN;

SBA-15-@BAT-Cu(l)

K,CO3, n-BuOH, Reflux
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NH,
RA@

2a-2n

: NH,

m.p.(°C): Liquid

la: X =1, 24 h, 80% (74 mg, 0.8 mmol)
1b: X =Br, 22 h, 60% (56 mg, 0.6 mmol)
1c: X =Cl, 26 h, 33% (31 mg, 0.3 mmol)

NH,
H2N©/

m.p.(°C): 136-139 (136-138 [54)
1h: X =Br, 24 h, 66% (71 mg, 0.7 mmol)
li: X =Cl, 26 h, 39% (42 mg, 0.4 mmol)

: NH,
m.p.(°C): 71-72 (70-73 [55))
1m: X =Br, 22 h, 69% (95 mg, 0.7 mmol)

: OH

m.p.(°C): 185-188 (186-188 157))
1p: X = Br, 25 h, 54% (59 mg, 0.5 mmol)

M@C‘Hz
H H

1s: X=Cl, 25h, -

NH,
i :COOH 2b
m.p.(°C): 142-144 (142-145 [51)

1d: X =1, 24 h, 83% (114 mg, 0.8 mmol)
le: X =Cl, 26 h, 40% (55 mg, 0.4 mmol)

HOOC©/

m.p.(°C): 180-183 (182-185 153)
1j: X = Br, 20 h, 72% (99 mg, 0.7 mmol)
1k: X = Cl, 26 h, 41% (56 mg, 0.4 mmol)

NH,
‘! “ 2h

m.p.(°C): 48-50 (49 152
1n: X = Br, 24 h, 52% (74 mg, 0.5 mmol)

H3CO/©\H2 o

1q: X=Br, 26 h, -

N_ _NH

r 2
X 2n
m.p.(°C): 55-57 (56-58 156l
1t: X = Br, 25 h, 40%

: NH,
ZN

m.p.(°C): 141-143 (143 %)
1f: X = Br, 22 h, 80% (110 mg, 0.8 mmol)
1g: X =Cl, 26 h, 50% (69 mg, 0.5 mmol)

: NH,

m.p.(°C): 42-44 (43-44 154)
11: X =Br, 24 h, 77% (82 mg, 0.8 mmol)

ﬁHz
H

m.p.(°C): 171-173 (170-175 [5))
lo: X =Br, 25 h, 55% (60 mg, 0.6 mmol)

COOH

: NH
NO,

1r: X=Cl, 25h, -

1l Reaction conditions: Aryl halide 1.0 mmol; K2COs 2.0 mmol; NaNz 2.0 mmol; Cu mol% 1.90; and n-BuOH 3.0 mL.

1l |solated yields.

The spectrum confirms the presence of copper in the catalyst, as
indicated by the characteristic Ka peak at 0.91 keV. Figures 8B-a
and 8B-b present the Sger and pore size distribution of both the
fresh and recovered catalysts after run no. 1. The specific values
for these properties are presented in Table 2. The recovered Cu(l)
catalyst demonstrated minimal changes in BET parameters,
indicating that the reaction and recovery process did not
significantly affect these characteristics. The isotherms exhibit
similar shapes, displaying sharp adsorption and desorption
branches. These results suggest that the prepared Cu(l) catalyst
is suitable for the amination reaction of haloarenes with sodium
azide.

3.3. Copper leaching and hot filtration experiment

The stability and heterogeneity of the catalyst were assessed in
this study. The catalyst was separated at the end of the amination

of p-Br-toluene (1.0 mmol). The copper content of the reaction
liquor was obtained 2 x 10 mmol by atomic absorption analysis.
The experiment found minimal leaching of copper (0.1%) during
the amination reaction, suggesting that the heterogeneous copper
catalyst is responsible for the catalytic activity. This also suggests
that the copper is firmly bound to the ligand, ensuring its stability
during the reaction.

In order to provide additional evidence for the heterogeneous
nature of the catalyst, a hot filtration experiment was conducted.
After 12 hours of reaction, the reaction mixture was centrifuged to
separate the catalyst from the mixture. Analyzing the mixture
revealed that the reaction progress is only 35.6%. The reaction
was allowed to continue, and the yield increased to 37.2% after
24 hours. In contrast, under the optimal conditions, the reaction
progressed to 77% after 24 hours. Therefore, it can be concluded
that the amination reaction is solely catalyzed by the
heterogeneous Cu(l) catalyst.
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3.4. Reaction mechanism

The amination reaction of an aryl halide with sodium azide
catalyzed by SBA-15@BAT-Cu(l) may proceed through a
proposed reaction mechanism, as depicted in Scheme 4.

x
NHZ

+ n-Butanal

[CU]
o [Cu]\
\/y » \/\/ X
NaN;

NaX + [Cu]
“eu

(C)
[\\,/~§x/ ———-»\\,/~\v/°144$>\\ R{E:j/z
(A)

[Cu]
n-ButOH [Cu]

®) Ne
Scheme 4. A proposed mechanism for the amination of aryl halides with NaNs.

This mechanism is based on the suggested reaction pathway by
Roemer et al. B, Initially, the intermediate A was formed via the
halogen-azide exchange reaction. The reaction may promoted by
the supported Cu(l) catalyst, followed by N, elimination, and the
formation of a Cu-stabilized nitrene intermediate B. It has been
previously suggested that similar copper-mediated reactions
proceed via highly reactive nitrene intermediates, which may be
Cu-stabilized. In similar reactions, the involvement of nitrene
intermediates was shown by low-temperature EPR spectroscopy
59 and detection of TEMPO conjugates B°l. The intermediate C
and radical species are formed via Hydrogen Atom Transfer
(HAT) from the n-BuOH solvent. The second hydrogen
abstraction affords an aniline derivative, n-butanal, and the initial
Cu(l) catalyst. The formation of aldehyde was confirmed by FT-IR
spectroscopy. It is plausible that short-lived nitrene intermediates
in the reaction mixture are responsible for hydrogen harvesting.

3.4. Recyclability of the catalyst

The catalyst, SBA-15@BAT-Cu(l), was evaluated for its activity
and reusability in an amination reaction of p-Br-toluene with
sodium azide, Figure 9.

Yield (%)

Figure 9. Recycling of SBA-15@BAT-Cu(l) in the amination of p-Br-toluene by
sodium azide.
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The catalyst was stable and could be reused for multiple cycles.
The catalyst was centrifuged after the completion of the reaction
and washed with water and acetone. It was then ready to be
reused in subsequent reactions. There was no drop in activity until
the third run, after which the reaction yield gradually decreased
from 77% to 54% until run 7. Overall, the catalyst showed good
recyclability and stability.

Conclusion

A novel supported complex, SBA-15@BAT-Cu(l), was
successfully synthesized and used for catalyzing the amination
reaction of various haloarenes with NaNs. The catalyst was
synthesized by sequentially functionalizing SBA-15 with APTES,
cyanuric chloride, 2-aminothiazole, followed by complexation with
Cu(l). The supported complex underwent comprehensive
characterization using conventional techniques. According to
XPS studies, the interaction between copper in the (+1) oxidation
state and some C=N nitrogen atoms has been confirmed. The
catalyst exhibited favorable activity in the amination reaction and
maintained its activity even after multiple reuses. Furthermore,
the catalyst could be easily separated by centrifugation.
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