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ABSTRACT ARTICLE HISTORY
A novel and green nanomagnetic zinc catalyst were fabricated via Received 18 May 2022
the immobilization of zinc (ll) complex on the surface of magnetic
nanoparticles modified with phenanthroline (MNPs-Phen-Zn(ll)). The
structure of MNPs-Phen-Zn(ll) nanomaterial was characterized by a
series of spectroscopic techniques including FT-IR spectroscopy, SEM, reactions; magnetic
TEM, EDX, XRD, VSM,.and ICP-O.ES. Thg resulting zinc napomagpetlc separatio’n; MNPs-Phen-
catalyst was shown high catalytic activity for the synthesis of disub- Zn(ll) nanomaterial; zinc
stituted alkynes via C(spz)—C(sp) cross-coupling reactions of alkynes nanomagnetic catalyst
with aryl iodides under eco-friendly conditions. To the best of our

knowledge, it is the first report on the utilization of zinc nanomag-

netic catalyst for the Sonogashira type cross-coupling reaction of

alkynes with aryl iodides in the absence of added Pd and Cu sources.

The simple preparation of the catalyst from commercially available

materials, excellent chemoselectivity, easy separation of products,

and straightforward recovery and reusability of the catalyst with

unaltered activity make our procedure a green and practical method.
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Introduction

One of the most important goals of chemists is to produce catalysts with high activity
and efficiency, complete selectivity, the ability to separate and recover from the reaction
mixture, low energy consumption, and long life."* Catalyst performance can be deter-
mined by controlling variables, such as size, structure, spatial and electron distribution,
surface composition, thermal, and chemical stability.*) With the introduction of nano-
technology into the catalyst industry, nanocatalysts have become more prominent. In
most cases, these catalysts have shown remarkable properties and have found their way
into industrial processes./**! Research in the field of nanocatalysts has always been one
of the most interesting topics in Nanochemistry and Green Chemistry.*”) Green
Chemistry deals with healthy chemical reactions with safe products with maximum effi-
ciency, and minimum consumption of matter and energy.'®''! Nanocatalysts can lead
us to this ideal. Today, magnetic nanoparticles have found a variety of applications due
to properties, such as large specific surface area and simple separation with an external
magnetic field."*) The paramagnetic nature and insolubility of magnetic nanoparticles
facilitate the separation of this catalyst from the reaction mixture by an external mag-
net.">'*) The physical and chemical properties of magnetic nanoparticles largely depend
on the method of synthesis and chemical structure.">'®! In most cases, the particle size
varies from 1 to 100 nanometers. In recent times, the utilization of magnetic nanopar-
ticles in particular Fe;O, nanoparticles as support for catalysis have received profound
attention in organic synthesis.!'>'”'® A salient feature of magnetic nanoparticle-stabi-
lized catalysts is that they are easily separated from the reaction medium using an exter-
nal magnetic field, have high catalytic activity, and exhibit a high degree of chemical
stability. 192!

Research on coupling reactions is one of the most important challenges in chemistry
science in particular in organic synthesis.”**! Carbon-Carbon bond formation is one
of the most fundamental and synthetically useful reactions in modern organic syntheses
due to C-C bonds widely encountered in countless top-selling marketed drugs and
many biologically active molecules and natural products.?*"**) The Sonogashira reaction
is an important cross-coupling reaction in organic synthesis that has been used exten-
sively for C-C bond formation.'””*°) The most common method for Sonogashira cross-
coupling reactions involves reacting terminal acetylenes and aryl or alkenyl halides in
the presence of Pd(0) and copper(I) catalysts with base.>'33! Herein, we disclose a sim-
ple and efficient approach for the Sonogashira type cross-coupling reaction of alkynes
with aryl iodides catalyzed by zinc nanomaterial in the absence of added Pd and Cu
sources. In this method, the zinc complex immobilized on magnetic Fe;0, nanoparticles
as a catalyst suggested a series of advantages, such as magnetic separation, high stability,
and excellent catalytic activity. To the best of our knowledge, it is the first report on the
utilization of zinc nanomagnetic catalyst for the Sonogashira type cross-coupling reac-
tion of alkynes with aryl iodides in the absence of added Pd and Cu sources.

Result and discussion

Details of the fabrication of zinc (II) complex immobilized on the surface of magnetic
nanoparticles modified with phenanthroline (MNPs-Phen-Zn(II)) is shown in Scheme 1.
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Scheme 1. Details of fabrication of MNPs-Phen-Zn(ll) nanomaterial.

The structure of MNPs-Phen-Zn(II) nanomaterial was characterized by a series of spec-
troscopic techniques including FT-IR spectroscopy, SEM, TEM, EDX, XRD, VSM, TGA,
ICP-OES, and AAS.

FT-IR Spectroscopy of MNPs-Phenanthroline and MNPs-Phen-Zn(II) nanomaterial is
shown in Supplementary Figure 1. As shown in Supplementary Figure 1, a broad peak
around 580 cm ™" is related to the stretching of the Fe-O bond. The existence of Zn in
the structure of the catalyst was approved through stretching vibration of C=N bands
that appeared at 1629 cm™ ', as this band shifts to a lower frequency (1613cm™") due to
the grafting of Zn (II) complex on the surface of MNPs-Phenanthroline.**>¢!

The morphology and size of MNPs-Phen-Zn(II) catalyst were determined by SEM
and TEM analysis, as shown in Supplementary Figures 2 and 3. Both the SEM and
TEM images demonstrate that the prepared magnetic nanoparticles are spherical, nar-
rowly distributed, and well dispersed with an average size of <15nm in diameter.

The elemental analysis of MNPs-Phen-Zn(II) catalyst was studied by Energy-
Dispersive X-ray spectroscopy (EDX). As shown in Supplementary Figure 2, the EDX
spectrum of MNPs-Phen-Zn(II) catalyst confirmed the presence of Fe, O, N, C, and Zn
elements in the structure of the catalyst and proved that the magnetic nanoparticle has
been successfully synthesized.

The magnetic property of MNPs-Phen-Zn(II) was checked using Vibrating Sample
Magnetometer (VSM) technique at room temperature. The magnetization curve of
MNPs-Phen-Zn(II) is illustrated in Supplementary Figure 4. According to the magnet-
ization curves, the saturation of the MNPs-Phen-Zn(II) catalyst was about 35.21 emu/g.
With superparamagnetic properties, the catalyst can be easily recovered by applying an
external magnetic field.

The structure of MNPs-Phen-Zn(II) nanocatalyst was investigated by X-Ray
Diffraction (XRD). The XRD pattern of MNPs-Phen-Zn(II) nanocatalyst is presented in
Supplementary Figure 5. This analysis affirmed that the surface modification and conju-
gation of the Fe;O, nanoparticles did not lead to phase change. Several characteristic
peaks at 20 =35.1, 41.2, 50.6, 63.2, 67.3, and 74.6° were observed, which are assigned to


https://doi.org/10.1080/00397911.2022.2099288
https://doi.org/10.1080/00397911.2022.2099288
https://doi.org/10.1080/00397911.2022.2099288
https://doi.org/10.1080/00397911.2022.2099288
https://doi.org/10.1080/00397911.2022.2099288
https://doi.org/10.1080/00397911.2022.2099288

4 @ . RAYA ET AL.

the (220), (311), (400), (422), (511), and (440) crystallographic faces of magnetite (in good
agreement with the standard Fe;O, MNPs XRD spectrum reported in the literature).>”!
Also, the crystal size was calculated according to Debye-Scherrer formula, and the mean
crystal size of Fe;0, NPs and MNPs-Phen-Zn(II), was obtained at 18.34 and 12.27 nm,
respectively.

To determine the amount of Zn on the surface of the catalyst, the ICP-OES
(Inductively coupled plasma-optical emission spectrometry) analysis was used which
indicated that the exact amount of Zn, stabilized on the surface of MNPs-
Phenanthroline, is found to be 21.18 x 10> mol/g.

The XPS spectrum of the MNPs-Phen-Zn(II) nanocatalyst was successfully provided
to characterize the oxidation state of the Zn species in the synthesized catalysts
(Supplementary Fig. 6). An expanded scan demonstrated the presence of Zn’*" by the
appearance of the sharp continues to peak at 1044.8 eV. In addition, the purity of Zn*?
species on the catalyst surface was confirmed by the absence of any other peaks in
this area.

After characterization of MNPs-Phen-Zn(II) nanomaterial, the catalytic activity of
zinc nanomagnetic catalyst was evaluated for the synthesis of disubstituted alkynes via
C(sp?)-C(sp) cross-coupling reactions of alkynes with aryl iodides under eco-friendly
conditions. To find the standardized conditions for the Sonogashira type cross-coupling
reaction of alkynes with aryl iodides, the model reaction of 4-iodoacetophenone (1a)
with phenylacetylene (2a) was studied under different conditions, such as catalyst load-
ing, solvent and base nature, and temperature. The model product (3a) was not seen in
the absence of a zinc catalyst (Table 1, Entry 1-3). As seen in Table 1 (Entry 4-7),
when the amount of catalyst increased, the reaction efficiency also increased. But cata-
lytic amounts above 20 mg of MNPs-Phen-Zn(II) did not significantly affect the reaction
progress (Table 1, Entry 8). Then the effect of several bases and solvents were studied
to find the best conditions. The presence of base was very vital for these reactions
because the model product was not seen in the absence of base (Table 1, Entry 14).
Amongst tested solvents, the maximum yield was seen in PEG-400 at 120°C (Table 1,
Entry 20). Therefore, the utilization of 20 mg of MNPs-Phen-Zn(II) catalyst in K,CO;
(2 equiv.) in PEG-400 (3 mL) at 120°C for 12h was considered as the standardized con-
ditions for the Sonogashira type cross-coupling reaction of alkynes with aryl iodides.

After optimization of the reaction conditions, the scope and generality of the
Sonogashira type cross-coupling reaction were illustrated with respect to various aryl
iodides and phenylacetylene derivatives. The results of these experiments are listed in
Table 2. A variety of benzyl iodide derivatives containing electron-donating or electron-
withdrawing functionalities and some heteroaromatic iodides underwent facile reactions
giving very good to excellent yields. Aryl iodides with both electron-withdrawing and
electron-releasing substituents on reaction with phenylacetylene derivatives afforded
good to excellent yields of the target product indicating the absence of electronic effects
in these reactions. We have also investigated the coupling of aryl bromides with acety-
lenes, which unfortunately proceeded with a very low yield of the target product.

The catalytic cyclic mechanism for cross-coupling reaction of aryl iodides with ter-
minal aromatic alkynes in the presence of MNPs-Phen-Zn(II) is shown in Scheme 2
based on previously reported mechanism."*®
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Table 1. Optimization of reaction conditions for Sonogashira type cross-coupling reaction of alkynes
with aryl iodides.

O —<:> o O="C0
Base, Solvent o

1a 3a

Entry Catalyst (mg) Base Solvent (temperature) Time (h) Yield® (%)
1 — K3PO4 1,4-dioxane (Reflux) 24 —
2 Fe304 MNPs(5) K3PO, 1,4-dioxane (Reflux) 12 —
3 MNPs-Phenanthroline (5) K3PO4 1,4-dioxane (Reflux) 12 —
4 MNPs-Phen-Zn(ll) (5) K3PO, 1,4-dioxane (Reflux) 12 66
5 MNPs-Phen-Zn(ll) (10) K3PO4 1,4-dioxane (Reflux) 12 71
6 MNPs-Phen-Zn(ll) (15) K3PO, 1,4-dioxane (Reflux) 12 77
7 MNPs-Phen-Zn(ll) (20) K3PO4 1,4-dioxane (Reflux) 12 82
8 MNPs-Phen-Zn(ll) (25) K3PO, 1,4-dioxane (Reflux) 12 82
9 MNPs-Phen-Zn(ll) (20) NaOH 1,4-dioxane (Reflux) 12 4
10 MNPs-Phen-Zn(ll) (20) KOH 1,4-dioxane (Reflux) 12 7
11 MNPs-Phen-Zn(ll) (20) K,COs 1,4-dioxane (Reflux) 12 87
12 MNPs-Phen-Zn(ll) (20) Cs,C03 1,4-dioxane (Reflux) 12 81
13 MNPs-Phen-Zn(ll) (20) EtsN 1,4-dioxane (Reflux) 12 22
14 MNPs-Phen-Zn(ll) (20) — 1,4-dioxane (Reflux) 24 —
15 MNPs-Phen-Zn(ll) (20) K,COs DMF (Reflux) 12 84
16 MNPs-Phen-Zn(ll) (20) K,CO3 Toluene (Reflux) 12 49
17 MNPs-Phen-Zn(ll) (20) K,COs DMSO (Reflux) 12 51
18 MNPs-Phen-Zn(ll) (20) K,CO3 THF (Reflux) 12 32
19 MNPs-Phen-Zn(ll) (20) K,COs CH3CN (Reflux) 12 63
20 MNPs-Phen-Zn(ll) (20) K,CO3 PEG-400 (120°C) 12 91
21 MNPs-Phen-Zn(ll) (20) K,COs NMP (120°Q) 12 28
22 MNPs-Phen-Zn(ll) (20) K,CO3 SF(120°Q) 12 Trace
23 MNPs-Phen-Zn(ll) (20) K,COs EtOH (Reflux) 12 44
24 MNPs-Phen-Zn(ll) (20) K,CO3 Water (Reflux) 12 26
25 MNPs-Phen-Zn(ll) (20) K,COs PEG-400 (25°C) 12 Trace
26 MNPs-Phen-Zn(ll) (20) K,CO3 PEG-400 (60°C) 12 43
27 MNPs-Phen-Zn(ll) (20) K,COs PEG-400 (130°C) 12 91
28 MNPs-Phen-Zn(ll) (20) K,CO3 PEG-400 (140°C) 12 90
29 MNPs-Phen-Zn(ll) (20) K,COs PEG-400 (110°CQ) 12 88
30 MNPs-Phen-Zn(ll) (20) — PEG-400 (120°C) 12 —

?Reaction conditions: alkyne (1 mmol), aryliodide (1.1 mmol), Base (2 equiv.), catalyst, Solvent (3 ml).
Plsolated yield.
Bold values represent standardized condition.

The reusability of the catalyst is one of the most important advantages and makes it
beneficial for commercial applications. Recycling and reusability of the MNPs-Phen-
Zn(II) catalyst were also examined upon the synthesis of the model product (3a) via the
reaction of 4-iodoacetophenone (1a) with phenylacetylene (2a) under standardized con-
ditions. After finishing each run, 3ml hot ethyl acetate was added to the reaction mix-
ture and stirred and heated to dissolve the crude product. After completion of the
reaction, the catalyst was magnetically recovered, washed with ethyl acetate several times
and dried at 60 °C, and reused for the next run. The weight loss of catalyst in the oper-
ation for recovery and/or deactivation of the catalyst may have led to a decrease in the
product yield. The results of reusability studies, summarized in Supplementary Figure 7,
indicated that the MNPs-Phen-Zn(II) catalyst was stable and reusable seven times with-
out any significant loss of activity and even after the seven runs.

The magnetization curve of reused MNPs-Phen-Zn(II) after 7 runs is illustrated in
Supplementary Figure 8. According to the magnetization curves, the saturation of the
MNPs-Phen-Zn(II) catalyst was about 35.21 emu/g. Scanning Electron Microscope
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Table 2. Scope of Sonogashira type cross-coupling reactions of alkynes with aryl iodides catalyzed
by MNPs-Phen-Zn(ll) nanomaterial.*®

R, R,  MNPs-Phen-Zn(ll) (20 mg) R4 Q Rz
I + H—— —
fi) <:5 K,CO;, PEG-400, 120 °C

1 2 12h 3a-z
24 Examples
rO=L  O=0 O=0
91% (3a) 94% (3b) 83% (3¢)
HyN Q = Q Me Q = Q MeO Q = Q
96% (3d) 80% (3e) 83% (3f)
Et Q = Q ::/N Q = Q F.C Q = Q
78% (3g) 95% (3h) 91% (3i)
/ \ _ Me MeO
— 88% (3j) Q = Q Q = Q
Me MeO
84% (3k) 82% (31)
(=0 (=0 (=0
0, Me MeC
91% (3m) 81% (3n) 83% (30)
Q = Q OMe O,N Q = Q OMe Me Q = Q OMe
86% (3p)
89% (3q) 80% (3r)
Q = Q Me Me Q = Q OMe  HyN Q = Q OMe
83% (3s) 82% (3t) 86% (3u)
O,N Q = Q OMe Q = Q 2 O,N Q = Q 2
88% (3x) 93% (3y) 95% (3z)

88% (3ab)
“Reaction conditions: alkyne (1 mmol), aryliodide (1.1 mmol), K,CO3 (2 equiv.), MNPs-Phen-Zn(ll) nanomaterial catalyst

(20 mg), PEG-400 (3 ml), 120°C, 12h.
Blsolated yield.
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Scheme 2. Mechanism of the Zn-catalyzed Sonogashira reaction.

(SEM) of MNPs-Phen-Zn(II) nanocatalyst after 7 runs are shown in Supplementary
Figure 8. The SEM image illustrates that these particles are of nearly spherical morph-
ology with a mean diameter of about 10-20 nm. ICP-OES was employed to determine
the exact Zn content of nanomaterial (after seven times), which was found to be
21.03 x 10> mol/g.

Comparison

The comparative study of different protocols for the synthesis of the model product
(3a) via the reaction of 4-iodoacetophenone (la) with phenylacetylene (2a) is illustrated
in Table 3. Though the effectiveness of our catalyst is very better than of literature
reports, they have utilized either harsh conditions, more time, elevated temperature, or
conventional heating as an energy source.

Conclusion

In this paper, we reported (for the first time) the utilization of zinc nanomagnetic cata-
lyst for the Sonogashira type cross-coupling reaction of alkynes with aryl iodides in the
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Table 3. Comparative study of different protocols for cross-coupling reaction of aryl iodides with ter-
minal aromatic alkynes.

Entry Catalyst Time (h) Yield (%) References
1 PdO/C 20 81 (391

2 Cu(phen)(PPhs)Br 24 85 ol

3 PdCl,(PPhs), 15 87 w1

4 Pd-phosphine ylide complex 24 64 2l

5 MNPs-Phen-Zn(ll) 12 95 Present work

absence of added Pd and Cu sources. zinc nanomagnetic catalyst was successfully fabri-
cated via the immobilization of zinc (II) complex on the surface of magnetic nanopar-
ticles modified with phenanthroline (MNPs-Phen-Zn(II)) and was well characterized by
a series of spectroscopic techniques including FT-IR spectroscopy, SEM, TEM, EDX,
XRD, VSM, and ICP-OES. The resulting zinc nanomagnetic catalyst was shown high
catalytic activity for the synthesis of disubstituted alkynes via C(sp®)-C(sp) cross-cou-
pling reactions of alkynes with aryl iodides under eco-friendly conditions. The present
method is efficient in terms of yield, catalyst toxicity, reaction conditions, and catalyst
loading. The simplicity of this reaction protocol makes it a feasible alternative to the
traditional Sonogashira cross-coupling reaction.

Experimental

Chemicals were purchased from Fisher and Merck companies. The reagents and sol-
vents used in this work were obtained from Sigma-Aldrich, Fluka, or Merck companies
and used without further purification. The infrared spectra (IR) of samples were
recorded in KBr disks using NICOLET impact 410 spectrometers. 'HNMR and
PCNMR spectra were recorded with a Bruker DRX-400 spectrometer at 400 and
100 MHz, respectively. Nanostructures were characterized using a Holland Philips
X’Pert X-ray powder diffraction (XRD) diffractometer (Co Ko, radiation =
0.154056 nm), at a scanning speed of 2° min ' from 10 to 80°. A scanning electron
microscope (SEM) was performed on an FEI Quanta 200 SEM operated at a 20kV
accelerating voltage. The thermogravimetric analysis (TGA) curves are recorded using a
PL-STA 1500 device manufactured by Thermal Sciences. The magnetic measurements
were carried out in a vibrating sample magnetometer (VSM, BHV-55, Riken, Japan) at
room temperature.

Preparation of the magnetic Fe;04-nanoparticles

The mixture of FeCl;.6H,0 (5.838¢, 0.0216 mol) and FeCl,.4H,0 (2.147 g, 0.0108 mol)
was dissolved in 100 mL of deionized water in a three-necked bottom (250 mL) under
N, atmosphere. After that, under rapid mechanical stirring, 10 ml (Ammonia solution
for example 28%) was added into the solution within 30 min with vigorous mechanical
stirring. After being rapidly stirred for 30 min, the resultant black dispersion was heated
to 80°C for 30 min. The obtained black precipitate was isolated by magnetic decanta-
tion, washed with double-distilled water until neutrality, and further washed twice with
ethanol and dried at room temperature.
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Preparation of the Fe;0,QSiO,

Then the obtained Fe;O4 MNPs (2g) were dispersed in 20 mL of water by sonication
for 30 min, and then 2-propanol (200 mL) was added to the reaction mixture. The reac-
tion mixture was stirred using a magnetic stirrer at room temperature. Under continu-
ous stirring, PEG-400 (5.36 g), water (20 mL), ammonia solution (10 mL, 28 wt.%), and
2mL of tetraethyl orthosilicate (TEOS) were respectively added into the suspension and
continuously reacted for 30h under stirring at room temperature.”*") Then the product
(Fe304@Si0,) was isolated with an external magnet and washed two times with ethanol
and distilled water.

Preparation of MNPs_ APTMS

The obtained Fe;0,@SiO, nanoparticles (1.5g) were dispersed in 250 mL ethanol/water
(volume ratio, 1:1) by sonication for 30 min, and then (3-Aminopropyl)triethoxysilane
(APTMS) (2.5mL) was added to the mixture reaction. The reaction mixture was stirred
using mechanical stirring under an N, atmosphere at 40°C for 6h then, the nanopar-
ticles were re-dispersed in ethanol by sonication for 5 times and separated through
magnetic decantation. The nanoparticles product (Fe;0,@SiO, APTMS) was dried at
room temperature.m]

Preparation of MNPs-phenanthroline

The MNPs amine (2.2 g) was dispersed in EtOH (50mL) by ultrasonic bath for 10 min.
Potassium carbonate (1 mmol) and Phenanthroline (1.8 g) were added and stirred at
reflux temperature for 18h under an N, atmosphere. Then, the prepared MNPs-
Phenanthroline nanocomposite was separated by magnetic decantation and washed
three times with ethanol to remove the unattached substrates. The resulting product
was dried at room temperature.

Preparation of the MNPs-Phen-Zn(ll) catalyst

In the last step, Zn(OAc), (6 mmol) was added to MNPs-Phenanthroline (2.5g) in etha-
nol 98% (50mL) and the resultant mixture was stirred under reflux for 8 h. Finally, the
synthesized nanosolid (MNPs-Phen-Zn(II)) was separated by magnetic decantation. The
nanomagnetic catalyst was washed several times with ethanol 98% and dried under vac-
uum at room temperature.

Typical experimental procedure for the Sonogashira type cross-coupling reaction
of alkynes with aryl iodides

A dry sealed tube was charged with 1.1 mmol of aryl iodides and 2 equiv. of K,COj;
(276 mg). To the above mixture was added 1mmol of phenyl acetylene derivatives,
20mg of MNPs-Phen-Zn(II) catalyst, and 3 mL of PEG-400 under nitrogen. The sealed
tube was heated in an oil bath which was preheated to 120°C and the reaction mixture
was stirred under the same conditions for 12h and the progress of the reaction was
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monitored by TLC. The reaction mixture was then cooled and extracted with ethyl acet-
ate (3 x 15ml) and the catalyst was separated by an external magnet; the ethyl acetate
layer was washed with distilled water. The organic layer was dried over anhydrous
Na,SO, and the solvent was removed under reduced pressure in a rotary evaporator.
The crude residue was purified by column chromatography using hexane-EtOAc (49:1)
as the eluent to get the target products.

All the products reported here are known compounds and the spectroscopic data

matched literature values.

[28-30]
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