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Nano tetraimine Pd(0) complex as an efficient
catalyst for phosphine-free Suzuki reaction in
water and copper-free Sonogashira reaction
under aerobic conditions
Zeinab Mandegani, Mozaffar Asadi* and Zahra Asadi
A nano tetraimine Pd(0) complex catalyst was successfully used as an efficient heterogeneous catalyst for the phosphine-free

palladium-catalysed Suzuki coupling reaction in water at 80 °C. This nano tetraimine Pd(0) complex was also used for copper-

free Sonogashira reaction in dimethylformamide at 100 °C. The catalyst was easily recovered from the reaction mixture by centri-
fugation and reused for at least six cycles without any significant loss in its catalytic activity. Analysis of the reactionmixture using
inductively coupled plasma analysis showed that leaching of palladium from the catalyst was negligible. The reactions can be
performed efficiently for aryl iodides, bromides and also chlorides. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

Palladium is one of the most critical metals in catalysis and it is gen-
erally used to catalyse a wide variety of carbon–carbon bond
forming reactions.[1] Palladium complexes of a large number of
phosphorus,[2] carbene,[3] oxime,[4] imine[5] and other ligands[6]

have been reported as catalysts for such coupling.
Nitrogen-donor ligands were pioneered at the end of the nine-

teenth century. These ligands perform a highly significant role in
the field of coordination chemistry.[7] Nitrogen coordination com-
pounds such as imidazole, benzimidazole, imines, pyridine or
pyrazole as well as thioether or mercapto groups[8,9] have been
designed to produce different kinds of transition metal complexes.
Some of these complexes have been shown to possess some
characteristics of proteins[10] or to exhibit biocidal activities such
as antibacterial, antifungal, pesticidal[11] and catalytic activities.[12,13]

Carbon–carbon bond formation is among the most important
reactions in organic chemistry.[14] Transition metals or their com-
plexes have been applied as catalysts and promoters in many of
these reactions.[15] To catalyse a large variety of carbon–carbon
bond forming reactions, palladium is one of the most essential
transition metals which is commonly used.[1] Various kinds of
cross-coupling reactions have been investigated; among them cou-
pling reactions such as the Heck–Mizoroki reaction,[16–18] the Suzuki
reaction,[19,20] the Sonogashira reaction,[21–24] the Kumada
reaction,[25] the Negishi reaction[22,26] and the Stille reaction are
interesting examples of C–;C bond formation.[27]

Various types of palladium catalytic systems have been reported
for these valuable cross-coupling reactions.[28–35] Phosphine
ligands have been used for the promotion of these reactions; how-
ever, they are sensitive to air and moisture. Thus air-free and dry
conditions pose significant inconvenience for synthetic applica-
tions of phosphine ligands.[36–38] A key feature for phosphine-free
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catalysts is the stabilization of an active catalyst, which is highly
related to ligand stability, chelation or steric shielding of the metal
centre and the strength of the metal–ligand bond. Therefore, tran-
sition metal complexes containing nitrogen-donor ligands have
received much attention and can stabilize various oxidation states
of metals by strong electron-donating ligands to the metal
centre.[39,40] In addition, in the Sonogashira coupling reaction, the
formed copper acetylides very much tend to undergo homo-
coupling reaction (Glaser coupling).[41,42] Thus, several synthetic
methodologies have been designed to eliminate copper and phos-
phine from reaction mixtures.[43–45] Most of the palladium catalysts
that have been used in the Suzuki and Sonogashira reactions are
homogeneous.[46–49] Although homogeneous palladium catalysts
often offer higher activities for these reactions, they suffer from
disadvantages such as difficulties in product separation, handling
sensitive ligands and catalyst recovery, and recycling of expensive
ligands and palladium complexes. These problems can be solved
by the use of heterogeneous catalysts consisting of supported
palladium complexes. These heterogeneous catalysts can be simply
recovered from the reaction mixture by simple filtration or centrifu-
gation and then they can be reused in further reactions.[50–58] Some
heterogeneous catalysts have been supported on carbon
nanofibers,[59] montmorillonite,[60] magnetic mesoporous silica,[61]

metal oxides[62] and zeolites.[63]

Recently various heterogeneous catalysts have been reported,
such as polymer-supported N-heterocyclic carbene–palladium
catalyst for Sonogashira reactions,[64] poly(vinyl chloride)-
Copyright © 2016 John Wiley & Sons, Ltd.
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supported Pd(II) complex for Sonogashira reactions,[65] Pd(II) Schiff
base complex supported on multiwalled carbon nanotubes for
Suzuki and Sonogashira reactions,[66] palladium supported on
feather keratin for Suzuki reactions,[67] palladium particles from
oxime-derived palladacycle supported on Fe3O4/oleic acid for
Sonogashira reactions,[68] PCP-pincer palladium nanoparticles
supported on modified Merrifield resin for carbon–carbon cross-
coupling reactions[69] and HypoGel-supported palladium
nanocatalysts for Suzuki reactions.[70] The features of these catalysts
have made them important from environmental and economic
points of view due to their facile recycling and ease of separation.
Very recently, we have introduced a novel nano tetraimine Pd(0)

complex as a heterogeneous catalyst for the Heck–Mizoroki cou-
pling reaction of aryl halides with n-butyl acrylate in water.[71]

Herein, we describe another application of this heterogeneous
nano tetraimine Pd(0) complex for the phosphine-free Suzuki and
copper-free Sonogashira coupling reactions.
Experimental

General

All chemicals were purchased from Merck, Fluka or Acros and were
used without any further purification. The progress of the reactions
was followed by TLC using silica gel polygrams SIL G/UV 254 plates
or by GC using a Shimadzu GC-14A gas chromatograph, equipped
with a flame ionization detector and a 3m length glass column
packed with DC-200 stationary phase and nitrogen as the carrier
gas. Fourier transform infrared (FT-IR) spectroscopic analysis of sam-
ples was conducted using a Shimadzu FT-IR 8300 spectrophotome-
ter, with samples and KBr pressed to form tablets. 1H NMR and 13C
NMR spectra were recorded with a Bruker Avance DPX 250MHz
spectrometer in CDCl3 or DMSO-d6 solvents using tetramethylsilane
as an internal standard. Mass spectra were obtained at 70 eV. The
amount of palladium nanoparticles supported on N,N-bisimine li-
gand was measured using an inductively coupled plasma (ICP)
analyser (Varian, Vista-pro) and atomic absorption spectroscopy.
All yields refer to the isolated products. Elemental analysis was
done with a 2400 series PerkinElmer analyser. Melting points were
determined with a Buchi 510 instrument in open capillary tubes
and are uncorrected. All products were identified by comparison
of their spectral data and physical properties with those of authen-
tic samples.

Procedure for preparation of N,N-bisimine ligand (3)

Ethylenediamine (2.0mmol, 0.13ml) was dissolved in 10ml of eth-
anol and added dropwise to a stoichiometric amount of 4-
chlorobenzaldehyde (4.0mmol, 0.56g) dissolved in 5ml of ethanol.
The crude mixture was stirred at room temperature for 10h to give
ligand 3 as a white precipitate. The resulting product was separated
by filtration and washed with ethanol (2×5ml) and then dried in
vacuum. The crude product was recrystallized from ethanol to ob-
tain the pure product.

General procedure for preparation of nano tetraimine Pd(0)
complex (4)

The synthesis of the nano tetraimine Pd(0) complex catalyst was
conducted according to a procedure previously reported.[71] The
nano tetraimine Pd(0) complex was prepared by reacting a mixture
of Pd(OAc)2 (1.0mmol, 0.22 g) and a solution of 3 (2.0mmol, 0.61g)
wileyonlinelibrary.com/journal/aoc Copyright © 2016
in ethanol (10ml) under nitrogen atmosphere. The mixture was
refluxed for 3 h to complete the reaction. After that, the resulting
solid product was centrifugation and washed with hot ethanol
(3× 2ml) and water (3 × 2ml) and dried at 80 °C overnight. Yield:
0.64 g (92.7%).

The catalyst was characterized using FT-IR spectroscopy, X-ray
diffraction, X-ray photoelectron spectroscopy, UV–visible spectros-
copy and elemental analysis. FT-IR spectra of pure N,N-bisimine
ligand and its nano tetraimine Pd(0) complex were obtained. The
spectrum of the N,N-bisimine ligand exhibits a band at 1643 cm�1

due to azomethine ν(C¼;N) stretch. From the ICP and atomic ab-
sorption spectroscopy results, the amount of palladium is
0.78mmol per gram of the complex.

General procedure for Suzuki reaction using nano tetraimine
Pd(0) complex as catalyst

To a 10ml flask equipped with a magnetic stirring bar was added a
mixture of nano tetraimine Pd(0) complex (0.2mol%, 0.003g, con-
tains 0.0025mmol of palladium), NaOH (2mmol), phenylboronic
acid (1.2mmol), aryl halide (1.0mmol) and water (3.0ml) which
was heated at 80 °C. The completion of the reaction was monitored
by TLC or GC. After that, the resulting hot reaction mixture was fil-
tered quickly through a thick cellulose filter paper under reduced
pressure and washed with diethyl ether (2× 5ml). The combined
organic phase was separated and dried over anhydrous Na2SO4

and evaporated under vacuum. The resulting crude product was
purified by flash chromatography to give the desired pure product
in high to excellent (78–96%) isolated yields.

General procedure for copper-free Sonogashira reaction using
tetraimine Pd(0) complex as catalyst

Phenylacetylene (1.2mmol) was added to a suspension of aryl
halide (1.0mmol), K2CO3 (2.0mmol) and palladium complex
(0.4mol%, 0.005 g, contains 0.004mmol of palladium) in
dimethylformamide (DMF; 3ml) in a10 ml reaction flask. The reac-
tion mixture was stirred at 100 °C for an appropriate time. The
progress of the reactionwasmonitored by TLC or GC. After comple-
tion of the reaction and separation of catalyst by simple filtration,
15ml of water was added and the mixture was extracted with
diethyl ether (2× 5ml). The organic phase was washed with water
(2× 10ml) and dried over anhydrous Na2SO4. Then, the solvent
was removed under reduced pressure. The resulting crude product
was purified by flash chromatography to give the desired cross-
coupling products in excellent (70–96%) isolated yields.

General procedure for recycling of catalyst in Suzuki and
Sonogashira reactions

In a 5ml flask, iodobenzene (2mmol, 0.2ml) was reacted with
phenylboronic acid (2.4mmol, 240mg) in neat water (6ml) in the
presence of nano tetraimine Pd(0) complex (6mg, contains
0.0050mmol of palladium) and NaOH (4mmol, 160mg) at 80 °C.
After completion of the reaction as determined using GC and TLC
analysis and cooling the mixture to room temperature, the black
solid catalyst was separated by centrifugation and washed with
diethyl ether to remove any remaining organic compound. The
catalyst was dried in a vacuum oven and was used again for the
next run in another batch of the reaction. This recycling was
repeated for six runs without appreciable loss of activity of the
catalyst.
John Wiley & Sons, Ltd. Appl. Organometal. Chem. (2016)
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For the Sonogashira reaction, after completion of the reaction
of iodobenzene (2.0mmol, 0.02ml) with phenylacetylene
(2.4mmol, 0.26ml) and K2CO3 (4.0mmol, 0.55 g) in DMF (6ml) in
the presence of nano tetraimine Pd(0) complex (10mg, contains
0.0080mmol of palladium), the reaction mixture was centrifuged
to separate solid material and washed with diethyl ether. The cat-
alyst was dried and reused for a similar reaction. The recycling of
the catalyst was repeated for six runs without appreciable loss of
its catalytic activity.

Large-scale Suzuki and Sonogashira reactions

We also studied large-scale Suzuki and Sonogashira reactions. For
this goal, according to the general procedure, iodobenzene
(10mmol, 1.0ml) and 2.0mol% (0.05g) of the Pd(0) complex were
reacted with phenylboronic acid (12mmol, 1.2g) and NaOH
(20mmol, 0.8 g) in water (30mL) and with phenylacetylene
(12mmol, 1.3ml) and K2CO3 (20mmol, 2.76 g) in DMF (30ml), re-
spectively, for Suzuki and Sonogashira reactions. After workup,
the desired coupled products were obtained in 90% yield (1.36g,
154.2 gmol�1) for Suzuki reaction and 86% yield (1.53g,
178.23 gmol�1) for Sonogashira reaction. The catalyst was also sep-
arated as described above and reused for the next run.
Results and discussion

In this study, ligand 3 was synthesized from 4-chlorobenzaldehyde
(1) and 1,2-ethandiamine (2) in ethanol at room temperature.
Ligand 3 was used for the synthesis of nano tetraimine Pd(0) com-
plex 4 in the presence of Pd(OAc)2 under nitrogen atmosphere in
ethanol reflux (Scheme 1).[71]

Catalytic application of nano tetramine in Suzuki
cross-coupling reactions

To explore the catalytic activity, the Suzuki cross-coupling reaction
of aryl halides with phenylboronic acid was conducted. The rate of
the coupling reaction is dependent on a variety of parameters such
as solvent, base, temperature and catalyst loading. For optimization
of the reaction conditions, we chose the cross-coupling of 4-
iodobenzene (1.0mmol) with phenylboronic acid (1.2mmol), under
aerobic conditions, as a model reaction using the nano tetraimine
Pd(0) complex (0.2mol%, 0.003g) as catalyst in water at 80 °C for
4 h in the presence of 2mmol of base. The catalyst and the effect
of solvent, base, temperature and also the amount of catalyst on
the reaction were examined (Table 1). As evident from Table 1, of
the screened bases, NaOH shows the best result, and the
Scheme 1. Route for synthesis of nano tetraimine Pd(0) complex.
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corresponding coupling product is obtained in 95% yield (Table 1,
entry 1). When the amount of catalyst is decreased from 0.004 to
0.001g, the yield of product is decreased to 28% (Table 1, entry
12). The effect of temperature on the activity of the catalyst was also
studied by carrying out themodel reaction at various temperatures;
the best result is obtained at 80 °C (Table 1, entry 1). Furthermore,
we also investigated the use of various protic and aprotic solvents
such as DMF, N-methyl-2-pyrrolidone (NMP), dimethylsulfoxide
(DMSO), CH3CN, EtOH, EtOH–H2O, tetrahydrofuran and toluene at
90 °C (Table 1, entries 1–11), with excellent yields of the product be-
ing obtained in water (Table 1, entry 1).

Furthermore, under these optimized conditions, we investigated
the usefulness of the catalyst in the Suzuki reaction involving cross-
coupling of an aryl halide with phenylboronic acid. Table 2 illus-
trates that the reaction is effective in the presence of a wide variety
of functional groups on aryl iodides, aryl bromides and aryl chlo-
rides, giving good to excellent conversions to the corresponding
products.

Aryl halides with electron-donating groups (Table 2, entries 2,
7–9, 13) are less active than those with electron-withdrawing
groups (Table 2, entries 3, 5, 6, 11, 12). As expected, the coupling
of phenylboronic acid with iodides or bromides leads to the de-
sired products in moderate to high yields (Table 2, entries 1–9).
In particular, the reaction of aryl iodide substituted with
electron-withdrawing groups affords high yield after 0.5 h at
100 °C (Table 2, entry 3). In the case of deactivated bromides, lon-
ger reaction time is required for the reaction to produce good
yields (Table 2, entries 7–9). The catalyst effect is also evident
for chlorides, where only those substituted with electron-
withdrawing groups give reasonable yields for the coupling prod-
uct (Table 2, entries 11 and 12). Non-activated aryl chlorides gave
a low yield in coupling reactions under similar conditions (Table 2,
entry 13).

Catalytic application of nano tetramine in Sonogashira
coupling reaction

Upon screening the reaction conditions for the copper-free
Sonogashira coupling with the nano tetraimine Pd(0) complex cat-
alyst, we find that the reaction efficiency is enhancedwhen K2CO3 is
employed as base. Thus, the coupling of iodobenzene (1mmol) and
phenylacetylene (1.2mmol) was carried out in DMF with the nano
tetraimine Pd(0) complex (0.4mol%, 0.005g) at 100 °C for 3 h in
the presence of 2mmol of various bases. Bases including K2CO3,
Na2CO3, Cs2CO3, Et3N, CsOH and NaOHwere tested (Table 3, entries
6, 9–13) and, among them, K2CO3 proves to be the most efficient
and gives a GC yield of 94% (Table 3, entry 6). We further evaluated
the effects of temperature and amount of catalyst on the reaction.
As evident from Table 3 (entries 20, 21 and 1–4), both reducing the
amount of catalyst and lowering the temperature lead to a de-
crease in the yield. So, based on these results, we selected K2CO3

as the base and DMF as solvent in the presence of 0.005g of the
catalyst at 100 °C as the best conditions for the Sonogashira
reaction.

Under our optimized reaction conditions, we accomplished the
Sonogashira-type cross-coupling of a wide range of structurally
diverse aryl halides (Table 4). As expected, the coupling of
phenylacetylenewith iodides or bromides leads to the desired prod-
ucts in moderate to high yields (Table 4, entries 1–8). In particular,
the reaction of aryl iodides substituted with electron-withdrawing
groups affords high yield after 0.5 h at 100 °C (Table 4, entry 2). In
the case of deactivated bromides, longer reaction time is required
ley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc



Table 1. Optimization of conditions for Suzuki reaction using nano tetraimine Pd(0) complex as catalysta

Entry Solvent Catalyst amount (g) Base Temperature (°C) Yield (%)b

1 H2O 0.003 NaOH 80 95

2 EtOH 0.003 NaOH Reflux 76

3 EtOH–H2O (3:1 v/v) 0.003 NaOH 80 80

4 EtOH–H2O (2:1 v/v) 0.003 NaOH 80 81

5 EtOH–H2O (1:1 v/v) 0.003 NaOH 80 87

6 CH3CN 0.003 NaOH 80 51

7 Toluene 0.003 NaOH 80 23

8 NMP 0.003 NaOH 80 83

9 DMSO 0.003 NaOH 80 66

10 DMF 0.003 NaOH 80 85

11 H2O None NaOH 140 0

12 H2O 0.001 NaOH 80 28

13 H2O 0.002 NaOH 80 72

14 H2O 0.004 NaOH 80 95

15 H2O 0.003 None 140 Trace

16 H2O 0.003 K3PO4 80 55

18 H2O 0.003 K2CO3 80 79

19 H2O 0.003 Na2CO3 80 74

20 H2O 0.003 KOH 80 82

21 H2O 0.003 NaOAc 80 36

22 H2O 0.003 NaOH r.t. 17

23 H2O 0.003 NaOH 70 81

24 H2O 0.003 NaOH 90 94

aReaction conditions: iodobenzene (1.0mmol), phenylboronic acid (1.2mmol), base (2.0mmol), solvent (3.0ml), 4 h.
bIsolated yield.

Table 2. Suzuki coupling of aryl halides with phenylboronic acid in the presence of nano tetraimine Pd(0) complexa

Entry Ar X Time (h) Isolated yield (%)b Ref.

1 C6H5 I 1 95 72

2 4-OMeC6H4 I 2 90 72

3 4-NO2C6H4 I 0.5 96 72

4 C6H5 Br 3 88 73

5 4-NO2C6H4 Br 2 90 73

6 4-ClC6H4 Br 2.5 87 50

7 4-MeC6H4 Br 4 84 50

8 2-MeC6H4 Br 4 86 17

9 4-OMeC6H4 Br 4 82 72

10 C6H5 Cl 8 80 72

11 4-NO2C6H4 Cl 3 83 72

12 4-CNC6H4 Cl 3.5 81 73

13 4-MeC6H4 Cl 12 78 72

aReaction conditions: ArX (1.0mmol), phenylboronic acid (1.2mmol), NaOH (2.0mmol) in the presence of Pd complex 0.2mol% (0.003 g) in H2O (3.0ml)
at 80 °C.

bIsolated yield.

Z. Mandegani, M. Asadi and Z. Asadi
for the reaction to produce good yields (Table 4, entries 4–8). The
catalyst effect is also evident for chlorides, where only those
substituted with electron-withdrawing groups give reasonable yield
wileyonlinelibrary.com/journal/aoc Copyright © 2016
of coupling product (Table 4, entries 12 and 13). Non-activated aryl
chlorides give a low yield in coupling reactions under similar condi-
tions (Table 4, entries 10 and 11).
John Wiley & Sons, Ltd. Appl. Organometal. Chem. (2016)



Table 3. Optimization of reaction conditions for Sonogashira reaction catalysed by nano tetraimine Pd(0) complexa

Entry Solvent Catalyst amount (g) Base Temperature (°C) Yield (%)b

1 DMF None K2CO3 130 Trace

2 DMF 0.001 K2CO3 100 17

3 DMF 0.002 K2CO3 100 38

4 DMF 0.003 K2CO3 100 75

5 DMF 0.004 K2CO3 100 90

6 DMF 0.005 K2CO3 100 94

7 DMF 0.006 K2CO3 100 94

8 DMF 0.005 None 130 Trace

9 DMF 0.005 Na2CO3 100 82

10 DMF 0.005 Cs2CO3 100 86

11 DMF 0.005 Et3N 100 44

12 DMF 0.005 CsOH 100 62

13 DMF 0.005 NaOH 100 38

14 DMSO 0.005 K2CO3 100 59

15 NMP 0.005 K2CO3 100 87

16 CH3CN 0.005 K2CO3 Reflux 31

17 Toluene 0.005 K2CO3 Reflux 28

18 H2O 0.005 K2CO3 Reflux 32

19 EtOH 0.005 K2CO3 Reflux 37

20 DMF 0.005 K2CO3 r.t. 11

21 DMF 0.005 K2CO3 9 79

22 DMF 0.005 K2CO3 110 94

aReactions were run in 5ml of solvent with 1.0mmol of iodobenzene, 1.2mmol of phenylacetylene and 2mmol of base for 3 h.
bIsolated yield.

Table 4. Sonogashira coupling of aryl halides with phenylacetylene in
the presence nano tetraimine Pd(0) complexa

Entry Ar X Time (h) Yield (%)b Ref.

1 C6H5 I 0.75 94 72

2 4-NO2C6H4 I 0.5 96 72

3 4-OMeC6H4 I 2 91 72

4 C6H5 Br 2.5 89 17

5 4-ClC6H4 Br 2.5 90 72

6 4-NO2C6H4 Br 1.5 93 17

7 4-MeC6H4 Br 3.5 87 17

8 3-NC5H4 Br 3 89 72

9 C6H4 Cl 6 78 73

10 4-MeC6H4 Cl 10 73 74

11 4-OMeC6H4 Cl 12 71 17

12 4-CNC6H4 Cl 5 84 74

13 4-NO2C6H4 Cl 3 87 17

aReaction conditions: ArX (1.0mmol), phenylacetylene (1.2mmol) and
K2CO3 (2.0mmol) in the presence of nano tetraimine Pd(0)
complex (0.4mol%, 0.005 g) in DMF (3.0ml) at 100 °C.

bIsolated yield.

Nano tetraimine Pd(0) catalyst for Suzuki and Sonogashira reactions
Several methods for Suzuki and Sonogashira reactions have been
reported with various heterogeneous catalysts. For comparison,
several results are summarized in Table 5. In our investigation it
Appl. Organometal. Chem. (2016) Copyright © 2016 John Wi
would be useful to introduce the nano tetraimine Pd(0) complex
as an active catalyst for mild conditions in high yield, short time
and low temperature of these reactions in comparison to other het-
erogeneous catalyst systems.

The possibility of the recycling of the catalyst is very important
and makes it useful for commercial applications. Thus, we
investigated the recovery and reusability of the catalyst using
iodobenzene with phenylboronic acid (Suzuki reaction; Fig. 1) and
iodobenzene with phenylacetylene (Sonogashira reaction; Fig. 2)
as model substrates under optimized conditions. After completion
of the reactions, the solid catalyst was separated by centrifugation
and was reused for subsequent reactions under similar reaction
conditions. Six consecutive cycles of the reaction show that the
catalyst does not lose its activity and can be completely recycled.

The amounts of the nano tetraimine Pd(0) leaching during the
reactions under the optimized conditions were determined. The
palladium content in the Suzuki and Sonogashira reactions media
after each reaction cycle was measured using ICP analysis and the
results are provided in Figs. 3 and 4. The ICP analyses show that
leaching is negligible for both reactions.

To determine the nature of the palladium species responsible
for the observed reactions and to measure the extent of palladium
leaching after the reactions, we used the hot filtration test. For this
aim, we have studied the coupling reaction of iodobenzene with
phenylboronic acid under optimized conditions. The hot reaction
mixture was filtered after 36% conversion of iodobenzene (GC)
to remove the catalyst. Continuation of the reaction of the
resulting filtrate under the same conditions showed 41% conver-
sion (GC) of iodoobenzene after 5 h. This result shows that the
ley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc



Table 5. Comparison of efficiency of nano tetraimine Pd(0) complex with that of some reported heterogeneous catalysts for phosphine-free Suzuki and
copper-free Sonogashira reactions

Entry Catalyst Suzuki Sonogashira Ref.

Time (h) Condition Yield (%) Time (h) Condition Yield (%)

1 Nano tetraimine

Pd(0) complex

1 H2O/NaOH/80 °C/0.2mol% 95a 0.75 DMF/K2CO3/100 °C/0.4mol% 94a This work

2 FDU-NHC/Pd(II) — — — 3 DMA/K2CO3/100 °C/1.0mol%,

CuI 10mol%

94a 64

3 PVC-dtz-Pd(II) — — — 3 Solvent free/Et3N/r.t./1.0mol% 99b 65

4 Pd Schiff

base@MWCNTs

2 DMF/H2O (1:1 v/v)

/K2CO3/60 °C/0.1mol%

99a 1 H2O/Et3N/90 °C/1.2mol% 95a 66

5 Feather keratin-Pd 5 H2O/NaOH/75 °C/0.55mol% 99a — — — 67

6 Fe3O4/oleic acid/Pd — — — 6 EtOH/K2CO3/100 °C/0.05mol% 100b 68

7 PCP-pincer Pd 1 DMF/K2CO3/80 °C/3.0mol% 96a 3 DMF/K2CO3/120 °C/3.0mol% 90a 69

8 HypoGel-supported Pd 6 H2O/K2CO3/90 °C/12mol% 88a — — — 70

aIsolated yield.
bConversion determined by GC.

Figure 1. Recycling of catalyst for Suzuki reaction. Reaction conditions:
iodobenzene (1.0mmol), phenylboronic acid (1.2mmol), NaOH (2.0mmol.),
catalyst (0.2mol%), H2O (3.0ml), 1 h.

Figure 2. Recycling of catalyst for Sonogashira reaction. Reaction
conditions: iodobenzene (1mmol), phenylacetylene (1.2mmol), catalyst
(0.2mol%), K2CO3 (2.0mmol) in DMF (3.0ml) at 100 °C, 0.75 h.

Figure 3. Palladium content (mgmol�1) of fresh catalyst and catalyst used
for up to six cycles in Suzuki reaction.

Figure 4. Palladium content (mgmol�1) of fresh catalyst and catalyst used
for up to six cycles in Sonogashira reaction.

Z. Mandegani, M. Asadi and Z. Asadi
amount of leaching of the catalyst into the reaction mixture is low
and confirms that the catalyst acts heterogeneously in the
reaction.
In order to get more information about the leaching of palla-

dium, the reaction of iodobenzene with phenylboronic acid as
model reaction was studied. After completion of the reactions
wileyonlinelibrary.com/journal/aoc Copyright © 2016
and workup, the amount of leaching was determined using ICP
analysis. The amount of palladium leaching after the first run is only
0.23%, and after six repeat recycles is 4.14%.
Conclusions

We have developed a novel, practical and economic nano
tetraimine Pd(0) complex catalyst system for cross-coupling reac-
tions. This catalyst demonstrated high catalytic activities in Suzuki
and Sonogashira reactions in comparison to similar systems for
synthesizing various biphenyl and alkyne derivatives with high
yield under mild reaction conditions in a heterogeneous system.
Moreover, the catalyst offers notable advantages such as facile
John Wiley & Sons, Ltd. Appl. Organometal. Chem. (2016)
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recovery from reaction mixtures, good to excellent product yields,
easy preparation, short reaction times and simplicity of handling.
All these advantages make the protocol a convenient one for other
important metal-catalysed reactions. After the reaction, the
leaching of palladium into the solution is very low as determined
using ICP analysis. In addition, the catalyst can be readily recovered
and reused several times without significant loss of catalytic activity.
Acknowledgments

The authors gratefully acknowledge the financial support of this
work by the Research Council of the University of Shiraz and the
Council of Iran National Science Foundation. We thank Professor
Nasser Iranpoor for stimulating discussions on catalysis science
and helping with this work.

References
[1] J. H. Clark, D. J. Macquarrie, S. J. Tavener, J. Chem. Soc. Dalton Trans.

2006, 4297.
[2] T. Kinzel, Y. Zhang, S. L. Buchwald, J. Am. Chem. Soc. 2010, 132, 14073.
[3] R. Ghosh, N. Adarsh, A. Sarkar, J. Org. Chem. 2010, 75, 5320.
[4] D. A. Alonso, C. Nájera, M. C. Pacheco, J. Org. Chem. 2002, 67, 5588.
[5] J. Zhou, X. Li, H. Sun, J. Organometal. Chem. 2010, 695, 297.
[6] C. A. Kruithof, A. Berger, H. P. Dijkstra, F. Soulimani, T. Visser, M. Lutz,

A. L. Spek, R. J. K. Gebbink, G. van Koten, J. Chem. Soc. Dalton Trans.
2009, 3306.

[7] X. Wu, M. Tamm, Coord. Chem. Rev. 2014, 260, 116.
[8] L. Canovese, F. Visentin, G. Chessa, C. Levi, A. Dolmella, Eur. J. Inorg.

Chem. 2007, 2007, 3669.
[9] B. Kumar Rana, S. K. Seth, V. Bertolasi, P. K. Mahapatra, S. S. Al-Deyab,

J. Dinda, Inorg. Chim. Acta 2015, 438, 58.
[10] M. Amirnasr, G. Kickelbick, S. Dehghanpour, Helv. Chim. Acta 2006, 89,

274.
[11] H. K. Parwana, G. Singh, P. Talwar, Inorg. Chim. Acta 1985, 108, 87.
[12] S. Krompiec, M. Penkala, K. Szczubiałka, E. Kowalska, Coord. Chem. Rev.

2012, 256, 2057.
[13] I. P. Beletskaya, A. V. Cheprakov, Chem. Rev. 2000, 100, 3009.
[14] L. Yin, J. Liebscher, Chem. Rev. 2007, 107, 133.
[15] D. Alberico, M. E. Scott, M. Lautens, Chem. Rev. 2007, 107, 174.
[16] R. Heck, J. Nolley, Jr., J. Org. Chem. 1972, 37, 2320.
[17] B. Tamami, H. Allahyari, F. Farjadian, S. Ghasemi, Iran. Polym. J. 2011, 20,

699.
[18] N. Khadir, G. Tavakoli, A. Assoud, M. Bagherzadeh, D. M. Boghaei, Inorg.

Chim. Acta 2016, 440, 107.
[19] N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457.
[20] P. Das, W. Linert, Coord. Chem. Rev. 2016, 311, 1.
[21] R. Chinchilla, C. Nájera, Chem. Rev. 2007, 107, 874.
[22] E.-i. Negishi, L. Anastasia, Chem. Rev. 2003, 103, 1979.
[23] E. A. Savicheva, D. V. Kurandina, V. A. Nikiforov, V. P. Boyarskiy,

Tetrahedron Lett. 2014, 55, 2101.
[24] S. A. Timofeeva, M. A. Kinzhalov, E. A. Valishina, K. V. Luzyanin,

V. P. Boyarskiy, T. M. Buslaeva, M. Haukka, V. Y. Kukushkin, J. Catal.
2015, 329, 449.

[25] J. G. De Vries, J. Chem. Soc. Dalton Trans. 2006, 421.
[26] E. Negishi, F. Liu, Metal-Catalyzed Cross-coupling Reactions, Wiley-VCH,

Weinheim, 1998, p. 1.
[27] T. N. Mitchell, Metal-Catalyzed Cross-Coupling Reactions, Wiley-VCH,

Weinheim, 1998, p. 167.
[28] M. B. Goldfinger, K. B. Crawford, T. M. Swager, J. Am. Chem. Soc. 1997,

119, 4578.
[29] S. Ganesamoorthy, K. Shanmugasundaram, R. Karvembu, J. Mol. Catal.

A 2013, 371, 118.
[30] C. Kieffer, P. Verhaeghe, N. Primas, C. Castera-Ducros, A. Gellis, R. Rosas,

S. Rault, P. Rathelot, P. Vanelle, Tetrahedron 2013, 69, 2987.
[31] F. Alonso, I. P. Beletskaya, M. Yus, Tetrahedron 2008, 64, 3047.
[32] R. Chinchilla, C. Nájera, Chem. Soc. Rev. 2011, 40, 5084.
[33] N. M. Jenny, M. Mayor, T. R. Eaton, Eur. J. Org. Chem. 2011, 2011, 4965.
[34] T. Suzuka, Y. Okada, K. Ooshiro, Y. Uozumi, Tetrahedron 2010, 66, 1064.
Appl. Organometal. Chem. (2016) Copyright © 2016 John Wi
[35] E. A. Valishina, M. F. C. G. da Silva, M. A. Kinzhalov, S. A. Timofeeva,
T. M. Buslaeva, M. Haukka, A. J. Pombeiro, V. P. Boyarskiy,
V. Y. Kukushkin, K. V. Luzyanin, J. Mol. Catal. A 2014, 395, 162.

[36] M. Cai, J. Sha, Q. Xu, Tetrahedron 2007, 63, 4642.
[37] J.-C. Hierso, A. Fihri, R. Amardeil, P. Meunier, H. Doucet, M. Santelli,

Tetrahedron 2005, 61, 9759.
[38] W.-S. Zhang, W.-J. Xu, F. Zhang, G.-R. Qu, Chin. Chem. Lett. 2013, 24, 407.
[39] S. O. Kang, M. A. Hossain, K. Bowman-James, Coord. Chem. Rev. 2006,

250, 3038.
[40] S. O. Kang, R. A. Begum, K. Bowman-James, Angew. Chem. Int. Ed. Engl.

2006, 45, 7882.
[41] F. Nador, M. A. Volpe, F. Alonso, A. Feldhoff, A. Kirschning, G. Radivoy,

Appl. Catal. A 2013, 455, 39.
[42] M. Bakherad, A. Keivanloo, B. Bahramian, S. Jajarmi, Appl. Catal. A 2010,

390, 135.
[43] T. Kylmälä, N. Kuuloja, Y. Xu, K. Rissanen, R. Franzén, Eur. J. Org. Chem.

2008, 2008, 4019.
[44] B. Ines, R. SanMartin, M. J. Moure, E. Dominguez, Adv. Synth. Catal.

2009, 351, 2124.
[45] A. Alizadeh, M. Khodaei, D. Kordestani, M. Beygzadeh, Tetrahedron Lett.

2013, 54, 291.
[46] T. Fujihara, S. Yoshida, H. Ohta, Y. Tsuji, Angew. Chem. Int. Ed. Engl. 2008,

47, 8310.
[47] T. Fujihara, S. Yoshida, J. Terao, Y. Tsuji, Org. Lett. 2009, 11, 2121.
[48] H. Doucet, J. C. Hierso, Angew. Chem. Int. Ed. Engl. 2007, 46, 834.
[49] H. Plenio, Angew. Chem. Int. Ed. Engl. 2008, 47, 6954.
[50] H. Firouzabadi, N. Iranpoor, M. Gholinejad, F. Kazemi, RSC Adv. 2011, 1,

1013.
[51] J. Zhang, M.Đaković, Z. Popović, H. Wu, Y. Liu, Catal.Commun. 2012, 17,

160.
[52] B. Bahramian, M. Bakherad, A. Keivanloo, Z. Bakherad, B. Karrabi, Appl.

Organometal. Chem. 2011, 25, 420.
[53] S. Islam, P. Mondal, A. S. Roy, S. Mondal, D. Hossain, Tetrahedron Lett.

2010, 51, 2067.
[54] Y. He, C. Cai, Catal. Commun. 2011, 12, 678.
[55] M. Islam, P. Mondal, K. Tuhina, A. S. Roy, S. Mondal, D. Hossain,

J. Organometal. Chem. 2010, 695, 2284.
[56] D. H. Lee, M. Choi, B. W. Yu, R. Ryoo, A. Taher, S. Hossain, M. J. Jin, Adv.

Synth. Catal. 2009, 351, 2912.
[57] D. A. Alonso, C. Nájera, Cross Coupling and Heck-Type Reactions, George

Thieme Verlag, Stuttgart, 2012, p. 535.
[58] K. H. Shaughnessy, Metal-Catalyzed Reactions in Water, Wiley,

Weinheim, 2013, p. 1.
[59] J. Zhu, J. Zhou, T. Zhao, X. Zhou, D. Chen, W. Yuan, Appl. Catal. A 2009,

352, 243.
[60] K. B. Sidhpuria, H. A. Patel, P. A. Parikh, P. Bahadur, H. C. Bajaj, R. V. Jasra,

Appl. Clay Sci. 2009, 42, 386.
[61] J. Li, Y. Zhang, D. Han, Q. Gao, C. Li, J. Mol. Catal. A 2009, 298, 31.
[62] U. R. Pillai, E. Sahle-Demessie, Green Chem. 2004, 6, 161.
[63] M. Choi, D. H. Lee, K. Na, B. W. Yu, R. Ryoo, Angew. Chem. Int. Ed. 2009,

48, 3673.
[64] Y. Tao, L. Ying, Y. Chengfu, W. Haihong, L. Yueming, W. Peng, Chin. J.

Catal. 2011, 32, 1712.
[65] M. Bakherad, A. Keivanloo, S. Samangooei, Chin. J. Catal. 2014, 35, 324.
[66] M. Navidi, N. Rezaei, B. Movassagh, J. Organometal. Chem. 2013, 743, 63.
[67] M. Hengchang, B. Zhikang, H. Guobin, Y. Ningning, X. Yufei,

Y. Zengming, C. Wei, M. Yuan, Chin. J. Catal. 2013, 34, 578.
[68] K.Karami,S.D.Najvani,N.H.Naeini,P.Hervés,Chin. J.Catal.2015,36,1047.
[69] B. Tamami, M. M. Nezhad, S. Ghasemi, F. Farjadian, J. Organometal.

Chem. 2013, 743, 10.
[70] K. H. Liew, W. Z. Samad, N. Nordin, P. L. Loh, J. C. Juan, M. A. Yarmo,

B. H. Yahaya, R. M. Yusop, Chin. J. Catal. 2015, 36, 771.
[71] Z. Mandegani, M. Asadi, Z. Asadi, A. Mohajeri, N. Iranpoor, A. Omidvar,

Green Chem. 2015, 17, 3326.
[72] H. Firouzabadi, N. Iranpoor, M. Gholinejad, J. Organometal. Chem. 2010,

695, 2093.
[73] N. Iranpoor, H. Firouzabadi, S. Motevalli, M. Talebi, J. Organometal.

Chem. 2012, 708, 118.
[74] H. Firouzabadi, N. Iranpoor, F. Kazemi, M. Gholinejad, J. Mol. Catal. A

2012, 357, 154.

Supporting Information
Additional supporting information may be found in the online
version of this article at the publisher’s web site.
ley & Sons, Ltd. wileyonlinelibrary.com/journal/aoc


