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Graphene Quantum Dots Modified Fe3sO4 Nanoparticles Supported
PdCu with Enhanced Catalytic Activity for Sonogashira Reaction

Mohammad Gholinejad,* JahantabAhmadi,’”? Carmen Najera,*™ Mohammad Seyedhamzeh,

Fatemeh Zareh,”® Mohsen Kompany-Zareh!®

Abstract: In this report Fe;O4 nanoparticles are modified for the first
time with graphene quantum dots (GQD) and used for the
stabilization of PdCu bimetallic nanoparticles. The new magnetic
compound PdCu@GQD@Fe;04, is characterized by different
methods such as SEM, HRTEM, EDS-map, XRD and XPS. This
material is applied as an efficient catalyst for Sonogashira reaction of
aryl iodides, bromides and chlorides in toluene or N,N-
dimethylacetamide at 60-110 °C in very high yields with 0.3 mol% of
Pd loading. According to different tests such PVP, hot filtration and
kinetic studies this catalyst works under heterogeneous conditions.
By magnetic separation of the catalyst can be recycled for 6
consecutive runs with small decrease in activity without appreciable
structural modification of the reused catalyst which is characterized
by TEM and XPS.

Introduction

Graphene quantum nanodots (GQD) with unique properties
such as low-toxicity, excellent photostability, small size,
biocompatibility, highly tunable photoluminescence properties,
chemical inertness, exceptional multi-photon excitation property,
electrochemiluminescence, and ease to be functionalized with
biomolecules have recently been received great attention in
materials science and engineering.!! However, despite the
variuos applications of GQD, less attention has been paid for
using GQD as catalyst or solid support for catalysis.? It has
been showed that the synergistic effect raised by GQD alone
and in the metal supported GQD could dramatically improve the
activity and stability of the catalysts by excellent electron
transportation capability and good chemical/physical stabilities.®
For example Li and co-workers, showed high affinity between
the metal nanoparticles (NPs) and the carbon surface in the
GQD even in the absence of oxygen containing groups and
confirmed stabilization of Pd NPs by covalent interactions with
graphene.! Pt/Cu nanoparticles supported on GQD showed
enhanced catalytic activity for oxygen reduction reaction.® Very
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recently, GQD supported Pd NPs were synthesized and applied
as an electrocatalyst towards oxygen reduction.” Au/GQD
composite was used for veratryl alcohol oxidation to veratryl
aldehyde or veratricacid with excellent selectivity and efficient
conversion.” However, to the best of our knowledge there is no
report on GQD supported Pd as a catalyst for cross-coupling
reactions. In recent years, palladium- catalyzed carbon—carbon
or carbon-heteroatom bond forming reactions are considered as
powerful strategies in organic transformations.®® Because of high
toxicity level and expensive price of Pd, nowadays different
heterogeneous and recyclable palladium catalysts have been
introduced for coupling reactions. However, despite advanced
progress in this field, isolation of these Pd catalysts by usual
methods such as centrifugation or filtration is time consuming
and difficult to be performed. Especially important is the
recovery of Pd in pharmaceutical synthetic processes in which
<5 ppm content of Pd is allowable in the final products.”! On the
other hand, magnetic nanoparticles having large ratio of surface
area to volume, superparamagnetic behavior, low toxicity, and
easy to separation from reaction mixture are excellent support
for stabilization of Pd NPs.'” Pd- catalyzed Sonogashira
reaction which is coupling of vinyl or aryl halides or triflates with
terminal alkynes in the presence or absence of copper co-
catalyst is a powerful method for the formation of arylalkynes
and conjugated enynes.!""In spite of different reported copper-
free Sonogashira reaction, it has been proved that presence of
copper under oxygen-free reaction conditions can increase the
efficiency of this alkynylation reaction.!" Along this line, in
recent years different efforts have been made to prepare and
apply bimetallic catalytic enhanced PdCu NPs in Sonogashira
reaction.['? Now in this work, we report the preparation of PdCu
bimetallic NPs supported on GQD modified FesO4 NPs and its
application as an efficient recyclable catalyst for the
Sonogashira reaction of aryl iodides, bromides and chlorides.

Results and Discussion

Preparation steps of catalyst are summarized in Scheme 1.
Firstly, GQD were synthesized using ethylenediaminetetraacetic
acid (EDTA) based on the direct carbonization of organic
precursor in solid state.["®! Normalized fluorescence spectrum of
GQD in water (Figure 1, ESI) showed broad emission at 431 nm
with excitation at 365 nm.I"®! Prepared GQD was treated with
synthesized Fe3O4 NPs by heating at 60 °C in water for 2 d to
produce GQD@Fe304. TEM image of GQD modified Fe3O4 NPs
showed presence of uniform Fe3;O4 NPs and very thin layer of
GQD around the Fe3O4 NPs (Figure 1).
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Figure 1. TEM images of GQD@Fe3;04 NPs

In another flask bimetallic PdCu was prepared using
CuSO04.5H,0 and Pd(OAc), and the resulting mixture was
allowed to react with GQD@Fe30, in acetone. Final obtained
PdCu@GQD@Fe;04 NPs had 0.12 and 0.14 mmolg” Pd and
Cu, respectively, as has been determined by atomic absorption
spectroscopy. TEM images of PdCu@GQD@Fes;Os NPs
showed appearance of small nanoparticles in the structure
(Figure 2). Particle size distribution plot obtained from TEM
images of the catalyst showed that the major part of the particles
are located in two ranges of 3-4 and 9-25 nm which are related
to PdCu and GQD@Fe30. nanoparticles respectively (Figure 2,
ESI). Also, SEM image of PdCu@GQD@Fe304 NPs showed
morphology of structure and presence of uniform nanoparticles
(Figure 3, ESI).

Figure 2. TEM images of PdACu@GQD@Fe;0,
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The corresponding EDS mapping images of

PdCu@GQD@Fes04, showed that C, Pd, Cu, and Fe were
dispersed uniformly in structure (Figure 3). The presence of
these elements as well as nitrogen was further confirmed using
EDX (Figure 4, ESI).

Figure 3. EDS mapping images of PACu@GQD@Fes04, a) C, b) Cu, c) Fe, d)
Pd

X-ray photoelectron spectrum (XPS) of the material confirmed
the presence of carbon in the structure by appearing related
peaks to C1s at 283.9 eV, 285.1, 286.8, and 287.4 eV
assignable to C-C or C=C, C-N, C-O, and C=0 forms of carbon
(Figure 4a)."*"1 XPS analysis was further confirmed presences
of nitrogen by appearing related peak to N1s at 399 eV (Figure
4b).[13, 15] Also, XPS study of Pd region showed two intense
doublets at 335 and 340eV related to Pd(0) and peaks at 337
and 342 eV related toPd(Il) corresponding to Pd 3d5/2 and Pd
3d3/2, respectively (Figure 4c). Results of this study indicated

that Pd was mostly existed in reduced Pd(0) oxidation
[12b,16]
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Figure 4. XPS spectra of PACu@GQD@Fe;0, in a) C 1s, b) N 1s, ¢) Pd 3d
and d) Cu 2p regions.

In order to find information about oxidation state of copper,
binding energy related to Cu 2p region was also studied. Results
showed one main peak at 932.1 eV and the three satellite peaks.
Three satellite peaks at 935.4, 939.4 and 943.1 eV are related to
presence of CuO species in structure (Figure 4d). Peak at 932.1
is related to Cu(0) or Cu;O species and since the binding
energies of Cu(0) and Cu,0O are very close and are different by
only 0.1 eV, detection of true species by binding energy of this
region is very difficult."” One way to distinguish them is using
position of their LMM auger transition in XPS spectra which are
568 eV and 570 eV for Cu(0) and Cu.O, respectively.['">'8
Results from our study showed the presence of a peak at 570
eV confirming that the peak in 932.1 eV is related to Cu,O
species (Figure 5, ESI).

X-ray powder diffraction (XRD) of PAdCu@GQD@Fe3;04 showed
diffracted peaks observed at 2theta value of 24°, 34° and 39°,
which correspond to the lattice plane (101), (110) and (110),
respectively of CuzPd(JCPDS no0.07-0138) and low intense
peaks at 2theta value of 55°, 57.5° and 60° matches to the (207)
planes of CusPd (JCPDS no. 07-0138) (Figure 5). Similarly, the
crystalline peak occurring at 2theta value of 41.4° corresponds
to the lattice plane (110) of CuPd (JCPDS no. 48-1551). Related
peaks of Pd were observed at 2theta value of 40.3 and 68.7°,
which corresponds to (220) plane.l"” Furthermore, results
showed that peaks at 2theta values of 36.3 and 61.4 correspond
to (111) and (220) phases for Cu;O ?% and peaks at 32.5 and
38.5 are related to (111) and (220) phases for CuO.?" These
data clearly confirmed the obtained results from XPS regarding
presence of Cu,0O species instead of Cu(0). Also, peaks at 30.1°
35.5° 43.1°, 53.4°, 57.0°, and 62.6° correspond to (210), (311),
(400), (422), (511), and (440) planes of Fe3O4 observed in the

XRD spectra (Figure 5).?2
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Figure 5. X-ray diagram of PdACu@GQD@Fe30..
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The catalytic activity of prepared PdCu@GQD@Fes:0s was
assessed in Sonogashira reaction. In order to find optimized
reaction  conditions, reaction of iodobenzene  with
phenylacetylene was selected as the model reaction and effect
of different factors such as solvent, base, reaction temperature,
and amount of Pd were studied. Results indicated that using
different organic and inorganic bases in water as solvent
reactions proceed well at 60 °C (Table 1, entries 1-9) and the
best yield was obtained using DABCO (Table 1, entry 9).
Selecting DABCO as base in other solvents such as toluene,
1,4-dioxane, CH3CN, and DMA, gave 99%, 94%, 96%, and 97%
yields, respectively. By lowering reaction temperature to 50 °C,
yield of reaction in toluene was unchanged but for other solvents
yields decreased lightly (Table 1, entries 15-19). However, by
lowering temperature to 30-40 °C, lower yields were observed
(Table 1, entries 20-26). According to the obtained results, we
selected using 0.3 mol% of Pd and toluene as a solvent at 50 °C
as the most efficient and optimized reaction conditions (Table 1,
entry 16). It is worth mentioning that using 0.2 mol% of Pd yield
of reaction was decreased to 81% under optimized conditions
(Table 1, entry 27).

Table 1. Optimization of reaction condition for the coupling of iodobenzene
and phenylacetylene catalyzed by PACU@GQD@Fe;0,.!

—\ __ PdCu@GQD@Fe;04 O -
@' * <\ /> = -

Solvent, base

Entry Base Solvent Temp (2C) Time (h) Yield (%)b
1 EtsN H,0 60 24 88
2 K,CO3 H,0 60 24 73
3 NaOAc H,0 60 24 83
4 t-BuOK H,0 60 24 83
5 K3P04.3H,0 H,0 60 24 85
6 DABCO H,0 60 24 89
7 N(i-Pr)3 H,0 60 24 72
8 K3P0O4.3H,0 H,0 60 24 78
9 Piperidine H,0 60 24 89
10 DABCO Toluene 60 24 99
11 DABCO Dioxane 60 24 94
12 DABCO CH;CN 60 24 96
13 DABCO DMA 60 24 97
14 DABCO PEG 200 60 24 53
15 DABCO DMA 50 24 91
16 DABCO Toluene 50 24 99
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17 DABCO Dioxane 50 24 82
18 DABCO CH3CN 50 24 97
19 DABCO H,0 50 24 20
20 DABCO CH3CN 40 24 88
21 DABCO Dioxane 40 24 77
22 DABCO Toluene 40 24 85
23 DABCO DMA 40 24 84
24 DABCO CH3CN 30 24 58
25 DABCO Toluene 30 24 67
26 DABCO H,0 30 24 2
27 DABCO Toluene 50 24 81

[a]Reaction conditions: iodobenzene (0.5 mmol), phenylacetylene (0.75
mmol), base (0.75 mmol), solvent (1.5 mL), catalyst (12.5 mg containing 0.3
mol% Pd and 0.35 mol% Cu). [b]GC yields. [c] Using 0.2 mol% Pd and 0.23
mol% Cu

The scope of the reaction was studied using the optimized
reaction conditions. Reactions of different aryl iodides containing
electron-donating substituents such as -Me and -OMe and
electron-withdrawing groups such as -F, -Cl, and -NO; as well as
2-iodothiophene with phenylacetylene afford the corresponding
alkynes in very good 81-98% vyields (Table 2, entries 1-7). Also,
reactions of aryl iodides with other alkynes such as 4-
ethynyltoluene and propargyl alcohol proceed with excellent
yields (Table 2, entries 8-10). In the case of the reaction of 2-
iodoaniline with phenyl acetylene resulted the acetylene without
formation of the indol from a ring closing process (Table 2, entry
11). Reactions of less reactive aryl bromides under the
established reaction conditions were sluggish. For instance
reaction of 4-bromonitrobenzene with phenyl acetylene in
toluene at 60, 80 and 100 °C gave 30%, 42% and 65% yields,
respectively. Considering results of Table 1, we selected
dimethylacetamide (DMA) as solvent for the reaction of aryl
bromides. Using DMA at 60-80 °C, reactions of aryl bromides as
well as challenging heterocyclic aryl bromides proceeded in high
to excellent yields (Table 2, entries 12-20). To show the
important effects of the both Cu and Pd in reaction efficiency,
reaction of 4-bromonitrobenzene in the presence of similar
catalyst without Cu, (Pd@GQD@Fes0.) was studied. However,
results indicated that reaction achieved only 52 % GC yield in 24
h (Table 2, entries 21). Reactions of less reactive activated aryl
chlorides such as 4-nitrochlorobenzene, 4-chlorobenzaldehyde
were performed at higher temperature (110 °C) in DMA and in
the presence of TBAB (1 eq) affording the desired coupling
products in high 86-91 yields (Table 2, entries 22-24).

Table 2. Sonogashira-Hagihara reaction of terminal alkynes with aryl halides using PACu@GQD@Fe30, as catalyst.[a]

PdCu@GQD@Fe3O4
] (Pd 0.3 mol%, Cu 0.35 mol%)
Ar'X + RZ—== » Ar'————R?
DABCO, Toluene or DMA
(X=Br, Cl, I)
Entry Ar'X R’ T(°C) t[h] Product Yield (%)"
|
1 ©/ CeHs 50 24 O — O 99°
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Br
20 ©/ Colts 80 O — O 76
Br
S - AT
O,N
Cl
22 /©/ CeHs 110 48 O = O NO, 90
O2N
Cl
23 /©/ 4-MeCeH, 110 48 Me O — O NO, 91
O2N
Cl
24 /O/ Cofts 110 48 O = O CHO 86"

OHC

[a]Reaction conditions: ArX (1 mmol), alkyne (1.5 mmol), DABCO (168 mg, 1.5 mmol), catalyst (25 mg containing 0.3 mol% Pd, 0.35 mol% Cu), toluene (for Arl)
or DMA(for ArCl and ArBr) (2 mL). [b] Isolated yields. ° GC yields; ¢ Reactions using 1 eq TBAB. [e] Reaction in the absence of Cu using PA@GQD@Fe30..

100
Recycling ability of catalyst PACu@GQD@Fe3;0, was studied
for the reaction of iodobenzene and phenylacetylene. After 80
completion of the reaction in first run (24 h), catalyst was 60
separated by external magnet and after washing with diethyl
ether was used in another reaction batch. Results showed that 40
GC yield of the reaction was decreased from 99% to 90% in run
6 and from run 6 to 9 yield decreased to 77%. However in run 10 20
yield of the reaction was intensively decreased to 57%. Results Run
of this study indicated that presented catalyst is recyclable at 0
least for 6 consecutive runs with very small decrease in activity 0 1 2 3 4 5 6 7 8 9 10
(Figure 6).

Yield

Figure 6. Recycling of catalyst PdCu@GQD@Fes;04 for the reaction of
iodobenzene with phenylacetylene.

Leaching of Pd and Cu to reaction mixture after second run in
recycling process was determined by ICP to be 1.1 and 1.6%,
respectively. TEM image of reused catalyst after 3 run showed
preserve of the catalyst structure with small aggregation of
nanoparticles (Figure 7). Also, XPS study of reused catalyst
showed that all Pd species are in reduced Pd(0) state. However,
Cu species preserve Cu(l) and Cu(ll) oxidation states (Figure 8).
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Figure 7. TEM images of reused catalyst after 3" run
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Figure 8. XPS spectra of reused catalyst PdACu@GQD@Fe304in Pd and Cu
regions.

In" order find information about the homogeneous or
heterogeneous nature of the catalysis, different experiments
were performed using the model reaction of iodobenzene with
phenylacetylene under optimized conditions: a) hot filtration
test was carried out after 2 h with 27% progress of the
reaction. Then, the reaction mixture was filtered off and the
filtrate was allowed to react at 50 °C. Analysis of the reaction
after 24 h showed very sluggish progress of the reaction with
formation of desired product in 40% GC yields. It is worth
mentioning that a positive hot filtration test explained as a proof
for homogeneous catalysis, however a negative hot filtration
test does not necessarily indicate the emergence of
heterogeneous catalysis due to possibility of fast deactivation
or redeposition of soluble active species.? Therefore, further
experiments are required for proving that heterogeneous
catalysis is operating. b) Excess of polyvinylpyridine (PVP),?*
which is a strong poison for homogeneous Pd species, was
added to the reaction of iodobenzene with phenylacetylene
under optimized reaction conditions (molar ratio to [Pd] ~400).
GC analysis of the reaction in different times showed small
decrease in reactivity confirming absence of leached Pd
nanoparticles in solution (Figure 9).

This article is protected by copyright. All rights reserved.



ChemCatChem

920
75
60
= 45
30 —PVP test

15 —Hot filtration
test

12 17 22 27
Yield %

(]
|

Figure 9. PVP poisining and hot filtration tests for the reaction of
iodobenzene with phenylacetylene catalyzed by PACu@GQD@Fe304.

Another method for detection of homogeneous toward
heterogeneous catalysis is a inverse the relationship between
the concentration of active Pd and amount of products in
homogeneous systems because of aggregation and
deactivation of Pd species at higher concentrations.? For this
purpose reaction of iodobenzene with phenylacetylene was
studied using different mol% of the catalyst within 12 h. Results
of this study showed smooth increase of reaction rate by
increasing the Pd concentration. From all these results, it
seems that PACu@GQD@Fes:0O. catalyzed these reactions
under heterogeneous conditions (Figure 10).

80 _
= 60 v
=
E’ —0.3
-~ 40 0.15
20
—0.05
0

2 4 6 8 10 12
Time (h)

Figure 10. Influence of the catalyst loading PdCu@GQD@Fe;0, on the
yield of the Sonogashira reaction of iodobenzene with phenylacetylene.
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Conclusions

The new supported PdCu catalyst PdCu@GQD@Fe;04,
prepared by a very simple method and characterized by different
techniques, have shown good catalytic efficiency to perform the
Sonogashira reaction at 60 °C of aryl iodides in toluene and with
aryl bromides in DMA at 60 to 80 °C with different terminal
acetylenes. In the case of activated aryl chlorides higher
temperature (110 °C) and TBAB have to be used for completion
of the reaction. The presence of Cu was demonstrated to be
crucial to obtain good yields. This catalyst can be easily
recovered by separation with a magnet and reused at least for 6
cycles without detriment of its catalytic activity. Different tests
such as addition of PVP, hot filtration, and kinetic studies
support the heterogeneous nature of this catalysis.

Experimental Section
Synthesis of GQD!**!

0.5 g (1.7 mmol) EDTA was loaded into a crucible and then heated in the
furnace at 280 °C for 5 min. After cooling to room temperature, the dark
brown solid was dispersed in water and undissolved residue was
removed by centrifugation at 8000 rpm for 5 min. The mixture was further
purified by centrifugation and filtration using Ultra filter (Millipore, Billerica
MA) with a molecular mass cut off of 10 kDa to remove large sheets.

Synthesis of GQDs@Fe304

Fe;04 nanoparticles > (1 g) were sonicated in water (5 mL) for 15 min.
Then, the GQDs suspension (20 mL) was added to the flask containing
the magnetic NPs and this mixture was mechanically stirred for 48 h at
60 °C. The resulting GQDs modified Fe3O4 was subjected to magnetic
separation and the obtained material was washed with deionized water
(3x10 mL) and ethanol (3x10 mL) and dried under vacuum.

Synthesis of PdCu bimetallic nanoparticles

Pd(OAc); (22.5 mg, 0.1 mmol) and polyvinylpyrrolidone (200 mg) were
dissolved in dioxane (5 mL) and stirred at room temperature under argon
atmosphere. In another flask, CuS04.5H,0 (25 mg, 0.1 mmol) was
dissolved in a solution of ethylene glycol (5 mL) and polyvinylpyrrolidone
(200 mg) and the mixture was stirred for 2 h at 80 °C under argon
atmosphere. The obtained solution was mixed with the Pd(OAc), solution
and mechanically stirred under argon atmosphere. During the stirring, a
solution of NaOH (1 mol-L™") was added upon reaching pH to 9-10 and
the mixture was stirred for 2 h at 100 °C. Then, reaction was cooled to
room temperature and the resulting suspension was concentrated to 5
mL by centrifugation (10000 rpm, 10 min). The obtained mixture was
diluted by acetone (5 mL) for in situ using in next step.

Synthesis of PACu@GQD@Fe30,4

GQDs@Fe304 (0.5 g) was sonicated in acetone (20 mL) for 30 min at
room temperature. Then, prepared PdCu suspension was added slowly
to the flask containing CQDs@Fe304 composite. The resulting mixture
was mechanically stirred for 48 h under argon atmosphere at room
temperature. Then, the solid was separated magnetically, washed with
water (3x20 mL) and ethanol (3x20 mL) and dried in an oven at 60 °C.

This article is protected by copyright. All rights reserved.
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General procedure for Sonogashira reaction

The catalyst (25 mg containing 0.3 mol% Pd and 0.35 mol% Cu), aryl
halides (1 mmol), alkyne (1.5 mmol), DABCO (168 mg, 1.5 mmol) and
toluene or DMA (2 mL) were added to flask equipped with a stir bar
under argon atmosphere. The reaction mixture was stirred for the
appropriate reaction time at 50-110 °C. The progress of the reactions
was monitored using gas chromatography. After completion of reaction,
pure products were obtained using column chromatography using
hexane and ethyl acetate as eluents.

Typical procedure for recycling of the catalyst for the reaction of
iodobenzene and phenylacetylen:

After stirring of reaction mixture under optimized conditions for 24 h, the
catalyst was separated from reaction mixture by an external magnetic
field and washed with diethyl ether and after drying was used in another
batch of the reaction. This process was repeated for 10 consecutive runs.
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