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Abstract In this investigation, a magnetic catalyst sys-
tem based on CuFe,O4 was conveniently synthesised
using citrate-gel method followed by wet impregnation.
The synthesised compound was thoroughly
characterised using XRD, XPS, IR, SEM-EDAX,
TEM VSM and ICP-AES. It was then utilised for cata-
lytic Suzuki-Miyaura coupling yielding excellent re-
sults. We thus report a remarkably efficient ligand-free
magnetic Pd catalyst for Suzuki-Miyaura coupling in
aqueous medium. Here the amount of Pd utilised is as
low as 0.00047 mol% in terms of aryl iodide used. The
catalyst showed unaltered activity for five consecutive
cycles with an average yield of 89.6% with the model
substrate.
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Introduction

Using copper in organic transformations is not a novelty
anymore, particularly in C—C coupling and C-hetero
bond formation reactions. There has been tremendous
research on this frontier with many noteworthy accom-
plishments (Liu et al. 2018; Shi et al. 2018; Zhou et al.
2019). The high melting point of this metal makes it
ideal for high-temperature and pressure chemical reac-
tions including continuous flow reactions, microwave-
assisted reactions, vapour phase reactions and various
organic transformations (Ranu et al. 2007; Reymond
and Cossy 2008; Yoshida et al. 2010; Decan et al.
2014; Shaygan Nia et al. 2015; Gawande et al. 2016).
Even on the electrochemical front, copper ferrites@rGO
(reduced graphene oxide) is reported to be an improved
anode material for advanced lithium storage for LIBs
(Wang et al. 2017b). The magnetically retrievable prop-
erty of copper ferrite makes it more an ideal candidate
on the catalysis frontier classically for liquid phase
reactions. To list a few of the reports, CuFe,O, nano-
particles have been reported in the literature for the
asymmetric hydrosilylation of ketones to chiral second-
ary alcohols in moderate to good yields and excellent
enantiomeric excess at room temperature (Kantam et al.
2009). These nanoparticles are also known to carry out a
simple one-pot three-component synthesis of
spirooxindole-fused heterocycles between isatins, active
cyanomethanes and cyclic 1,3-dicarbonyl derivatives in
refluxing water (Bazgir et al. 2013). Nano copper ferrite
is also described as a reusable catalyst, for the allylation
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of acid chlorides in good to moderate yields (Murthy
etal. 2012).

Among recipients of the shared Nobel Prize in Chem-
istry for the year 2010, the discovery by Akira Suzuki
for carbon—carbon cross-coupling reaction is the most
studied and widely used methodology for the synthesis
of biaryl scaffolds (Colacot 2011; Johansson Seechurn
et al. 2012; Rahman et al. 2019; Buchspies and Szostak
2019). Biaryls are at the heart of various natural prod-
ucts especially pharmaceuticals, and this protocol being
the means to create them has become one of the most
influential methods in synthetic organic chemistry
(Matsushita et al. 2005; Hussain et al. 2016). Two of
the several significant reasons for this impressive devel-
opment are that the boronic acid substrates are stable
molecules, readily available and sustainable in the first
place and secondly, as the reaction conditions are quite
mild, a variety of functional groups/substrates are toler-
ated proving highly cost-effective total synthesis of
complex drug molecules (Polshettiwar et al. 2010;
Gautam et al. 2016). This has led to tremendous popu-
larity of this protocol in the pharmaceutical arena (Fihri
etal. 2011).

The initial studies used a homogenous Pd-complex
which was not recyclable and thus suffered due to the
cost factor of Pd metal (Miyaura et al. 1979). Although
researchers worldwide have been successful in lowering
the amounts of precious Pd in the catalyst system, there
are alternative methods too developed which uses
greener and less expensive metals like Fe, Cu and Ni
along with some high molecular weight ligands. This
not only increases the steps in catalyst synthesis but also
increases the overall cost, making the process tedious
and expensive (Thathagar et al. 2002; Han 2013; Wang
etal. 2017a). Not so in past, Pd—Cu-based nano-colloids
were shown to catalyse the famous Suzuki coupling,
thus somewhat hinting towards a more economical pro-
cedure for the Nobel-awarded reaction (Thathagar et al.
2002). On similar lines, with an even more reasonable
approach of magnetic recovery and recyclability, the
current research study highlights, a magnetic system
based on CuFe,0, designed and reported for the C—C
Suzuki-Miyaura (SM) coupling reaction to yield a biaryl
product as a greener alternative.

Our attempt to design a simple, ligand-free catalyst
for this well-established cross-coupling led us to syn-
thesise 2.5% Pd/CuFe,0, catalyst which uses only
0.00047 mole percent Pd per mole of aryl iodide to carry
out the transformation. It is a highly efficient catalyst
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yielding excellent to good yields for almost all the
substrates we could study and yet recycle with no sig-
nificant loss of activity and yielded an average of 89.6%
yield for the model substrate over five cycles.

Experimental
Materials and methods

For all experimental procedures, doubly distilled water was
used. All chemicals used for catalyst synthesis were ob-
tained from Sigma Aldrich and used in the same form. AR-
grade citric acid was obtained from Thomas Baker. The
aryl halides and boronic acids used were of AR grade
obtained from TCI chemicals. K,CO3 used was of com-
mercially available reagent grade. The prepared catalyst
sample was well characterised by IR spectroscopy record-
ed on Shimadzu IR prestige 21 spectrophotometer, and
XRD pattern was recorded on a Rigaku diffractometer,
using Cu Ko radiation (A = 1.5418 A, filtered through Ni
filter) to obtain its structure and phase. The XPS analysis
was carried out to determine surface composition with
PHI5000 Versa Probe II model. The morphology of cata-
lysts was determined using Zeiss Avol8 scanning electron
microscope (SEM). Particulate size confirmation and se-
lected area electron diffraction (SAED) were carried out by
transmission electron microscopy (TEM) using Philips
CM 200 electron microscope (resolution = 2.4 A).
Energy-dispersive X-ray spectroscopy (EDS) was record-
ed on an Oxford instrument. ICP-AES instrument used for
the analysis is a ARCOS Simultaneous ICP spectrometer
of SPECTRO Analytical Instruments (detection limit up to
0.01 ppm). As all samples analysed were solids, acid
digestion was used for sample preparation. Reactions were
monitored by thin-layer chromatography (TLC Silica gel
60 F254 purchased from Merck). All the 'H NMR were
recorded on a Bruker 400 instrument (400 MHz) using
CDCl; as the solvent and TMS as an internal standard.

Preparation of CuFe,O,4

Copper ferrite was prepared via earlier reported method
changing the metal source (Parmekar and Salker 2016):
in brief, 1:1.5 metal to fuel ratio of metal: citric acid was
taken and dispersed in distilled water. This was allowed
to mix well by continuous slow stirring at RT for some
time. To this was then added adequate amount of citric
acid and further homogenised. The mixture was later
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subjected to heat to remove excess water until gel for-
mation was seen. The formed gel was immediately
subjected to combustion in a uniform heating furnace.
The combusted gel was ground to fine powder and
subjected to calcination at requisite temperature to re-
move any residual carbon. The obtained brick-red pow-
der was the support material used in the study as
CuF6204.

Preparation of Pd/CuFe,O,4

Pd was supported over the synthesised CuFe,0,4 by
wet impregnation method. For this, 0.5 g CuFe,0,
was dispersed in distilled water. To it, required
amounts of Pd salt was weighed and added. The
obtained mixture was stirred for a while prior to
adding equivalent amounts of hydride in parts. Brief
effervescence was observed turning the suspension
colour black indicating Pd being reduced to its me-
tallic state. The dark brown—coloured solid so ob-
tained was rinsed a few times with ethanol and dried
at 70 °C. Assigned as Pd/CuFe,0, after thorough
characterisation, it was then treated as the catalyst
for SM cross-coupling reaction.

Experimental procedure for Suzuki cross-coupling
reaction

To 0.5 mmol iodoarene was added 0.75 mmol aryl boronic
acid along with 1 mmol K,CO;. To this was added 1 mg
catalyst followed by 3 mL 1:1 H,O-EtOH. This was then
introduced in an oil bath and subjected to reflux with
constant stirring. The reaction was monitored by TLC
initially and upon completion was allowed to cool and
separated from the catalyst via external magnet. The ob-
tained product crystals were recrystallised using hot water
and characterised by IR and '"H NMR. The used catalyst
was washed with distilled water followed by acetone and
dried at 70 °C before reuse.

Results and discussion
Catalyst characterisation
For the synthesis of support ferrite material, citrate-
gel method was employed along with the nitrates of

the metal salt. Figure S1 depicts the formation of the
support ferrite CuFe,O4 using sol-gel combustion

technique using Fe(NO;); and Cu(NOs), as the met-
al source. As can be seen from the figure, the green
line represents spectra for the metal—citrate complex
obtained by evaporation of almost all the water from
the mixture. It shows the typical broad —OH
stretching frequency (~ 3300 cm '), the —C—H
stretching (~ 2900 c¢cm™") for -C=0 (~ 1750 cm™ ")
and other metal oxygen stretching like Fe—-O—H be-
low 1000 cm™ ' along with the characteristic Fe—-O
stretching at ~ 600 cm™' and 400 cm™'(Long et al.
2013; Shaabani et al. 2016). On combustion of the
gel (the brown line), most of the bands arising due
to organic moieties seem to disappear. Once cal-
cined, the sample show characteristic stretching fre-
quencies of ferrite at 576 ¢cm ' and 396 cm '
confirming the formation of CuFe,04 (Khalil
2015). Thus, the followed protocol of calcination
yields the required ferrite. Figure S2 shows the IR
spectra for CuFe,O4 and Pd/CuFe,0O4. This again
shows the characteristic tetrahedral and octahedral
Fe-O stretch at ~ 398 cm ™' and ~ 580 cm ' respec-
tively for both. No separate peaks arising due to Pd/
Pd-O are indicating the fact that Pd is well dis-
persed on the surface of CuFe,O,4 support.

Figure 1 demonstrates the diffraction pattern obtain-
ed for CuFe,O4 and 2.5% Pd-loaded CuFe,O4. The
broadening of the peaks is indicative of the fact that
the formed CuFe,O,4 was of smaller particle size, which
is confirmed from the crystallite sizes obtained from the
XRD data as well as TEM analysis. The XRD data
matches well with JCPDS data card 01-077-0010 and
indexed to a cubic geometry (Yan et al. 2013). No extra
peaks pertaining to Fe,O5 impurity were observed in
any case. The obtained SEM images depicted in Fig.
2a, b clearly show the agglomerated nature of the sam-
ple resulting due to its magnetic property. The Pd-loaded
sample in Fig. 2b shows smaller particles on the surface
indicative of the fact that the precious metal is homoge-
neously covering it. The EDAX data also indicated the
same and may be referred for further confirmation (ESI).

The data tabulated in Table S1 shows that the
obtained value of elemental percentages by EDAX
is a good match to the theoretically calculated
values. As per the ICP-AES report, 2% of Pd is
loaded on the ferrite support as compared with the
intended 2.5%. Also the presence of excess oxygen
(Table S1) hints towards formation of slight PdO in
the system. This has been further confirmed by
XPS results.
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Fig. 1 Comparative XRD
patterns of Fe304, CuFe,04 and
2.5% Pd-loaded CuFe,O,4. The
graphs indicate the samples to be
free of any Fe,O3 phase

CuFeO,

——Pd/CuFe0,

311
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Fig. 2 SEM and TEM micrographs of CuFe,0y (a, ¢) and 2.5% Pd/CuFe,0, (b, d)
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TEM data supported the fact that the active metal is
indeed homogeneously distributed. In here, the
CuFe,04 particles appeared quasi- spherical in nature
(Fig. 2¢). Agglomeration was observed for this magnetic
ferrite as well. The SAED pattern shown in Fig. S3
represents skl indexing for the sample matching with
its obtained XRD data. A striking observation here was
an axial growth of the Pd nanoparticles over the ferrite
support. The Pd particles did not cover only the surface
of CuFe,O, support but also showed an axial growth in
the outward direction as spikes (Fig. 2d). This might
have resulted in an increased surface area of the sample
making it highly efficient for catalysis. In addition, the
micrographs also reveal the supported sample to be
highly porous than the pristine. This factor again sup-
ports the obtained inference for its applicative studies
that even the 1 mg sample could be easily recycled and
reused for 5 cycles with no significant loss of activity as
it is highly porous and facilitated the movement of
reactants and products through, without any clogging
of active sites.

The XPS was recorded of the Pd-loaded sample to
determine the oxidation state of Pd along with
confirming the proper stoichiometry of base copper
ferrite. Figure S6 illustrates the survey scan of the sam-
ple confirming presence of all the compositional ele-
ments as well as indicating absence of any impurity in
the sample. Here again, there are no extra elemental
peaks besides the desired ones proving the purity of
the sample. The elemental mapping data in ESI shows
homogeneous distribution of the active metal Pd on the
ferrite surface. Overall, it can be confirmed that the
desired composition is formed.

Figure 3 shows the individual elemental scan of
the sample. The Fe 2p scan (Fig. 3a) depicts the
2p1» peak at 724 eV and 2p;,, peak at 710.9 eV
with its satellite peak 8 eV higher which is charac-
teristic of Fe in + 3 oxidation state (Nawale et al.
2011; Singh Yadav et al. 2015). The high-resolution
spectrum of Cu 2p (Fig. 3b) shows two distinct
peaks with a binding energy of 931.6 and 951.3
eV, which can be attributed to Cu 2p;3, and Cu
2py,» respectively. Presence of strong satellite peak
in cluster at B.E. ~ 243 ¢V is characteristic of Cu in
+ 2 oxidation state. If compared with the previous
sample, one can clearly note the difference in the
intensity of the satellite peaks. Figure 3d displays
the 3d scan for Pd clearly indicating peaks at 335.2
and 340.6 eV as well as 337 and 342.1 eV with a

characteristic difference of ~ 5.26, which is distinc-
tive of PdO and Pd metal.

Thus, in the synthesised compound, Pd exhibits both
Pd° and Pd** oxidation state (Brun et al. 1999). The O
Is scan in Fig. 3c also shows prominent splitting of the
peak into two, majority at 529.6 eV which can be
assigned to the lattice oxygen of the ferrite with a
comparative shoulder at 531.1 eV which could have
very well originated due to some of the surface Pd
existing in its oxide form PdO. Hence, the desired
composition of 2.5% Pd loading on CuFe,O, appears
to have formed.

VSM studies were carried out at room temperature. A
maximum field of 3 T was utilised for the measurement
starting from zero. The obtained results indicated that
the Ms values for both the Pd-loaded and base ferrite
were quite close, the former being marginally less. This
in fact is quite visible from the VSM plot in Fig. S7 as
well. A value of 21.02 of saturation magnetisation was
sufficient to prove the sample of interest is magnetic.
The rest of the magnetic parameters are tabulated in
Table S2. Not much change in the values of remanent
magnetisation as well as coercivity is seen in both the
samples indicating that Pd is well dispersed over the
support. Overall, it could be established that magneti-
cally retrievable samples were formed utilising the
followed protocol which were later used for the catalytic
applications.

Catalytic studies

Suzuki-Miyaura (SM) coupling reaction was inves-
tigated on some of designed catalysts of which Pd/
CuFe,04 was found to be the best (Table S3). After
screening different solvent systems for the reaction,
it was concluded that 1:1 H,O-EtOH system worked
best in the employed reaction conditions. The sol-
vent mixture refluxes around 80 °C, and the reaction
for most substrates worked well within an hour
making the process highly efficient and compara-
tively quicker to previously reported Pd-catalyst
systems (Nehlig et al. 2015). In addition, every
reaction used roughly 25 pg of the active metal
(0.00047 mol% Pd), which is one among the lowest
reported Pd concentrations active for the reaction.
To test the catalytic activity of the synthesised
catalyst, SM coupling reaction was performed over
it. For trial, 4 mg catalyst was utilised for 0.5 mmol
iodobenzene which yielded the desired solid product
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Fig. 3 Individual elemental scan for the Pd/CuFe,O,4 sample

within 45 min as monitored by TLC. The catalyst
amount was then gradually reduced and the reaction
repeated to optimise the conditions. This ensured
1 mg of the catalyst to be ideal for the reaction if
carried out at reflux in 1:1 H,O-EtOH mixture when
used along with a slight excess of the boronic acid
(0.75 mmol) and 1 mmol of a mild base. This
yielded the corresponding biphenyl in 92% yield
characterised by matching its IR (Fig. S8 and 'H
NMR). A series of substrates were tried over the
catalyst for SM coupling yielding excellent to good
yields. Once the reaction conditions were optimised,
SM coupling reaction over the catalyst was studied
using different substituted iodobenzenes as well as
substituted boronic acids. All derivatives with
electron-donating groups like -CHz;, -OCH3 and —
CH,OH and electron-withdrawing groups like —
NO,, —Cl, -Br and —COOH at para position were
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found to smoothly react within the stipulated time to
yield the biaryl product. As reported elsewhere, we
also did not find a trend in yields and electronic
nature of the substrates (Wang et al. 2017a). How-
ever, reaction between some of the boronic acids
with an electron-withdrawing group in the para
position seemed sluggish yielding low yields (en-
tries 24-26). For comparison, we tested Pd on three
different magnetic supports Fe;04, NiFe,O4 and
CuFe,04. The results tabulated in Table S3 clearly
show that Pd when supported on CuFe,04 showed
the best results under operated reaction conditions.
The exact reason for which cannot be pinpointed
and further studies are under progress. Cu as such
in the absence of Pd failed to show a positive SM
coupling indicating that Cu only synergistically sup-
ports the activity of Pd and by itself is not active for
the reaction alone.
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General reaction for the SM C—C cross-coupling using
the synthesised catalyst (Table 1)

Ro

I (HO),B

=

R4

The products formed were well characterised by
their melting points, IR and '"H NMR data. The
characterisation data is given below. Some of the
product NMR spectra are available in the supporting
information

Entry 1: shiny white solid; IR (KBr, cm™") 2950,
1610, 1500, 1295, 1250, 1040, 810, 500; 'H NMR
(400 MHz, CDCl3): § = 2.38 (s, 3H), 3.85 (s, 3H),
6.96 (d, J = 8.8 Hz, 2H), 7.22 (d, J = 8.0 Hz, 2H),
7.44 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.8 Hz, 2H);
melting point 111 °C

Entry 2: dark yellow solid; IR (KBr, cm ") 3050,
2825, 1600, 1550, 1350, 850; 'H NMR (400 MHz,
CDCl;): 6 =7.79 (d, J = 8.8 Hz, 4H), 8.37 (d, J = 8.8
Hz, 4H); melting point 239 °C

Entry 3: white flaky solid; IR (KBr, cm™') 3100,
2900, 2850, 1600, 1500, 1280, 1060, 860; 'H NMR
(400 MHz, CDCly): § =3.86 (3H, 5), 6.97 (d,/=7.2 Hz,
2H), 7.30 (m, 1H), 7.41 (t, J = 8.0 Hz, 2H), 7.55 (t, J =
8.0 Hz, 4H); melting point 89 °C

Entry 4: crimson solid; IR (KBr, cm ") 3500, 2985,
1600, 1485, 1400, 1000; 'H NMR (400 MHz, DMSO):
0=1733(t,J=7.2Hz 3H),7.44 (t,J=8.0 Hz, 1H), 7.52
(d, J=8.4Hz 2H), 7.65(d,J=7.6 Hz, 2H), 7.88 (d, J =
8.4 Hz, 1H); melting point 221 °C

Entry 5: white solid; IR (KBr, cm_l) 2950, 2820,
1610, 1490, 1300, 1060, 820; 'H NMR (400 MHz,
CDCl3): § = 3.85 (s, 3H), 6.97 (d, J = 8.8 Hz, 2H), 7.37
(t, J= 8.4 Hz, 2H), 7.49 (m, 4H); melting point 110 °C

Entry 6: pale yellow solid; IR (KBr, cm ') 3100,
2830, 2450, 1600, 1520, 1350, 820; '"H NMR (400
MHz, CDCL): 6 = 7.49 (d, J = 8.4 Hz, 2H), 7.63 (d, J
=8.4 Hz, 2H), 7.71 (d, J= 8.0 Hz, 2H), 8.31 (d, /= 8.8
Hz, 2H); melting point 170 °C

Entry 8: shiny white flaky solid; IR (KBr, cm ') 3100,
1500, 1450, 765, 720; "H NMR (400 MHz, CDCLy): § =
7.36 (t,J=8.4 Hz, 2H), 7.45 (t,J=7.6 Hz, 4H), 7.60 (dd,
J=4.2 Hz, J = 1.2, 4H); melting point 70 °C

Pd/CuFe,0,, KQC,O3

EtOH-H,O0, reflux

R,

R4

Entry 10: yellow solid; IR (KBr, cmﬁl) 3140, 2850,
1600, 1550, 1350, 1100, 880, 740; '"H NMR (400 MHz,
CDCls): 6 =7.49 (m, 3H), 7.64 (d, J= 8.8 Hz, 2H), 7.74

Table 1 Substrate scope for SM coupling over the designed
catalyst

Entry R, R, Time (h) % Yield
1 CH; OCH3; 1 99
2 NO, NO, 1 98
3 OCHj; H 1 98
4 H COOH 1 97
5 OCH; Cl 1 95
6 NO, Br 1 94
7 CH,OH OCH; 1 93
8 H H 1 92
9 CH,OH Cl 1 91
10 NO, H 1 91
11 OCH; Br 1 90
12 CH,OH H 1 87
13 NO, OCH; 1 87
14 CH,OH NO, 1 83
15 H OCHj3; 1 82
16 OCH3; OCH; 1 80
17 OCHj; NO, 1 78
18 CH; H 1 77
19 H Cl 1 74
20 CH,OH Br 1 72
21 H NO, 1 71
22 NO, Cl 1 71
23 H Br 1 64
24 CH; Cl 1 58
25 CH; NO, 1 56
26 CH; Br 1 41

*Reaction conditions: 0.5 mmol aryl iodide, 0.75 mmol aryl
boronic acid, 1 mg catalyst (25 pg Pd), 1 mmol K,CO3 in 3 mL
of 1:1 H,O-EtOH refluxing at approximately 75 °C
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(d, J = 8.8 Hz, 2H), 8.30 (d, J = 8.8 Hz, 2H); melting
point 112 °C

Entry 11: white solid; IR (KBr, cm_l) 2895, 1605,
1495, 1300, 1265, 1060, 810; '"H NMR (400 MHz,
CDCl3): 0 = 3.85 (s 3H), 6.97 (d, J = 8.0 Hz, 2H),
7.41 (d, J = 8.4 Hz, 2H), 7.54 (m, 4H); melting point
141 °C

Entry 12: white flaky solid; IR (KBr, cmﬁl) 3250,
2900, 1550, 1400, 1060, 760; '"H NMR (400 MHz,
CDCL): 6 = 1.69 (t, J = 6.0 Hz, 1H), 4.75 (s, J = 6.0
Hz, 2H), 7.36 (1H, d), 7.44 (4H, d), 7.6 (4H, d); melting
point 100 °C

Entry 13: shiny yellow solid; IR (KBr, cmﬁl) 3100,
2900, 2880, 2810, 1600, 1500, 1350, 1240, 835; 'H
NMR (400 MHz, CDCls): 6 = 3.88 (s, 3H), 7.01 (dd, J
=88 Hz, J=2.0 Hz, 2H), 7.58 (dd, J=8.8 Hz,J=2.0
Hz, 2H), 7.70 (dd, J= 8.8 Hz, J= 2.0 Hz, 2H), 8.28 (dd,
J=8.8 Hz, J = 2.0 Hz, 2H); melting point 106 °C

Entry 14: yellow solid; IR (KBr, crn_l) 3550, 2860,
1600, 1500, 1350, 830; '"H NMR (400 MHz, CDCl3): &
=4.79 (d,J=5.6 Hz, 2H), 7.52 (d,J= 8.0 Hz, 2H), 7.63
(d,J=8.0Hz,2H), 7.74 (d,J= 8.8 Hz, 2H), 8.30 (d, J =
8.8 Hz, 2H); melting point 160 °C

Entry 15: dense white solid; IR (KBr, cmﬁl) 3100,
2950, 1600, 1525, 1280, 1180, 1060, 850, 725; 'H
NMR (400 MHz, CDCls): § = 3.85 (s, 3H), 6.98 (dd, J
= 8.8 Hz, 2.0 Hz, 2H), 7.31 (m, 1H), 7.41 (m, 2H), 7.54
(m, 4H); melting point 88 °C

Entry 16: shiny white flaky solid; IR (KBr, cm ')
2890, 2810, 1610, 1500, 1280, 1190, 1060, 830; 'H
NMR (400 MHz, CDCls): 6 = 3.85 (s, 6H), 6.95 (d, J
= 8.8 Hz, 4H), 7.44 (d, J = 8.4 Hz, 4H); melting point
165 °C (sublimes)

Entry 18: white solid; IR (KBr, cmﬁl) 3150, 2900,
1900, 1690, 1500, 1150, 820, 760; "H NMR (400 MHz,
CDCl3): § =2.40 (s, 3H), 7.33 (d, J= 7.2 Hz, 2H), 7.42
(t,J=7.6 Hz, 3H), 7.49 (d, J= 8.0 Hz, 2H), 7.58 (d, J =
8.4 Hz, 2H); melting point 48 °C

Entry 19: white solid; IR (KBr, cm ) 3100, 1900,
1740, 1600, 1490, 1400, 1100, 850, 760, 700; 'H NMR
(400 MHz, CDClL;): 6 = 7.44 (m, 5H), 7.55 (m, 4H);
melting point 77 °C

Entry 20: white solid; IR (KBr, cmﬁl) 3300, 2920,
1480, 1390, 1000, 805; 'H NMR (400 MHz, CDCl;): §
=1.70 (t, 1H), 4.75 (d, J = 6.0 Hz, 2H), 7.46-7.57 (6H,
m), 7.65 (t, J = 8.8 Hz, 2H); melting point 217 °C

Entry 22: buff-coloured solid; IR (KBr, cm_l) 3100,
1590, 1510, 1350, 1100, 880, 820, 700; 'H NMR (400
MHz, CDCl): 6 =7.47 (d, J= 8.4 Hz, 2H), 7.56 (d, J =
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8.4 Hz, 2H), 7.71 (d, J = 8.8 Hz, 2H), 8.30 (d, /= 8.8
Hz, 2H); melting point 110 °C

Entry 24: white solid; IR (KBr, cm_l) 3100, 2900,
1525, 1100, 1000, 815, 500; '"H NMR (400 MHz,
CDCls): 6 = 2.39 (s, 3H), 7.25 (d, J = 8.0 Hz, 2H),
7.38 (d, J = 8.8 Hz, 2H), 7.45 (d, J = 8.4 Hz, 2H), 7.50
(d, J = 8.4 Hz, 2H); melting point 121 °C

Entry 25: brownish yellow solid; IR (KBr, cmﬁl)
3100, 1600, 1550, 1350, 1100, 825; '"H NMR (400
MHz, CDCl;): § = 2.43 (s, 3H), 7.30 (d, J = 8.0 Hz,
2H), 7.53 (d, J = 8.0 Hz, 2H), 7.72 (d, J = 8.8 Hz, 2H),
8.28 (d, J = 8.8 Hz, 2H); melting point 125 °C

Entry 26: white solid; IR (KBr, cm ") 3380, 3050,
2900, 1480, 1000, 805; "H NMR (400 MHz, CDCI3): &
=2.17 (s, 3H), 7.55 (m, 8H); melting point 120 °C

Recyclability and leaching studies

Recyclability is an important factor where heteroge-
neous catalysis is concerned from an economic as
well as green chemistry prospective (Parmekar and
Salker 2019). For this reason, it was mandatory to
know the principle of working of the active catalyst,
whether it is operating homogeneously or heteroge-
neously. To test this the reaction was carried out on
a 5 times scaled-up amount in a 100-mL round
bottom flask. After 30 min of reaction time, half of
the mixture was separated and filtered and the other
half was continued to reflux in the presence of the
catalyst. The filtrate was subjected to the same re-
action condition, i.e. reflux in a separate 50-mL
round bottom flask but in absence of the catalyst
and monitored via TLC. The reaction did not pro-
ceed any further and both the reactant and product

~

Fig. 4 TEM image of the recovered sample after five cycles

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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spots remained intact up till 4 h of reaction time.
Whereas the first half continued with the reaction in
the presence of the catalyst showed complete prod-
uct formation within 50-min time. This proved the
mode of working of the catalyst to be a heteroge-
neous one. In addition, on the optimised scale of
0.5 mmol of the substrate with 1 mg of the catalyst,
the reaction was carried out for five consecutive
cycles. After every cycle the catalyst was recovered
using a magnet, washed with acetone and dried at 70
°C before reuse. The obtained results are tabulated
in Table S4 and Fig. S9 indicating the average yield
of the five cycles to be 89.6%.

The recovered catalyst from the five consecutive
recycles was subjected to ICP-AES analysis, which
showed no loss of the active Pd from the surface of
the catalyst. The surface morphology too was seen
to be intact in the TEM study of the five times used
sample (Fig. 4). Thus, this proved the recyclability
as well as heterogeneous nature of the catalyst and
confirmed the fact no leached metal is responsible
for the said activity.

Conclusion

In all, the highlight of this work is the loading of Pd
over the catalyst, which is just 2.5 weight percent
over the support. Each coupling reaction used only
1 mg of this catalyst, which in terms of Pd comes to
just 0.00047 mol% with respect to amount of sub-
strate used. This is one of the lowest active amounts
of Pd reported for this reaction. Also the fact that it
could be recycled five times with average yield of
89.6 % is quite noteworthy. Owing to the synergistic
effect of copper substitution in the magnetic core,
the Pd/ CuFe,0,4 catalyst showed much better per-
formances for the Suzuki-Miyaura coupling reaction
in an aqueous medium with remarkable stability.
The magnetic recovery and recyclability of this cat-
alyst further is an additional high point of this work.
We thus propose an excellent, highly efficient, mag-
netically separable and recyclable heterogeneous
catalyst for the Nobel-winning Suzuki coupling re-
action which would be highly cost-effective to be
run on industrial scale and also a greener and less-
toxic alternative to the conventional one.
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