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ARTICLE INFO ABSTRACT

We synthesized a recyclable palladium ionic catalyst, Tig.97Pd0.0301.97, using a solution combustion method
(SCM), and characterized by XRD and Rietveld refinement. The synthesized Pd ionic catalyst is stable, insensitive
to moisture and air, and easy to handle. The new catalyst has exhibited a phenomenal result for the Suzuki-
Miyaura cross-coupling reaction with a broad substrate scope, and the reaction proceeds in an aqueous medium.
The new catalyst proved beneficial and produced excellent yields irrespective of aryl halide used in the reaction
(electron-rich or electron-poor or heterocyclic compounds) and shown a turnover frequency (TOF) of 14-25 h ™!
for different reactions. The catalyst was coated on a cordierite monolith (Mg,Al,SisO1g), which enhanced the
applicability of the catalyst, and made the handling and recycling of the catalyst very easy. Suzuki Miyaura
reaction was carried out using both Pd-powder catalysts as well as the Pd-coated honeycomb, which gave almost
similar results. We have demonstrated the recyclability of Pd coated cordierite monolith and shown the su-
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periority of the catalyst over the other Pd catalysts for the Suzuki-Miyaura reaction.

1. Introduction

Suzuki coupling reaction is an important tool for synthesizing biaryl
compounds, that are found in many natural products [1,2], drug mo-
lecules [3,4], and advanced materials [5-7]. The palladium-catalyzed
Suzuki coupling reaction is very well-known from time memorial [8],
which is well exploited [9-12]. Generally, the Suzuki reactions are
performed using palladium-catalyst in the presence of phosphine li-
gands [13,14], and N-heterocyclic carbene ligands [15-17], which
proceeds through a well-known palladacycle [18-21]. Synthesizing
biaryl compounds by employing heterogeneous Pd-catalysts leads to a
sustainable method and offers the advantage of recovery and recycl-
ability of the catalyst [22-26]. Suzuki coupling reaction without using
ligands is advantageous [27,28], and Suzuki reaction in water or water/
organic co-solvents has received a considerable attention [25-35]. Al-
though a few methods are designed to use homogeneous catalytic
conditions, the costs, conditions, and limited substrate scope limit their
applications. In a large-scale synthesis, a heterogeneous method has a
definite advantage in terms of their practical utility and smooth op-
erations.

Recent days, Pd nanoparticles catalyzed Suzuki Miyaura cross-
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coupling reactions are becoming more attractive as they offer ad-
vantages such as a high surface-to-volume ratio, ligand-free synthesis,
simple workup procedure, easy separation of final products, easy re-
covery, and multiple recycling of the catalyst [36,37]. Dispersion of Pd
on reducible oxide support on TiO, has enhanced the catalytic activity
of CO oxidation several folds at a much lower temperature compared to
the same amount of Pd on Al,Os. This is due to the dispersion of Pd%™*
ion in TiO,, which provides an enhanced active site for adsorption. In
the catalyst, Pd-ion has been dispersed in TiO, as Pd®*ion in stoi-
chiometric ionic compounds of Ti;_,Pd,O, (x = 0.01-0.03) [38,39]. In
Ti; xPdxO, 4 catalytic system, Pd%* ion, and 0%~ vacancies are next to
each other, and Pd®>* functions as an electrophilic site, whereas 0%~
ion vacancy provides a nucleophilic site. Accordingly, CO has been
adsorbed on Pd?™ ion, and O, has been adsorbed on oxide ion vacancy.
Using this concept, a new class of noble metal ionic catalysts are de-
veloped [38-42]. In this direction, herein, we report a synthesis of a
Pd*" ionic catalyst on TiO, and demonstrate the utility of Pd** ionic
catalyst for the Suzuki-Miyaura reaction (Scheme 1). The catalyst shows
higher Suzuki-Miyaura coupling rates and a wide substrates scope
compared to other Pd-ionic catalyst or Pd-metal catalyst.

We performed the Suzuki-Miyaura coupling reaction with the Pd-

E-mail addresses: jprasad2003@gmail.com (J.D. Prasad), prabhu@iisc.ac.in (K.R. Prabhu).

https://doi.org/10.1016/j.apcata.2020.117516

Received 10 December 2019; Received in revised form 14 February 2020; Accepted 9 March 2020

Available online 18 March 2020
0926-860X/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/0926860X
https://www.elsevier.com/locate/apcata
https://doi.org/10.1016/j.apcata.2020.117516
https://doi.org/10.1016/j.apcata.2020.117516
mailto:jprasad2003@gmail.com
mailto:prabhu@iisc.ac.in
https://doi.org/10.1016/j.apcata.2020.117516

S. Bhat K, et al.

X B(OH), )
Tio.97Pd0.0301.97 G R2
+ pAN
Ri R base, H,0, air R O
X=1, Br
Scheme 1. Suzuki-Miyaura-Coupling Reaction.
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Fig. 1. Rietveld refinement of the XRD profile of freshly prepared catalyst.

powder catalyst as well as the Pd-coated on cordierite. The advantages
of the new catalyst for the Suzuki-Miyaura coupling reaction are, (i) the
catalyst is less expensive, (ii) air and moisture stable, (iii) the catalyst is
coated on cordierite monolith, which is easy to handle and easy to re-
cycle. Besides, the reaction was performed in ligand-free conditions, the
reaction proceeds smoothly in an aqueous medium, and the reaction is
compatible with heterocyclic molecules.

2. Results and discussion

The catalyst, Tig.97Pdg.0301.97, which is Pd** ion substituted TiO,,
was synthesized based on earlier reports and confirmed by XRD, XPS
and EXAFS study [38]. XRD pattern and Rietveld refinement of the XRD
profile of freshly prepared catalyst is shown in Fig. 1. As confirmed by
the X-ray pattern, the catalyst Tip.97Pd0.0301.97 is a single-phase catalyst
[38]. From the X-ray pattern, the average crystallite size of the catalyst
was found to be 8 + 2nm, which was calculated using the Scherrer
formula (0.95 A/P cos6), wherein 3 is FWHM of diffraction lines of the
X-ray pattern. The color of the catalyst is brown.

The catalyst was coated on a cordierite monolith by solution com-
bustion method [43]. Cordierite monolith is a ceramic material with a
cylindrical structure made up of many parallel channels of square
shape. The composition of cordierite monolith is Mg,Al,4SisO;g. Wash
coating of cordierite was performed to obtain coated cordierite with
y—Al,O3 [43]. This operation has increased the surface area of cor-
dierite as y—Al,O3 is one of the oxides with a high surface area. Then the
catalyst, Ti; xPd,O2.4, was coated over y-Al,O3 to obtain a “ready to use
catalyst” coated over a cordierite monolith.

Having a pure catalyst in hand, we focused our attention on the
applicability of the catalyst for the Suzuki-Miyaura coupling reaction.
First, the screening studies were started to find optimal reaction con-
ditions for the reaction using 4-iodoanisole (1c¢, 0.4 mmol, 1 equiv.)
and phenylboronic acid (2a, 0.8 mmol, 2 equiv) as model substrates
(Table 1). The optimization studies were carried out using the powder
catalyst Tip.97Pdo.0301.97. The reaction of 1c with 2a using K>CO3 (2
equiv.) as a base, water (2mL) as a solvent, and a powder catalyst
TioV97Pd0.0301'97 (10 % by welght) at 100°C for 15h furnished the
corresponding coupled product 3c in 92 % yield (entry 1, Table 1). A
similar reaction at 100 °C for 6 h afforded the product 3¢ in 93 % yield
(entry 2, Table 1). However, the reaction at 70 °C furnished 3c in 68 %
(entry 3, Table 1). Although water is a preferred solvent, as it is non-
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toxic, highly abundant, and environmentally benign, we conducted a
reaction in DMF/H,0 in 3:1 ratio (2 mL) as a solvent system at 100 °C,
which furnished a slightly low yield of 3¢ (72 %, entry 4, Table 1),
whereas the reaction in the absence of base was unsuccessful (entry 5,
Table 1). Reaction using Cs,CO5 furnished 87 % of 3c (entry 6, Table 1).
Increasing the catalyst loading from 10 wt% to 20 wt%, resulted in the
formation of 3c in 88 % yield (entry 7, Table 1), whereas reducing the
catalyst loading to 5% afforded the 85 % of 3c (entry 8, Table 1). De-
creasing the reaction time to 3h (entry 9, Table 1) or employing the
phenylboronic acid in 1.5 equiv. (entry 10, Table 1) furnished the 3¢ in
74 and 81 % yields, respectively. The best result (entry 2, Table 1) was
obtained with the use of K,CO3 (2 equiv.) as a base, 10 wt percentage of
catalyst, and water (2mL) as the solvent at 100 °C for 6h (See the
Supporting Information for the optimization studies were also per-
formed using iodobenzene (1a) and phenyl boronic acid (2a)).

3. Substrate scope using Tig.g,Pdo.0301.97 powder catalyst

First, we explored the scope of the Suzuki reaction using
Tig.97Pd0.0301.97 powder catalyst (Table 2). As can be seen, the reaction
proceeded well with a variety of aryl halides and arylboronic acid de-
rivatives. The reaction of iodobenzene with phenylboronic acid and m-
tolylboronic acid was facile furnishing the corresponding biaryl deri-
vatives 3a and 3b in 90 and 96 % yields, respectively. Similarly, the
reaction of para-methoxyiodobenzene, para-methyliodobenzene, and
para-fluoroiodobenzene with phenylboronic acid afforded the corre-
sponding biaryl derivatives 3¢, 3d, and 3e in 92, 83, and 96 % yields,
respectively. The reaction of para-methoxyiodobenzene with (4-acet-
ylphenyDboronic acid was also facile, affording the product 3f in al-
most quantitative yield. The reaction of halo substituted arylboronic
acids such as (4-fluorophenyl)boronic acid, (3-chlorophenyl)boronic
acid, and (4-chlorophenyl)boronic acid proceeded smoothly furnishing
the products 3 g, 3 h, and 3i in 99, 96, and 98 % yields, respectively. (4-
(Methylthio)phenyl)boronic acid and (4-(tert-butyl)phenyl)boronic acid
underwent a smooth Suzuki-Miyaura coupling with para-methox-
yiodobenzene forming the coupled products 3j and 3k in 76 and 98 %
yields, respectively. These experiments reveal that the reactions of the
substrates with the electron-withdrawing or electron-donating groups
lead to the corresponding coupled products in good to excellent yields.

The reaction of aryl bromides with arylboronic acids were also facile
furnishing the corresponding biaryl derivatives in good to excellent
yields. A few examples have been presented in Table 2. The reaction of
2-bromonaphthalene with phenylboronic acid and 1-bromonaphtha-
lene with p-methoxy phenylboronic acid proceeded smoothly, fur-
nishing the corresponding biaryl derivatives 31 and 3 m in 97 and 99 %
yields, respectively. The reaction of phenylboronic acid with para-
bromoacetophenone and meta-bromoprophiophenone proceeded
smoothly, affording the coupled products 3n and 3o in 85 and 85 %
yields, respectively. Similarly, the reaction of meta-methoxy-
bromobenzene with phenylboronic acid afforded the product 3p in 84
% yield. The reaction of bromobenzene with 3-cyanophenylboronic
acid furnished coupled product 3q in 64 % yield.

For broadening the scope of the reaction, the reactions were carried
out with heterocyclic aromatic halides and heterocyclic aromatic
boronic acids. As can be seen, the reaction of phenylboronic acid with
6-bromoindole and 5-bromoindole proceeded well and furnished the
corresponding Suzuki-Miyaura coupled products 6t and 6 u in 99 and
90 % yields, respectively. The reaction of 6-bromoindole with 3,4-me-
thylenedioxyphenylboronic acid was also facile, providing the coupled
product 6v in 98 % yield. The reactions of heterocyclic bromides, such
as 3-bromopyridine with phenylboronic acid, also proceeded well fur-
nishing the corresponding coupled products 6 w in 89 % yields. Our
attempt of using alkyl halides and alkylboronic acids for the Suzuki-
Miyaura coupling reactions using developed conditions were not suc-
cessful.
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Table 1
Optimization studies®.

10 wt % catalyst

I B(OH), i
/©/ ) ©/ 2 KoCOj3 (2 equiv.) oMe
MeO

water (2 mL)

1c 2a 100°C,6h 3c

entry catalyst (wt %) base solvent temp (°C) time (h) yield (%)
1 10 K,COs3 H,0 100 15 92
2 10 K,CO3 H,0 100 6 93
3 10 K,CO3 H,O 70 6 68
4 10 K,COs3 DMF/H0 (3:1) 100 6 72
5 10 none H,O 100 20 nr
6 10 Cs,CO3 H,0 100 6 87
7 20 K,CO3 H,0 100 6 88
8 5 K,COs3 H,0 100 6 85
9 10 K,CO3 H,0 100 3 74
10 10 K,COs3 H,0 100 6 81"

Reaction conditions: 4-Iodoanisole (1¢, 0.4 mmol, 1 equiv.), phenylboronic acid (2a, 0.8 mmol, 2 equiv.), K;CO3 (0.8 mmol, 2 equiv.), 10 wt% of Pd catalyst (3.02 ug
of Pd?* ion), 2ml of water.
> phenylboronic acid (2a,1.5 equiv.). All are isolated yield, n.r = no reaction.

Table 2
Substrate scope using Ti0.97Pd0.0301.97 powder catalyst.

B(OH), 10 wt % catalyst
K,CO; (2 equiv) O R?
@ w@ S = Rw
2 100 °C, 6 h 3

a (90%) 3 (96%) 3c (92%) 3d (83%) (98%)
/‘/‘/ o /‘/‘/ /‘/‘\ /‘/‘/
H;CO H3CO
(99%) (99%) h (96%) (98%)
3 (76%) 3k (98%)
X=Br
31 (97%) 3 9% 3n (85%) 30 (85%)
OCHs
3p (84%) (64%)

Heterocyclic derivatives

> O
N N
O : »

N
6t (99%) 6u 90% 6V (98%) 6w (89%)

Iz /!

Reaction conditions: Aryl halides (0.4 mmol), arylboronic acid (0.8 mmol), K,CO3
(0.8 mmol), Tig 97Pd0.0301.97 (10 wt percentage), H,O (2mL), 100 °C, 6 h, the values
presented in the parenthesis are isolated yields.

4. Suzuki coupling reactions using catalyst coated on the expedition on the applicability of the catalytic system. From past dec-
monolith ades, the palladium-catalyzed reactions became part of the large-scale
synthesis and adopted by many industries. Having this in mind, we

After successfully showcasing the utility of the catalyst continued the investigation employing the catalyst coated over cor-
(Tio.97Pd0.0301.97) for the Suzuki coupling reactions, we continued our dierite monolith (Table 3). Therefore, the reaction of bromobenzene (1



S. Bhat K, et al.

Table 3
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Suzuki coupling reactions using catalyst coated on the monolith.

X B(OH), catalyst R
K,CO; (2 equiv)
4
R + R H,0 (2 mL) R Q
100 °C, 6h
o 0 0 JPues
N
0 o g
MeOC
3a (89%) 3b (93%) 3n (90%) 6t (92%)
X=1

3a (88%)

\OE

3c (89%)

Reaction conditions: Aryl halides (1 equiv., 300 mg), phenylboronic acid (2 equiv.),
K,CO3 (2 equiv.), Tig 97Pd0.0301.97 coated on monolith (30 mg), H,O (6 mL), 100 °C,
6 h, the values presented in the parenthesis are isolated yields.

equiv.) with phenylboronic acid (2 equiv.) was performed using cata-
lyst coated on monolith (30 mg), base K,CO3 (2 equiv.), at 100 °C for
6h. To our delight, the reaction proceeded smoothly to afford the
corresponding coupled product 3a in an 89 % yield. The advantage of
this reaction is that after the reaction, the catalyst (coated over cor-
dierite monolith) is removed from the reaction flask, washed with
hexane to remove the organic phase, and washed with distilled water to
remove solvent and base. After washing, the monolith is heated in a
furnace for about 2 h at 300 °C, and the monolith is ready to reuse for
another cycle. To demonstrate the generality of this protocol, a few
more selected examples are illustrated in Table 3 by employing the
same procedure. Thus, the reaction of para-methylbromobenzene and
4-bromo acetophenone with phenylboronic acid proceeded very well to
afford the coupled products 3b and 3n in 93 and 90 % yields, respec-
tively. Similarly, the reaction of 6-bromoindole with phenylboronic
acid, under similar conditions, afforded the coupled product 6 t in 92 %
yield. The reactions of iodobenzene and para-methoxyiodobenzene with
phenylboronic acid were also facile, yielding the corresponding coupled
products 3a and 3c in 88 % and 89 %, respectively. All these examples
show that the catalyst coated on the monolith is equally efficient as the
powder catalyst (Tig.97Pd.0301.97)- Each time, a separate monolith was
used for the reaction. The amount of substrate used in these reactions is
corresponding to the amount of catalyst coated on the monolith. In
every reaction, we maintained a 10 wt percentage catalyst to the sub-
strate.

Table 4
Comparison Tig.97Pdg 0301.97 catalyst with other palladium catalysts®.

5. Comparison of Tip g,Pdo.0301.97 catalyst with other palladium
catalysts

To demonstrate the advantage of using the catalyst
Tip.97Pd0.0301.97, we performed the Suzuki reaction of para-methox-
yiodobenzene with phenylboronic acid using Pd-catalysts such as
Pdy(dba);, Pd(OAc),, PdCl,(PPh3),, Pd(PPhs),, and PdCly(dppf)
(Table 4). For the sake of convenience, we performed the reaction in N,
N-dimethyl formamide at 100 °C for 6 h using K,CO3 as a base. The
Suzuki reaction of para-methoxyiodobenzene with phenylboronic acid
in the presence of Pdy(dba)s;, Pd(OAc),, Pd(PPhs),, and PdCly(dppf)
furnished the coupled product in 60, 70, 10, and 65 % yields, respec-
tively (entriesl-4, Table 4). A similar reaction using catalyst
PdCl,(PPhs), tuned out to be an unsuccessful (entry 5). As can be seen
in entry 6, the reaction of para-methoxyiodobenzene with phe-
nylboronic acid usingTig 9,Pdg.0301.97 catalyst under similar conditions
(employed for the other palladium catalysts, as seen in Table 4), furn-
ished a better yield of Suzuki product in 74 % yield. To our delight, the
same reaction in water furnished almost quantitative yield of the cou-
pled product (entry 7). Besides, the present method employs only 3% of
Pd, whereas other methods (entries 1-5, Table 4) require a higher
percentage of Pd-catalysts. More importantly, the TOF for the present
method is quite high. For comparison sake, we also performed the re-
action using conditions in DMF as well as water. In both the solvents,
the yield and TOF are higher than other known methods, and the re-
action in water turned out to be very good.

Pd-catalyst, K,CO4

I B(OH), O
T+ O e
o DMF, 6 h, 100 °C o

entry Pd-catalyst percentage of Pd yield (%) TOF (h™1)
1 Pd,(dba); 21.5 60 4.6

2 Pd(OAc), 45.9 - 48.4 70 2.48

3 Pd(PPh3), 9 10 1.85

4 PdCl,(dppf) 53.62 - 58.04 65 1.67

5 PdCl,(PPh3), 14 n.r. -

6 Tio.07Pd0.0301.97 3 74 14

7 Tio.97Pdo.0301.97 3 99" 18"

@ Reaction conditions: 0.4 mmol of 4-iodoanisole, 0.8 mmol of phenylboronic acid, 0.8 mmol of K,CO3, 10 mol% of Pd catalyst, 2ml of DMF as a solvent, tem-

perature of the reaction is 100 °C.

b Water (2mL) as a solvent. n. r. = no reaction.
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Scheme 2. Scale-up reactions %°.

H,0, 100 °C, 6 h

‘ OCH,

3c (2.05 g, 87%)

2 Reaction conditions: Aryl halide (1 equiv.), phenylboronic acid (2 equiv.), K2CO3 (2 equiv.), Tig.e7Pdo.0301.67 (10 wt percent), H,0, 100 °C, 6 h. ® Isolated yield
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Fig. 2. Recycling the catalyst coated on the monolith.

Reaction conditions: 4-Iodoanisole (1 equiv. 300 mg), phenylboronic acid (2
equiv.), K;CO3 (2 equiv.), Tip97Pdo0301.97 coated on monolith (30 mg), H,O
(6 mL), 100 °C, 6 h, all products are isolated yield.

6. Scale-up reaction

We performed a preparative scale reaction of 5-bromoindole with
phenylboronic acid (2a) for demonstrating the usefulness of the
method. Thus, we carried out a reaction of 5-bromoindole (5.1 mmol,
1g) with phenylboronic acid (2 equiv., 10.2mmol, 1.24g) using
Tip.97Pdo.0301.97 (nanoparticles. 10wt percent) in H,O (15mlL) at
100 °C for 6 h. This reaction afforded the coupled product 6 u in 82 %

Table 5

B(OH),

X
R1<© +

yield (Scheme 2). Similarly, we carried out another scale-up reaction of
4-iodoanisole (le, 12.8 mmol, 3g) with phenylboronic acid (2a,
25.6 mmol, 3.1232 g) using catalyst coated monolith (300 mg) in H,O
(25 mL) at 100 °C for 6 h. This reaction afforded the coupled product 3c
in 87 % yield (Scheme 2).

7. Recycling of the catalyst coated on the monolith

To find the recyclability of the catalyst coated monolith, we carried
out a few experiments using catalyst coated monolith (Fig. 2 and
Table 5). The first set of the experiment (Fig. 2) was performed re-
peating the single reaction using the same monolith. The second ex-
periment was carried out was using the same monolith for different
substrates (Table 5). As can be seen in Fig. 2, in the first set of ex-
periment, the reaction of 4-iodoanisole (lc, 1.28 mmol) and phe-
nylboronic acid (2a, 2.56 mmol) was carried out with monolith coated
with 30 mg of the catalyst, which accounts for 0.011 mmol of Pd*>* ion
as an active catalyst. The reaction was repeated 7 times, reusing the
same catalyst coated monolith. After each cycle, the monolith coated
with the catalyst was removed from the reaction flask, washed with
hexane to remove organic compounds, and washed with distilled water
to remove solvent and base. After washing the monolith, it was heated
in the furnace for about 2 h at 300 °C, cooled to room temperature, and
reused for another reaction. The percentage of yields obtained in each
cycle has been shown in Fig. 2. This result shows that there is a little
loss of catalytic activity after 7 cycles of the same monolith. The total
TOF of the reaction is 112.3h™%.

In the second set of experiments (Table 5), the same catalyst (the
same monolith) was recycled for the Suzuki-Miyaura reaction for three
different substrates (Table 5). As seen, the reaction of phenylboronic
acid (2a) was performed with iodobenzene, 4-methoxyiodobenzene,
and 5-bromoindole, which afforded the corresponding Suzuki products
3a, 3¢, and 6 u in 88, 93, and 71 % yields, respectively.

a,b

Recycling of catalyst for different substrates’

catalyst
K,CO; (2 equiv)
_——
H,O (6 mL) R’ O
100°C, 6 h

3a (88%)

\O QA

3c (93%)

T

6u (71%)

Iz

# Reaction conditions: Iodobenzene (300 mg, 1.47 mmol), 4-iodoanisole (300 mg,
1.28 mmol), 5-bromoindole (300 mg, 1.53 mmol), phenylboronic acid (2 equiv.),
K>CO3 (2 equiv.), Tip.97Pdo.0301.97 (30 mg coated), H,O (6 mL), 100 °C, 6 h.

b isolated yields.
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B(OH), .
NG catalyst (10% by weight) ‘
. K,CO; (2 equiv) O - .
_ = e

H,0 (6 mL) CN

100°C, 6 h
6x (89%)

8. Synthetic application

By knowing the utility of palladium-catalyzed coupling reactions in
pharmaceutical, agrochemical, and fine chemical industries, we have
showcased the application of the methodology in synthesizing 4’-me-
thyl-1,1’-biphenyl-2-carbonitrile 6x, which is an intermediate for syn-
thesizing angiostein II antagonists [44], using the developed method
(Scheme 3). Thus, by reacting 1-iodo-4-methylbenzene with 2-cyno-
phenylboronic acid, under optimal conditions, corresponding coupled
product 6x was obtained in 89 % yield.

9. Experimental
9.1. Synthesis of Tip.97Pd.0301.97

The catalyst Tigp97Pdg 030197 Was prepared using the solution
combustion method. Ti(OC3H,)4 and PdCl, were used as starting ma-
terials and glycine was employed as a fuel.

TiO(NO3), (2926 mg, 9.89 mmol), which was prepared from Ti
(OC3H7)4 (2810mg, 9.89 mmol), PdCl,, (54.8mg, 0.31 mmol), and
glycine (8242 mg, 10.99 mmol) were taken in a 300 ml capacity crys-
tallizing dish. The mixture of compounds was completely dissolved in
water (15 mL). The solution was kept in a preheated furnace at 350 °C
(30 min). The combustion takes place after the dehydration, and the
solid product was left behind. For the structural confirmation, pow-
dered X-ray diffraction has been recorded. The absence of Pd-metal and
PdO diffraction lines confirmed that the Pd ions are substituted in TiO.

9.2. Procedure for coating of the catalyst over the monolith

The commercially available cordierite monolith was dried in the
oven for an hour. 0.05 mol of AI(NO3); and 0.083 mol of glycine were
taken in a beaker. About 50-60 mL of water was added to dissolve the
solids. A piece of a known mass of monolith was dipped in the solution
and kept in the preheated furnace at 350 °C. The combustion takes
place, and y-Al,03; will be coated over monolith. Repeated the proce-
dure for 34 times and weighed the monolith each time. The amount of
y-Al,O3 was about 2-2.5 % of the monolith.

The same procedure has been repeated for the coating palladium
catalyst over a y-Al,O3 layer of the monolith. As mentioned in the
synthesis of Tig97Pdo0301.97, the solution of starting materials was
made, and a known mass of the monolith is dipped in the solution and
kept in a preheated furnace (30 min). Combustion takes place, and the
catalyst will be coated over the monolith. The procedure has been re-
peated to get the desired weight of the catalyst.

9.3. Typical experimental procedure for the palladium-catalyzed suzuki
cross-coupling reaction in water

A mixture of aryl halide 1 (0.4mmol), arylboronic acid 2
(0.8 mmol), Tip.97Pdo 0301.97 (nanoparticles; 10 wt %), KoCO3 (110 mg,
0.8 mmol) in water (2mL) was stirred at 100°C for 6h. After the
completion of the reaction, diethyl ether (15 ml x 3 times) was poured
into the mixture, washed with water (15 mL), extracted with diethyl
ether (3 x 20 mL), dried over anhydrous Na,SO,4 and evaporated under
vacuum; the residue was purified by column chromatography (petro-
leum ether or petroleum ether/ethyl acetate) to obtain the desired
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Scheme 3. Synthetic application®’.

aReaction conditions: 1-lodo-4-methylbenzene
(0.68mmol, 150mg), 2-cyanophenylboronic  acid
(1.38 mmol, 202.04 mg), Tip 97Pdo.0301.97 (nanoparticles;
10 wt %, 15mg), K»CO3 (1.38 mmol, 190 mg) and water
O 6 ml (solvent) was stirred at 100 °C for 6 h. ? isolated yield.

Losartan

coupled product.

In the recycling of the catalyst, we used the monolith coated with
the catalyst in the reaction. After the reaction, the monolith coated with
the catalyst was removed from the reaction flask, washed with hexane
to remove the organic compound, and again washed with distilled
water to remove the solvent and base. After washing the monolith, it
was heated in the furnace for about 2h at 300 °C. Then it was reused for
another reaction. The same procedure was repeated after every reac-
tion.

10. Conclusions

In summary, we have developed a highly recyclable, non-toxic,
catalyst Tip.97Pdo.0301.97 and demonstrated its utility in the Suzuki-
Miyaura cross-coupling reaction. The catalyst Tip.97Pdo.0301.97, is very
efficient and compatible with water and aerobic conditions. The utility
of this catalyst has been enhanced in designing a coated catalyst on
monolith and shown the coated monolith can be successfully used for
several cycles. We have showcased the application of the methodology
in synthesizing 4’-methyl-1,1’-biphenyl-2-carbonitrile, which is an in-
termediate for synthesizing angiostein II antagonists. The salient fea-
ture of using these catalysts in Suzuki reaction is, they are non-toxic,
easy to handle, and show high TOF as compared to other Pd-catalysts.
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