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d C(sp2)–C(sp2) Suzuki–Miyaura
cross-coupling reactions using nitrile-
functionalized NHC palladium complexes†

Sinem Çakır, a Serdar Batıkan Kavukcu, a Hande Karabıyık,b Senthil Rethinamcd

and Hayati Türkmen *a

Application of N-heterocyclic carbene (NHC) palladium complexes has been successful for the modulation

of C–C coupling reactions. For this purpose, a series of azolium salts (1a–f) including benzothiazolium,

benzimidazolium, and imidazolium, bearing a CN-substituted benzyl moiety, and their (NHC)2PdBr2 (2a–

c) and PEPPSI-type palladium (3b–f) complexes have been systematically prepared to catalyse acylative

Suzuki–Miyaura coupling reaction of acyl chlorides with arylboronic acids to form benzophenone

derivatives in the presence of potassium carbonate as a base and to catalyse the traditional Suzuki–

Miyaura coupling reaction of bromobenzene with arylboronic acids to form biaryls. All the synthesized

compounds were fully characterized by Fourier Transform Infrared (FTIR), and 1H and 13C NMR

spectroscopies. X-ray diffraction studies on single crystals of 3c, 3e and 3f prove the square planar

geometry. Scanning Electron Microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), metal

mapping analyses and thermal gravimetric analysis (TGA) were performed to get further insights into the

mechanism of the Suzuki–Miyaura cross coupling reactions. Mechanistic studies have revealed that the

stability and coordination of the complexes by the CN group are achieved by the removal of pyridine

from the complex in catalytic cycles. The presence of the CN group in the (NHC)Pd complexes

significantly increased the catalytic activities for both reactions.
Introduction

The modication of organic compounds such as natural
compounds, pharmaceuticals, and novel materials can be ach-
ieved through the formation of carbon–carbon bonds. Carbon–
carbon bond formation is the most useful transformation for
chemists in the preparation of organic compounds.1 Palladium-
catalyzed coupling reactions of aryl, alkyl halides or acyl chlo-
rides with organoborons are the easiest and safest way to access
C(sp2)–C(sp2) or C(acyl)–C(sp2) bonds and to prepare biaryls or
ketones.2 Many synthetic methods have been developed for the
synthesis of ketones in general due to their formation in various
natural products, agrochemicals, ne chemicals, and pharma-
ceutical products.3 The palladium-catalyzed acylative Suzuki–
Miyaura cross coupling reaction has gained great attention due
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to its easy accessibility, and use of widely functionalized,
partially low toxicity, heat and moisture resistance of organo-
borons. Besides, this method can prevent the restrictions of the
regioselectivity limitation, the requirement of the directional
group (carbonylative), the use of the para position (conventional
Friedel–Cras acylation), the use of toxic carbon monoxide, and
the formation of biaryl by-products (carboxylative Suzuki–Miyaura
cross-coupling), CH activation conditions (oxidation of benzyl
alcohols and addition of organometallic reagents to carboxylic
derivatives or nitriles), and incompatibility with electron-decient
groups.4 Due to these advantages, recently, palladium-mediated
cross-coupling reactions between arylboronic acid and an acti-
vated derivative of an acyl chloride has been reported to be effec-
tive in synthesizing functionalized ketones.5

The palladium-catalyzed traditional Suzuki–Miyaura cross-
coupling reaction of organoboron reagents with aryl halides
to form biaryl derivatives has emerged over the past two decades
as an extremely powerful tool in organic synthesis.3c-d The
reaction conditions for Suzuki–Miyaura couplings involve the
use of homogeneous palladium catalysts containing phosphine
ligands7 or N-heterocyclic carbene (NHC) ligands.6 The rst
NHC was discovered by Wanzlick et al. in 1968, and in 1991, it
was isolated and structure determined by Arduengo et al.8

Carbenes from many NHC ligands containing other donor
functions (such as imidazole, benzimidazole, imidazoline, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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1,2,4-triazole) can affect metal complexes with enhanced
stability and catalytic activity.9 On the other hand, hetero-
bidentate ligands are hybrid ligands that combine the proper-
ties of two different donor atoms. These ligands affect the
equilibrium because both the metal ion and the chelating agent
are sensitive to changes in the catalytic system. Pd complexes
with hybrid NHC ligands (with S–C, O–C, N–C, or P–C coordi-
nation mode) are well known as generally good catalysts for C–C
bond formation reactions.10 They control metal ions by blocking
the reactive sites of the metal ion and preventing them from
entering into their normal (and in many cases undesirable)
reactions. As coordination exibility in hybrid ligands can have
a profound effect on catalytic performance,11 we were interested
in effect of NHC structure and nitrile group on catalytic activi-
ties. So, the azolium salts (benzothiazolium, benzimidazolium,
imidazolium) containing 2-nitrile substituted benzyl groups
and not nitrile group were prepared. Their palladium(II)
complexes were synthesized and their catalytic activities were
also tested in the direct arylation of acyl chlorides and Suzuki–
Miyaura coupling reaction. The catalytic activities of the palla-
dium(II) complexes varied with different NHC skeletons which
is the most important way to modify.

This study primarily focused on the acylative Suzuki–
Miyaura cross-coupling reaction. The different strategies for the
acylative Suzuki–Miyaura cross-coupling reaction of benzoyl
chloride with phenylboronic acid are illustrated in Fig. 1. In
early works, Bumagin et al. and Haddach et al. evolved
palladium-catalyzed cross-coupling of arylboronic acids with
acyl chlorides in 1999.12a,b Li et al. developed an imidazolium
chloride tagged Pd(II) complex for the reaction but high catalyst
Fig. 1 Strategies for the acylative Suzuki–Miyaura cross coupling reactio

© 2021 The Author(s). Published by the Royal Society of Chemistry
loading and long reaction time was needed.12c Bora et al. re-
ported two different procedure and one was required high
catalyst loading,12d while the other one was reached 97% yield in
4 hours with 0.4 mol% catalyst.12h Štěpnička et al. published
immobilized palladium catalysts12f and Pd(II) complex with
phosphinoferrocene ligands bearing extended polar amidourea
pendants12e for the acylative Suzuki–Miyaura coupling reaction.
They reached 618 TON value with the Pd(II) complex with
phosphinoferrocene ligand. Raee et al. developed catalytic
system using 1-benzyl-4-aza-1-azoniabicyclo[2.2.2]octane chlo-
ride and PdCl2.12g Movassagh et al. reported polystyrene-
supported NHC–Pd(II) complex and their heterogeneous cata-
lyst could be reused up to four times.12i In this context, we have
prepared nitrile-functionalized NHC precursors and their Pd(II)
complexes as a precatalysts to investigate whether (NHC)2PdBr2
and PEPPSI type Pd complexes would be also useful for the
acylative Suzuki–Miyaura cross-coupling reaction of acyl chlo-
rides with phenylboronic acids to give biaryl ketones. Also, the
performance of the Pd(II) complexes in the traditional Suzuki–
Miyaura cross-coupling reaction was evaluated. Both reactions
were carried out under mild conditions.
Results and discussion
Synthesis of the azolium salts and Pd(II) complexes

Electronic s-donor properties of NHCs are signicantly affected
by the presense of the heterocyclic skeleton.13 The most
preferred heterocyclic skeletons in catalyst chemistry are imid-
azole, benzimidazole and benzothiazole. To understand the
effect of heterocyclic skeleton structure (benzothiazole,
n.
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Scheme 1 Synthesis route to the NHC precursors 1a–c.

Scheme 3 Preparation of the NHC–Pd(II) chelate complex 3b0.
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benzimidazole, and imidazole) on Pd(II) complex in the Suzuki–
Miyaura cross-coupling reactions, a series of azolium salts
bearing 2-nitrile substituted benzyl group and their palladium
complexes were prepared. The azolium salts 1a–c were prepared
in one-pot reaction consisting of the alkylation of benzothia-
zole, 1-methyl-benzimidazole and 1-methyl-imidazole, by 2-
(bromomethyl)benzonitrile in toluene for 24 h (Scheme 1). The
new azolium salts (1a–c) were obtained as white solids in 81, 85,
89% yields, respectively and they displayed good solubility in
Scheme 2 Synthesis route to the NHC–Pd(II) complexes 2a–c and
3a–c.

37686 | RSC Adv., 2021, 11, 37684–37699
polar solvents. They were characterized by 1H and 13C NMR
spectroscopy. The NMR spectrums of 1a–c were agreed with the
proposed structures: C2–H resonance at d ¼ 10.80–9.33 ppm as
a sharp singlet in the 1H NMR spectrums and these downeld
signals demonstrate the formation of azolium salts. Also, the
chemical shi of C^N sp hybrid carbon atoms of 1a–c were
detected in the 13C NMR spectrums at d 117.5, 117.4, and
117.0 ppm, respectively. The synthesis route to Pd(II) complexes
(2a–c, 3a–c) were summarized in Scheme 2. The new (NHC)2-
PdBr2 complexes (2a–c) were synthesized in two-step sequence
consisting of the transmetalation from the in situ formed NHC–
Ag species.14 The PEPPSI type Pd(II) complexes 3b, 3c were ob-
tained deprotonation of 1b, 1c with K2CO3 in pyridine, respec-
tively. Unfortunately, 3a could not be isolated. The chelate
complex 3b0 was obtained by heating of 3b to remove the pyri-
dine ligand (Scheme 3). To understand the important of the
position, the number of CN, and the absence of CN on NHC–
Pd(II) complexes in catalytic activities, imidazolium salts (1d–f)
were prepared. The complexes (3d–f) were prepared according
to procedure 3b–c (Scheme 4). All the novel Pd complexes were
obtained in high yields as air- and moisture-stable pale-yellow
solids and were characterized by NMR and infrared spectros-
copies. In the 1H-NMR spectra of 2a–c, the CH2 protons of 2a
demonstrated a singlet peak, whereas the CH2 protons of 2b
and 2c exhibited multiplet peaks. This difference in 2b and 2c
may be due to an intermolecular interaction of hydrogen. The
Pd(II) complexes (3b–f) displayed characteristic signals Pd–
Ccarbene at d ¼ 164.8, and 154.3, 152.4, 152.6 and 152.5 ppm,
Scheme 4 Synthesis route to the NHC–Pd(II) complexes 3d–f.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular structure of complex 3c with displacements ellip-
soids plotted at the 30% probability level. Selected bond lengths (Å)
and angles (�): Pd1–C1 1.946(12), Pd1–N1 2.113(10), Pd1–Br1 2.389(2),
Pd1–Br2 2.393(2), N2–C1 1.357(14), N3–C1 1.346(15), Br1–Pd1–Br2
175.58(7), C1–Pd1–N1 178.4(5), N1–Pd1–Br1 91.6(3), N1–Pd1–Br2
91.8(3), C1–Pd1–Br1 88.6(3), C1–Pd1– Br2 87.9(3), N3–C1–N2
103.9(1). Dihedral angles: A/B 86.73(19)�, A/C 51.97(17)�, B/C
36.02(15)�.
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respectively. The complexes exhibited almost identical FT–IR
spectra indicating their similar structure. Due to the tensile
vibrations of nitrile functionality (C^N), a medium-density
sharp band was observed at 2221–2227 cm�1. The presence of
the –C]N– group in the complexes was veried with the
observation of n(C]N) bands between 1640 and 1539 cm�1.
Fig. 3 Molecular structure of 3e (top) with displacements ellipsoids
plotted at the 30% probability level. Symmetry related atoms are
labeled with superscript i. Symmetry code: (i) 1 � x, y, 0.5� z. Selected
bond lengths (Å) and angles (�): Pd1–C1 1.946(6), Pd1–N1 2.117(6),
Pd1–Br1 2.4465(5), N2–C1 1.342(4), Br1–Pd1–Br1i 172.36(3), C1–Pd1–
N1 180.0, C1–Pd1–Br1i 86.18(2), N1–Pd1–Br1 93.82(2), N2–C1–N2i
106.6(5). Dihedral angles: A/B 76.97(19)�, A/C 44.5(3)�, B/C 58.53(19)�.
The asymmetric unit of 3f (bottom) showing the atom-labelling
scheme. Hydrogen atoms are omitted for clarity. Displacements
ellipsoids are drawn at the 30% probability level. Selected bond lengths
(Å) and angles (�): Pd1―C1 1.948(6), Pd2―C17 1.963(6), Pd1―N1 2.090(5),
Pd2―N4 2.101(5), Pd1―Br1 2.4265(8), Pd1―Br2 2.4308(8), Pd2―Br3
2.4028(9), Pd2―Br4A 2.490(7), Pd2―Br4B 2.388(3), N3―C1 1.337(7),
N2―C1 1.333(6), N5―C17 1.336(7), N6―C17 1.342(7), Br1―Pd1―Br2
174.26(3), C1―Pd1―N1 173.4(2), C17―Pd2―N4 176.0(2), C1―Pd1―Br1
86.72(17), C1―Pd1―Br2 89.51(16), N1―Pd1―Br1 91.60(13), N1―Pd1―Br2
92.63(13), N4―Pd2―Br3 92.78(14), C17―Pd2―Br3 91.13(17), C17―Pd2―Br4B
87.91(18), N4―Pd2―Br4B 88.36(14), N2―C1―N3 105.3(5), N5―C17―N6
104.7(5). Dihedral angles in molecule including Pd1: A/B 77.07(17)�, A/C
79.0(2)�, B/C 10.77(17)�.
The crystal and molecular structure of 3c, 3e and 3f complexes

The crystal structures of three similar PEPPSI type Pd(II)
complexes 3c, 3e, and 3fwere determined using the X-ray single-
crystal diffraction technique. Asymmetric unit of 3e contains
a half molecule and the complete molecular structure is
generated by the implementation of the crystallographic two-
fold rotation whose axis bisects imidazole and pyridine rings
as shown in Fig. 3. Asymmetric units of 3c and 3f are shown in
Fig. 2 and 3, respectively. Selected bond lengths and angles are
given in the gure captions for each compound. The coordi-
nation plane consisting of Pd, Ccarbene, Npyridine and two Br
atoms is slightly distorted from square-planar geometry for all
three compounds. These planes are almost planar in 3e and 3c.
Deviation of Ccarbene from the mean plane through NHC ring in
complex 3f is �0.109(2) Å. Due to positional disorder, the most
prominent deviation from the coordination plane in complex 3f
is observed for Br4A with a value of 0.553(4) Å. Some of Br–Pd–
Br and Ccarbene–Pd–Npyridine bond angles are reliably distorted.
Deviations from their linearity can be clearly observed for C1–
© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 37684–37699 | 37687
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Table 1 Optimization of reaction conditions for acylative Suzuki–
Miyaura cross-coupling reaction of benzoyl chloride with phenyl-
boronic acida

Entry Cat. Base Solvent Yield (%)

1 2a K2CO3 Toluene 64

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

3:
46

:1
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Pd1–N1 with an angle of 173.4(2)� in 3f and Br–Pd–Br bond
angles of 172.36(3)� and 174.26(3)� in 3e and 3f, respectively.
The other bond angles in the coordination plane are almost
perpendicular so as to adopt square planar geometry and in the
range of 86.18(2)–93.82(2)� for all three complexes. Bond
lengths around the metal center and N–Ccarbene bond lengths
are similar to those reported for analogous: Pd–Br: 2.4159(17) Å,
2.4576(16) Å, Pd–Npyridine: 2.095(9) Å, Pd–Ccarbene: 1.959(10) Å,
N–Ccarbene 1.335(13) Å, 1.355(14) Å.14 For of each complex,
dihedral angles between the mean planes of coordination
plane, carbene and pyridine rings, which are denoted by A, B
and C respectively, are given in the gure captions.
2 2b K2CO3 Toluene 72
3 2c K2CO3 Toluene 81
4 3b K2CO3 Toluene 88
5 3c K2CO3 Toluene 96
6 3b0 K2CO3 Toluene 86
7 3d K2CO3 Toluene 69
8 3e K2CO3 Toluene 85
9 3f K2CO3 Toluene 58
10b 3c K2CO3 Toluene 97
11c 3c K2CO3 Toluene 81
12 3c K2CO3 DCM 87
13 3c K2CO3 Acetonitrile 44
14 3c K2CO3 Acetone 53
15d 3c K2CO3 Toluene 61
16e 3c K2CO3 Toluene 25
17 3c Cs2CO3 Toluene 99
18 3c KOH Toluene 89
19 3c NEt3 Toluene 30
20 3c NaOH Toluene 85
21 3c NaHCO3 Toluene 50
22f 3c K2CO3 Toluene 89
23g 3c K2CO3 Toluene 60

a Reaction conditions: benzoyl chloride (1.2 mmol), phenylboronic acid
(1.0 mmol), base (1.5 mmol), solvent (4.0 mL), cat. 0.1 mol%, 60 �C,
4.0 h. b Cat. 0.5 mol%. c Cat. 0.05 mol%. d T ¼ 110 �C. e Ambient
temperature. f Toluene (2.0 mL). g Under air atmosphere. Isolated
yields.
Suzuki–Miyaura cross coupling reactions

S–M cross-coupling reactions provide additional benets in
terms of designing safer processes. For instance, aromatic
ketones can also be prepared effectively by cross-coupling
reaction of arylboronic acid with acyl chloride. In the present
study, the coupling reaction of phenylboronic acid and benzoyl
chloride was selected as a model reaction to test the potential of
NHC–Pd(II) complexes 2a–c and 3b–f, and the results are shown
in Table 1. The reaction was performed in the presence of 2a–c
and 3b–f as the catalyst and K2CO3 (1.5 mmol) in toluene (4 mL)
at 60 �C under argon atmosphere for 4 h (Table 1, entries 1–10).
Generally, PEPPSI type NHC–Pd(II) complexes 3b–f displayed
higher catalytic activity than (NHC)2PdBr2 complexes 2a–c. The
(NHC)2PdBr2 complexes 2b–c were demonstrated moderate
conversions (Table 1, entries 1–3). The catalytic conversions of
NHC–Pd(II) complexes (3b and 3c) were 88, and 96%, respec-
tively (Table 1, entries 4 and 5). The chelate complex 3b0 had
similar activity according to the non-chelated complex 3b (Table
1, entry 6). When the effect of the position and number of the
CN group in the catalyst structure on the catalytic activity was
examined, signicant differences were observed. Complex 3d
bearing 4-nitrile substituted benzyl group gave 69% yield (Table
1, entry 7). The increased number of nitrile groups in the
catalyst did not cause a signicant change in the catalytic
activity (Table 1, entry 8). The complex 3e showed similar
activity to the complex 3c. This showed that at least one CN
group at position 2 in the ligand structure of the catalyst was
sufficient for high activity. The complex 3f without CN group
gave the lowest catalytic activity (Table 1, entry 8). The complex
3c exhibited better activity due to the high solubility in toluene
when compared with the counterparts and reached 990 TON
value. Unsatisfactorily, decreasing the catalyst loading to
0.05 mol% concluded 81% yield (Table 1, entry 11). In other
reports, the authors mentioned that unidentied structures
were detected in some catalytic reactions.11 We also observed
the undesired product and we found that this occurs when
using aqueous solvents. In aqueous solvents, the benzoyl
chloride converts the benzoic acid and thus directly affects the
reaction efficiency. Eventually, this undesired product forma-
tion was minimized in the catalytic reaction with toluene (Table
1, entries 12–14). Reducing or increasing the temperature did
not affect the conversion well (Table 1, entries 15 and 16).
Replacing K2CO3 with KOH, NEt3, NaOH, or NaHCO3 resulted in
37688 | RSC Adv., 2021, 11, 37684–37699
a decrease in the conversion, but Cs2CO3 resulted in a good
yield (Table 1, entries 17–21). However, K2CO3 was selected as
a base for further studies due to its commercial and green
advantages over Cs2CO3. Also, an inert atmosphere was
required for the reaction (Table 1, entry 23). We also carried out
control experiments to understand the progress of the reaction
(Scheme 5). Control experiments without catalyst displayed no
activity in the absence of the catalyst (Scheme 5, entry 1). In
addition, the ligand has minimal effect to the activity without
metal center (Scheme 5, entry 2). According to the in situ
experiment, the yield of the reaction was reduced (Scheme 5,
entry 3). In order to determine the activity of the acylative
Suzuki–Miyaura coupling reaction, mercury poisoning and hot
ltration experiments were performed for precatalyst 3c using
a one drop Hg (Scheme 5, entries 4 and 5). The mercury test
showed a remarkable decrease in the conversion and only a 18%
product formation was observed aer 4 h. This result showed that
the Pd nanoparticles were deactivated and the catalytic system
took place in the heterogeneous nature. With the optimal reaction
conditions determined, various arylboronic acids and benzoyl
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Control experiments; (1) without catalyst, (2) only ligand, (3)
in situ (4) mercury poisoning and (5) hot filtration for acylative Suzuki–
Miyaura cross-coupling reaction. Isolated yields.

Table 2 Acylative Suzuki–Miyaura cross-coupling reaction of acyl
chlorides with arylboronic acidsa

Entry Arylboronic acids Product Yield (%)

1 96

2 94

3 92

4 88

5 92

6 94

7 98

8 96

9 93

10 97

11 89

12 99

a Reaction conditions: benzoyl chloride (1.2 mmol), arylboronic acid
(1.0 mmol), K2CO3 (1.5 mmol), 0.1 mol% cat., toluene (4.0 mL), 60 �C,
4.0 h. Benzoyl chloride was used for the entries 1–9, 4-nitro benzoyl
chloride was used for the entries 10–12. Isolated yields.
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chlorides were investigated (Table 2). The reactions of benzoyl
chloride with phenylboronic acid derivatives bearing 4-methyl, 2-
methyl, and 2,4-dimethyl produced the corresponding products 4-
methylbenzophenone, 2- methylbenzophenone, and 2,4-dime-
thylbenzophenone with yields of 88–94% (Table 2, entries 2–4).
Accordingly, the reaction of phenylboronic acids bearing 4-Cl-2-
CH3, 2-F-4-OCF3, 4-CN, and 4-CF3 substituents with benzoyl chlo-
ride gave the desired products 4-chloro-2-methylbenzophenone, 2-
uoro-4-triouromethoxybenzophenone, 4-cyanobenzophenone,
and 4- triuoromethylbenzophenone in 92–98% yields (Table 2,
entries 5–8). We also explored the reactions between 4-nitro-
benzoyl chloride and arylboronic acids. Arylboronic acids con-
sisting of different substituents, 4-Cl-2-CH3, 4-CF3, and 4-Br, gave
the corresponding products 4-chloro-2-methyl-40-nitro-
benzophenone, 4-triuoromethyl-40-nitrobenzophenone, and 4-
bromo-40-nitrobenzophenone with good yields of 93, 97 and 89%,
respectively (Table 2, entries 9–11). Lastly, the reaction of 4-
nitrobenzoyl chloride with phenylboronic acid resulted in 99%
yield (Table 2, entry 12).

For a practical availability, gram-scale reaction was per-
formed using benzoyl chloride (10a) with phenylboronic acid
(11a), and benzophenone (12aa) was obtained in an 88% iso-
lated yield (Scheme 6).

Nolan and Szostak developed [Pd(IPr)(m-Cl)Cl]2 catalyst for
the acylative Suzuki–Miyaura cross-coupling reaction of aryl
esters with phenylboronic acids.35a They revealed that the
catalyst is the most reactive precatalysts among the other
© 2021 The Author(s). Published by the Royal Society of Chemistry
catalyst in the literature for the reaction. Nolan and co-workers
also reported Suzuki–Miyaura cross-coupling reactions of
amides mediated by [Pd(NHC)(allyl)Cl] precatalysts to form
biaryls.35b

Also, we explored the catalytic activity of NHC–Pd(II)
complexes to test their potential in the Suzuki–Miyaura
coupling reaction of bromobenzene with phenylboronic acids
RSC Adv., 2021, 11, 37684–37699 | 37689
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Scheme 6 Gram-scale synthesis of 12aaa. a Reaction conditions: 10a
(1.68 g, 12.0 mmol), 11a (1.22 g, 10.0 mmol), 3c (0.1 mol%), K2CO3

(0.2 mg, 1.5 mmol), toluene (12.0 mL), 60 �C, 4 h, under argon
atmosphere. Isolated yield.

Table 4 Suzuki–Miyaura cross-coupling reaction of aryl bromides
with arylboronic acidsa

Entry Arylboronic acid (11) Product (14) Yield (%)

1 85

2 71

3 66

4 71

5 74

6 91

7 92
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(Table 3). The coupling reaction of bromobenzene and phe-
nylboronic acid was selected as a benchmark reaction. The
reaction was performed in the presence of 2a–c and 3b–f as the
catalyst and KOH (0.5 mmol) in H2O/2-propanol (2 mL) at 82 �C
open to the air for 0.5 h (Table 3). All the synthesized catalysts
(2a–c, 3b–f) were tested in the reaction of bromobenzene with
phenylboronic acid (Table 3, entries 1–9). Except for the
complex 3f, there was no signicant difference between cata-
lysts (Table 3, entry 9). The catalytic result of the complex 3f
demonstrated that the effect of the nitrile group was evident in
the catalytic reaction. 3c was decided as a catalyst for the
Suzuki–Miyaura cross-coupling reaction of bromobenzene with
phenylboronic acid. Reducing the catalyst loading also gave the
satisfactory yield (Table 3, entry 10). The use of only water or 2-
Table 3 Suzuki–Miyaura cross-coupling reaction of bromobenzene
with phenylboronic acida

Entry Cat. Base Solvent Yield (%)

1 2a KOH H2O/2-propanol 80
2 2b KOH H2O/2-propanol 71
3 2c KOH H2O/2-propanol 78
4 3b KOH H2O/2-propanol 90
5 3b0 KOH H2O/2-propanol 88
6 3c KOH H2O/2-propanol 94
7 3d KOH H2O/2-propanol 79
8 3e KOH H2O/2-propanol 89
9 3f KOH H2O/2-propanol 53
10b 3c KOH H2O/2-propanol 85
11 3c KOH 2-Propanol 68
12 3c KOH H2O 72
13 — KOH H2O/2-propanol 2
14 3c NaHCO3 H2O/2-propanol 45
15 3c Cs2CO3 H2O/2-propanol 81
16 3c NaOH H2O/2-propanol 64
17 3c KOtBu H2O/2-propanol 62
18 3c K2CO3 H2O/2-propanol 73
19c 3c KOH H2O/2-propanol 68
20d 3c KOH H2O/2-propanol 9

a Reaction conditions: bromobenzene (1.0 mmol), phenylboronic acid
(1.0 mmol), KOH (0.5 mmol), cat. (0.2 mol%), 82 �C, 2 mL solvent or
0.5 mL 2-propanol + 1.5 mL H2O, 0.5 h, under air. b Cat. 0.1 mol%.
c 60 �C. d 24 �C. Isolated yields.

8 81

9 55

10 59

11 52

12 85

13 53

14 77

15 45

16 65

17 77

37690 | RSC Adv., 2021, 11, 37684–37699 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 (Contd. )

Entry Arylboronic acid (11) Product (14) Yield (%)

18 70

a Reaction conditions: aryl bromide (1.0 mmol), arylboronic acid (1.0
mmol), KOH (0.5 mmol), 3c (0.2 mol%), 0.5 mL 2-propanol + 1.5 mL
H2O, 82 �C, 0.5 h, under air. Isolated yields.

Scheme 7 Gram-scale synthesis of 14aaa. a Reaction conditions: 13a
(1.57 g, 10.0mmol), 11a (1.22 g, 10.0mmol), 3c (0.1 mol%), KOH (28mg,
0.5 mmol), 0.5 mL 2-propanol + 1.5 mL H2O, 82 �C, under air atmo-
sphere. Isolated yield.

Fig. 4 SEM images of Pd nanoparticles for acylative Suzuki–Miyaura
coupling reaction of benzoyl chloride with phenylboronic acid (top)
and Suzuki–Miyaura cross-coupling reaction of phenylboronic acid

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

3:
46

:1
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
propanol as solvent negatively affected the conversion (Table 3,
entries 11 and 12). No product formation was observed in the
absence of the catalyst (Table 3, entry 13). The formation of
biphenyl was reduced in the presence of different bases such as
NaHCO3, NaOH, KOtBu, and K2CO3, while the emulative yield
was observed with Cs2CO3 (Table 3, entries 14–18). Decreasing
the temperature resulted in lower conversions (Table 3, entries
19 and 20). Assessment of the substrate scope of the reaction of
various phenylboronic acids with bromobenzene, 4-bromoto-
luene, and 4-bromoanisole was performed under the optimized
reaction conditions (Table 4). Numerous arylboronic acids
bearing electron-withdrawing or electron-donating substituents
at the para-position such as 4-CH3, 4-tert-butyl, 4-OH, 4-CN, 4-F,
4-CF3, and 4-OCF3 were converted into the corresponding
biphenyls namely 4-methyl-biphenyl, 4-(tert-butyl)-biphenyl, 4-
hydroxy-biphenyl, 4-cyano-biphenyl, 4-uorobiphenyl, 4-
(triuoromethyl)-biphenyl, and 4-(triuoromethoxy)-biphenyl
in high yields (Table 4, entries 2–8). But, ortho-substituted phenyl-
boronic acids like 2-OH, 2-Me and 2-CF3 gave the desired products
2-methyl-biphenyl, 4-hydroxy-biphenyl, and 2-(triuoromethyl)-
biphenyl with a average isolated yields (Table 4, entries 9–11).
The double-substituted phenylboronic acids such as 4-Cl-2-Me,
2,4-dimethyl, 4-F-3-Me, 2-F-4-Me, and 4-Me-3-NO2 resulted in
good yields in the coupling reactions with the products of 4-
chloro-2-methyl-biphenyl, 2,4-dimethyl-biphenyl, 4-uoro-3-
methyl-biphenyl, 2-uoro-4-methyl-biphenyl, and 4-methyl-3-
nitro-biphenyl (Table 4, entries 12–16). Furthermore, different
aryl bromides were also examined. Aryl bromides consisting of
electron-withdrawing substituents, 4-CH3 and 4- OCH3, gave the
corresponding products 4-methyl-biphenyl and 4-methoxy-
biphenyl with good yields of 77 and 70%, respectively (Table 4,
entries 17, 18). For a practical availability, gram-scale reaction
was performed using bromobenzene (13a) with phenylboronic
acid (11a), and biphenyl was obtained in an 86% isolated yield
(Scheme 7).

Kajetanowicz et al. developed catalysts possessing quinone
moieties in the pyridine ligand for the Suzuki–Miyaura cross-
coupling reaction of phenylboronic acid with 3,5-dimethoxy-
bromobenzene.36 They drew attention to the similarity of the steric
and electronic properties of the Organ's Pd–PEPPSI catalysts.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Scanning ElectronMicroscopy (SEM), energy dispersive X-ray
spectroscopy (EDS) and metal mapping analyses were per-
formed to get further insights into the mechanism of the
Suzuki–Miyaura cross coupling reactions (Fig. 4 and 5). Au was
coated on the surface of the Pd nanoparticles to prevent the
specimen from charging during analysis. The black precipitates
were collected by ltration at the end of the catalytic reactions
and washed with plenty of water. The Pd nanoparticles
appeared as cluster with the sizes ranging from 45 to 60 nm for
both reaction. EDS and metal mapping images of the black
precipitates clearly proven the presence of Pd atom (Fig. 5).
Also, the images displayed N and C atoms which are most
probably attributed to the NHC ligand. The other atoms like K
and O are impurities remaining from the salts (KOH or K2CO3).
with bromobenzene (bottom).

RSC Adv., 2021, 11, 37684–37699 | 37691
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Fig. 5 EDS and metal mapping images of Pd nanoparticles for acylative Suzuki–Miyaura coupling reaction of benzoyl chloride with phenyl-
boronic acid (top) and Suzuki–Miyaura cross-coupling reaction of phenylboronic acid with bromobenzene (bottom).
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The possible mechanisms of the Suzuki–Miyaura coupling
reactions are summarized in Scheme 8. Both reaction mecha-
nisms conducted through the classical Suzuki–Miyaura C–C
coupling reaction mechanism, which includes the pre-
activation, oxidative addition, transmetalation, and reductive
elimination, respectively. Pre-activation occurs with the effect of
base, solvent or temperature, and the pre-activation of the
catalyst is the state with the least energy prole.32 The steric
hindrance from NHC ligands plays an important role in the
activation process of the catalyst.35b The leaving group (halogen)
and ligands are more crucial than metal center in the pre-
activation. Since bromine is an easily leaving group, the pre-
activation process is faster.35c However, there may be slight
differences in the mechanism due to optimization conditions.16

In the cross-coupling reaction, the possibility of attachment of
the hydroxyl group to the palladium center is high due to the
use of hydroxyl-containing base (KOH) and water as solvent. In
our last study, we supported this attachment with the compu-
tational study.15 But, in the acylative cross-coupling reaction, as
37692 | RSC Adv., 2021, 11, 37684–37699
we have stated before, there must not be any water in the
reaction conditions to avoid by-product formation, which
reduces the possibility of Pd–OH bond formation. Of course, the
formation of Pd–CO3 interaction as an intermediate is expected
due to K2CO3.33 The main purpose of the base in Suzuki–
Miyaura cross-coupling reactions is to break the Pd–halide
bond by increasing the reactivity of boronic acid in the trans-
metalation step.34

We supported removal of the pyridine group during the
catalytic cycle by thermogravimetric analysis (TGA) (ESI†). The
TGA spectrum of the complex 3c showed a band around 210 �C
which is attributed to the pyridine group.27 This band did not
appear in the TGA spectrum of the nanoparticle of 3c, indi-
cating the absence of pyridine in the nanostructure (Fig. S60
and S61†). In addition, Dyson et al. reported that the nitrile
group has two important roles, which are forming a protective
group around the nanoparticle and helping to stabilize the
active Pd(II) catalyst.28 Both TGA spectrum displayed a band
around 305 �C which are attributed to the NHC ligand. This
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Proposed mechanisms of Suzuki–Miyaura acylative-coupling reaction and cross-coupling reaction with 3c.
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demonstrated that the NHC ligand remains stable in the Pd
nanoparticles. Also, the FT-IR spectrum of the Pd nanoparticles
depicted the presence of the nitrile group (Fig. S62†).

NHC ligands with electron-rich and steric groups can make
subtle changes to the electronic and steric effect of the palla-
dium center.29 The advantages of the electronic and steric
effects arising from NHC ligands to the complex are as follows:
remarkable activity in the catalytic process, formation of stable
complexes against air and moisture, uniquely strong s-donor
feature, wide range scope.30 Pd–PEPPSI–IPr complexes have also
been good alternatives to classical Pd–PEPPSI–NHC complexes
in C–C and C–N bond formation reactions.31 The steric affects of
IPr ligands would improve the efficiency of reductive elimina-
tion step. NHC ligands are an inuencing factor in determining
which step in the cycle is rate limiting.31c Bulky and exible NHC
ligands such as IPr can overcome several limitations of cross-
coupling reactions.31d The most important classes of the PEP-
PSI type Pd catalysts containing NHC ligand was developed by
Organ.37 Our Pd-PEPPSI catalysts with nitrile moiety offer
© 2021 The Author(s). Published by the Royal Society of Chemistry
comparable results to conventional catalysts in the literature for
Suzuki–Miyaura cross-coupling reactions.
Conclusions

In conclusion, a series of CN-containing azolium salts and their
palladium complexes were synthesized as the model
compounds to systematically study the effect of CN substituents
on the both Suzuki–Miyaura cross-coupling reactions. (NHC)2-
PdBr2 (2a–c) and PEPPSI type (NHC)Pd(II) (3b–f) complexes were
used to give C(acyl)–C(sp2) and C(sp2)–C(sp2) Suzuki–Miyaura
cross-coupling reactions to yield the corresponding carbonyl
compounds and biphenyls, respectively. By introducing the CN
substituents onto the phenylene ring of NHC in the Pd
complexes, both activity and stability of the resulting nano-
catalysts are greatly enhanced. The complex (3c) which has
imidazole as the NHC skeleton, and 2-CN benzyl and methyl as
the side groups generated higher activity in both catalytic
reactions. The SEM analysis, EDS and metal mapping analysis,
RSC Adv., 2021, 11, 37684–37699 | 37693
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mercury drop tests and poison experiments of the catalytic
solution showed that (NHC)Pd was involved in catalysis. The
synthesis of transition metal NHC complexes containing CN
group and their different catalytic applications are currently
under investigation.
Experimental
X-ray crystallography

X-ray single-crystal diffraction data for complexes 3e, 3f and 3c
were collected at 294(2) K on a Rigaku-Oxford Xcalibur diffrac-
tometer with an Eos-CCD detector using graphite-
monochromated MoKa radiation (l ¼ 0.71073 Å). Details of
the data collection conditions and renement processes are
summarized in Table S1, as ESI†. For each compound, data
reduction and analytical absorption corrections were performed
using CrysAlisPro 1.171.40.67a soware.17 The structure was
solved with the ShelXT18 solution program using dual methods
and by using Olex2 (ref. 19) as the graphical interface. The
model was rened with ShelXL2018/3 (ref. 20) using full matrix
least squares minimization on F2. All non-hydrogen atoms were
rened as isotropically. Hydrogen atom positions were calcu-
lated geometrically and rened using the riding model, xing
the aromatic C–H distances at 0.93 Å, methylene C–H distances
at 0.97 Å, methyl C–H distances at 0.96 Å. Uiso(H) values were set
to 1.2 Ueq (1.5 Ueq for the methyl group) of the parent atom.
Atom Br4 in complex 3f is disordered over two sets of sites, with
a rened occupancy ratio of 0.661(13) : 0.339(13). CCDC
2071690, 2071692, 2071693 contain the supplementary crystal-
lographic data for 3e, 3f and 3c, respectively.
Materials

Unless otherwise noted, all operations were performed without
taking precautions to exclude air and moisture. The glass
equipment was heated under vacuum in order to remove oxygen
and moisture and then they were lled with argon. Starting
compounds and reagents were obtained from Merck, Fluka,
Alfa Aesar and Acros Organics; pyridine, PdCl2 were obtained
from Alfa Aesar and dichloromethane, acetonitrile, ethanol,
diethyl ether, toluene, pyridine were obtained from Merck and
Ridel de Haen. Catalytic reactions for Suzuki–Miyaura cross-
coupling reactions were carried out under argon gas on
Carousel 12 Plus Reaction Station system. 1H and 13C NMR
spectra were recorded on a Varian AS 400 Mercury instrument.
FTIR spectra were recorded on a PerkinElmer Spectrum 100
series. Scanning Electron Microscopy (SEM), energy dispersive
X-ray spectroscopy (EDS) and metal mapping analyses were
collected on a Thermo Scientic Apreo S.

Synthesis of compound 1a. Benzothiazole (1.00 g, 7.39
mmol) was dissolved in 5 mL of toluene and 2-bromobenzoni-
trile (1.45 g, 7.39 mmol) was added to boil under reux for 24 h.
The precipitate is then ltered off and washed with diethyl
ether. Dried under vacuum to yield. Yield ¼ 81%, 1.98 g. 1H
NMR (400 MHz, DMSO-d6): d 10.8 (s, 1H, S–CH–N), 8.59 (m, 1H,
J¼ 2 Hz, Ar-H), 8.17 (m, 1H, Ar-H), 7.99 (d, J¼ 7.6 Hz, 1H, Ar-H),
7.86 (m, 2H, Ar-H), 7.69 (t, J¼ 8 Hz, 1H, Ar-H), 7.67 (t, J¼ 7.6 Hz,
37694 | RSC Adv., 2021, 11, 37684–37699
1H, Ar-H), 7.31 (d, J ¼ 8 Hz, 1H, Ar-H), 6.40 (s, 2H, N–CH2).
13C

NMR (100 MHz, DMSO-d6): d 167.6, 140.7, 136.5, 134.5, 134.4,
132.2, 130.1, 128.9, 126.1, 117.5, 111.1, 54.1. IR, nmax (cm�1)
(CH2Cl2): 3367, 3091, 3061, 3021, 2978, 2939, 2897, 2221, 1987,
1682, 1594, 1577, 1493, 1462, 1448, 1426, 1293, 1209, 1175,
1094, 1080, 1032, 900, 834, 792, 774, 760, 751, 730, 643, 597, 581,
512, 452, 425, 404.

Synthesis of compound 1b. Prepared according to procedure
1a using 1-methylbenzimidazole (1.00 g, 7.56 mmol) and 2-
bromobenzonitrile (1.48 g, 7.56 mmol). Yield ¼ 85%, 2.12 g. 1H
NMR (400 MHz, CDCl3): d 9.84 (s, 1H, NCHN), 8.08 (d, J ¼ 8 Hz,
1H, Ar-H), 7.98 (d, J¼ 7.6 Hz, 1H, Ar-H), 7.88 (d, J¼ 8 Hz, 1H, Ar-
H), 7.69 (m, 3H, Ar-H), 7.59 (t, J ¼ 7.6 Hz, 1H, Ar-H), 7.45 (d, J ¼
7.6 Hz, 1H, Ar-H), 6.03 (s, 2H, N–CH2), 4.13 (s, 3H, N–CH3).

13C
NMR (100 MHz, CDCl3): d 144.0, 137.5, 134.4, 134.2, 132.4,
131.4, 129.9, 129.4, 127.4, 127.2, 117.4, 114.4, 113.9, 111.3, 48.6,
33.9. IR, nmax (cm�1) (CH2Cl2): 3810, 3430, 3137, 3096, 3006,
2979, 2925, 2904, 2843, 2772, 2652, 2584, 2431, 2223, 1967,
1920, 1873, 1807, 1784, 1729, 1696, 1610, 1599, 1570, 1485,
1444, 1366, 1345, 1292, 1277, 1216, 1209, 1165, 1128, 1088,
1047, 1028, 1008, 989, 964, 906, 847, 787, 774, 759, 746, 686, 609,
582, 559, 448, 420.

Synthesis of compound 1c. Prepared according to procedure
1a using 1-methylimidazole (1.00 g, 12.0 mmol) and 2-bromo-
benzonitrile (2.38 g, 12.0 mmol). Yield ¼ 89%, 3.02 g. 1H NMR
(400 MHz, CDCl3): d 10.2 (s, 1H, NCHN), 7.92 (d, J ¼ 7.6 Hz, 1H,
Ar-H), 7.71 (s, 1H, Ar-H), 7.59 (m, 2H, Ar-H), 7.51 (s, 1H,
NCHCHN), 7.43 (t, J ¼ 7.6 Hz, 1H, NCHCHN), 5.80 (s, 2H, N–
CH2), 4.00 (s, 3H, N–CH3).

13C NMR (100 MHz, CDCl3): d 182.2,
137.4, 136.5, 134.3, 133.4, 131.1, 130.1, 124.3, 122.3, 117, 0,
112.0, 50.8, 37.0. IR, nmax (cm�1) (CH2Cl2): 3487, 3136, 3084,
3030, 2950, 2919, 2885, 2843, 2407, 2227, 2000, 1740, 1657,
1599, 1572, 1561, 1490, 1451, 1366, 1339, 1298, 1285, 1212,
1169, 1162, 1095, 1082, 962, 887, 866, 824, 775, 652, 622, 557,
477, 447, 404.

Synthesis of compound 1d. Prepared according to procedure
1a using 1-methylimidazole (1.00 g, 12.0 mmol) and 4-bromo-
benzonitrile (2.38 g, 12.0 mmol). Yield ¼ 59%, 2.00 g. 1H NMR
(400 MHz, DMSO-d6): d 9.33 (s, 1H, NCHN), 7.89 (d, J ¼ 7.6 Hz,
2H, Ar-H), 7.83 (s, 1H, NCHCHN), 7.76 (s, 1H, NCHCHN), 7.60
(d, J ¼ 8 Hz, 2H, Ar-H), 5.57 (s, 2H, N–CH2), 3.86 (s, 3H, N–CH3).
13C NMR (100 MHz, DMSO-d6): d 166.6, 140.4, 138.8, 133.4,
132.3, 130.2, 129.5, 128.9, 126.0, 118.8, 117.7, 112.1, 54.9. IR,
nmax (cm

�1) (CH2Cl2): 3418, 3060, 2965, 2910, 2221, 1599, 1510,
1483, 1454, 1379, 1357, 1314, 1284, 1270, 1207, 1141, 1116,
1053, 1029, 982, 913, 793, 762, 713, 674, 604, 552, 450, 432.

Synthesis of compound 1e. Imidazole (1.00 g, 14.68 mmol)
was dissolved in 5mL ethanol andmixed with NaOH for 30min.
2-Bromobenzonitrile (5.76 g, 29.36mmol) was then added to the
mixture and boiled under reux for 24 hours. The precipitate is
then ltered and washed with diethyl ether. It was dried under
vacuum. Yield ¼ 72%, 4.02 g. 1H NMR (400 MHz, DMSO-d6):
d 9.41 (s, 1H, NCHN), 7.95 (d, J ¼ 10.8 Hz, 2H, Ar-H), 7.87 (d, J ¼
1.6 Hz, 2H, Ar-H), 7.78 (t, J ¼ 5.2 Hz, 2H, Ar-H), 7.61 (t, J ¼
7.6 Hz, 2H, Ar-H), 7.48 (d, J¼ 7.6 Hz, 2H, NCHCHN), 5.74 (s, 4H,
N–CH2).

13C NMR (100 MHz, DMSO-d6): d 138.3, 137.9, 134.5,
134.1, 130.1, 129.7, 123.9, 117.3, 111.3, 50.9. IR, nmax (cm�1)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(CH2Cl2): 3792, 3414, 3168, 3129, 3044, 3022, 2861, 2222, 1756,
1643, 1617, 1599, 1566, 1487, 1438, 1348, 1303, 1288, 1213,
1182, 1170, 1095, 1045, 1024, 978, 953, 883, 858, 819, 765, 700,
638, 557, 467, 465.

Synthesis of compound 1f. Prepared according to procedure
1a using 1-methylimidazole (1.00 g, 12.0 mmol) and benzoyl
bromide (2.25 g, 12.0 mmol). Yield ¼ 73%, 3.23 g. 1H NMR (400
MHz, DMSO-d6): d 9.41 (s, 1H, NCHN), 7.85 (d, J ¼ 1.6 Hz, 1H,
NCHCHN), 7.75 (d, J ¼ 1.2 Hz, 1H, NCHCHN), 7.45 (d, J ¼
6.4 Hz, 2H, Ar-H), 7.40 (d, J ¼ 7.2 Hz, 2H, Ar-H), 7.35 (m, 1H, Ar-
H), 5.47 (s, 2H, N–CH2), 3.86 (s, 3H, N–CH3).

13C NMR (100MHz,
DMSO-d6): d 137.0, 135.4, 129.4, 129.1, 128.8, 124.4, 122.7, 52.1,
36.4. IR, nmax (cm�1) (CH2Cl2): 3418, 3148, 3090, 2063, 1626,
1573, 1562, 1497, 1456, 1427, 1388, 1362, 1335, 1208, 1161,
1108, 1083, 1029, 1002, 853, 822, 722, 699, 662, 622, 466.

Synthesis of complex 2a. In balloon, 1a (0.50 g, 1.51 mmol)
and Ag2O (0.18 g, 0.76 mmol) under argon gas was suspend in
acetonitrile (5 mL) and stirred at room temperature for 12 h
protected from light. Then, [PdCl2(CH3CN)]2 (0.19 g, 0.76 mmol)
was added over and the reux 24 h. The solid residue remained
was washed with diethyl ether. Then dried under vacuum. Yield
¼ 46%, 0.53 g. 1H NMR (400 MHz, CDCl3): d 7.71 (d, J ¼ 7.2 Hz,
2H, Ar-H), 7.51 (t, J ¼ 8 Hz, 2H, Ar-H), 7.46 (d, J ¼ 8 Hz, 2H, Ar-
H), 7.39 (t, J ¼ 7.6 Hz, 2H, Ar-H), 7.24 (m, 4H, Ar-H), 7.17 (t, J ¼
7.6 Hz, 2H, Ar-H), 6.93 (d, J ¼ 7.6 Hz, 2H, Ar-H), 5.38 (s, 4H, N–
CH2).

13C NMR (100 MHz, CDCl3): d 170.3, 138.8, 136.3, 133.6,
133.1, 128.4, 127.3, 126.7, 123.8, 122.8, 122.5, 117.1, 111.2,
110.9, 43.9. IR, nmax (cm�1) (CH2Cl2): 3791, 3663, 3347, 3068,
2930, 2224, 2190, 1954, 1905, 1767, 1692, 1588, 1561, 1483,
1471, 1447, 1424, 1358, 1352, 1325, 1305, 1285, 1260, 1205,
1197, 1183, 1092, 1044, 1019, 979, 957, 931, 884, 851, 809, 766,
751, 717, 693, 660, 622, 582, 557, 545, 502, 482, 464, 443, 429.

Synthesis of complex 2b. Prepared according to procedure 2a
using 1b (0.50 g, 1.52 mmol), Ag2O (0.18 g, 0.76 mmol) and
[PdCl2(CH3CN)]2 (0.19 g, 0.76 mmol). Yield ¼ 35%, 0.40 g. 1H
NMR (400 MHz, DMSO-d6): d 8.01–7.96 (dd, J ¼ 7.6 Hz, 2H, Ar-
H), 7.84–7.76 (dd, J ¼ 8 Hz, 2H, Ar-H), 7.44 (m, 10H, Ar-H), 7.17
(m, 2H, Ar-H), 6.36–6.32, 6.12–6.08 (dd, J ¼ 16.8 MHz, 2H, N–
CH2), 6.42 (s, 2H, N–CH2), 4.31 (d, J ¼ 8.8 Hz, 6H, N–CH3).

13C
NMR (100 Hz, DMSO-d6): d 139.4, 139.2, 134.6, 134.5, 133.9,
133.9, 133.8, 133.7, 129.4, 129.2, 128.8, 128.6, 128.3, 124.8,
124.7, 124.3, 124.2, 118.5, 117.8, 117.7, 112.3, 111.9, 111.6,
111.4, 111.2, 111.1, 49.8, 49.6, 35.6, 35.4. IR, nmax (cm�1)
(CH2Cl2): 3436, 2920, 2294, 2224, 1737, 1599, 1484, 1452, 1413,
1355, 1211, 1107, 1030, 986, 824, 798, 762, 559, 447.

Synthesis of complex 2c. Prepared according to procedure 2a
using 1c (0.50 g, 1.80 mmol), Ag2O (0.21 g, 0.90 mmol) and
[PdCl2(CH3CN)]2 (0.23 g, 0.90 mmol). Yield ¼ 18%, 0.25 g. 1H
NMR (400 MHz, DMSO-d6): d 7.95–7.91 (dd, J ¼ 7.6 Hz, 2H, Ar-
H), 7.67 (t, J ¼ 7.6 Hz, 2H, Ar-H), 7.51 (m, 6H, Ar-H), 7.35–7.29
(dd, J ¼ 8 Hz, 2H, Ar-H), 5.88–5.84, 5.77–5.73 (dd, J ¼ 16.0 Hz,
2H, N–CH2), 5.83 (s, 2H, N–CH2), 3.99 (d, J ¼ 9.6 Hz, 6H, N–
CH3).

13C NMR (100 MHz, DMSO-d6): d 179.3, 139.9, 134.0,
133.7, 129.5, 129.0, 124.9, 123.9, 117.7, 111.3, 51.7, 37.9. IR, nmax

(cm�1) (CH2Cl2): 3317, 3105, 2926, 2222, 1676, 1602, 1571, 1470,
1244, 1218, 1199, 1135, 1079, 943, 762, 732, 689, 657, 458.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Synthesis of complex 3b. In balloon, 1b (0.50 g, 1.52 mmol)
under argon gas was pyridine (3 mL) dissolved. Then, PdCl2
(0.27 g, 1.52 mmol) and K2CO3 (1.05 g, 7.62 mmol) was added
and reuxed overnight. The solid residue remained was washed
with diethyl ether. Then dried under vacuum. Yield ¼ 56%,
0.51 g. 1H NMR (400 MHz, CDCl3): d 9.04 (d, J ¼ 1.6 Hz, 2H, Py-
H), 7.78 (m, 2H, Py-H), 7.71 (d, J ¼ 8.8 Hz, 1H, Py-H), 7.50 (t, J ¼
8 Hz, 1H, Ar-H), 7.42 (m, 2H, Ar-H), 7.37 (m, 2H, Ar-H), 7.31 (t, J
¼ 8 Hz, 1H, Ar-H), 7.20 (m, 1H, Ar-H), 7.11 (m, 1H, Ar-H), 6.36 (s,
2H, N–CH2), 4.40 (s, 3H, N–CH3).

13C NMR (100 MHz, CDCl3):
d 164.8, 152.6, 151.9, 138.5, 138.1, 135.4, 133.9, 133.4, 132.9,
129.5, 128.6, 124.6, 123.6, 117.3, 111.4, 110.7, 110.3, 50.4, 35.5.
IR, nmax (cm�1) (CH2Cl2): 3381, 3059, 2926, 2223, 1692, 1603,
1539, 1499, 1446, 1403, 1348, 1295, 1253, 1190, 1153, 1126,
1098, 1070, 1011, 919, 803, 760, 691, 668, 558, 439.

Complex 3b0. Yield ¼ 32%, 0.41 g. 1H NMR (400 MHz,
CDCl3): d 7.69 (d, J¼ 7.2 Hz, 1H, Ar-H), 7.50 (t, J¼ 7.2 Hz, 1H, Ar-
H), 7.37 (t, J ¼ 7.6 Hz, 2H, Ar-H), 7.12 (t, J ¼ 7.6 Hz, 1H, Ar-H),
7.03 (m, 2H, Ar-H), 7.93 (d, J ¼ 7.6 Hz, 1H, Ar-H), 5.31 (s, 2H, N–
CH2), 3.49 (s, 3H, N–CH3).

13C NMR (100 MHz, CDCl3): d 154.5,
153.3, 140.1, 133.4, 132.9, 130.1, 128.6, 128.3, 128.2, 124.9,
121.8, 121.6, 117.3, 111.3, 108.1, 107.7, 42.7, 29.7, 27.4. IR, nmax

(cm�1) (CH2Cl2): 3527, 3444, 3379, 3059, 2926, 2222, 1691, 1601,
1541, 1499, 1401, 1341, 1295, 1254, 1210, 1191, 1154, 1100,
1068, 1013, 920, 796, 761, 744, 692, 658, 442.

Synthesis of complex 3c. Prepared according to procedure 3b
using 1c (0.50 g, 1.79 mmol), PdCl2 (0.32 g, 1.79 mmol) and
K2CO3 (1.24 g, 8.99 mmol). Yield ¼ 65%, 0.63 g. 1H NMR (400
MHz, CDCl3): d 9.00–8.99 (dd, J ¼ 1.6 Hz, 2H, Py-H), 7.94 (d, J ¼
7.6 Hz, 1H, Ar-H), 7.75 (m, 2H, Py-H), 7.60 (dt, J¼ 7.6 Hz, 1H, Py-
H), 7.45 (dt, J ¼ 7.6 Hz, 1H, Ar-H), 7.33 (m, 2H, Ar-H), 6.97–6.94
(dd, J ¼ 2 Hz, 2H, N–CHCH–N), 5.97 (s, 2H, N–CH2), 4.14 (s, 3H,
N–CH3).

13C NMR (100 MHz, CDCl3): d 154.3, 152.5, 150.1,
139.0, 138.4, 137.9, 133.4, 132.9, 130.9, 128.9, 124.9, 124.7,
123.9, 122.2, 112.2, 52.4, 38.7. IR, nmax (cm

�1) (CH2Cl2): 3437,
3161, 3127, 3104, 2944, 2219, 1706, 1640, 1603, 1567, 1484,
1468, 1445, 1415, 1366, 1327, 1293, 1280, 1247, 1211, 1193,
1148, 1068, 1046, 1018, 943, 795, 767, 731, 684, 643, 552, 447,
431.

Synthesis of complex 3d. Prepared according to procedure 3b
using 1d (0.50 g, 1.79 mmol), PdCl2 (0.32 g, 1.79 mmol) and
K2CO3 (1.24 g, 8.99 mmol). Yield ¼ 38%, 0.36 g. 1H NMR (400
MHz, DMSO-d6): d 8.79 (d, J ¼ 5.6 Hz, 2H, Py-H), 7.95 (d, J ¼
5.6 Hz, 1H, Py-H), 7.85 (d, J¼ 8 Hz, 2H, Ar-H), 7.66 (d, J¼ 7.6 Hz,
2H, Py-H), 7.51 (s, 2H, N–CHCH–N), 7.44 (s, 1H, Ar-H), 7.31 (d, J
¼ 3.2 Hz, 1H, Ar-H), 5.80 (d, J ¼ 9.6 Hz, 2H, N–CH2), 4.01 (t, J ¼
8 Hz, 3H, N–CH3).

13C NMR (100MHz, DMSO-d6): d 152.4, 151.9,
132.8, 129.8, 129.7, 129.6, 125.4, 122.9, 119.2, 111.1, 53.3, 38.1.
IR, nmax (cm�1) (CH2Cl2): 3736, 3159, 3123, 3104, 2224, 1702,
1602, 1572, 1503, 1485, 1469, 1447, 1407, 1358, 1292, 1237,
1214, 1183, 1151, 1126, 1071, 1016, 944, 862, 838, 824, 768, 756,
735, 692, 682, 651, 552, 491, 468, 442, 416.

Synthesis of complex 3e. Prepared according to procedure 3b
using 1e (0.50 g, 1.32 mmol), PdCl2 (0.23 g, 1.32 mmol) and
K2CO3 (0.91 g, 6.61 mmol). Yield ¼ 38%, 0.24 g. 1H NMR (400
MHz, CDCl3): d 8.95 (t, J ¼ 1.6 Hz, 2H, Py-H), 7.98 (d, J ¼ 8 Hz,
RSC Adv., 2021, 11, 37684–37699 | 37695
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2H, Ar-H), 7.76 (t, J¼ 1.6 Hz, 1H, Py-H), 7.73 (d, J¼ 8 Hz, 2H, Ar-
H), 7.63 (dt, J ¼ 7.6 Hz, 2H, Py-H), 7.47 (m, 2H, Py-H), 7.33 (m,
2H, Ar-H), 7.01 (s, 2H, N–CHCH–N), 6.02 (s, 4H, N–CH2).

13C
NMR (100 MHz, CDCl3): d 152.6, 152.3, 151.9, 151.2, 138.9,
138.8, 138.7, 138.2, 138.1, 138.0, 133.6, 133.5, 133.0, 132.9,
131.0, 130.9, 130.8, 129.1, 124.6, 124.5, 123.1, 123.0, 122.9,
117.3, 112.3, 112.2, 112.0, 52.8, 52.6, 52.4. IR, nmax (cm�1)
(CH2Cl2): 3437, 3155, 3104, 2930, 2218, 1695, 1603, 1570, 1482,
1446, 1407, 1377, 1351, 1289, 1263, 1242, 1216, 1156, 1094,
1068, 1046, 1016, 966, 948, 848, 832, 795, 770, 756, 695, 684, 643,
558, 445.

Synthesis of complex 3f. Prepared according to procedure 3b
using 1f (0.50 g, 1.98 mmol), PdCl2 (0.35 g, 1.98 mmol) and
K2CO3 (1.37 g, 9.92 mmol). Yield ¼ 41%, 0.42 g. 1H NMR (400
MHz, CDCl3): d 9.04 (t, J ¼ 4.8 Hz, 2H, Py-H), 7.75 (m, 1H, Py-H),
7.91 (d, J¼ 8 Hz, 2H, Py-H), 7.36 (m, 5H, Ar-H), 6.87 (d, J¼ 2 Hz,
1H, N–CHCH–N), 6.68 (d, J¼ 2 Hz, 1H, N–CHCH–N), 5.77 (s, 2H,
N–CH2), 4.12 (s, 3H, N–CH3).

13C NMR (100 MHz, CDCl3):
d 152.5, 148.4, 137.9, 135.2, 129.1, 128.9, 128.5, 124.5, 123.6,
121.3, 54.9, 38.4. IR, nmax (cm�1) (CH2Cl2): 3437, 3162, 3129,
3109, 3063, 3027, 3002, 2928, 1920, 1856, 1815, 1598, 1569,
1495, 1486, 1467, 1446, 1421, 1402, 1317, 1229, 1193, 1153,
1121, 1077, 1069, 1044, 1032, 1013, 982, 952, 835, 819, 778, 762,
732, 695, 686, 662, 641, 610, 574, 462, 445.
General procedure for the acylative Suzuki–Miyaura cross-
coupling reaction of arylboronic acids with benzoyl chloride

A Radley's tube was charged with benzoyl chloride (1.2 mmol),
phenylboronic acid (1.0 mmol), K2CO3 (1.5 mmol) and catalyst
(0.1 mol%) in toluene (4 mL). The mixture was stirred to 60 �C
for 4 h under an argon atmosphere. The reaction mixture was
cooled to room temperature and ltered. The conversion was
analyzed by 1H-NMR and 13C-NMR spectroscopy.
General procedure for the Suzuki–Miyaura cross-coupling
reaction

A Radley's tube was charged with aryl halide (1.0 mmol), phe-
nylboronic acid (1.0 mmol), KOH (0.5 mmol) and catalyst
(0.2 mol%) in 2-propanol–H2O mixture (2 mL, 0.5 : 1.5). The
mixture was stirred to 82 �C for 30 min. under air atmosphere.
The reaction mixture was cooled to room temperature and
ltered. The conversion was analyzed by 1H-NMR and 13C-NMR
spectroscopy.
Suzuki–Miyaura cross coupling products15,20–26

Benzophenone (Table 2, entry 1). 1H NMR (400 MHz, CDCl3):
d 7.81 (d, J¼ 7.2 Hz, 2H, Ar-H), 7.59 (t, J¼ 7.6 Hz, 1H, Ar-H), 7.48
(t, J ¼ 7.6 Hz, 2H, Ar-H). 13C NMR (100 MHz, CDCl3): d 196.7,
137.6, 132.4, 130.0, 128.3.

4-Methylbenzophenone (Table 2, entry 2). 1H NMR (400
MHz, CDCl3): d 7.78 (m, 2H, Ar-H), 7.72 (d, J¼ 8.4 Hz, 2H, Ar-H),
7.55 (m, 1H, Ar-H), 7.47 (t, J ¼ 7.2 Hz, 2H, Ar-H), 7.28 (d, J ¼
8 Hz, 2H, Ar-H), 2.44 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3):
d 196.5, 143.3, 137.9, 134.8, 132.2, 130.3, 129.9, 128.9, 128.2,
21.7.
37696 | RSC Adv., 2021, 11, 37684–37699
2-Methylbenzophenone (Table 2, entry 3). 1H NMR (400
MHz, CDCl3): d 8.17 (d, J¼ 7.2 Hz, 2H, Ar-H), 7.81 (d, J¼ 6.8 Hz,
1H, Ar-H), 7.67 (t, J ¼ 8.8 Hz, 1H, Ar-H), 7.58 (t, J ¼ 7.6 Hz, 1H,
Ar-H), 7.53 (t, J ¼ 8 Hz, 1H, Ar-H), 7.44 (m, 2H, Ar-H), 7.28 (m,
1H, Ar-H), 2.34 (s, 3H, CH3).

13C NMR (100MHz, CDCl3): d 198.6,
162.8, 138.6, 136.7, 134.6, 133.2, 131.0, 130.6, 130.1, 128.9,
128.5, 125.2, 19.9.

2,4-Dimethylbenzophenone (Table 2, entry 4). 1H NMR (400
MHz, CDCl3): d 8.17–8.16 (dd, J ¼ 6.4 Hz, 1H, Ar-H), 7.79 (d, J ¼
7.2 Hz, 1H, Ar-H), 7.68 (t, J ¼ 8.8 Hz, 1H, Ar-H), 7.55 (m, 2H, Ar-
H), 7.44 (t, J ¼ 8 Hz, 1H, Ar-H), 7.06 (t, J ¼ 8 Hz, 1H, Ar-H), 2.38
(s, 3H, CH3), 2.34 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3):
d 198.6, 140.7, 138.2, 137.3, 135.5, 133.8, 132.8, 131.9, 130.1,
129.3, 128.5, 128.3, 125.8, 21.4, 20.1.

4-Chloro-2-methylbenzophenone (Table 2, entry 5). 1H NMR
(400 MHz, CDCl3): d 7.78 (m, 2H, Ar-H), 7.59 (m, 1H, Ar-H), 7.46
(m, 2H, Ar-H), 7.27 (m, 3H, Ar-H), 2.32 (s, 3H, CH3).

13C NMR
(100 MHz, CDCl3): d 197.5, 139.1, 137.4, 136.8, 136.1, 133.4,
131.0, 130.0, 128.6, 125.4, 19.9.

2-Fluoro, 4-methoxybenzophenone (Table 2, entry 6). 1H
NMR (400 MHz, CDCl3): d 7.77–7.75 (dd, J ¼ 6.8 Hz, 2H, Ar-H),
7.70 (d, J¼ 6.8 Hz, 1H, Ar-H), 7.58 (m, 2H, Ar-H), 7.47 (m, 2H, Ar-
H), 7.08 (t, J ¼ 8 Hz, 1H, Ar-H), 2.32 (s, 3H, CH3).

13C NMR (100
MHz, CDCl3): d 195.6, 165.3, 162.7, 137.6, 133.8, 132.4, 129.9,
128.3, 125.3, 125.1, 115.0, 14.6. 19F NMR (376.2 MHz, CDCl3):
d �110.13 (m, F).

4-Cyanobenzophenone (Table 2, entry 7). 1H NMR (400 MHz,
CDCl3): d 7.87 (m, 2H, Ar-H), 7.79 (m, 4H, Ar-H), 7.65 (m, 1H, Ar-
H), 7.52 (m, 2H, Ar-H). 13C NMR (100 MHz, CDCl3): d 195.0,
141.2, 136.3, 133.3, 132.9, 132.2, 130.2, 130.0, 128.6, 127.9,
117.9, 115.6.

4-(Triuoromethyl)benzophenone (Table 2, entry 8). 1H
NMR (400 MHz, CDCl3): d 7.90 (m, 2H, Ar-H), 7.81 (m, 2H, Ar-H),
7.76–7.75 (dd, J ¼ 8.8 Hz, 2H, Ar-H), 7.63 (m, 1H, Ar-H), 7.51 (m,
2H, Ar-H). 13C NMR (100 MHz, CDCl3): d 195.5, 140.7, 140.6,
136.7, 133.1, 130.1, 130.0, 128.5, 125.4, 125.3. 19F NMR (376.2
MHz, CDCl3): d �63.02 (s, CF3).

4-Chloro-2-methyl-40-nitrobenzophenone (Table 2, entry 9).
1H NMR (400 MHz, CDCl3): d 8.30 (d, J ¼ 6.8 Hz, 2H, Ar-H), 7.91
(d, J¼ 8.8 Hz, 2H, Ar-H), 7.34 (s, 1H, Ar-H), 2.37 (s, 3H, CH3).

13C
NMR (100 MHz, CDCl3): d 195.5, 150.3, 142.5, 139.9, 137.4,
135.2, 131.6, 130.8, 130.6, 125.7, 123.7, 20.2.

4-Triuoromethyl-40-nitrobenzophenone (Table 2, entry 10).
1H NMR (400 MHz, CDCl3): d 8.35 (d, J ¼ 8.8 Hz, 2H, Ar-H), 7.93
(d, J ¼ 8.8 Hz, 2H, Ar-H), 7.87 (d, J ¼ 8.8 Hz, 2H, Ar-H), 7.35 (d, J
¼ 8.4 Hz, 2H, Ar-H). 13C NMR (100 MHz, CDCl3): d 193.2, 152.8,
149.9, 142.3, 134.4, 132.1, 130.6, 123.7, 120.5. 19F NMR (376.2
MHz, CDCl3): d �57.62 (s, CF3).

4-Bromo-40-nitrobenzophenone (Table 2, entry 11). 1H NMR
(400 MHz, CDCl3): d 8.35 (m, 2H, Ar-H), 7.93 (m, 2H, Ar-H), 7.69
(d, J ¼ 2.8 Hz, 2H, Ar-H), 7.62–7.61 (dd, J ¼ 2.4 Hz, 1H, Ar-H),
7.52–7.50 (dd, J ¼ 2.4 Hz, 1H, Ar-H). 13C NMR (100 MHz,
CDCl3): d 193.7, 142.3, 134.9, 132.2, 132.0, 131.5, 130.8, 130.6,
128.8, 127.1, 123.6.

40-Nitrobenzophenone (Table 2, entry 12). 1H NMR (400
MHz, CDCl3): d 8.33 (d, J¼ 8.8 Hz, 2H, Ar-H), 7.93 (d, J¼ 8.8 Hz,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2H, Ar-H), 7.80 (m, 2H, Ar-H), 7.65 (m, 1H, Ar-H), 7.52 (t, J ¼
8 Hz, 2H, Ar-H). 13C NMR (100 MHz, CDCl3): d 194.8, 149.8,
142.9, 136.3, 133.4, 130.7, 130.1, 128.7, 123.5.

Biphenyl [29] (Table 4, entry 1). 1H NMR (400 MHz, CDCl3):
d 7.62 (d, J¼ 8.4 Hz, 4H, Ar-H), 7.46 (t, J¼ 7.6 Hz, 4H, Ar-H), 7.37
(t, J ¼ 8 Hz, 2H, Ar-H). 13C NMR (100 MHz, CDCl3): d 141.3,
128.8, 127.3, 127.2.

4-Methylbiphenyl (Table 4, entry 2). 1H NMR (400 MHz,
CDCl3): d 7.63 (d, J ¼ 8.4 Hz, 2H, Ar-H), 7.52 (d, J ¼ 8 Hz, 2H, Ar-
H), 7.47 (t, J ¼ 7.6 Hz, 2H, Ar-H), 7.36 (m, 1H, Ar-H), 7.29 (d, J ¼
8 Hz, 2H, Ar-H), 2.44 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3):
d 141.2, 138.4, 137.0, 129.5, 128.7, 127.0, 126.9, 21.1.

4-Tert-butylbiphenyl (Table 4, entry 3). 1H NMR (400 MHz,
CDCl3): d 7.62 (d, J ¼ 7.6 Hz, 2H, Ar-H), 7.57 (d, J ¼ 8.4 Hz, 2H,
Ar-H), 7.47 (m, 4H, Ar-H), 7.35 (t, J¼ 8 Hz, 1H, Ar-H), 1.39 (s, 9H,
C(CH3)3).

13C NMR (100 MHz, CDCl3): d 150.3, 141.1, 138.4,
128.7, 127.1, 127.0, 126.8, 125.7, 34.9, 31.4.

4-Hydroxybiphenyl (Table 4, entry 4). 1H NMR (400 MHz,
DMSO-d6): d 9.53 (s, 1H, OH), 7. 54 (d, J¼ 8.4 Hz, 2H, Ar-H), 7.46
(d, J¼ 8.4 Hz, 2H, Ar-H), 7.38 (t, J¼ 7.2 Hz, 1H, Ar-H), 6.84 (d, J¼
8.8 Hz, 2H, Ar-H). 13C NMR (100 MHz, DMSO-d6): d 157.9, 140.7,
131.4, 129.2, 128.2, 126.8, 126.4, 116.2.

4-Cyanobiphenyl (Table 4, entry 5). 1H NMR (400 MHz,
CDCl3): d 7.69 (m, 4H, Ar-H), 7.59 (m, 2H, Ar-H), 7.49 (m, 2H, Ar-
H), 7.44 (m, 1H, Ar-H). 13C NMR (100 MHz, CDCl3): d 145.6,
139.1, 132.9, 129.1, 128.7, 127.7, 127.2, 118.9, 110.9.

4-Fluorobiphenyl (Table 4, entry 6). 1H NMR (400 MHz,
CDCl3): d 7.57 (m, 4H, Ar-H), 7. 46 (t, J¼ 8Hz, 2H, Ar-H), 7. 37 (t, J¼
8.8 Hz, 1H, Ar-H), 7.15 (m, 2H, Ar-H). 13C NMR (100 MHz, CDCl3):
d 163.7, 161.3, 140.3, 137.4, 128.8, 127.7, 127.6, 127.3, 127.0, 115.7,
115.5. 19F NMR (376.2 MHz, CDCl3): d �115.82 (m, F).

4-(Triuoromethyl)biphenyl (Table 4, entry 7). 1H NMR (400
MHz, CDCl3): d 7.71 (s, 4H, Ar-H), 7.62 (d, J ¼ 7.2 Hz, 2H, Ar-H),
7.49 (t, J ¼ 6.8 Hz, 2H, Ar-H), 7.43 (d, J ¼ 7.6 Hz, 1H, Ar-H). 13C
NMR (100 MHz, CDCl3): d 139.8, 128.9, 128.2, 127.4, 127.3,
125.8, 125.7, 125. 7, 125.6. 19F NMR (376.2 MHz, CDCl3):
d �62.40 (s, CF3).

4-(Triuoromethoxy)biphenyl (Table 4, entry 8). 1H NMR
(400 MHz, CDCl3): d 7.58 (m, 4H, Ar-H), 7. 46 (t, J ¼ 7.2 Hz, 2H,
Ar-H), 7.38 (t, J ¼ 8 Hz, 1H, Ar-H), 7.28 (t, J ¼ 8.8 Hz, 2H, Ar-H).
13C NMR (100 MHz, CDCl3): d 148.7, 139.9, 139.8, 128.9, 128.4,
127.7, 127.1, 121.8, 121.2, 119.3. 19F NMR (376.2 MHz, CDCl3):
d �57.83 (s, OCF3).

2-Hydroxybiphenyl (Table 4, entry 9). 1H NMR (400 MHz,
CDCl3): d 7.50 (m, 4H, Ar-H), 7.41 (m, 1H, Ar-H), 7.28 (m, 2H, Ar-
H), 7.01 (t, J ¼ 7.6 Hz, 2H, Ar-H), 5.21 (s, 1H, OH). 13C NMR (100
MHz, CDCl3): d 152.4, 137.1, 130.3, 129.3, 129.2, 129.1, 128.1,
127.9, 120.9, 115.8.

2-Methylbiphenyl (Table 4, entry 10). 1H NMR (400 MHz,
CDCl3): d 7.43 (m, 2H, Ar-H), 7.53 (m, 3H, Ar-H), 7.28 (m, 2H, Ar-
H), 7.25 (m, 2H, Ar-H), 2.29 (s, 3H, CH3).

13C NMR (100 MHz,
CDCl3): d 141.9, 141.9, 135.3, 130.3, 129.8, 129.2, 128.1, 127.2,
126.7, 125.7, 20.5.

2-(Triuoromethyl)biphenyl (Table 4, entry 11). 1H NMR
(400 MHz, CDCl3): d 7.75 (d, J ¼ 7.2 Hz, 1H, Ar-H), 7.59 (m, 1H,
Ar-H), 7.47 (t, J ¼ 8 Hz, 1H, Ar-H), 7.41 (d, J ¼ 5.2 Hz, 3H, Ar-H),
7.34 (m, 3H, Ar-H). 13C NMR (100 MHz, CDCl3): d 139.8, 132.0,
© 2021 The Author(s). Published by the Royal Society of Chemistry
131.2, 128.9, 128.7, 127.7, 127.9, 127.3, 127.2, 126.0, 125.9. 19F
NMR (376.2 MHz, CDCl3): d �56.86 (s, CF3).

4-Chloro-2-methylbiphenyl (Table 4, entry 12). 1H NMR (400
MHz, CDCl3): d 7.42 (t, J ¼ 7.2 Hz, 2H, Ar-H), 7.36 (m, 1H, Ar-H),
7.29 (d, J¼ 8 Hz, 3H, Ar-H), 7.23 (d, J¼ 7.6 Hz, 1H, Ar-H), 7.16 (d,
J ¼ 8.4 Hz, 1H, Ar-H), 2.26 (s, 3H, CH3).

13C NMR (100 MHz,
CDCl3): d 140.8, 140.4, 137.3, 132.9, 131.0, 130.1, 129.1, 128.2,
127.1, 125.9, 20.4.

2,4-Methylbiphenyl (Table 4, entry 13). 1H NMR (400 MHz,
CDCl3): d 7.42 (m, 2H, Ar-H), 7. 35 (t, J ¼ 5.6 Hz, 3H, Ar-H), 7.12
(m, 3H, Ar-H), 2.39 (s, 3H, CH3), 2.27 (s, 3H, CH3).

13C NMR (100
MHz, CDCl3): d 141.9, 139.1, 136.9, 135.1, 131.1, 129.8, 129.3,
128.0, 126.6, 126.5, 21.1, 20.4.

4-Fluoro-3-methylbiphenyl (Table 4, entry 14). 1H NMR (400
MHz, CDCl3): d 7.55 (d, J ¼ 8.4 Hz, 2H, Ar-H), 7.43 (t, J ¼ 7.6 Hz,
3H, Ar-H), 7.37 (m, 3H, Ar-H), 7.07 (t, J ¼ 8.8 Hz, 1H, Ar-H), 2.35
(s, 3H, CH3).

13C NMR (100 MHz, CDCl3): d 162.3, 159.8, 140.5,
130.3, 130.2, 128.8, 127.2, 127.1, 127.0, 126.0, 125.9, 125.1,
124.9, 115.1, 14.7, 14.7. 19F NMR (376.2 MHz, CDCl3): d �120.18
(m, F).

2-Fluoro-4-methylbiphenyl (Table 4, entry 15). 1H NMR (400
MHz, CDCl3): d 7.55 (d, J ¼ 8.4 Hz, 2H, Ar-H), 7.45 (t, J ¼ 7.6 Hz,
3H, Ar-H), 7.39 (m, 2H, Ar-H), 7.08 (t, J ¼ 8.8 Hz, 1H, Ar-H), 2.36
(s, 3H, CH3).

13C NMR (100 MHz, CDCl3): d 130.3, 130.2, 128.7,
127.1, 126.9, 125.9, 125.8, 115.3, 115.1, 14.7. 19F NMR (376.2
MHz, CDCl3): d �120.17 (m, F).

4-Methyl-3-nitrobiphenyl (Table 4, entry 16). 1H NMR (400
MHz, CDCl3): d 8.21 (d, J ¼ 1.6 Hz, 1H, Ar-H), 7.73 (d, J ¼ 8 Hz,
1H, Ar-H), 7.60 (d, J¼ 8 Hz, 2H, Ar-H), 7.48 (t, J¼ 7.2 Hz, 2H, Ar-
H), 7.41 (m, 2H, Ar-H), 2.64 (s, 3H, CH3).

13C NMR (100 MHz,
CDCl3): d 140.2, 138.4, 133.6, 133.2, 132.2, 131.3, 129.1, 128.3,
126.9, 122.9, 20.1.

40-Methylbiphenyl (Table 4, entry 17). 1H NMR (400 MHz,
CDCl3): d 7.61 (d, J¼ 8 Hz, 2H, Ar-H), 7.53 (d, J¼ 8 Hz, 2H, Ar-H),
7.45 (t, J ¼ 7.6 Hz, 2H, Ar-H), 7.35 (t, J ¼ 7.6 Hz, 1H, Ar-H), 7.28
(d, J ¼ 8 Hz, 2H, Ar-H), 2.42 (s, 3H, CH3).

13C NMR (100 MHz,
CDCl3): d 141.2, 138.4, 137.0, 129.5, 128.7, 127.0, 127.0, 21.1.

40-Methoxybiphenyl (Table 4, entry 18). 1H NMR (400 MHz,
CDCl3): d 7.56 (m, 4H, Ar-H), 7.43 (t, J ¼ 7.6 Hz, 2H, Ar-H), 7.32
(t, J¼ 7.6 Hz, 1H, Ar-H), 7.00 (m, 2H, Ar-H), 3.87 (s, 3H, CH3).

13C
NMR (100 MHz, CDCl3): d 159.2, 140.9, 133.8, 128.8, 128.2,
126.8, 126.7, 114.2, 55.4.
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B. J. Ravoo and F. Glorius, Angew. Chem., Int. Ed., 2016, 55,
5856–5860.

11 L. Jiang, F. Shan, Z. Li and D. Zhao, Molecules, 2012, 17,
12121–12139.

12 (a) N. A. Bumagin and D. N. Korolev, Tetrahedron Lett., 1999,
40, 3057–3060; (b) M. Haddach and J. R. McCarthy,
Tetrahedron Lett., 1999, 40, 3109–3112; (c) L. Zhang, J. Wu,
L. Shi, C. Xia and F. Li, Tetrahedron Lett., 2011, 52, 3897–
3901; (d) M. Mondal and U. Bora, Appl. Organomet. Chem.,
2018, 28, 354–358; (e) H. Solǎrová, I. Ćısǎrová and
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