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1 | INTRODUCTION

In the past few years, covalent organic polymers (COPs)
have emerged as a new class of materials because of their
unique physical, chemical, mechanical and electrical
properties, which are completely different from tradi-
tional linear or branched polymers.! COPs exhibit
wonderful applications in storage and separation,?! drug
delivery,m water treatment and CO, capture,m energy
conversion and storage,[s] adsorption,[6] as well as cataly-
sis.”) In addition, COPs have better stability against vari-
ous organic solvents, water, and even strong acidity or

A bipyridine-based covalent organic polymer (COP) was successfully synthe-
sized by condensation of trimesoyl chloride (TMC) and 2,2’-bipyridine-5,5’-
diamine (Bpy) under ambient conditions. This material was modified by
coordination of PdCl, to COP framework, affording a hybrid material,
Pd@TMC-Bpy COP, which was applied as a highly efficient heterogeneous cat-
alyst for Suzuki-Miyaura reaction under ligand-free conditions in ethyl lactate.
The catalyst could be reused for five times without obvious loss of its activity.

covalent organic polymer, ethyl lactate, heterogeneous catalyst, Suzuki-Miyaura reaction

alkalinity. These unique advantages of COPs would make
them more beneficial than other supports for uploading
active catalytic species (e.g. metals) for catalysis, espe-
cially those catalytic reactions that are carried out under
relatively stringent conditions. According to reports in
the literature, some COPs have been used as supports
for immobilized metals in various organic reactions, such
as nitroarene reduction,® Sonogashira cross-coupling,’
C-Se coupling reaction,'” and C-C coupling reactions.™")

Amide bonds are common and important in some
functional polymers and materials. Aromatic polyamides
are a class of high performance organic materials due to
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their excellent thermal, chemical and mechanical resis-
tance.!?! Bipyridine as a COP component has proven to
be a useful building block for these backbones because
of its excellent chemical stability and its ability to be used
in potentially metal-compatible coordination sites.'3! In
addition, biomass-derived ethyl lactate (EL) has good
properties such as stability, non-corrosiveness and good
solubility in water and organic compounds. It has
attracted wide attention as a new green medium and is
applied in some useful organic conversions.[**!

Among the catalytic reactions discovered in the last
century, the palladium-catalyzed Suzuki-Miyaura cross-
coupling reaction constitutes the most well-known and
the widely used method for carbon-carbon bond con-
struction method on a laboratory and industrial scale.!**’
Despite many successes have been achieved, unfortu-
nately, many of these reactions use phosphine ligands
or toxic organic solvents in a homogeneous process.
Heterogeneous catalysis has many advantages over
homogeneous catalysis, such as easy recovery,
recyclability, enhanced stability and lower degree of Pd
contamination in the final products. Immobilization of
Pd-based catalysts to some supported solid materials
such as carbon nanotubes,*® graphene,!'”! cellulose,!**
chitosan/starch, ! agar/pectin composite,®®! chitosan-
cellulose micro beads,!*!! agar,m] sporopollenin micro-
capsule,'*!  poly(4-((pyridine-2ylimino)methyl)benzene-
1,3-diol),* Ti0,,!**! montmorillonite K 10,12°! zeolite
Y27 hydrotalcites,'**! metal oxides,'*” porous glass,"!
carbon nanodiamond,*"! metal-organic frameworks,**
and magnetic nanoparticles'®* by physical adsorption or
chemical bonding is a good method for solving the
above problems. Although the rapid development of

immobilization of Pd-based catalysts has been achieved,
in some cases, the catalytic activities are lower than those
in their homogeneous counterparts, low recycle perfor-
mance due to leaching of Pd from the support, the cata-
lyst synthesis method is complicated, and high reaction
temperature is always required. Therefore, a highly
active, easily separable, reusable catalytic system is still
highly desirable for Suzuki-Miyaura reaction.

Based on the above analysis and continue our research
interest in the development of new catalytic systems for
organic conversions,>** herein, we describe a facile
method for the synthesis of bipyridine-containing
covalent organic polymer stabilized Pd as a catalyst for
Suzuki-Miyaura reaction under ligand-free conditions in
ethyl lactate.

2 | RESULTS AND DISCUSSION
2.1 | Preparation and characterization of
covalent organic polymer supported

palladium catalyst

To carry out this study, we prepared a bipyridine-
containing COP by the condensation of trimesoyl chlo-
ride (TMC) and 2,2'-bipyridine-5,5’-diamine (Bpy) by
mechanochemical method. The polymerization was
carried out in the presence of triethylamine under
solvent-free grinding conditions at room temperature.
The resulting dark yellow solid was collected and washed
with acetone in a Soxhlet extractor to remove residual
starting materials and by-products to give the designated
TMC-Bpy COP (Scheme 1). This synthetic process is fairly
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SCHEME 1 Preparation of PdA@TMC-Bpy COP
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simple, cost effective and environmentally friendly. Sub-
sequently, the obtained TMC-Bpy COP was treated with
PbCl, solution of toluene under reflux conditions to
afford a hybrid material, PdA@TMC-Bpy COP.

FT-IR spectra and XPS analysis were performed to
confirm the structure and chemical composition of the
COPs. As shown in the FT-IR spectra (Figure 1), the
absorption band for TMC-Bpy COP at 3350 cm™' was
assigned to the N-H stretching vibration of amide

5,5’-Diamino-2,2’-bipyridine
Mm\’v

TMC-Bpy COP
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FIGURE 1 IR spectra of Bpy, TMC, TMC-Bpy COP and

Pd@TMC-Bpy COP

a

@) [ —T™c-Bpy cOP |

; —’\_A

&

4 A

g [——Pd@TMC-Bpy COP |

= o pa2*
]

600 5;0 560 4;0 4(‘)0 3;0 360 250

Binding energy (eV)

——Secondary N
——— Pyridinic N

Intensity (a.u.)

Binding energy (eV)

(b) Pd 2* 3dg),
337.9 eV
- Pd 2* 3dy;,
] 343.2eV
& ;
z \
<

(d) Secondary N
——— Pyridinic N
399.94 eV
3
s
2z
@
=
$
£

408 406 404 402 400 398 396 394 392

Chemistry
linkage. The peak at 3025 cm™' was attributed to the
stretching vibrations of the aromatic C-H bond. The
C=0 stretching vibration of TMC-Bpy COP occurred at
1674 cm™ !, and has obvious difference to TMC (C=0
stretching vibration at 1760 cm_l), which indicated the
formation of amide bond between acyl chloride and the
amine. In addition, the analysis of elementary content
of the TMC-Bpy COP was as follows: C, 50.18, N, 11.39
and H, 11.36. Notably, FTIR spectra of PA@TMC-Bpy
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FIGURE 3 TGA profiles of TMC-Bpy COP and Pd@TMC-Bpy
cop
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FIGURE 2 XPS spectra of TMC-Bpy COP and PdA@TMC-Bpy COP: wide scan (a), high-resolution spectrum for the Pd 3d of PA@TMC-Bpy
COP (b), N 1 s of TMC-Bpy COP (c) and N 1 s of PdA@TMC-Bpy COP (d)
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COP has not any apparent change to TMC-Bpy COP,
which indicated the presence of PdCl, did not affect the
structure of TMC-Bpy COP.

The XPS patterns of the TMC-Bpy COP and Pd@TMC-
Bpy COP displayed chemical compositions of the mate-
rials (Figure 2). The XPS spectra of Ols, N1 s, and Cls
corresponded to 532, 400 and 285 eV, respectively. XPS
of PA@TMC-Bpy COP showed two strong peaks at
337.9 eV and 343.2 eV, which were assigned to 3ds,
and 3ds, states of Pd**, respectively, indicating the Pd
species is present in +2 oxidation states.*® In addition,

compared with the previously reported literature at
338.4 for free PACl,, the binding energy of 337.9 eV for
Pd** species in PA@TMC-Bpy COP shifted negatively by
0.5 eV, which indicated the palladium is coordinatively
boned to the nitrogen atom of TMC-Bpy COP. The N1 s
showed two peaks: 399.4 eV corresponding to the second-
ary nitrogen and 400.7 eV associated with the pyridinic
nitrogen in the TMC-Bpy COP matrix. As is konwn to
us, a strong Pd-N interaction can lead to differences in
the binding energy of nitrogen. Comparative N1 s of the
parent TMC-Bpy COP and Pd@TMC-Bpy COP before

FIGURE 4 SEM images of TMC-Bpy COP (a), PdA@TMC-Bpy COP (b), and TEM images of TMC-Bpy COP (c) and PdA@TMC-Bpy COP (d)

FIGURE 5 EDX spectra of PA@TMC-Bpy COP
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and after the Pd** modification, only pyridinic N shifted
positively 0.8 eV from 400.7 eV to 401.5 eV, which indi-
cated that strong interaction exist between the Pd species
and bipyridine moieties in the Pd@TMC-Bpy COP
framework.

The thermal stability of the cross-linked COPs was
evaluated by Thermogravimetric analysis (TGA) under
nitrogen atmosphere at a heating rate of 10 °C min ™"
(Figure 3). It was clear from this figures that there was
a little mass loss before 100 °C due to removal of the
adsorbed water, and further heating showed a slight
weight loss up to 331 °C for TMC-Bpy COP and 301 °C
for PA@TMC-Bpy COP. The chemical stability of
Pd@TMC-Bpy COP was also investigated by dispersing

Chemistry

the samples in different organic solvents such as H,O,
MeOH, EtOH, CH;CN, DMSO, DMF, CH,Cl,, THF, ethyl
acetate, ethyl lactate (EL) and toluene for two days at
room temperature. The sample was then collected by fil-
tration, washed with acetone and dried under vacuum.
To our delight, all samples also showed similar skeletal
connections in the FT-IR spectra. The results clearly
show that PA@TMC-Bpy COP has excellent thermal and
chemical stabilities.

The morphologies of TMC-Bpy COP and Pd@TMC-
Bpy COP were investigated by SEM and TEM
(Figure 4). The TMC-Bpy COP and Pd@TMC-Bpy COP
materials displayed good crystallinity and a regular struc-
ture. The TEM images indicated that TMC-Bpy COP and

TABLE 1 Optimization of the reaction conditions for the synthesis of compound 3a®

Orson e O

Pd@TMC-Bpy COF

solvent, base

3a

Entry Solvent Base Catalyst (mg) Temperature (°C) Time (h) Yield (%)°
1 H,0 K,CO; 20 Reflux 3.0 trace
2 Ethanol K,CO; 20 Reflux 2.0 81
3 THF K,CO; 20 Reflux 2.0 89
4 DMF K,CO3 20 Reflux 2.0 91
5 Toluene K,CO; 20 Reflux 2.0 92
6 EL/H,O (1:1) K,CO; 20 Reflux 3.0 63
7 EL K,COs 20 90 1.5 95
8 EL Cs,CO5 20 90 2.0 91
9 EL CH5;COONa 20 90 2.0 47
10 131L, Et;N 20 90 2.0 trace
11 EL K,CO;3 20 100 1.5 95
12 121L, K,CO; 20 80 1.5 92
13 EL K,CO; 20 60 2.0 71
14 1911, K,CO; 20 25 6.0 59
15 EL K,CO; 0 90 8.0 0
16 EL K,CO3 10 90 2.0 69
17 EL K,CO; 15 90 2.0 83
18 EL K,CO3 25 90 2.0 95
19¢ EL K,CO; 1.2 90 8.0 86
20¢ EL K,CO; 200 90 1.5 93
21°¢ EL K,CO; 20 90 1.5 92

Experimental conditions: bromobenzene (1.0 mmol), phenylboronic acid (1.2 mmol), catalyst (20 mg, 6.6 X 10~° mol of Pd), solvent (2 ml) under air, unless

otherwise specified in the Table 1.

*Isolated yields.

6.6 x 10~* mol% of PACl, was used as catalyst.
IThe reaction was carried out in 10 mmol scale.

€0.05 g poly(4-vinylpyridine) was added.
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Pd@TMC-Bpy COP have a sheet-like morphology. After maintained to some extent. The presence of Pd nanopar-
the incorporation of Pd, the sheet-like morphology of ticles on Pd @TMC-Bpy COP can be clearly distinguished
the original TMC-Bpy COP was observed to be as dark spots in Figure 4(d).

TABLE 2 Substrate scope of the couplings of aryl bromides with arylboronic acids®

Pd@TMC-Bpy COF
(oo, + {_)or FABTHCRRICOE,
R 2 El, 90 °C. R R2

1 R 2 3
Entry R R? Product Time (h) Yield (%)° TON TOF (h™) m.p. (°C)
1 H H 3a 1.5 95 143939 95959 70-71
2 H 3-0H 3b 1.5 94 142424 94949 164-165
3 H 4-OMe 3c 1.5 93 140909 93939 89-90
4 H 4-Me 3d 1.5 94 142424 94949 49-50
5 H 4-Cl 3e 2.0 91 137878 91918 78-79
6 H 4-NO, 3f 1.5 95 143939 95959 60-61
7 H 4-CN 3g 1.5 95 143939 95959 85-86
8 H 4-CHO 3h 1.5 93 140909 93939 60-61
9 3-OMe H 3i 1.5 93 140909 93939 89-90
10 4-Et H 3j 1.5 91 137878 91918 46-47
11 4-CMe, H 3k 1.5 93 140909 93939 53-54
12 4-F H 31 1.5 89 134848 89899 74-75
13 4-Cl H 3m 1.5 90 136364 90909 78-79
14 4-Br H 3n 1.5 95 143939 95959 91-92
15 3-OMe 4-OMe 30 1.5 92 139394 92929 60-61
16 3-OMe 4-Me 3p 1.5 91 137878 91918 80-81
17 3-OMe 4-CN 3q 1.5 95 143939 95959 oil
18 3-OMe 4-CHO 3r 1.5 90 136364 90909 oil
19 4-Me 4-OMe 3s 1.5 92 139394 92929 112-113
20 4-Me 4-Me 3t 1.5 92 139394 92929 125-126
21 4-Me 4-CN 3u 1.5 95 143939 95959 112-113
22 4-Me 4-NO, 3v 1.5 93 140909 93939 139-140
23 4-Me 4-CHO 3w 1.5 91 137878 91918 106-107
24 4-CMe; 4-OMe 3x 1.5 94 142424 94949 127-128
25 4-CMe; 4-Me 3y 1.5 93 140909 93939 75-76
26 4-CMe; 4-CN 3z 1.5 95 143939 95959 134-135
27 4-CMe; 4-CHO 3aa 1.8 93 140909 93939 103-104
28 4-Br 4-OMe 3ab 1.5 94 142424 94949 143-144
29 4-Br 4-Cl 3ac 1.5 91 137878 91918 147-148
30 4-Br 4-NO, 3ad 1.5 95 143939 95959 173-174
31 4-Br 4-CN 3ae 1.5 95 143939 95959 144-145
32 4-Br 4-CHO 3af 1.5 93 140909 93939 138-139

Experimental conditions: aryl halides (1.0 mmol), aryl boronic acid (1.2 mmol), potassium carbonate (1.5 mmol), PA@TMC-Bpy (20 mg, 6.6 x 10~* mol% of
Pd), ethyl lactate (2 ml) under air at 90 °C. TON: (turnover number, yield of product/per mol of Pd). TOF: (turn over frequency, TON/time of reaction).18a

*Isolated yield.
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Additionally, The EDS spectrum of Pd @TMC-Bpy
COP clearly exhibited the existence of C, N, O, Pd and
Cl elements (Figure 5). This result also revealed that Pd
(IT) catalyst was obtained. Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) confirmed the
amount of Pd in PA@TMC-Bpy COP as 3.54 wt%.

2.2 | Evaluation of the catalytic activity of
Pd@TMC-Bpy COP for Suzuki-Miyaura
reaction

Thereafter the successful synthesis and characterization
of PA@TMC-Bpy COP, its catalytic activity was then eval-
uated in Suzuki-Miyaura coupling reaction, one of the
representative Pd-catalyzed reactions. Some control
experiments were conducted using bromobenzene and
phenylboronic acid as model substrates to optimize the
reaction conditions by varying different parameters such
as solvent, base, temperature as well as the loading of
the catalyst. Some representative results were shown in
Table 1. At first, the solvent effect was examined
(Table 1, entries 1-7). It was found that ethyl lactate
(EL) was the most suitable solvent for the reaction in
terms of yield and the reaction rate. Subsequently, a brief
screening of bases revealed that K,CO; was the most
effective one. Furthermore, by monitoring the reaction
at various temperatures, it was found that the reaction
temperature of 90 °C was the best choice. Finally, optimi-
zation of the loadings of the catalyst showed that 20 mg
catalyst gave the optimal yield of 3a. Increasing the
amount of catalyst had no significant effect on the reac-
tion yield (Table 1, entry 18). When the reaction was con-
ducted with a lower catalyst loading, the product 3a was
furnished in lower yields. Control experiment revealed
that the formation of the desired product was not
observed in the absence of a catalyst. The homogenous
catalyst PdCl, was tested and it gave lower yield in com-
parison with PdA@TMC-Bpy COP (entry 19). Therefore,
we inferred that the optimum reaction conditions were
achieved with K,CO5 as the base in EL at 90 °C in the
presence of 20 mg of catalyst (Table 1, entry 7).

To explore the practical utility of this method, a gram-
scale experiment was performed with bromobenzene
(10.0 mmol), phenylboronic acid (12.0 mmol) and catalyst
(200 mg) in EL (20 ml). As anticipated, the desired 3a was
formed with minimal loss of yield (93%), which suggested
that the methodology is an economic and practical pro-
cess for the preparation of various biphenyl products.

After the reaction conditions were established, the
generality of this new protocol was evaluated in Suzuki-
Miyaura reactions against a variety of substituted
arylboronic acids with aryl halides. As illustrated in

Chemistry

Table 2, the current reaction system was suitable for a
wide range of aryl bromides with phenyl boronic acid
under the optimized conditions. No matter whether the
benzene ring of aryl bromides was substituted with either
an electron-donating or electron-withdrawing group, all
of them delivered the desired products in good to excel-
lent yields (Table 2, entries 1-8). Importantly, a variety
of functional groups, such as free OH, methoxy, methyl,
nitrile, and aldehyde functionalities were all compatible
with the reaction conditions. We were pleased to find that
the current method is also applicable for aryl bromides
bearing chloro substituent to afford the corresponding
products 3e and 3ac in high yields. Subsequently, a series
of arylboronic acids were investigated under the optimal
conditions. Phenyl boronic acid or the substituted
arylboronic acids with either an electron-donating-group
(such as -OMe, —Me and -CMe;, entries 9-11) or an
electron-withdrawing group (such as -F, —-Cl, -Br, entries
12-14) were well tolerated in this transformation, deliver-
ing the biphenyl product in excellent yields, indicating
that the electronic effect on arylboronic acids was insen-
sitive in current system. In addition, TON and TOF
values are the key parameters for industrial applica-
tions,*! they were calculated for very reaction and are
presented in Table 2.

Furthermore, this catalytic system allowed for the cou-
pling with heteroatom-containing arylboronic acids such
as pyridin-4-ylboronic acid and thiophen-3-ylboronic acid
under the optimal conditions, known as a less efficient
reagent, to provide 72% and 63% isolated yields for the
corresponding cross-coupling products 4a and 4b, respec-
tively (Scheme 2).

In addition, the optimized conditions were used to
synthesize polyaromatic compounds via dual Suzuki-
Miyaura couplings formation of two C-C bonds in a

NF Pd@TMC-Bpy COF
e W) PO o~
EL,90°C, 6 h
B(OH)2 N aa, 72%
B(OH)»
Br + ==
e T

SCHEME 2 Synthesis of biaryls using heteroaryl boronic acids

Pd@TMC-Bpy COF ¢\

EL,90°C,6h 4b, 63%

Br@Br
S s o ()T

+ 0
EL, 90 °C, 2h 6aR=H,91%

6b R = Et, 93%
2 ROB(OH)Z o

6c R = CN, 90%
SCHEME 3 Synthesis of terphenyl via dual Suzuki-Miyaura
couplings
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single operation (Scheme 3). Indeed, the dual Suzuki-
Miyaura couplings between dibromoaryl (5) and two
molecules of arylboric acids have been performed to
produce terphenyl and its derivatives with excellent
yields. The reaction was exhaustive dual couplings, no
monocoupling product was observed.

3 | RECYCLABILITY OF
SUPPORTED CATALYST

The reusability and durability of the catalyst were investi-
gated by performing model reaction under the optimal
conditions. After completion of the reaction, the catalyst
was recovered by filtration, washed with ethyl acetate

and then dried at 60 °C under reduced pressure. The recov-
ered catalyst was reused for the subsequent catalytic runs
without further activation (Figure 6). It was found that
the stability and efficiency of Pd/COP are constant even
after five cycles of testing. The TEM and SEM images
showed that no obvious change was observed in morphol-
ogy and size of the PA@TMC-Bpy COP after five runs
(Figure 7). The FT-IR spectrum of the recovered
Pd@TMC-Bpy COP also showed no significant change in
functionality. Leaching of Pd from the solid catalyst in
the filtrate was also analyzed by ICP-MS. It was found that
the Pd content in the solution was less than 1.0 ppm even
after five reaction cycles. This indicates that the Pd catalyst
is heterogeneous and remains on the support under the
reaction conditions. Further check of the heterogeneous
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FIGURE 7 SEM (a) and TEM (b) images of recovered Pd@TMC-Bpy COP
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nature of the catalyst, poisoning test was also performed
on the model reaction.’®® When commercially available
poly(4-vinylpyridine) was added to the reaction mixture
before starting the reaction, no significant inhibition reac-
tion was observed (Table 1, entry 21), which clearly dem-
onstrates that our novel catalyst is heterogeneous in
nature.%”!

4 | CONCLUSION

In summary, a bipyridine functionalized COP has been
successfully prepared by a simple and environmentally
friendly mechanochemical grinding method by condensa-
tion of trimesoyl chloride and 2,2’-bipyridine-5,5'-
diamine under solvent-free and room temperature condi-
tions. The prepared COP stabilized Pd catalyst show high
catalytic activity for Suzuki-Miyaura reaction in ethyl
lactate under ligand-free conditions. The catalysts could
be conveniently separated from the products and reused
without significant loss of catalytic activity.

5 | EXPERIMENTAL
5.1 | Instruments and reagents

All solvents and chemicals were obtained commercially
and were used without further purification unless
otherwise stated. 2,2’-Bipyridine-5,5’-diamine (Bpy) was
prepared according to the method reported in the
literature.!*®! Surface morphology and particle size were
investigated using a Hitachi S-4800 SEM instrument.
Transmission electron microscope (TEM) observation
was performed at 80 KV using Hitachi H-7650 micro-
scope. Melting points were determined on X-5 apparatus
and were uncorrected. The IR spectra were obtained with
KBr pellets in the range of 400-4000 cm™' using a
Thermo Fisher is50 spectrometer. The 'H NMR and °C
NMR spectra were recorded on a Bruker AV III-500 or
Zhongke Niujin AS 400 spectrometer using TMS as inter-
nal standard. The ICP-MS analyses were carried out with
a X Series 2 spectometer.

5.2 | Synthesis of TMC-Bpy COP

Trimesoyl chloride (2.64 g, 10 mol) and 2,2’-bipyridine-
5,5’-diamine (1.86 g, 15 mmol) were placed in an agate
mortar to ground with pestle at room temperature. After
15 minutes, a dark yellow color solid was formed. After
that time, 30 drops of triethylamine were added and the
mixture was ground for further 30 minutes. The resulting
dark yellowish solid was washed with acetone in a

Applied
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Soxhlet extractor for 24 hr and dried in vacuo at 80 °C
overnight to afford a brown COP in 85% isolated yield.

5.3 | Synthesis of PA@TMC-Bpy COP

In a round bottom flask, 600 mg TMC-Bpy COP was
treated with palladium chloride (177 mg, 1 mmol) in
100 ml of toluene under N, atmosphere and the reaction
mixture allowed to stir at 110 °C for about 12 hr until the
color of solid from yellow to gray. The solid was isolated
from reaction mixture and washed with acetone in a
Soxhlet extractor for 24 hrs and dried in vacuo at 80 °C.

5.4 | General procedure for
Suzuki-Miyaura coupling reaction

Aryl halides (1.0 mmol), aryl boronic acid (1.2 mmol),
potassium carbonate (1.5 mmol) and Pd@TMC-Bpy
(20 mg) were added to 2 ml ethyl lactate in a round bot-
tom flask. Then the reaction mixture was allowed to stir
at 90 °C and the progress of the reaction was monitored
by TLC. After completion of the reaction, the catalyst
was separated by filtration. The mixture was diluted with
H,0 and the product was extracted with EtOAc. The
combined organic layer was washed with brine and dried
over Na,SO,. The crude product was purified by column
chromatography to give the desired pure product. The
characterization data and copies of '"H NMR and '*C
NMR spectra of all products have been provided in the
Supporting Information.

5.5 | Selected spectra data of some
products

4-Fluoro-1,1’-biphenyl (31)

White solid; m.p. 74-75 °C; IR (KBr): 2934, 1207, 1053,
758, 588; 'H NMR (400 MHz, CDCl;) § 7.62-7.59 (m,
4H), 7.49 (t, 2H, J = 7.6 Hz), 7.40 (t, 1H, J = 7.4 Hz),
7.20-7.15 (m, 2H) ppm. *C NMR (100 MHz, CDCl;) &
162.5 (d, Jo.r = 245.0 Hz), 140.3, 137.3, 128.8, 128.7 (d,
Jep = 8.0 Hz), 127.3,127.1, 115.6 (d, Jo.r = 21.0 Hz) ppm.

3-Phenylthiophene (4b)

Yellow solid; m.p. 91-92 °C; IR (KBr): 2996, 1611,
1522,1429, 903; 'H NMR (400 MHz, CDCly) § 7.67 (d,
2H, J = 8.4 Hz), 7.52 (s, 1H), 7.49-7.43 (m, 4H), 7.40-
7.34 (m, 1H) ppm. *C NMR (100 MHz, CDCl;) § 142.4,
135.9, 128.8, 127.2, 126.4, 126.3, 126.2, 120.4 ppm.

4,4"-Diethyl-1,1":4’ 1”-terphenyl (6b)
White solid; m.p. 278-279 °C; IR (KBr): 3027, 2897, 1601,
1511, 841; 'H NMR (400 MHz, CDCls) & 7.72-7.68 (m,
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4H), 7.62 (d, 4H, J = 8.4 Hz), 7.35 (d, 4H, J = 8.4 Hz), 2.76
(q,4H,J = 7.6 Hz), 1.34 (t, 6H, J = 7.6 Hz) ppm. 13C NMR
(100 MHz, CDCl;) 6 143.4, 139.8, 138.2, 128.4, 127.3,
126.9, 28.5, 15.6 ppm.

[1,1:4’1”-Terphenyl]-4,4”-dicarbonitrile (6c)

White solid; m.p. 296-297 °C; IR (KBr): 3033, 2215, 1625,
1500, 832; 'H NMR (400 MHz, CDCL) & 7.77 (t, 4H,
J = 7.6 Hz), 7.70-7.64 (m, 6H), 7.49 (d, 2H, J = 8.8 Hz)
ppm. *C NMR (100 MHz, CDCls) § 144.5, 138.1, 132.7,
132.3, 128.8, 127.6, 111.4 ppm.
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