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Anchored palladium bipyridyl complex in nanosized
MCM-41: a recyclable and efficient catalyst

for the Kumada–Corriu reaction
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Abstract—A palladium bipyridyl complex anchored onto nanosized mesoporous silica MCM-41 catalyzed the cross-coupling of aryl iodides
or bromides with Grignard reagents to provide the corresponding biaryls in high yields. The reaction proceeded smoothly with an equal molar
amount of substrate and Grignard reagent in the presence of 0.2–0.02 mol % of catalyst in THF at 50 �C or under refluxing conditions. The
catalyst prepared may be used in a very low percentage, recovered after reaction, and re-used.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Transition metal-catalyzed cross-coupling of carbon–carbon
bonds is one of the most powerful tool in organic synthesis.1

Among these reactions, the use of nickel and palladium com-
plexes for the coupling of aryl halides and Grignard reagents
is known as the Kumada–Corriu reaction,2,3 which provides
a direct and efficient method for the formation of substituted
aromatic compounds in industrial processes.4 In recent
years, the development of the catalysts, particularly those
recyclable for this reaction has received much attention
due to their industrial applications. In this context, the
immobilization of metal complexes onto solid supports to
develop heterogeneous catalysts with high activities and
selectivities appears to be an interesting approach. For exam-
ple, Lipshutz and co-workers have reported C–C coupling
reactions using Ni/C as a catalyst,5 whereas Styring and
co-workers have demonstrated that salen-type Ni(II) com-
plexes immobilized onto a Merrifield resin appears to be
a good recyclable catalyst.6 Furthermore, salen-type Ni(II)
complexes on functionalized silica gel can be applied in
a mini-continuous flow system or in a batch reactor.7

Ordered mesoporous silica materials such as MCM-41 and
SBA-15 have been widely used as supports for various
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catalysts because of their high surface area, tunable and
uniform pore size, facile separation from reaction mixtures
and easily recyclable nature. A desirable approach is to
immobilize a homogeneous catalyst on such mesoporous
materials without losing its activity.8 Supported homo-
geneous catalysts can offer the selectivity of homogeneous
catalysts and the easy separation of heterogeneous catalysts.
To date, several palladium complexes have been tethered on
MCM-41 for use as catalysts in organic reactions, such as the
Heck reaction,9 Suzuki reaction,10 hydrocarboxylation,11

hydrogenation,12 azide reduction,13 Sonogashira coupling14

and indole formation.15 However, there have been no previ-
ous reports on the immobilization of palladium complexes
on ordered mesoporous supports for use in the Kumada–
Corriu reaction. Recently, we reported the preparation of
palladium bipyridyl complex grafted onto nanosized meso-
porous silica (denoted as NS-MCM-41-Pd, Fig. 1) and
showed its excellent activity as well as recyclability in the
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Figure 1. Nanosized MCM-41-Pd.
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Heck reaction.9f The major advantage of this NS-MCM-41-
Pd with highly connective wormhole-like pores is that the
reactants, salts and products are easily exchanged through-
out the nanochannels to avoid the saturation of activity.16

Continuing in this direction, in this paper we present the
utilization of NS-MCM-41-Pd as the catalyst for the
Kumada–Corriu coupling reaction (Scheme 1).

NS-MCM-41-Pd (0.2-0.02 mol%)
ArX   +    Ar'MgBr

THF,
Ar Ar'

X = I, Br

Scheme 1. Kumada–Corriu reaction.

2. Results and discussion

2.1. Preparation of palladium bipyridyl anchored
nanosized MCM-41

Nanosized MCM-41 was synthesized according to the previ-
ously published procedure,17 and the size of the particles
obtained was in the range of 70–120 nm, with an average
pore diameter of ca. 2.7 nm and a surface area of
1019 m2 g�1. Reaction of 1 with 3-aminopropyltriethoxysi-
lane (APTS) in the presence of Et3N at 50 �C for 6 h resulted
in the formation of the silylated bipyridine 2 in 96% yield.
PdCl2(PhCN)2 was one of the best starting materials for
the preparation of the palladium bipyridyl complex due to
the weakly coordinated benzonitrile ligand. Thus treatment
of PdCl2(PhCN)2 with 2 in dried toluene afforded the forma-
tion of palladium bipyridyl complex 3, which was subse-
quently subjected to the co-condensation reaction with the
surface silanol groups on the pore wall of nanosized
MCM-41. The unreacted silanol groups on the silica surface
were then silylated by the addition of chlorotrimethylsilane
at 70 �C to make the surface hydrophobic (Scheme 2). From
the N2 adsorption–desorption isotherms, NS-MCM-41-Pd
was found to have a BET (Brunner–Emmett–Teller) surface
area of 777 m2 g�1 and a narrow pore size distribution of
2.5 nm, indicating that the mesostructure of the silica re-
mains intact. The amount of Pd complex anchored on the
wall of nanosized MCM-41 was found to be 0.15 mmol g�1

by ICP mass analysis.

2.2. Activity and recycling studies on NS-MCM-41-Pd

Initially, we chose the reaction of iodobenzene (1.0 equiv)
with 4-methoxyphenylmagnesium bromide (1.25 equiv) in
the presence of NS-MCM-41-Pd (0.2 mol %) to examine
the feasibility of this approach. The reaction proceeded
smoothly at 50 �C and produced 99% yield of the desired
product within 3 h (Table 1, entry 1). It has been found
that the MgBr2 precipitate generated in the reaction would
be deposited on the pore surface, causing a decrease in cat-
alytic activity.7 In our system, the MgBrI salt did not slow
down the reaction, presumably due to the short and highly
connective channels in the mesostructures of NS-MCM-
41-Pd, which provide good transport of the reactants and
products. After the reaction, the catalyst was recovered by
centrifugation, washed with 3 N HCl aqueous solution and
THF, and dried under vacuum overnight. The recovered
NS-MCM-41-Pd was then re-used in the same reaction; it
was found that the catalyst retained the same level of activity
for three more runs (entry 1), indicating the stability of the
catalyst after the workup. Reactions of other combinations
of aryl iodides and aryl Grignard reagents proceeded simi-
larly (entries 2 and 3).

2.3. The Kumada–Corriu reaction of aryl halides
with Grignard reagents

The results of the NS-MCM-41-Pd-catalyzed cross-coupling
of aryl iodides with various Grignard reagents for a single
batch reaction are shown in Table 2. All of the products
were purified by column chromatography and identified by
comparison with authentic samples. In the case of iodobenz-
ene, even with ratios of substrate to catalyst up to 2000, the
N N

(i)

N N

HN NH

(EtO)3Si Si(OEt)3
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1

2

3

Scheme 2. Preparation of NS-MCM-41-Pd: (i) H2N(CH2)3Si(OEt)3, Et3N, THF, 50 �C, 6 h; (ii) PdCl2(PhCN)2, toluene, rt and (iii) NS-MCM-41, toluene,
reflux, 48 h, then Me3SiCl, 70 �C.

Table 1. Recycling studies of the NS-MCM-41-Pd for the coupling of aryl iodides with arylmagnesium bromidesa

Entry Aryl iodide Ar0MgBr t (h) Yieldb (%)

First cycle First recycle Second recycle Third recycle

1 C6H5I 4-CH3OC6H4MgBr 3 99 98 99 95
2 C6H5I 2-C4H3SMgBr 2 95 99 92 91
3 4-CH3OC6H4I C6H5MgBr 3 98 99 98 94

a Reaction conditions: in THF at 50 �C. [ArI]/[Ar0MgBr]/[Pd]¼500/625/1.
b GC yields.
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Table 2. Cross-coupling reactions of aryl iodides with Grignard reagents catalyzed by NS-MCM-41-Pda

Entry Aryl iodide Ar0MgBr Pd (mol %) t (h) Yieldb (%) TON

Ar–Ar0 Ar0–Ar0

1 C6H5I C6H5MgBr 0.05 8 98 (90) 0 1960
2 C6H5I 2-C4H3SMgBr 0.05 20 97 (91) 0 1940
3 C6H5I 4-CH3OC6H4MgBr 0.05 24 (95) 0 1900
4 C6H5I CH2]CHMgBr 0.2 3 67 NDc 335
5 4-CH3C6H4I C6H5MgBr 0.05 16 97 (89) 10 1940
6 4-CH3C6H4I 2-C4H3SMgBr 0.2 3 (82) 0 410
7 4-CH3C6H4I 4-CH3OC6H4MgBr 0.2 3 (76) 0 380

a Reaction conditions: in THF at 50 �C. [ArI]/[Ar0MgBr]¼1/1.25.
b GC yields. Isolated yields are given in parenthesis.
c Not detected.
turnover numbers can reach 1960 (Table 2, entries 1–3).
Remarkably, it was found that vinylmagnesium bromide
can also be employed in this coupling reaction to produce
styrene in good yield (entry 4). As illustrated in entries 5–
7, other aryl iodides such as 4-iodotoluene also underwent
the reaction smoothly, leading to the formation of the desired
products in high yields. Except for entry 5, homocoupling
products were not observed.

With regard to aryl bromides, higher reaction temperatures
together with the addition of PPh3 are required (Table 3).
As the oxidative addition for aryl bromides is slower than
that of the iodides, the addition of PPh3 presumably stabi-
lizes the palladium species before oxidative addition occurs.
As shown in entries 1–3 of Table 3, bromobenzene reacted
with aryl- and 2-thienylmagnesium bromides to produce
the corresponding products in high yields. The use of toluene
as a solvent for the coupling of bromobenzene and 4-
methoxyphenylmagnesium bromide showed similar activity
as in THF (entries 3 and 4). For electron-rich substrates such
as 4-bromoanisole, the reaction provided not only the cross-
coupling product but also a small amount of homocoupling
by-products (entries 5–7). The coupling reaction of sterically
hindered 2-methoxybromobenzene and 2-bromomesitylene
with Grignard reagents did occur although a longer reaction
time was required (entries 8–10).

As expected, the oxidative addition of a C–Cl bond to
palladium did not occur in this system, so the reaction of
4-bromochlorobenzene with aryl- and heteroarylmagnesium
bromides resulted in the formation of chloro-substituted
biaryl compounds. It should be noted that the amount of
Pd loading for a single run can be as low as 0.02 mol %.
Under such condition, cross-coupling products were ob-
tained in high yields along with only a small amount of
homocoupling by-products (entries 11–13). Attempts to
activate the aryl chloride bond by the addition of PPh2Me,
PPhMe2 and PMe3 instead of PPh3 were unsuccessful. The
Kumada–Corriu reaction could be achieved using heteroaryl
bromides. For example, 2-bromothiophene reacted with
arylmagnesium bromides effectively, producing biaryls
in high yields (entries 14–16). 3-Bromothiophene gave
a slower reaction; the products were obtained in moderate
yields (entries 17–19). In the case of using 4-methoxy-
phenylmagnesium bromide, the homocoupling by-product,
4,40-dimethoxybiphenyl, was formed in significant amount
Table 3. Cross-coupling reactions of aryl bromides with Grignard reagents catalyzed by NS-MCM-41-Pda

Entry Aryl bromide Ar0MgBr Pd (mol %) t (h) Yieldb (%) TON

Ar–Ar0 Ar0–Ar0

1 C6H5Br C6H5MgBr 0.05 16 94 0 1880
2 C6H5Br 2-C4H3SMgBr 0.2 8 88 (63) 0 440
3 C6H5Br 4-CH3OC6H4MgBr 0.05 24 (90) 0 1800
4c C6H5Br 4-CH3OC6H4MgBr 0.05 24 (90) 0 1800
5 4-CH3OC6H4Br C6H5MgBr 0.05 24 98 12 1960
6 4-CH3OC6H4Br 2-C4H3SMgBr 0.2 12 80 3 400
7 4-CH3OC6H4Br 4-CH3OC6H4MgBr 0.05 24 (92) 2 1840
8 2-CH3OC6H4Br C6H5MgBr 0.2 24 99 8 495
9 2-CH3OC6H4Br 2-C4H3SMgBr 0.2 24 95 6 475
10 2-Bromomesitylene 4-CH3OC6H4MgBr 0.2 36 93 0 465
11 4-BrC6H4Cl C6H5MgBr 0.02 24 98 (82) 17 4900
12 4-BrC6H4Cl 2-C4H3SMgBr 0.02 36 98 (97) 5 4900
13 4-BrC6H4Cl 4-CH3OC6H4MgBr 0.02 48 (85) 10 4250
14 2-Bromothiophene C6H5MgBr 0.2 15 99 0 495
15 2-Bromothiophene 2-C4H3SMgBr 0.2 24 95 (75) 0 475
16 2-Bromothiophene 4-CH3OC6H4MgBr 0.05 18 87 3 1740
17 3-Bromothiophene C6H5MgBr 0.2 40 (61) 0 305
18 3-Bromothiophene 2-C4H3SMgBr 0.2 48 47 (40) 5 235
19 3-Bromothiophene 4-CH3OC6H4MgBr 0.2 24 (59) 20 295
20d Benzyl bromide C6H5MgBr 0.2 3 82 (70) 4 410

a Reaction conditions: in refluxed THF. [ArBr]/[Ar0MgBr]¼1/1.25, [PPh3]/[Pd]¼2/1.
b GC yields. Isolated yields are given in parenthesis.
c In toluene at 90 �C.
d At room temperature in the absence of PPh3.
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(entry 19). This system could also be successfully applied to
the coupling of benzyl bromide with phenylmagnesium bro-
mide. In this way, diphenylmethane was obtained in 82% yield
at room temperature without the addition of PPh3 (entry 20).

2.4. Leaching test for NS-MCM-41-Pd

It would be a concern if the leaching of active species into
the solution is substantial. A hot-filtration experiment was
performed to check the leaching of Pd species. After
30 min of reaction at 50 �C, the coupling of iodobenzene
with 4-methoxyphenylmagnesium bromide in the presence
of 0.2 mol % NS-MCM-41-Pd gave 4-methoxybiphenyl in
35% GC yield. The reaction mixture was filtered through
a dried Celite pad under nitrogen to remove any undissolved
fine particles and magnesium salt. The clear filtrate was then
stirred at 50 �C and followed by GC. We found that after the
removal of NS-MCM-41-Pd, the yield of the cross-coupling
product stayed around 40% during the period 0.5–3 h
(Fig. 2). The yield increases only slightly after filtration. In
contrast, if the catalyst was not filtered off, the yield would
reach 99% at 3 h (Table 1, entry 1). In addition, the clear
filtrate analyzed by atomic absorption showed less than
3 ppm of palladium in the reaction media. The amount of Pd
leaching is slight, comparable to that of mesoporous silica-
supported palladium catalysts for other types of carbon–
carbon bond cross-coupling reactions.15,16,18

3. Conclusion

We have shown that NS-MCM-41-Pd can catalyze the cou-
pling of various aryl halides with arylmagnesium bromides
to yield the corresponding biaryls in good to high yields.
The loading of Pd in a single batch reaction can be reduced
to as low as 0.02 mol %. The nanosized MCM-41 provides
easy transport of the reactants and products such that no
loss of activity was observed after prolonged use. The cata-
lyst can be easily recovered and re-used several times with-
out loss of activity. Further work is in progress to develop
new carbon–carbon bond formations catalyzed by this
catalytic system.
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Figure 2. Plot of yields versus time for the hot-filtration experiment. The
NS-MCM-41-Pd was filtered off after 0.5 h reaction at 50 �C. [C6H5I]/[4-
CH3OC6H4MgBr]/[Pd]¼500/625/1.
4. Experimental

4.1. General

All reactions involving air- and moisture-sensitive condi-
tions were carried out in a dry nitrogen atmosphere. THF
and toluene were distilled from sodium benzophenone ketyl.
The chemicals were purchased from commercial suppliers
and were used without further purification. 4,40-Bis(bromo-
methyl)-2,20-bipyridine 1,19 PdCl2(PhCN)2

20 and nanosized
MCM-4117 were prepared according to previously published
procedures. Melting points were recorded using melting
point apparatus and were uncorrected. All 1H and 13C
NMR spectra were recorded in CDCl3 or C6D6 solution at
25 �C on Varian 400 NMR spectrometer. GC analysis was
performed on SRI 8610C equipped with a fused silica
capillary column.

4.2. Preparation of the functionalized bipyridine
ligand (2)

Et3N (1.1 mL, 10 mmol) and 3-aminopropyltriethoxysilane
(1.18 mL, 10 mmol) were added to a solution of 4,40-bis-
(bromomethyl)-2,20-bipyridine 1 (0.171 g, 0.5 mmol) in
THF, and the mixture was stirred at 50 �C for 6 h. After cool-
ing the solution to room temperature, hexane (20 mL) was
added and the mixture was filtered through a short MgSO4

column to remove the ammonium salt. The clear solution
was then concentrated and dried under vacuum at 50 �C
for 24 h to produce the title compound as a pale yellow vis-
cous oil in 96% yield. 1H NMR (C6D6, 400 MHz) d 0.67–
0.73 (m, 4H), 1.14 (t, J¼7.0 Hz, 18H), 1.63–1.68 (m, 4H),
2.42 (t, J¼7.0 Hz, 4H), 3.50 (s, 4H), 3.75 (q, J¼7.0 Hz,
12H), 7.07 (d, J¼4.2 Hz, 2H), 8.57 (d, J¼4.2 Hz, 2H),
8.78 (s, 2H); 13C NMR (C6D6, 100 MHz) d 8.4 (2C), 18.6
(6C), 23.8 (2C), 52.4 (2C), 53.0 (2C), 58.4 (6C), 120.7
(2C), 123.1 (2C), 149.3 (2C), 151.2 (2C), 156.8 (2C).
HRMS: m/z Calcd for C30H54N4O6Si2, 622.3582; found,
622.3539.

4.3. Preparation of palladium grafted nanosized
MCM-41

A solution of palladium complex 3 prepared in situ by
mixing ligand 2 (299 mg, 0.48 mmol) and PdCl2(PhCN)2

(184 mg, 0.48 mmol) in toluene (20 mL) under nitrogen
for 0.5 h was transferred into a toluene (20 mL) suspension
of fresh calcined nanosized MCM-41 (3.0 g). The mixture
was stirred under reflux for 48 h. After cooling to 70 �C,
chlorotrimethylsilane (1.5 mL) was added to consume the
unreacted silanol groups. Upon cooling, the light yellow-
brown suspension was collected by centrifugation, subse-
quently washed with toluene, MeOH, H2O and acetone
(2�40 mL for each washing), and dried under vacuum
overnight to afford a pale yellow solid. The amount of Pd
complex anchored on the wall of nanosized MCM-41 was
quantified to be 0.15 mmol g�1 by ICP mass analysis.

4.4. General procedure for the Kumada–Corriu
reaction using NS-MCM-41-Pd

Under a nitrogen atmosphere, a Schlenk tube was charged
with NS-MCM-41-Pd (40 mg, 6.0�10�3 mmol), aryl halide
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(12.0 mmol; for aryl bromide, 1.2�10�2 mmol of PPh3 was
added), THF (20 mL) and Grignard reagent (15.0 mmol).
The mixture was stirred at 50 �C or under refluxing con-
ditions. After cooling to room temperature, 3 N HCl was
added and extracted with EtOAc. The organic layer was
dried over MgSO4 and the solvent was removed under
vacuum. Column chromatography on silica gel afforded
the desired product.

4.4.1. 4-Methoxybiphenyl. White solid. Mp 85–87 �C from
EtOH (lit.21 89 �C). 1H NMR (CDCl3, 400 MHz) d 3.85 (s,
3H), 6.95 (d, J¼6.8 Hz, 2H), 7.30–7.32 (m, 1H), 7.40–
7.43 (m, 2H), 7.51–7.55 (m, 4H); 13C NMR (CDCl3,
100 MHz) d 55.5, 113.9 (2C), 126.3, 126.4 (2C), 127.7
(2C), 128.3 (2C), 133.3, 140.3, 158.5.

4.4.2. 2-Phenylthiophene. White solid. Mp 35–36 �C from
EtOH (lit.21 35 �C). 1H NMR (CDCl3, 400 MHz) d 7.07–
7.09 (m, 1H), 7.26–7.32 (m, 3H), 7.36–7.40 (m,
2H), 7.61–7.63 (m, 2H); 13C NMR (CDCl3, 100 MHz)
d 122.7, 124.4, 125.6 (2C), 127.0, 127.6, 128.5 (2C),
133.9, 143.9.

4.4.3. Biphenyl. White solid. Mp 71–72 �C from EtOH
(lit.22 70–71 �C). 1H NMR (CDCl3, 400 MHz) d 7.20–7.75
(m, 10H); 13C NMR (CDCl3, 100 MHz) d 126.8 (2C),
126.9 (4C), 128.3 (4C), 140.8 (2C).

4.4.4. Styrene. Colourless liquid.23 1H NMR (CDCl3,
400 MHz) d 5.30 (d, J¼10.8 Hz, 1H), 5.81 (d, J¼17.6 Hz,
1H), 6.78 (dd, J¼10.8, 17.6 Hz, 1H), 7.29–7.30 (m, 1H),
7.32–7.40 (m, 2H), 7.46–7.48 (m, 2H); 13C NMR (CDCl3,
100 MHz) d 113.5, 125.8 (2C), 127.4, 128.1 (2C), 136.4,
137.0.

4.4.5. 4-Methylbiphenyl. White solid. Mp 43–45 �C from
EtOH (lit.24 44.5–46.5 �C). 1H NMR (CDCl3, 400 MHz)
d 2.42 (s, 3H), 7.24–7.28 (m, 2H), 7.32–7.36 (m, 1H),
7.42–7.51 (m, 2H), 7.51–7.53 (m, 2H), 7.58–7.61 (m,
2H); 13C NMR (CDCl3, 100 MHz) d 21.5, 126.6, 128.3
(2C), 128.4 (2C), 129.0 (2C), 129.1 (2C), 136.5, 137.9,
140.6.

4.4.6. 2-p-Tolylthiophene. White solid. Mp 67–69 �C from
EtOH (lit.25 63–64 �C). 1H NMR (CDCl3, 400 MHz) d 2.37
(s, 3H), 7.05–7.07 (m, 1H), 7.18 (d, J¼7.8 Hz, 2H), 7.23–
7.27 (m, 2H), 7.50 (d, J¼7.8 Hz, 2H); 13C NMR (CDCl3,
100 MHz) d 21.6, 122.2, 123.9, 125.5 (2C), 127.5, 129.1
(2C), 131.2, 136.9, 144.1.

4.4.7. 40-Methoxy-4-methylbiphenyl. White solid. Mp
113–114 �C from EtOH (lit.26 109–110 �C). 1H NMR
(CDCl3, 400 MHz) d 2.38 (s, 3H), 3.84 (s, 3H), 6.95 (d,
J¼8.8 Hz, 2H), 7.21 (d, J¼8.0 Hz, 2H), 7.44 (d, J¼8.0 Hz,
2H), 7.50 (d, J¼8.8 Hz, 2H); 13C NMR (CDCl3, 100 MHz)
d 21.5, 55.5, 113.8 (2C), 126.2 (2C), 127.6 (2C), 129.0
(2C), 133.3, 135.9, 137.5, 158.3.

4.4.8. 4,40-Dimethoxybiphenyl. Pale yellow solid. Mp 178–
180 �C from EtOH (lit.26 178–179 �C). 1H NMR (CDCl3,
400 MHz) d 3.84 (s, 6H), 6.96 (d, J¼8.8 Hz, 4H), 7.48 (d,
J¼8.8 Hz, 4H); 13C NMR (CDCl3, 100 MHz) d 55.5 (2C),
114.4 (4C), 127.3 (4C), 133.0 (2C), 158.0 (2C).
4.4.9. 2-Methoxybiphenyl. Colourless oil.21 1H NMR
(CDCl3, 400 MHz) d 3.84 (s, 3H), 7.00–7.10 (m, 2H),
7.34–7.38 (m, 3H), 7.43–7.47 (m, 2H), 7.57–7.59 (m, 2H);
13C NMR (CDCl3, 100 MHz) d 55.6, 110.9, 120.4, 126.5,
127.6 (2C), 128.2, 129.1 (2C), 130.2, 130.4, 138.0, 155.8.

4.4.10. 2-(2-Methoxyphenyl)thiophene. Pale yellow oil.27

1H NMR (CDCl3, 400 MHz) d 3.94 (s, 3H), 6.99–7.04
(m, 2H), 7.10–7.13 (m, 1H), 7.24–7.30 (m, 1H), 7.33–7.35
(m, 1H), 7.52–7.54 (m, 1H), 7.68 (d, J¼8.0 Hz, 1H); 13C
NMR (CDCl3, 100 MHz) d 55.6, 111.2, 120.5, 122.9,
124.9, 125.0, 126.4, 127.9, 128.1, 138.9, 154.9.

4.4.11. 40-Methoxy-2,4,6-trimethylbiphenyl. Mp 73–
75 �C from EtOH (lit.28 74–75 �C). 1H NMR (CDCl3,
400 MHz) d 2.04 (s, 6H), 2.35 (s, 3H), 3.87 (s, 3H), 6.95–
6.99 (m, 4H), 7.05–7.08 (m, 2H); 13C NMR (CDCl3,
100 MHz) d 21.2 (2C), 21.4, 55.3, 113.4 (2C), 127.6 (2C),
129.98 (2C), 132.8, 136.0, 138.2, 157.5.

4.4.12. 4-Chlorobiphenyl. White solid. Mp 74–76 �C from
EtOH (lit.24 75–77 �C). 1H NMR (CDCl3, 400 MHz) d 7.34–
7.45 (m, 5H), 7.50–7.56 (m, 4H); 13C NMR (CDCl3,
100 MHz) d 126.6 (2C), 127.2, 128.3 (2C), 128.5 (2C),
128.6 (2C), 132.9, 139.2, 139.5.

4.4.13. 2-(4-Chlorophenyl)thiophene. White solid. Mp 83–
84 �C from EtOH (lit.29 81–82.5 �C). 1H NMR (CDCl3,
400 MHz) d 7.05–7.08 (m, 1H), 7.27–7.28 (m, 2H), 7.33
(d, J¼8.0 Hz, 2H), 7.52 (d, J¼8.0 Hz, 2H); 13C NMR
(CDCl3, 100 MHz) d 123.1, 124.8, 126.7, 127.7 (2C),
128.6 (2C), 132.5, 132.7, 142.6.

4.4.14. 40-Chloro-4-methoxybiphenyl. White solid. Mp
114–115 �C from EtOH (lit.30 113–114 �C). 1H NMR
(CDCl3, 400 MHz) d 3.84 (s, 3H), 6.96 (d, J¼8.4 Hz, 2H),
7.36 (d, J¼8.8 Hz, 2H), 7.44–7.48 (m, 4H); 13C NMR
(CDCl3, 100 MHz) d 55.5, 114.0 (2C), 127.5 (2C), 127.6
(2C), 128.4, 132.2 (2C), 132.6, 138.8, 158.7.

4.4.15. 2,20-Bithienyl. White solid. Mp 32–34 �C from
EtOH (lit.31 33 �C). 1H NMR (CDCl3, 400 MHz) d 7.01–
7.04 (m, 2H), 7.19–7.22 (m, 4H); 13C NMR (CDCl3,
100 MHz) d 123.4 (2C), 124.0 (2C), 127.3 (2C), 136.9 (2C).

4.4.16. 3-Phenylthiophene. White solid. Mp 89–91 �C from
EtOH (lit.32 89 �C). 1H NMR (CDCl3, 400 MHz) d 7.29–
7.33 (m, 1H), 7.38–7.44 (m, 4H), 7.46–7.47 (m, 1H),
7.60–7.63 (m, 2H); 13C NMR (CDCl3, 100 MHz) d 119.9,
125.8, 125.9, 126.0 (2C), 126.7, 128.4 (2C), 135.4, 141.8.

4.4.17. 2,30-Bithienyl. Brown crystal. Mp 62–64 �C from
EtOH (lit.31 65 �C). 1H NMR (CDCl3, 400 MHz) d 7.03–
7.05 (m, 1H), 7.20–7.22 (m, 2H), 7.31–7.35 (m, 2H),
7.38–7.39 (m, 1H); 13C NMR (CDCl3, 100 MHz) d 119.2,
122.8, 123.5, 125.8, 125.9, 127.3, 135.1, 138.6.

4.4.18. 3-(4-Methoxyphenyl)thiophene. White solid. Mp
130–132 �C from EtOH (lit.33 127 �C). 1H NMR (CDCl3,
400 MHz) d 3.83 (s, 3H), 6.92 (d, J¼6.4 Hz, 2H), 7.32–
7.35 (m, 3H), 7.51 (d, J¼6.4 Hz, 2H); 13C NMR (CDCl3,
100 MHz) d 55.5, 113.9, 118.6 (2C), 125.7, 125.8, 127.1
(2C), 128.3, 141.5, 158.2.
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4.4.19. Diphenylmethane. Colourless liquid.34 1H NMR
(CDCl3, 400 MHz) d 4.11 (s, 2H), 7.31–7.34 (m, 6H),
7.40–7.44 (m, 4H); 13C NMR (CDCl3, 100 MHz) d 42.1,
125.7 (2C), 128.0 (4C), 128.5 (4C), 140.6 (2C).
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