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The tricyclohexylphosphane adduct of cyclopalladated ferro-
cenylimine I exhibited high catalytic activity in the one-pot
borylation/Suzuki-Miyaura coupling (BSC) reaction with low
catalyst loading (2 mol-%). Various biaryls were obtained in
good to excellent yields for 37 examples. This process was

applied to aryl and heteroaryl halides (Br and Cl) containing
a variety of functional groups and did not require an excess
amount of phosphane ligand and the addition of the palla-
dium catalyst in the second step.

Introduction

Functionalized biaryls are important components of many
medicinals and are employed as organic conductors or li-
gands for asymmetric catalysis.'l The palladium-catalyzed
Suzuki-Miyaura cross-coupling reaction of arylboronic ac-
ids or -boronates with aryl halides has shown to be the most
common method to build such structures.2) However, it is
usually essential to prepare and isolate arylboronic acids
or -boronate esters that are not commercially available prior
to the coupling reaction, especially arylboronic acids or -
boronate esters, which have complicated structures. Mi-
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Scheme 1. Palladium-catalyzed BSC coupling reaction.
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yaura et al.’l reported the first palladium-catalyzed one-pot
borylation/Suzuki-Miyaura coupling (BSC) reaction for the
synthesis of unsymmetrical biaryls, which involved con-
verting an aryl triflate in situ into a boronate ester followed
by the addition a second aryl triflate along with the palla-
dium catalyst and base. Since then, the development of
catalytic C-H® or C-XI>7 borylation/Suzuki-Miyaura
coupling processes in one pot has allowed for the prepara-
tion of unsymmetrical biaryls. This protocol has been ap-
plied to the syntheses of pharmaceuticals.®l However, a
high loading of catalyst (5-10 mol-%) and the addition of
a second portion of the palladium catalyst are necessary.

Recently, Buchwald et al.l! reported that Pd,(dba); and
XPhos actively combine to catalyze efficiently the one-pot
BSC reaction without adding a second portion of the
catalyst prior to conducting the Suzuki—
Miyaura reaction. In this process, an excess amount of the
phosphane ligand (P/Pd, 4:1) was required.

In our laboratory, we found that cyclopalladated ferro-
cenylimine I was successfully employed in the borylation
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of aryl halides and the one-pot BSC reaction to synthesize
symmetrical biaryls.'% Herein, we employ cyclopalladated
ferrocenylimine I as a catalyst in the one-pot BSC reaction
to synthesize unsymmetrical biaryls without an excess
amount of phosphane ligand and the addition of catalyst
in the second step. The results reveal that palladacycle I not
only effected a highly efficient borylation reaction, but also
maintained its catalytic activity in the subsequent Suzuki—
Miyaura coupling by using only 2 mol-% of catalyst loading
(Scheme 1).

Results and Discussion

In our previous study,'% the efficient reaction condi-
tions for the borylation of aryl halides catalyzed by pallada-
cycle I were well developed. Under such optimized reaction
conditions, the reaction of aryl bromides with bis(pinacol-
ato)diboron quantitatively provided the arylboronate esters
in only 2h. In this endeavor, the one-pot borylation/
Suzuki-Miyaura coupling reaction of bromobenzene (1a)
with 1-(4-bromophenyl)ethanone (1b) was initially chosen
as a model to screen the different reaction parameters for
the second step, such as the base, solvent, and reaction time
(see Table 1). After bromobenzene was completely con-
sumed, a stronger base was required to promote the Su-
zuki-Miyaura coupling. Yields of 92%, 85%, 88%, and
90% were obtained when K5PO,, K,CO3, Cs,CO3, and Na-
OrBu were used, respectively, as the base (Table I, En-
tries 1-4). The solvent 1,4-dioxane was suitable for both the
borylation and the Suzuki-Miyaura reactions (Table 1, En-
tries 1-5 and 10).[19] The yield decreased to 68 % from 92%
when 1.0 equiv. of bromobenzene (la) was used (Table 1,
Entry 1 vs. 2). When the reaction time was prolonged from
3 h to 15 h, the yield did not improve significantly (Table 1,
Entry 10 vs. 2).

Under the optimized reaction conditions (Table 1, En-
try 2) and by using bromobenzene (1a) as the aryl halide,
the scope of the substrates b was investigated. The total
yields for the borylation/Suzuki—-Miyaura reactions depend
mainly on the Suzuki-Miyaura coupling, as bromobenzene
(1a) can be quantitatively converted into the boronate ester.
As illustrated in Table 2, I exhibited high catalytic activity
for both aryl bromides and chlorides and tolerated a
number of functionalities, such as nitro, cyano, acetyl, and
amino groups. Electron-rich, electron-deficient, and rela-
tively hindered aryl bromides afforded good to excellent
yields in 3 h (Table 2, Entries 1-6). In addition, aryl chlor-
ides with both electron-withdrawing and electron-donating
groups provided unsymmetrical biaryls in moderate to ex-
cellent isolated yields when the reaction time was prolonged
to 15 h (Table 2, Entries 7-10). It is worth noting that this
protocol avoided the a-arylation reaction of ketones with
arylboronate esters (Table 2, Entries 1, 3, and 7), and a 95%
isolated yield was achieved with 3-chloroaniline (10b) with-
out the additional amino group protection (Table 2, En-
try 10).

Next, we evaluated heteroaryl halides as substrates for
the BSC procedure with bromobenzene (1a) under the stan-
dard reaction conditions. The results (see Table 3) show that
the heteroaryl halide could be employed as the substrate in
both steps. For most cases, good yields were obtained when
pyridyl bromide served as the second substrate (Table 3, En-
tries 1-8). Such a protocol was also applied to heteroaryl
chlorides. 4-Chloropicolinonitrile (18b) and 2-chloro-6-
phenylpyrazine (19b) provided the desired products in yields
of 80% and 93 %, respectively (Table 3, Entries 9 and 10).

When 3-bromopyridine (Table 3, Entry 1 vs. 11), 5-
bromo-N,N-dimethylpyridin-2-amine (Table 3, Entry 2 vs.
12), and 5-bromopyridin-2-amine (Table 3, Entry 3 vs. 13)
served as substrates in the first step and the reaction time

Table 1. Screening of bases and solvents for palladium-catalyzed BSC reaction.[?!

o o
/B & B\
o ©

O | D T v
1a I, KOAc © Base (aq), 100 °C, t 1d ©
Sol., 100 °C, 2 h 1
c

Entry Base Solvent t [h] Yield [%o]®!
1 K;PO, dioxane 3 68l
2 K;PO, dioxane 3 92
3 K,CO; dioxane 3 85
4 Cs,CO; dioxane 3 88
5 NaO7Bu dioxane 3 90
6 K;PO, toluene 3 88
7 K;PO, DMFUI 3 84
8 K;PO, THF 3 32
9 K;PO, DMELMU! 3 82
10 K;PO, dioxane 15 93

[a] Reagents and conditions: bromobenzene (la, 1.2 equiv.), 1-(4-bromophenyl)ethanone (1b, 1.0 mmol), bis(pinacolato)diborane
(1.44 equiv.), KOAc (2.4 equiv.), base (5 equiv.), solvent (2.5 mL), I [2 mol-% based on bromobenzene (1a)]. [b] Isolated yields based on
1-(4-bromophenyl)ethanone (1b). [c] The ratio of 1a/lb is 1:1. [d] DMF = dimethylformamide, THF = tetrahydrofuran, DME = 1,2-

dimethoxyethane.
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Table 2. Palladium-catalyzed BSC reaction of aryl halides with bromobenzene (1a).[%!
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[a] Reagents and conditions: bromobenzene (1a, 1.2 equiv.), Ar—X (1.0 equiv.), bis(pinacolato)diborane (1.44 equiv.), KOAc (2.4 equiv.),
K5POy, (5 equiv.), 1,4-dioxane (2.5 mL), I [2 mol-% based on bromobenzene (1a)]. [b] Isolated yields based on Ar—X.

was prolonged from 2 h to 6 h, the yields improved. In con-
trast, when 5-bromo-2-methylpyridine (Table 3, Entry 4 vs.
14), 3-bromo-2-methylpyridine (Table 3, Entry 5 vs. 15), 3-
bromo-4-methylpyridine (Table 3, Entry 6 vs. 16), and 4-
bromo-N-methylpyridin-2-amine (Table 3, Entry 7 vs. 17)
were used as substrates in the first step, the yields decreased
dramatically, because of the low conversion in the bor-
ylation step.

Subsequently, we investigated the BSC coupling reaction
between heteroaryl halides to synthesize unsymmetrical het-
eroaryls (Table 4). In all cases, the reaction of 3-bromopyr-
idine (2a) and 4-bromo-2-methoxypyridine (3a) with pyr-
idyl halides functionalized by electron-withdrawing (such as
CN) and electron-donating groups (such as Me, MeO, and
NHMe) gave good to excellent yields. Moreover, bulky
functional groups on the pyridine ring did not significantly
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affect the yields. For example, 3-bromopyridine coupled
with 3-bromo-2-methylpyridine (Table 4, Entry 2) and 3-
bromo-4-methylpyridine (Table 4, Entry 3) gave the desired
products in 81% and 82% yields, respectively. 2-Bromopyr-
idine and its derivatives are generally considered as less
active substrates in both the borylation and Suzuki-Mi-
yaura reactions. To our delight, 73% and 78% isolated
yields were achieved with 2-bromopyridine (20b, Table 4,
Entry 8) and 2-bromo-6-methoxypyridine (21b, Table 4, En-
try 10), respectively. However, low yields were obtained
when indolyl, furyl, and thiophenyl bromides were utilized
as the substrates.

To clarify the influence of the substituent in the sub-
strates in the BSC reaction, control experiments were per-
formed (Table 5). When 1-bromo-4-methoxybenzene (2b)
and 1-bromo-4-(trifluoromethyl)benzene (22b) served as
597
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Table 3. Palladium-catalyzed BSC reaction of heteroaryl halides with aryl bromides.[!

o 0

B8

Ak Ar—X
o o o

b
Ar—Br —— > Ar—Bi _ » Ar-Ar
1, KOAG o K4PO, 100 °C,
a Dioxane, 100 °C, t4 c SO lon): ' d
Entry Ar-Br Ar-X t [h] % [h] Ar-Ar' Yield [%]™
Br
1 <i:>>_Br __<£:;> 215 <::j>__<<::;> 78
1a 2a 10d
Br N N
2 <::>>_Br \_ 215 \_ 7\ 65
1a 11b 11d
Br NH < >—< >—NH
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1a 12b 12d
B M M
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1a 13b 13d
Br \ 7 N\
5 <:::>*_Br N 2 6 N 83
1a Me Mé
14b 14d
Me Me
6 er Br N\ 7/ 2 15 \ 7 72
1a N N
15b 15d
NHMe NHMe
Br = e
7 <:::>*_ 2 15 89
) O~
la
16b 16d
cl cl
Br S -
8 <:::j>‘A
Br \ /N 2 15 \ /N 77
la
17b 17d
CN CN
Br - .
9 <::::>"
1a
18b 18d
N N
L [
10 Br > 215 p )
. ¢l N Ph Ph” N Ph
4 19b 19d
7 N\ -
B
1 <;;;:>__ ' B 6 15 \_/ 85
2a 1a 10d
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N@Br Br \ N
2/ W= 6 15 AN 92
11b 1a 11d
7\ -
H,N B NH
13 2 _{;;;>*_ LI 6 15 N\ /2 o8
12b 1a 12d
7\ -
M B M
4 0 Nt o PP 6 15 T 3
13b 1a 13d
a Br B N\
15 N= r 6 15 N 47
Me 1a Me
14b 14d
Me Me,
o o 0D o s O »
N= 1a N
15b 15d
MeHN NHMe
— 1a /
16b 16d
cl cl
7\ Br -
18 N Br 6 15 N 70
o \ 7
1a
17b 17d

[a] Reagents and conditions: Ar-Br (1.2 equiv.), Ar'-X (1.0 equiv.), bis(pinacolato)diborane (1.44 equiv.), KOAc (2.4 equiv.), K5PO,
(5 equiv.), 1,4-dioxane (2.5 mL), I (2 mol-% based on Ar—Br). [b] Isolated yield based on Ar'—X.
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Table 4. Palladium-catalyzed one-pot BSC reaction of heteroaryl halides.[*!
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MeO NHMe MeQ NHMe
/ = 2 \ =
9 N_\ Br Br—\ N NN 91
3a 16b 28d
MeO B — MeQ
r—\ / 7\ -
10 N>/\:\>7Br M om A 7
— e
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[a] Reagents and conditions: Ar-Br (1.2 equiv.), Ar'-X (1.0 equiv.), bis(pinacolato)diborane (1.44 equiv.), KOAc (2.4 equiv.), K5PO,
(5 equiv.), 1,4-dioxane (2.5 mL), I (2 mol-% based on Ar-Br). [b] Isolated yield based on Ar'—X.

substrates for the first and the second step, respectively, a
95% yield was obtained (Table 5, Entry 2). In contrast, a
lower yield of 87% was afforded (Table 5, Entry 1) when
the experiment was changed to have 2b and 22b serve as
substrates in the second and first step, respectively. These
results suggest that the electron-donating group in substrate
a and an electron-withdrawing group in substrate b would
favor a BSC reaction catalyzed by I. Nevertheless, this rea-
soning did not apply to sterically hindered substrates such
as 23b and 6b. Compound 6b afforded the desired product
in 91% yield, when it served as the substrate in the first
step (Table 5, Entry 4), but the addition of 23b as the sub-
strate for the first step only gave a 47% yield (Table 5, En-
try 3), because of the difficulty in forming the boronate
from sterically hindered substrates.

Eur. J. Org. Chem. 2012, 595-603
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Conclusions

Cyclopalladated ferrocenylimine I was highly effective for
catalyzing the BSC reaction. Various functionalized unsym-
metrical biaryls have been obtained in good to excellent
yields in one pot with 2 mol-% loading of complex I with-
out an excess amount of ligand and the addition of catalyst
in the second step. Such methodology tolerated not only a
number of functional groups, such as primary amines, carb-
onyl groups, and nitriles, but also was applied to substrates
such as aryl bromides and chlorides and heteroaryl halides.

Experimental Section
General Methods: 'H and '*C NMR spectroscopic data were re-
corded with a Bruker DPX 400 instrument by using CDCl; as the

599
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Table 5. Control experiments to examine the influence of substituent in substrates on the palladium-catalyzed BSC reaction.!

o 0
B—B, Ar'—Br
(6] O o) b
Ar—Br - Ar—B :é > Ar—Ar'
1, KOAc ¢} K3PO, (ag), 100 °C, 3 h
a 1,4-Dioxane, 100 °C, 2 h d
Entry Ar-Br Ar'-Br Ar-Ar' Yield [%][bJ
re~{ )
X ac@m Br@o \ .
22b 2b 30d
\
2b 22b 30d
CN
Me NC
e ST . SRS O S
Me
23b 6b
31d
CN
CN Me
o B vy OF%9
Me
6b 23b
31d

[a] Reagents and conditions: Ar-Br (1.2 equiv.), Ar'-Br (1.0 equiv.), bis(pinacolato)diborane (1.44 equiv.), KOAc (2.4 equiv.), K5POy,
(5 equiv.), 1,4-dioxane (2.5 mL), I (2 mol-% based on Ar-Br). [b] Isolated yield based on Ar'-Br.

solvent and tetramethylsilane (TMS) as the internal standard. All
coupling constants (J) are reported in Hertz (Hz). Melting points
were measured with an XT4A microscopic apparatus. High-resolu-
tion mass spectra were recorded with a Waters Q-Tof micro spec-
trometer by using electrospray ionization (ESI). Preparative TLC
was performed on silica gel plates and developed with ethyl acetate/
petroleum ether. All solvents were dried according to standard
methods. Aryl halides a and b and bis(pinacolato)diborane were
obtained from commercial sources and were generally used without
further purification. Cyclopalladated ferrocenylimine I was synthe-
sized according to the reported procedure.!'!12]

General Procedure for Palladium-Catalyzed One-Pot Preparation of
Unsymmetrical Biaryls: A Schlenk tube (10 mL) was charged with
cyclopalladated ferrocenylimine I (8.9 mg, 0.012 mmol) in 1,4-di-
oxane (2.0 mL) followed by the addition of the first aryl halide a
(0.60 mmol), KOAc (118 mg, 1.2 mmol), and bis(pinacolato)dibo-
rane (182 mg, 0.72 mmol). The reaction mixture under nitrogen
was heated to reflux for 2 or 6 h. After the mixture had been cooled
to room temperature, the second aryl halide b (0.50 mmol) in 1,4-
dioxane (0.50 mL) and base (5 M aqueous solution, 0.50 mL) were
added to the reaction mixture under nitrogen. The reaction mixture
was heated to reflux for another 3 or 15 h, cooled to room tempera-
ture, and then diluted with diethyl ether. The mixture was washed
with water (1 X), and the organic layer was dried with Na,SO,.
The solvent was removed under reduced pressure, and the crude
material was purified by flash chromatography on silica gel (ethyl
acetate/petroleum ether).

1-(Biphenyl-4-yl)ethanone (1d): Table 2, Entry 1.3 Purified by
flash chromatography on silica gel (ethyl acetate/petroleum ether,
1:20) to afford a white solid (90 mg, 92%), m.p. 116-117 °C. 'H
NMR (400 MHz, CDCl3): ¢ = 8.04-8.02 (m, 2 H, Ar), 7.70-7.68
(m, 2 H, Ar), 7.64-7.62 (m, 2 H, Ar), 7.49-7.45 (m, 2 H, Ar), 7.42—
7.40 (m, 1 H, Ar), 2.64 (s, 3 H, CH3) ppm.

4-Methoxybiphenyl (2d): Table 2, Entry 2.1 Purified by flash
chromatography on silica gel (petroleum ether) to afford a white
solid (79 mg, 86%), m.p. 83-84 °C. 'H NMR (400 MHz, CDCls):
600
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§=17.56-7.52 (m, 4 H, Ar), 7.43-7.40 (m, 2 H, Ar), 7.32-7.30 (m,
1 H, Ar), 6.99-6.97 (m, 2 H, Ar), 3.85 (s, 3 H, CH;) ppm.

1-(Biphenyl-3-yl)ethanone (3d): Table 2, Entry 3.1l Purified by
flash chromatography on silica gel (ethyl acetate/petroleum ether,
1:40) to afford a colorless oil (76 mg, 77%). "H NMR (400 MHz,
CDCl3): 6 = 8.17 (s, 1 H, Ar), 791 (d, J = 7.7Hz, 1 H, Ar), 7.76
(d, J=7.7Hz, 1 H, Ar), 7.60 (d, J = 83 Hz, 2 H, Ar), 7.51 (t, J
= 77Hz, 1 H, Ar), 745 (t, J = 7.3Hz, 2 H, Ar), 7.36 (t, J =
7.3 Hz, 1 H, Ar), 2.63 (s, 3 H, CH3) ppm.

3-Methoxybiphenyl (4d): Table 2, Entry 4.1 Purified by flash
chromatography on silica gel (petroleum ether) to give a colorless
oil (78 mg, 85%). '"H NMR (400 MHz, CDCls): § = 7.65 (d, J =
7.3Hz, 2 H, Ar), 749 (t, J = 7.3 Hz, 2 H, Ar), 7.41-7.39 (m, 2 H,
Ar), 7.25(d, J =8.0Hz, 1 H, Ar), 7.19 (s, 1 H, Ar), 6.97 (dd, J =
8.2, 2.5Hz, 1 H, Ar), 3.90 (s, 3 H, CH;) ppm.

2-Nitrobiphenyl (5d): Table 2, Entry 5.'71 Purified by flash
chromatography on silica gel (petroleum ether) to afford a yellow
oil (85 mg, 84%). '"H NMR (400 MHz, CDCl5): 6 = 7.86 (dd, J =
7.6, 0.6 Hz, 1 H, Ar), 7.61 (ddd, J = 7.6, 7.6, 1.3 Hz, 1 H, Ar),
7.48-7.35 (m, 5 H, Ar), 7.35-7.33 (m, 2 H, Ar) ppm.

Biphenyl-2-carbonitrile (6d): Table 2, Entry 6.I'81 Purified by flash
chromatography on silica gel (petroleum ether) to afford a colorless
oil (74 mg, 82%). 'H NMR (400 MHz, CDCl,): 6 = 7.78 (dd, J =
7.7, 1.2 Hz, 1 H, Ar), 7.56-7.54 (m, 1 H, Ar), 7.50-7.47 (m, 2 H,
Ar), 7.46-7.41 (m, 5 H, Ar) ppm.

4-Nitrobiphenyl (7d): Table 2, Entry 8.9 Purified by flash
chromatography on silica gel (petroleum ether) to afford a yellow
solid (87 mg, 87%), m.p. 109-110°C. 'H NMR (400 MHz,
CDCly): 6 = 8.30 (dd, J = 6.6, 1.6 Hz, 2 H, Ar), 7.74 (dd, J = 8.8,
1.9 Hz, 2 H, Ar), 7.63 (dd, J = 7.0, 1.5 Hz, 2 H, Ar), 7.50-7.48 (m,
2 H, Ar), 7.46-7.44 (m, 1 H, Ar) ppm.

4-Methylbiphenyl (8d): Table 2, Entry 9.2%1 Purified by flash
chromatography on silica gel (petroleum ether) to afford a colorless
solid (64 mg, 76%), m.p. 42-43 °C. '"H NMR (400 MHz, CDCl;):
0=7.57(dd,J=284,13Hz 2 H, Ar), 749 (d, J = 8.1 Hz, 2 H,

Eur. J. Org. Chem. 2012, 595-603
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Ar), 7.42 (t, J = 7.4 Hz, 2 H, Ar), 7.33-7.31 (m, | H, Ar), 7.24 (m,
2 H, Ar), 2.39 (s, 3 H, CHs) ppm.

Biphenyl-3-amine (9d): Table 2, Entry 10.2!1 Purified by flash
chromatography on silica gel (ethyl acetate/petroleum ether, 1:7) to
afford a colorless oil (80 mg, 95%). 'H NMR (400 MHz, CDCls):
0=1755(d,J=84Hz, 2 H, Ar), 741 (t, J = 7.8 Hz, 2 H, Ar),
7.33 (d, J = 7.2Hz, 1 H, Ar), 7.24-7.20 (m, 1 H), 6.98 (d, J =
7.6 Hz, 1 H, Ar), 6.66 (s, 1 H, Ar), 6.58 (dd, /= 7.8,2.1 Hz, | H,
Ar), 3.63 (br., 2 H, NH,) ppm.

3-Phenylpyridine (10d): Table 3, Entry 11.113 Purified by flash
chromatography on silica gel (ethyl acetate/petroleum ether, 1:5) to
afford a colorless oil (66 mg, 85%). 'H NMR (400 MHz, CDCls):
0 = 8.84 (s, 1 H, pyridine-H), 7.58 (d, J = 3.7 Hz, 1 H, pyridine-
H), 7.85 (d, J = 7.8 Hz, 1 H, pyridine-H), 7.57 (d, J = 7.3 Hz, 2
H, Ar), 746 (t, J = 7.2Hz, 2 H, Ar), 7.39 (d, J = 7.2Hz, 1 H,
pyridine-H), 7.35 (m, 1 H) ppm.

N,N-Dimethyl-5-phenylpyridin-2-amine (11d): Table 3, Entry 12.1??]
Purified by flash chromatography on silica gel (ethyl acetate/petro-
leum ether, 1:20) to afford a white solid (92 mg, 92%), m.p. 65—
66 °C. '"H NMR (400 MHz, CDCls): § = 8.44 (d, J =22 Hz, 1 H,
pyridine-H), 7.70 (dd, J = 8.8, 2.4 Hz, 1 H, pyridine-H), 7.51 (d, J
=74Hz 2 H, Ar), 7.40 (t, J = 7.4 Hz, 2 H, Ar), 7.30-7.25 (m, 1
H, Ar), 6.58 (d, J = 8.8 Hz, 1 H, pyridine-H), 3.13 (s, 6 H, NMe,)
ppm.

5-Phenyl-2-pyridinamine (12d): Table 3, Entry 13.[23] Purified by
flash chromatography on silica gel (ethyl acetate/petroleum ether,
1:1) to afford a white solid (83 mg, 98%), m.p. 128-129 °C. 'H
NMR (400 MHz, CDCly): 0 = 8.32 (d, J = 2.1 Hz, 1 H, pyridine-
H), 7.67 (dd, J = 8.5, 2.4 Hz, 1 H, pyridine-H), 7.51-7.49 (m, 2 H,
Ar), 7.44-7.40 (m, 2 H, Ar), 7.33-7.31 (m, 1 H, Ar), 6.58 (d, J =
8.3 Hz, 1 H, pyridine-H), 4.08 (br., 2 H, NH,) ppm.

2-Methyl-5-phenylpyridine (13d): Table 3, Entry 4.4 Purified by
flash chromatography on silica gel (ethyl acetate/petroleum ether,
1:20) to afford a colorless oil (69 mg, 81%). "H NMR (400 MHz,
CDCly): 0 = 8.74 (d, J = 2.2 Hz, 1 H, pyridine-H), 7.78 (dd, J =
8.0, 2.4 Hz, 1 H, pyridine-H), 7.58-7.56 (m, 2 H, Ar), 7.47 (t, J =
7.8 Hz, 2 H, Ar), 7.41-7.39 (m, 1 H, Ar), 7.23 (d, J = 8.0 Hz,
pyridine-H), 2.61 (s, 3 H, CH;) ppm.

2-Methyl-3-phenylpyridine (14d): Table 3, Entry 5.1>51 Purified by
flash chromatography on silica gel (ethyl acetate/petroleum ether,
1:5) to afford a colorless oil (70 mg, 83%). '"H NMR (400 MHz,
CDCls): 6 = 8.49 (dd, J = 4.8, 1.6 Hz, pyridine-H), 7.50 (dd, J =
7.6, 1.6 Hz, 1 H, pyridine-H), 7.44-7.41 (m, 2 H, Ar), 7.37 (d, J =
7.2 Hz, pyridine-H), 7.30 (d, J = 8.3 Hz, Ar), 7.18-7.16 (m, 1 H,
Ar), 2.50 (s, 3 H, CH3) ppm.

4-Methyl-3-phenylpyridine (15d): Table 3, Entry 6.2/ Purified by
flash chromatography on silica gel (ethyl acetate/petroleum ether,
1:10) to afford a colorless oil (61 mg, 72%). "H NMR (400 MHz,
CDCly): 0 = 8.44 (d, J = 4.5Hz, 1 H, pyridine-H), 8.43 (s, 1 H,
pyridine-H), 7.46-7.44 (m, 2 H, Ar), 7.43 (d, / = 6.3 Hz, 1 H, Ar),
7.32-7.30 (m, 2 H, Ar), 7.18 (d, J = 4.9 Hz, 1 H, pyridine-H), 2.28
(s, 3 H, CH3) ppm.

N-Methyl-4-phenylpyridin-2-amine (16d): Table 3, Entry 7. Purified
by flash chromatography on silica gel (ethyl acetate/petroleum
ether, 2:1) to afford a white solid (82 mg, 89%), m.p. 106-107 °C.
'"H NMR (400 MHz, CDCl;): 6 = 8.14 (d, J = 5.3 Hz, 1 H, pyr-
idine-H), 7.61-7.55 (m, 2 H, Ar), 7.59-7.40 (m, 3 H, Ar), 6.81 (dd,
J =5.3, 1.4 Hz, 1 H, pyridine-H), 6.56 (s, 1 H, pyridine-H), 4.64
(br., 1 H, NH), 2.98 (d, J = 4.6 Hz, 3 H, CH;) ppm. '3C NMR
(100 MHz, CDCl3): 6 = 160.1, 149.9, 148.5, 139.2, 128.8, 126.9,
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111.5, 103.8, 29.2 ppm. HRMS (ESI): caled. for Cj,H 5N, [M +
HJ* 185.1079; found 185.1081.

2-Chloro-4-phenylpyridine (17d): Table 3, Entry 8.271 Purified by
flash chromatography on silica gel (ethyl acetate/petroleum ether,
1:5) to afford a white solid (73 mg, 77%), m.p. 58-59 °C. '"H NMR
(400 MHz, CDCl;): 6 = 8.43 (d, J = 5.2 Hz, | H, pyridine-H), 7.61
(dd, J = 8.1, 1.9 Hz, 2 H, Ar), 7.54 (s, | H, pyridine-H), 7.50-7.48
(m, 3 H, Ar), 7.42 (m, 1 H, pyridine-H) ppm.

4-Phenyl-2-pyridinecarbonitrile (18d): Table 3, Entry 9. Purified by
flash chromatography on silica gel (ethyl acetate/petroleum ether,
1:5) to afford a pale yellow solid (72 mg, 80%), m.p. 92-93 °C. 'H
NMR (400 MHz, CDCls): 6 = 8.75 (d, J = 4.9 Hz, 1 H, pyridine-
H), 791 (s, I H, pyridine-H), 7.72 (dd, J = 5.2, 1.8 Hz, 1 H, pyr-
idine-H), 7.64-7.62 (m, 2 H, Ar), 7.54-7.52 (m, 3 H, Ar) ppm. '3C
NMR (100 MHz, CDCls): 6 = 148.8, 147.2, 133.3, 131.9, 127.6,
124.4, 123.8, 122.0, 114.7 ppm. HRMS (ESI): caled. for C;,H 5N,
[M + HJ* 181.0766; found 181.0764.

2,6-Diphenylpyrazine (19d): Table 3, Entry 10.28 Purified by flash
chromatography on silica gel (ethyl acetate/petroleum ether, 1:10)
to afford a white solid (108 mg, 93%), m.p. 85-86 °C. 'H NMR
(400 MHz, CDCly): 0 = 8.89 (s, 2 H, pyrazine-H), 8.07 (d, J =
3.4 Hz, 4 H, Ar), 7.48-7.41 (m, 6 H, Ar) ppm.

N,N-Dimethyl-3,3'-bipyridin-6-amine (20d): Table 4, Entry 1. Puri-
fied by flash chromatography on silica gel (ethyl acetate/petroleum
ether, 1:2) to afford a white solid (74 mg, 74%), m.p. 74-75 °C. 'H
NMR (400 MHz, CDCl3): 6 = 8.78 (s, | H, pyridinel-H), 8.53 (d,
J = 3.9 Hz, pyridinel-H), 8.42 (s, 1 H, pyridine2-H), 7.81-7.78 (m,
1 H, pyridinel-H), 7.68 (dd, J = 8.8, 2.5 Hz, 1 H, pyridinel-H),
7.33 (dd, J = 7.8, 4.7 Hz, 1 H, pyridine2-H), 6.61 (d, J = 8.8 Hz, 1
H, pyridine2-H), 3.14 (s, 6 H, CH3) ppm. 3*C NMR (100 MHz,
CDCly): 0 = 158.7, 147.3, 147.0, 145.9, 135.4, 134.1, 132.9, 123.4,
120.6, 105.7, 37.9 ppm. HRMS (ESI): calcd. for C;oH;4N; [M +
H]* 200.1188; found 200.1188.

2-Methyl-3,3'-bipyridine (21d): Table 4, Entry 2. Purified by flash
chromatography on silica gel (ethyl acetate/petroleum ether, 1:1) to
afford a colorless oil (69 mg, 81%). 'H NMR (400 MHz, CDCl;):
0 =28.65(d, J=7.2Hz 1 H, pyridine2-H), 8.60 (s, 1 H, pyridine
1-H), 8.55 (dd, J = 4.8, 1.3 Hz, 1 H, pyridinel-H), 6.67 (d, J =
7.8 Hz, pyridinel-H), 7.41 (d, J = 4.9 Hz, 1 H, pyridine2-H), 7.24
(dd, J = 7.8, 4.8 Hz, 1 H, pyridinel-H), 2.52 (s, 3 H, CH3) ppm.
3C NMR (100 MHz, CDCls): 6 = 155.9, 149.6, 148.7, 148.7, 137.2,
136.3, 135.5, 133.2, 123.2, 121.2, 23.2 ppm. HRMS (ESI): calcd.
for C;;H;;N, [M + H]* 171.0922; found 171.0919.

4-Methyl-3,3’-bipyridine (22d): Table 4, Entry 3. Purified by flash
chromatography on silica gel (ethyl acetate/petroleum ether, 3:1) to
afford a colorless oil (70 mg, 82%). '"H NMR (400 MHz, CDCls):
0=28.65(d, J=4.8 Hz, 1 H, pyridinel-H), 8.60 (s, 1 H, pyridinel-
H), 8.50 (d, J = 4.8 Hz, 1 H, pyridine2-H), 8.43 (s, 1 H, pyridine2-
H), 7.69-7.66 (m, 1 H, pyridinel-H), 7.43-7.40 (m, 1 H, pyridinel-
H), 7.24 (d, J = 4.8 Hz, 1 H, pyridine2-H), 2.30 (s, 3 H, CH;) ppm.
3C NMR (100 MHz, CDCls): 6 = 149.7, 149.0, 148.8, 144.8, 136.5,
134.0, 133.5, 125.3, 123.2, 19.6 ppm. HRMS (ESI): calcd. for
CH N, [M + H]*" 171.0922; found 171.0923.

N-Methyl-3,4'-bipyridin-2’-amine (23d): Table 4, Entry 4. Purified
by flash chromatography on silica gel (ethyl acetate/petroleum
ether, 1:1) to afford a white solid (83 mg, 90%), m.p. 70-71 °C. 'H
NMR (400 MHz, CDCl;): 6 = 8.85 (s, 1 H, pyridinel-H), 8.64 (d,
J=4.7Hz, 1 H, pyridinel-H), 8.17 (d, J = 5.1 Hz, 1 H, pyridine2-
H), 7.88 (dd, J = 7.8, 5.1 Hz, 1 H, pyridinel-H), 7.39-7.37 (m, 1
H, pyridinel-H), 6.77 (d, J = 5.1 Hz, 1 H, pyridine-H), 6.54 (s, 1
H, pyridine2-H), 4.98 (br., 1 H, NH), 2.98 (d, J = 4.8 Hz, CHy)
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ppm. 13C NMR (100 MHz, CDCl): 6 = 161.6, 151.0, 150.3, 149.4,
148.1, 136.3, 135.7, 125.0, 112.4, 105.1, 30.5 ppm. HRMS (ESI):
caled. for C;{H,N;3 [M + HJ* 186.1031; found 186.1034.

2'-Chloro-3,4'-bipyridine (24d): Table 4, Entry 5. Purified by flash
chromatography on silica gel (ethyl acetate/petroleum ether, 1:2)
to afford a white solid (74 mg, 78%), m.p. 105-106 °C. '"H NMR
(400 MHz, CDCl;): 0 = 8.88 (s, pyridinel-H), 8.72 (dd, J = 4.8,
1.4 Hz, 1 H, pyridine2-H), 8.49 (d, J = 5.5 Hz, 1 H, pyridine2-H),
791 (d, J = 7.8 Hz, 1 H, pyridinel-H), 7.55 (s, 1 H, pyridine2-
H), 7.45-7.43 (m, 2 H, pyridinel-H, pyridine2-H) ppm. 3C NMR
(100 MHz, CDCl3): 6 = 152.4, 150.7, 150.3, 148.3, 148.0, 134.3,
132.6, 123.8, 122.0, 120.3 ppm. HRMS (ESI): calcd. for C;yHgCIN,
[M + HJ* 191.0376; found 191.0374.

2'-Methoxy-3,4’-bipyridine (25d): Table 4, Entry 6. Purified by flash
chromatography on silica gel (ethyl acetate/petroleum ether, 1:3) to
afford a white solid (86 mg, 92%), m.p. 30-31°C. 'H NMR
(400 MHz, CDCl,): 6 = 8.83 (s, 1 H, pyridinel-H), 8.64 (d, J =
4.0 Hz, 1 H, pyridinel-H), 8.23 (d, J = 5.2 Hz, 1 H, pyridinel-H),
7.87 (d, J = 7.8 Hz, 1 H, pyridine2-H), 7.40-7.36 (m, 1 H, pyr-
idinel-H), 7.07 (dd, J = 5.2, 0.7 Hz, 1 H, pyridine2-H), 6.92 (s, 1
H, pyridine2-H), 3.96 (s, 3 H, CH;) ppm. '*C NMR (100 MHz,
CDCly): 0 = 164.8, 149.8, 147.9, 147.7, 147.5, 134.2, 133.8, 123.6,
114.9, 108.5, 53.5 ppm. HRMS (ESI): calcd for C;;H;;N,O [M +
HJ* 187.0871; found 187.0873.

3,4'-Bipyridine-2'-carbonitrile (26d): Table 4, Entry 7. Purified by
flash chromatography on silica gel (ethyl acetate/petroleum ether,
1:1) to afford a white solid (78 mg, 86%), m.p. 177-178 °C. 'H
NMR (400 MHz, CDCl3): 6 = 8.91 (s, 1 H, pyridinel-H), 8.82 (d,
J = 48 Hz, 1 H, pyridine2-H), 7.77 (dd, J = 4.8, 1.5Hz, 1 H,
pyridine2-H), 7.93-9.72 (m, 2 H, pyridinel-H, pyridine2-H), 7.74
(dd, J = 5.2, 1.8 Hz, 1 H, pyridinel-H), 7.51-7.49 (m, 1 H, pyr-
idinel-H) ppm. '*C NMR (100 MHz, CDCl;): 6 = 153.2, 152.6,
149.4, 148.2, 136.3, 135.7, 133.2, 127.4, 1259, 125.5, 118.4 ppm.
HRMS (ESI): caled. for C; HgN; [M + HJ]* 182.0718; found
182.0719.

2,3'-Bipyridine (27d): Table4, Entry 8.2°1 Purified by flash
chromatography on silica gel (ethyl acetate/petroleum ether, 1:3) to
afford a colorless oil (57 mg, 73%). '"H NMR (400 MHz, CDCl;):
0=29.19 (s, 1 H, pyridinel-H), 8.73 (d, J = 4.8 Hz, 1 H, pyridinel-
H), 8.64 (d, J = 4.7 Hz, 1 H, pyridinel-H), 8.32 (d, / = 7.8 Hz, 1
H, pyridine2-H), 7.80-7.76 (m, 2 H, pyridinel-H, pyridine2-H),
7.41 (m, 1 H, pyridine2-H), 7.30-7.28 (m, 1 H, pyridine2-H) ppm.

2'-Methoxy-N-methyl-4,4'-bipyridin-2-amine (28d): Table 4, En-
try 9. Purified by flash chromatography on silica gel (ethyl acetate/
petroleum ether, 1:3) to afford a white solid (98 mg, 91 %), m.p. 70—
71 °C. 'H NMR (400 MHz, CDCl,): 6 = 8.24 (d, J = 5.3 Hz, 1 H,
pyridine2-H), 8.18 (d, J = 5.3 Hz, 1 H, pyridine2-H), 7.08 (dd, J =
5.3, 1.2 Hz, 1 H, pyridinel-H), 6.95 (s, 1 H, pyridine2-H), 6.78 (dd,
J=15.2,12Hz, 1 H, pyridinel-H), 6.55 (s, 1 H, pyridinel-H), 4.78
(br., 1 H, NH), 3.99 (s, 3 H, CH;), 2.98 (d, / = 5.0 Hz, 3 H, NCH3)
ppm. 13C NMR (100 MHz, CDCls): 6 = 163.8, 159.1, 148.5, 147.9,
146.4, 146.2, 113.9, 109.9, 107.5, 102.6, 52.5, 28.1 ppm. HRMS
(ESI): calcd. for C;,H14N3;O0 [M + H]* 216.1137; found 216.1137.

2',6-Dimethoxy-2,4'-bipyridine (29d): Table 4, Entry 10. Purified by
flash chromatography on silica gel (ethyl acetate/petroleum ether,
1:10) to afford a white solid (84 mg, 78 %), m.p. 56-57 °C. '"H NMR
(400 MHz, CDCly): 6 = 8.17 (d, J = 5.4 Hz, 1 H, pyridinel-H),
7.58 (t, J = 8.2 Hz, 1 H, pyridine2-H), 7.42 (d, J = 54 Hz, 1 H,
pyridinel-H), 7.34 (s, 1 H, pyridinel-H), 7.30 (d, / = 7.4 Hz, 1 H,
pyridine2-H), 6.70 (d, J = 8.2 Hz, 1 H, pyridine2-H), 3.95 (s, 3 H,
OCHs;), 3.92 (s, 3 H, OCHj3) ppm. '*C NMR (100 MHz, CDCl5):
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0 = 1649, 163.7, 151.7, 148.9, 147.1, 139.2, 114.3, 113.4, 111.3,
108.0, 53.5, 53.2 ppm. HRMS (ESI): calcd. for C;,H3N,0, [M +
H]* 217.0977; found 217.0976.

4-Methoxy-4'-(trifluoromethyl)biphenyl (30d): Table 5, Entry 2.1>]
Purified by flash chromatography on silica gel (petroleum ether) to
afford a white solid (120 mg, 95%), m.p. 118-119 °C. '"H NMR
(400 MHz, CDCl;): 6 = 7.70-7.66 (m, 4 H, Ar), 7.57 (dd, J = 6.6,
2.1 Hz, 2 H, Ar), 7.03 (dd, J = 6.6, 2.1 Hz, Ar), 3.89 (s, 3 H, CHs;)
ppm.

2'-Methylbiphenyl-2-carbonitrile (31d): Table 5, Entry 4.5% Purified
by flash chromatography on silica gel (ethyl acetate/petroleum
ether, 1:30) to afford a white solid (90 mg, 91%), m.p. 35-36 °C.
'H NMR (400 MHz, CDCls): 6 = 7.57-7.55 (m, 4 H, Ar), 7.47—
7.45 (m, 2 H, Ar), 6.93-6.91 (m, 2 H, Ar) ppm.

Supporting Information (see footnote on the first page of this arti-
cle): '"H and '3C NMR spectra of the products.
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