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Efficient Synthesis of Biaryls through the Kumada Reaction Catalyzed by
Carbene Adducts of Cyclopalladated Ferrocenylimine
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A series of carbene adducts of cyclopalladated ferrocenyl-
imine were prepared and evaluated in the cross-coupling re-
action of aryl halides with Grignard reagents (the Kumada
reaction). Complex d exhibited high catalytic activity for the
coupling of aryl chlorides with sterically hindered Grignard

reagents and the reaction tolerated various functional
groups. A wide range of biaryls were efficiently obtained in
good to excellent yields in the presence of 0.5 mol-% catalyst
under mild reaction conditions.

Introduction

Unsymmetrical biaryls are important building blocks for
the synthesis of functional materials,[!l natural products,™
and pharmaceuticals.’] The Kumada reaction™ is one of
the most powerful and versatile methods with which to as-
semble such fragments. However, only modest progress in
the development of this reaction has been made in recent
yearsl®! compared to other cross-coupling reactions, such as
the Suzuki,!®! Still,l”! and Negishi reactions,®! due to the in-
herently inferior functional group tolerance. On the other
hand, the Kumada reaction could offer a more direct ap-
proach to the synthesis of biaryls because aryl boronic acids
(Suzuki coupling), stannanes (Stille coupling), and zinc
compounds (Negishi coupling) are usually prepared from
either Grignard or organolithium precursors.’] Direct use
of Grignard reagents in coupling reactions could efficiently
shorten the synthetic procedure and reduce the cost. How-
ever, there are some challenges that still exist for this reac-
tion, such as limitations in the use of the less expensive and
more available aryl chlorides as substrates, inferior toler-
ance of functional groups, less efficient synthesis of steri-
cally hindered biaryls and requirement for high loading of
catalyst (1-5 mol-%). Nolan’s groupl® reported the cou-
pling of aryl chlorides with aryl Grignard reagents at ele-
vated reaction temperature (80 °C) in the presence of 1 mol-
% N-heterocyclic carbene-Pd complex. However, this proto-
col was less tolerant of functional groups. Organ et al.>
described a successful application of the Kumada reaction
using PEPPSI as catalyst with a higher catalyst loading
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(2 mol-%). For these reasons, use of the Kumada coupling
protocol remains an attractive and potentially highly ef-
ficient alternative route to unsymmetrical biaryls.

Over the past decade, part of our research effort has fo-
cused on the synthesis and application of cyclopalladated
ferrocenylimines.['”) We found that they were highly versa-
tile in coupling reactions, such as the Suzuki and the Heck
reactions. Moreover, carbene adducts (Scheme 1) exhibited
high activity with sterically hindered aryl chlorides as sub-
strates in the Suzuki coupling.['®! This has prompted us to
explore the potential applications of such palladacycles in
the Kumada reaction. Herein, we disclose our results on the
application of carbene adducts of cyclopalladated ferrocen-
ylimine as efficient catalysts for the coupling of a wide
range of aryl halides with Grignard reagents, especially or-
tho-substituted Grignard reagents, with low catalyst loading
(0.5 mol-%) under mild reaction conditions.
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Scheme 1. Cyclopalladated ferrocenylimine and its adducts.

Results and Discussion

Palladacycles a—f were prepared according to the pre-
viously reported procedures.l'®!!] At the outset of our stud-
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ies, the coupling of 4-chlorotoluene with phenylmagnesium
bromide was chosen as a model reaction to evaluate the
catalytic activity of complexes a—f. As shown in Table I,
complexes ¢ and d showed higher catalytic activity; in the
presence of 1.0 mol-% catalyst loading, these complexes
provided the desired products in 90 and 94 % yields, respec-
tively (Entries 3 vs. 4). However, when catalyst loading was
reduced to 0.5 mol-%, use of complex ¢ only gave 80%
yield, whereas complex d remained highly efficient (Entries
4 vs. 7).

Table 1. Screening of catalysts for the Kumada coupling.

mc@cu QMgBr Tﬁla:t,.goic H3C

Entryl®] Cat. Cat. [mol-%) Yield [%o]®!

1 a 1.0 trace amounts
2 b 1.0 trace amounts
3 c 1.0 90

4 d 1.0 94

5 e 1.0 78

6 f 1.0 25

7 d 0.5 94

8 c 0.5 80

[a] Reaction conditions: 4-chlorotoluene (1.0 mmol), PhMgBr
(3.0 equiv.) in THF (2.0 mL), LiClI (2 equiv.), THF (2.0 mL), 24 h.
[b] Yields based on 4-chlorotoluene and assessed by GC.

To further compare the catalytic activity of complexes ¢
and d, first, the coupling of 4-chlorotoluene with phenyl-
magnesium bromide was performed at room temperature
(Figure 1); this coupling was affected by the depressed tem-
perature in two cases, however, the yield decreased dramati-
cally when complex ¢ was used as catalyst. Secondly, when
the coupling of sterically hindered substrates 2-chloroani-
sole with (2-methylphenyl)magnesium bromide was as-
sessed, complex d was found to be significantly superior to
complex ¢ (Figure 2). A catalyst loading of 0.5 mol-% com-
plex d was therefore established for the following studies.
We believe that the enhancement of “steric-bulk™ in relation
to the topography of the metal center is critical to the suc-
cess of the palladacycle-catalyzed Kumada reactions, al-
though the exact reason for the superiority of complex d is
not clear.

We then investigated the influence of solvents, additives,
and reaction temperature on the Kumada reaction. The re-
action of 4-chlorotoluene with phenylmagnesium bromide
was again chosen as a model reaction. As shown in Table 2,
the cross-coupling product was obtained in 73 % yield when
tetrahydrofuran (THF) was used as solvent (Entry 1). The
use of mixed solvents, such as THF/toluene, THF/dioxane,
THF/N,N-dimethylformamide (DMF), only gave the prod-
uct in 52, 60, and 31% yields, respectively (Entries 2-4); the
homocoupling product of the Grignard reagent was ob-
served in all cases. The yields of cross-coupling product in-
creased significantly in the presence of two equivalents of
LiCl (Entries 1 vs. 5) and decreased when the reaction was
carried out at room temperature (Entries 5 vs. 7). Moreover,
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Figure 1. The Kumada reaction catalyzed by complexes ¢ and d at
room temperature.  Reaction  conditions:  4-Chlorotoluene
(1.0 mmol), PhMgBr (3.0 equiv.) in THF (2.0 mL), cat. (0.5 mol-
%), LiCl (2.0 equiv.), THF (2.0 mL), 24 h; yields based on 4-chloro-
toluene and assessed by GC.
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Figure 2. The Kumada reaction of 2-chloroanisole with (2-meth-
ylphenyl)magnesium bromide catalyzed by complexes ¢ and d. Re-
action conditions: 2-Chloroanisole (1.0 mmol), (2-methylphenyl)
magnesium bromide (3.0 equiv.) in THF (2.0 mL), cat. (0.5 mol-%),
LiCl (2.0 equiv.), THF (2.0 mL), 24 h; yields based on 2-chloroani-
sole and assessed by GC.

shortening the reaction time from 24 to 12 h did not affect
the yields (Entries 5 vs. 10), and 96% yield was obtained
using 4-bromotoluene and phenylmagnesium bromide as
substrates at room temperature (Entry 11).

The range of substrates was then extended under the op-
timized conditions. The major disadvantage of the Kumada
reaction is the low tolerance of functional groups. There-
fore, our preliminary study was focused on aryl bromides
with either functional groups or heteroatoms as substrates
at room temperature (Table 3). The reaction of 2-bromo-
benzonitrile with p-tolylMgBr afforded the desired o-(p-
tolyl)benzonitrile in 80% yield (Entry 1), which is a key
intermediate in the synthesis of antihypertensive drugs.['”]
Gratifyingly, the Boc protecting group was also tolerated to
give the product 2, which is also an important drug inter-
mediate (Entry 2).['31 Unactivated vinyl bromides were also
applied to the Kumada coupling to provide the desired
products. 1-(2-Bromovinyl)benzene and 2-bromo-1,1-di-
phenylethene substrates gave the corresponding products in
95 and 90% yields, respectively (Entries 4 and 5). So far,
coupling reactions of vinyl halides with Grignard reagents
2373
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Table 2. Coupling reaction of 4-chlorotoluene with phenylmagnesium bromide.

Cat. d
o O 25 e )

Entryl! Solvent Additive T [°C] Time [h] Yield [%o]®)
1 THF - 60 24 73
2 THF/toluene (1:1) - 60 24 52
3 THF/dioxane (1:1) - 60 24 60
4 THF/DMF (1:1) - 60 24 31
5 THF LiCl (2 equiv.) 60 24 94
6 THF - r.t. 24 20
7 THF LiCl (2 equiv.) r.t. 24 50
8 THF LiCl (2 equiv.) 60 4 69
9 THF LiClI (3 equiv.) 60 4 30
10 THF LiCl (2 equiv.) 60 12 93
110 THF LiCl (2 equiv.) r.t. 12 96

[a] Reaction conditions. 4-chlorotoluene (1.0 mmol), PhMgBr (3.0 equiv.) in THF (2.0 mL), cat. d (0.5 mol-%), solvent (2.0 mL). [b] Yields
are based on aryl halides, and assessed by GC. [c] Reaction conditions: 4-bromotoluene (1.0 mmol), PAMgBr (3.0 equiv.) in THF (2.0 mL),
cat. d (0.5 mol-%), solvent (2.0 mL).

have rarely been reported.’P>"1 Furthermore, the coupling Table 4. Coupling of aryl chlorides with arylmagnesium halides.
of aryl Grignard reagents proceed smoothly with benzo-

;higpilige% )thiophene, and aldehyde-derived halides (Entries R1QC| + R@‘MQBF %%I R1@_@R2

Entrylel ArCI Ar2MgBr Product  Yield/%!®!

Table 3. Coupling of aryl bromides with arylmagnesium halides at

room temperature. 1 OCI

MgBr 8 93

. = cl
Cat. d, LiCl 2 9 93
1@ o @MQBF% ) e :\< (v
R'N\= R \= THF, r.t. = R
Entryl®) Ar'Br Ar2MgBr Product  Yield/%!! 3 QC' @MgBr 10 95
OCHg
1 Br HSC@MQB, 1 80 4 Hsco@m @MgBr 1 97
CN
/\ 5 cl @—Mgsr 12 89
2 Br N N-Boc H3C MgBr 2 63
s
S 6 NC@—U @MgBr 13 93
3 /@/} H3COMgBr 3 87
Br cl
7 @MgBr 14 96
N FaC
4 z HSCOMgBr 4 95 cl
Br 8 98
e U
O 9 11 95
5 HSCOMgBr 5 9% @C' Hsco@MQB’
oh
Br 10 HSCOCI HBCOOMgBr 16 %
MgBr
\ 9
6 D\Br 6 69 ol
S O 1 HsCO MgBr 17 92
o
12 Cl HSCOOMgBr 18 91
7 o HscOMgBr 7 89
Br
13 QCI H COOM B 19 94
. r
[a] Reaction conditions: aryl bromide (1.0 mmol), ArMgBr s ¢ ¢
(3.0 equiv.) in THF (2.0 mL), cat. d (0.5 mol-%), LiCl (2.0 equiv.), ¢ cl
THF (2.0 mL), r.t., 12 h. [b] Isolated yields based on aryl bromides 14 OO HgCOOMgBr 20 94
after two runs.

. . . [a] Reaction conditions: Aryl chloride (1.0 mmol), ArMgBr
We then investigated the Kumada coupling of aryl chlo- (3 o iv yin THF (2.0 mL), cat. d (0.5 mol-%), LiCl (2.0 equiv.),

rides (Table 4). In all cases, aryl chlorides with both elec-  THF (2.0 mL), 60 °C, 12 h. [b] Isolated yields based on aryl chor-
tron-withdrawing (such as CN and CF3) and electron-do- ides after two runs.
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nating (such as CH; and CH;O) groups gave excellent
yields (89-97%, Entries 1-7 and 9-13). Chloronaphthalene
coupled with both phenylmagnesium bromide and (4-meth-
oxyphenyl)magnesium bromide to afford the desired prod-
ucts in 98 and 94 9% yields, respectively (Entries 8 and 14).
Moreover, increased steric bulk in the aryl chloride did not
significantly affect the yields; for example, 2-chloro-m-
xylene gave excellent yields (Entries 5 and 12). These results
prompted us to investigate the synthesis of more sterically
hindered C-C biaryl compounds catalyzed by complex d.
As shown in Table 5, this reaction system is capable of
efficiently synthesizing di- and tri-ortho-substituted biaryls,
even when electron-rich chlorides that are generally reluc-
tant to undergo oxidative addition under mild conditions,
were used as substrates. Coupling of 2-chloroanisole with
2-tolylmagnesium bromide gave the corresponding biaryl 21

Table 5. Coupling of sterically hindered substrates.

Cat. d, LiCl -
I Ve )uger S0 L R,
R'\= RA\— THF, 60°C = R
Entryl@l Ar'Cl Ar2MgBr Product  Yield/%!
1] QCI QMQB' 21 87
OCH;,
cl
2 Q QMQB' 21 95
OCH;,
3 Cl QMgBr 12 93
5 QCI QMQ& 23 88
Cl
6 Q MgBr 24 90
H,CO
Cl
8 MgBr 25 83
MgBr
9 @—m 26 88
MgBr
10 H@o@m 27 91
Cl MgBr
11 28 79

[a] Reaction conditions: Aryl chloride (1.0 mmol), ArMgBr
(3.0 equiv.) in THF (2.0 mL), cat. d (0.5 mol-%), LiCl (2.0 equiv.),
THF (2.0 mL), 60 °C, 24 h. [b] Isolated yields based on aryl chlo-
ride after two runs. [c] Reaction time: 12 h.
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in 95% yield (Entry 2). (2,6-Dimethylphenyl)magnesium
bromide coupled with chlorobenzene, 4-chlorotoluene, 2-
chlorotoluene, 3-chloroanisole, 4-chloroanisole, and chloro-
naphthalene, to provide the desired products in 83-94%
yields (Entries 3-8). Biaryls 26 and 27 were obtained in 88
and 91% yields from the coupling of (2-methylnaphthyl)-
magnesium bromide with chlorobenzene and 4-chloro-
anisole, respectively (Entries 9 and 10). Moreover, tri-ortho-
substituted biaryls 23, 25, and 28 were obtained in good
yields from 2-chlorotoluene and chloronaphthalene upon
reaction with ortho-substituted Grignard reagents (Entries
5,8, and 11).

Conclusions

In summary, we have found that complex d, which bears
a strongly electron-donating and sterically hindered carbene
moiety, is highly efficient for the cross-coupling of aryl ha-
lides with Grignard reagents in the presence of 0.5 mol-%
catalyst and two equivalents of LiCl under mild reaction
conditions. This reaction system tolerates various func-
tional groups, and could be efficiently applied to the synthe-
sis of di- and tri-ortho-substituted biaryls.

Experimental Section

General: Melting points were measured with a XT-5 microscopic
apparatus. GC analyses were performed with an Agilent 4890D gas
chromatograph. "H NMR and '3C NMR spectra were recorded
with a Bruker DPX 400 instrument using CDCl; as the solvent and
TMS as the internal standard. Elemental analyses were conducted
with a Carlo Erba 1160 elemental analyzer. All chemicals were rea-
gent grade and used without further purification.

General Procedure for the Kumada Coupling Reaction: Aryl halide
(1.0 mmol), ArMgBr (3.0 mmol) in THF (2.0 mL), complex d
(0.5 mol-%), LiCl (2.0 mmol), and anhydrous THF (2.0 mL) were
added to an oven-dried flask under an N, atmosphere. The reaction
was stirred at either r.t. or 60 °C. The reaction mixture was cooled
to r.t., quenched with HCI (1.0 m), and extracted three times with
dichloromethane. The combined organic phase was washed with
brine, dried with MgSQOy,, filtered, and concentrated under reduced
pressure. After purification by flash chromatography (petroleum
ether/ethyl acetate) the yields were assessed based on the amount
of aryl halide. The products were characterized by '"H NMR and
13C NMR analyses and the data were consistent with those re-
ported in the literature. The identities of the new compounds were
further confirmed by elemental analysis.

o-(p-Tolyl)benzonitrile (1):['*! White solid; m.p. 47-49 °C (ref.'*1 49—
51°C). '"H NMR (400 MHz, CDCly): 6 = 7.74 (d, J = 7.7 Hz, 1
H), 7.76-7.60 (m, 1 H), 7.50-7.39 (m, 4 H), 7.30-7.25 (m, 2 H),
2.41 (s, 3 H) ppm. '*C NMR (100 MHz, CDCly): 6 = 145.4, 138.6,
135.2, 133.6, 132.7, 129.9, 129.4, 128.59, 128.55, 127.2, 118.8,
111.1, 21.2 ppm.

tert-Butyl 4-(4'-Methylbiphenyl-4-yl)piperazine-1-carboxylate (2):
White solid; m.p. 189-191 °C. '"H NMR (400 MHz, CDCls): 6 =
7.50 (d, J = 8.6 Hz, 2 H), 745 (d, J = 8.1 Hz, 2 H), 7.21 (d, J =
79 Hz, 2 H), 6.97 (d, J = 8.7 Hz, 2 H), 3.60-3.58 (m, 4 H), 3.18—
3.15 (m, 4 H), 2.37 (s, 3 H), 1.48 (s, 9 H) ppm. 3C NMR
(100 MHz, CDCly): 0 = 154.7, 150.2, 137.8, 136.2, 132.9, 129.4,
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127.6, 126.4, 116.7, 79.9, 49.3, 28.4, 21.0 ppm. CayH,gN,05: caled.
C 74.97, H 8.01, N 7.95; found C 74.93, H 8.09, N 7.90.

3-(4-Methylphenyl)benzothiophene (3): White solid; m.p. 120—
121 °C. '"H NMR (400 MHz, CDCl;): § = 8.01 (s, 1 H), 7.92 (d, J
= 8.4 Hz, 1 H), 7.59-7.55 (m, 3 H), 7.47 (d, J = 5.4 Hz, 1 H), 7.38
(d, J=54Hz 1H), 728 (d,J=79Hz 2 H), 241 (s, 3 H) ppm.
13C NMR (100 MHz, CDCls): 6 = 140.2, 138.5, 138.4, 137.6, 136.9,
129.5, 127.2, 126.9, 124.0, 123.8, 122.6, 121.7, 21.1 ppm. CsH,,S:
caled. C 80.31, H 5.39, S 14.29; found C 79.96, H 5.35, S 14.37.

(Z)-1-(4-Methylphenyl)-2-phenylethene (4):l'3] Colorless oil. 'H
NMR (400 MHz, CDCLy): 6 = 7.26-7.24 (m, 2 H), 7.21-7.15 (m, 3
H), 7.13 (d, J = 8.1 Hz, 2 H), 7.00 (d, J = 7.9 Hz, 2 H), 6.53 (s, 2
H), 2.28 (s, 3 H) ppm. 3C NMR (100 MHz, CDCLy): 6 = 137.4,
136.8, 134.2, 130.1, 129.5, 128.9, 128.84, 128.83, 128.80, 128.7,
128.14, 128.13, 126.9, 21.2 ppm.

2-(4-Methylphenyl)-1,1-diphenylethene (5):['%) Colorless oil. 'H
NMR (400 MHz, CDCly): 6 = 7.31-7.19 (m, 10 H), 6.93-6.91 (m,
5 H), 2.24 (s, 3 H) ppm. 13C NMR (100 MHz, CDCly): 6 = 143.6,
141.7, 140.6, 136.6, 134.5, 130.4, 129.5, 128.79, 128.76, 128.7,
128.22, 128.18, 128.15, 127.6, 127.39, 127.36, 21.2 ppm.

2-(1-Naphthyl)thiophene (6):!'”) Colorless oil. 'H NMR (400 MHz,
CDCLy): 6 = 8.23-8.21 (m, 1 H), 7.89-7.83 (m, 2 H), 7.56 (d, J =
6.9 Hz, 1 H), 7.51-7.46 (m, 3 H), 7.42-7.40 (m, 1 H), 7.245-7.236
(m, 1 H), 7.18-7.16 (m, 1 H) ppm. '*C NMR (100 MHz, CDCly):
o = 141.7, 133.8, 132.4, 131.8, 128.4, 128.3, 128.2, 127.4, 127.2,
126.4, 126.0, 125.7, 125.6, 125.2 ppm.

2-[4’-Methyl(1,1’-biphenyl)-2-yl]-1,3-dioxolane (7):!'8! Colorless oil.
'H NMR (400 MHz, CDCL): 6 = 7.72-7.70 (m, 1 H), 7.40-7.38
(m, 2 H), 7.33 (d, J = 7.8 Hz, 2 H), 7.28-7.21 (m, 3 H), 5.68 (s, 1
H), 4.18-4.15 (m, 2 H), 3.95-3.91 (m, 2 H), 2.40 (s, 3 H) ppm. '3C
NMR (100 MHz, CDCly): 6 = 142.1, 137.0, 136.9, 134.5, 130.0,
129.5, 129.0, 128.7, 127.4, 126.5, 101.2, 65.4, 21.2 ppm.

4-Methylbiphenyl (8):°4 White solid; m.p. 44-45°C (ref>al 43—
45°C). '"H NMR (400 MHz, CDCly): 6 = 7.57 (d, J = 7.4 Hz, 2
H), 7.49 (d, J = 8.0 Hz, 2 H), 7.41 (t, J = 7.5 Hz, 2 H), 7.31 (t, J
=73 Hz 1 H), 724 (d, J = 8.0 Hz, 2 H), 2.39 (s, 3 H) ppm. 13C
NMR (100 MHz, CDCls): 6 = 141.1, 138.3, 137.0, 129.4, 128.7,
127.0, 21.1 ppm.

2-Methylbiphenyl (9):['”! Colorless liquid. 'H NMR (400 MHz,
CDCLy): 6 = 7.40-7.36 (m, 2 H), 7.32-7.29 (m, 3 H), 7.25-7.21 (m,
4 H), 2.25 (s, 3 H) ppm. '3C NMR (100 MHz, CDCly): 6 = 142.0,
1354, 130.4, 129.9, 129.3, 128.8, 128.1, 127.3, 126.8, 125.8, 20.5
ppm.

2-Methoxybiphenyl (10):°9 Colorless liquid. '"H NMR (400 MHz,
CDCLy): 6 = 7.52 (d, J = 7.7 Hz, 2 H), 7.41-7.38 (m, 2 H), 7.32—
7.29 (m, 3 H), 7.04-6.96 (m, 2 H), 3.78 (s, 3 H) ppm. '*C NMR
(100 MHz, CDCl5): 0 = 156.4, 138.5, 130.8, 130.7, 129.5, 128.6,
127.9, 126.9, 120.8, 111.2, 55.5 ppm.

4-Methoxybiphenyl (11):59 White solid; m.p. 84-86 °C (ref.[>al 85—
87°C). '"H NMR (400 MHz, CDCls): 6 = 7.56-7.52 (m, 4 H), 7.43—
7.39 (m, 2 H), 7.30-7.25 (m, 1 H), 6.99-6.97 (m, 2 H), 3.85 (s, 3
H) ppm. 3C NMR (100 MHz, CDCLy): 6 = 159.1, 140.8, 133.8,
128.7, 128.1, 126.7, 126.6, 114.2, 55.3 ppm.

2,6-Dimethylbiphenyl  (12):°°  Colorless liquid. 'H NMR
(400 MHz, CDCly): 0 = 7.41-7.38 (m, 2 H), 7.32-7.29 (m, 1 H),
7.16-7.08 (m, 5 H), 2.02 (s, 6 H) ppm. 3C NMR (100 MHz,
CDCly): 0 = 141.9, 141.2, 136.1, 129.1, 128.5, 127.3, 127.1, 126.7,
20.9 ppm.

4-Cyanobiphenyl (13):°" White solid; m.p. 84-86 °C (ref.bn 85-
87 °C). "H NMR (400 MHz, CDCLy): 6 = 7.74-7.67 (m, 4 H), 7.60—
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7.58 (m, 2 H), 7.50-7.40 (m, 3 H) ppm. *C NMR (100 MHz,
CDCl;): 6 = 145.7, 139.2, 132.6, 129.1, 128.6, 127.7, 127.2, 118.9,
110.9 ppm.

3-(Trifluoromethyl)biphenyl (14):?% Colorless liquid. 'H NMR
(400 MHz, CDCly): 6 = 7.82 (s, 1 H), 7.72 (d, J = 7.6 Hz, 1 H),
7.59-7.55 (m, 3 H), 7.50 (t, J = 7.7 Hz, 1 H), 7.46-7.42 (m, 2 H),
7.38-7.35 (m, 1 H) ppm. '3C NMR (100 MHz, CDCLy): 6 = 142.0,
139.8, 131.0 (q, J = 32 Hz), 130.4, 129.3, 129.0, 128.8, 128.0, 127.2,
124.2 (q, J = 275.2 Hz), 122.9, 120.2 ppm.

1-Phenylnaphthalene (15):I'°! Colorless liquid. "H NMR (400 MHz,
CDCly): 0 = 7.87-7.83 (m, 2 H), 7.81-7.78 (m, 1 H), 7.48-7.44 (m,
6 H), 7.43-7.14 (m, 3 H) ppm. '*C NMR (100 MHz, CDCl): 6 =
140.8, 140.3, 133.8, 131.7, 130.1 128.3, 127.7, 127.3, 127.0, 126.1,
125.8, 125.4 ppm.

4-Methoxy-4'-methylbiphenyl (16):°" Colorless solid; m.p. 117—
118 °C (ref5 107.9-108.1 °C). 'H NMR (400 MHz, CDCly): 6 =
7.51(d, J = 8.7 Hz, 2 H), 7.45 (d, J = 8.0 Hz, 2 H), 7.23 (md, J =
8.0Hz, 2 H), 6.96 (d, J = 8.7 Hz, 2 H), 3.84 (s, 3 H), 2.38 (s, 3 H)
ppm. *C NMR (100 MHz, CDCls): § = 158.9, 138.0, 136.3, 133.7,
129.4, 127.9, 126.6, 114.1, 55.3, 21.0 ppm.

4-Methoxy-2'-methylbiphenyl (17):°"1 Light-yellow liquid. 'H
NMR (400 MHz, CDCly): 6 = 7.25-7.19 (m, 6 H), 6.94 (d, J =
8.8 Hz, 2 H), 3.83 (s, 3 H), 2.27 (s, 3 H) ppm. 13C NMR (100 MHz,
CDCly): 0 = 158.5, 141.6, 135.5, 134.4, 130.3, 130.2, 129.9, 127.0,
125.8, 113.5, 55.3, 20.6 ppm.

4'-Methoxy-2,6-dimethylbiphenyl (18):!! White solid; m.p. 49—
50 °C (ref.21 52-53 °C). 'TH NMR (400 MHz, CDCls): § = 7.14—
7.04 (m, 5 H), 6.96 (d, J = 8.5 Hz, 2 H), 3.85 (s, 3 H), 2.04 (s, 6 H)
ppm. 3C NMR (100 MHz, CDCl,): 6 = 158.2, 141.5, 136.5, 133.3,
130.0, 127.2, 126.9, 113.8, 55.2, 20.9 ppm.

4’'-Methoxy-3-(trifluoromethyl)biphenyl (19):°"! Colorless liquid. 'H
NMR (400 MHz, CDCly): 8 = 7.78 (s, 1 H), 7.70-7.68 (m, 1 H),
7.54-7.47 (m, 4 H), 7.00-6.96 (m, 2 H), 3.84 (s, 3 H) ppm. '*C
NMR (100 MHz, CDCl;): 6 = 159.7, 141.6, 132.2, 131.1 (d, J =
31.8 Hz), 129.9, 129.2, 1289, 128.2 (q, J = 272.2 Hz), 123.4 (q, J
= 3.8 Hz), 123.3 (q, J = 3.8 Hz), 114.4, 55.3 ppm.

1-(4-Methoxyphenyl)naphthalene (20):** Solid; m.p. 115-117°C
(ref24 116-117 °C). '"H NMR (400 MHz, CDCls): 6 = 7.93-7.88
(m, 2 H), 7.83 (d, J = 8.2 Hz, 1 H), 7.52-7.45 (m, 2 H), 7.44-7.39
(m, 4 H), 7.04-7.01 (m, 2 H), 3.14 (s, 3 H) ppm. 3C NMR
(100 MHz, CDCl3): 6 = 158.9, 139.9, 133.8, 133.1, 131.8, 131.1,
128.2, 127.3, 126.9, 126.1, 125.9, 125.7, 125.4, 113.7, 55.3 ppm.

2-Methoxy-2'-methylbiphenyl (21):° Colorless liquid. 'H NMR
(400 MHz, CDCly): 6 = 7.33-6.94 (m, 8 H), 3.74 (s, 3 H), 2.14 (s,
3 H) ppm. *C NMR (100 MHz, CDCl): § = 156.6, 138.7, 136.8,
131.0, 130.9, 130.0, 129.6, 128.6, 127.3, 125.4, 120.5, 110.7, 55.4,
19.9 ppm.

2,6,4'-Trimethylbiphenyl (22):*? Colorless liquid. 'H NMR
(400 MHz, CDCl5): 6 = 7.21 (d, J = 7.8 Hz, 2 H), 7.14-7.12 (m, 1
H), 7.09-7.08 (m, 2 H), 7.02 (d, J = 8.0 Hz, 2 H), 2.39 (s, 3 H),
2.03 (s, 6 H) ppm. 3C NMR (100 MHz, CDCLy): 6 = 141.9, 138.1,
136.3, 136.2, 136.1, 129.2, 129.0, 127.3, 126.9, 21.3, 20.9 ppm.

2,6,2'-Trimethylbiphenyl (23):5Y Colorless liquid. 'H NMR
(400 MHz, CDCly): 6 = 7.26-7.02 (m, 7 H), 1.96 (s, 3 H), 1.94 (s,
6 H) ppm. 3C NMR (100 MHz, CDCly): 6 = 141.1, 140.5, 135.8,
135.6, 129.9, 129.8, 129.3, 128.8, 127.2, 127.0, 126.9, 126.0, 125.5,
20.3, 19.4 ppm.

3’-Methoxy-2,6-dimethylbiphenyl (24):221 Colorless liquid. 'H
NMR (400 MHz, CDCl3): 0 = 7.31-7.27 (m, 1 H), 7.13-7.09 (m, 1
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H), 7.05 (d, J = 7.2 Hz, 2 H), 6.85-6.82 (m, 1 H), 6.70-6.65 (m, 2
H), 3.76 (s, 3 H), 2.00 (s, 6 H) ppm. '*C NMR (100 MHz, CDCls):
0 = 159.6, 142.5, 141.7, 136.0, 129.4, 127.2, 127.0, 121.4, 114.5,
112.1, 55.2, 20.7 ppm.

1-(2,6-Dimethylphenyl)naphthalene (25):?31 White solid; m.p. 70—
71 °C (ref?31 71-72 °C). '"H NMR (400 MHz, CDCls): 6 = 7.90—
7.84 (m, 2 H), 7.55-7.51 (m, 1 H), 7.48-7.44 (m, 1 H), 7.33 (d, J
= 3.6 Hz, 2 H), 7.27-7.22 (m, 2 H), 7.17 (d, J = 7.5 Hz, 2 H), 1.90
(s, 6 H) ppm. 3C NMR (100 MHz, CDCl;): 6 = 139.6, 138.8,
137.0, 133.8, 131.8, 128.3, 127.33, 127.27, 127.2, 126.4, 126.0,
125.8, 125.7, 125.4, 20.4 ppm.

2-Methyl-1-phenylnaphthalene (26):° Colorless liquid. '"H NMR
(400 MHz, CDCL): 6 = 7.83 (d, J = 7.6 Hz, 1 H), 7.77 (d, J =
8.4 Hz, 1 H), 7.49-7.26 (m, 9 H), 2.23 (s, 3 H) ppm. 3C NMR
(100 MHz, CDCl3): 0 = 139.8, 138.2, 133.1, 133.0, 131.9, 130.1,
128.6, 128.4, 128.3, 128.2, 127.7, 127.2, 127.0, 126.1, 125.8, 124.7
ppm.

1-(4-Methoxyphenyl)-2-methylnaphthalene (27):1>¢1 White solid; m.p.
95-97 °C (1it.”1 96-98 °C). 'H NMR (400 MHz, CDCls): 6 = 7.81
(d, J=8.0Hz, 1 H), 7.75 (d, J = 8.4 Hz, 1 H), 7.45-7.19 (m, 4 H),
7.17 (d, J = 1.9 Hz, 1 H), 7.02 (d, J = 8.6 Hz, 1 H), 3.88 (s, 3 H),
2.24 (s, 3 H) ppm. '*C NMR (100 MHz, CDCly): 6 = 158.6, 137.8,
133.5, 133.3, 132.0, 131.9, 131.2, 128.6, 127.7, 127.1, 126.2, 125.7,
124.7, 113.8, 55.3, 20.9 ppm.

2-Methyl-1,1’-binaphthyl (28):71 Colorless solid; m.p. 131-134 °C
(1it.271 132-134 °C). '"H NMR (400 MHz, CDCls): § = 7.92-7.82
(m, 5 H), 7.56-7.15 (m, 8 H), 2.08 (s, 3 H) ppm. '3C NMR
(100 MHz, CDCls): 0 = 137.6, 134.4, 133.8, 128.7, 128.4, 127.9,
127.8, 127.7, 127.6, 126.3, 126.2, 126.08, 126.06, 125.98, 125.95,
128.9, 125.7, 125.4, 124.9, 20.6 ppm.
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