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Abstract—PEG (300) was found as an effective medium for the PdCl,-catalyzed Suzuki—Miyaura cross-coupling of aryl chlorides with
various phenylboronic acids. This cross-coupling pathway conveniently and efficiently gave good to excellent yields of corresponding biaryl

nucleus under mild conditions.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The palladium-catalyzed Suzuki—-Miyaura cross-coupling
has become one of the most versatile and powerful reactions
for the construction of carbon—carbon bonds, in particular
for the formation of biaryls.!? The traditional protocols for
the Suzuki—Miyaura reaction prescribe a palladium species
with phosphine ligands as the catalyst. However, many phos-
phines, which are necessary to stabilize the catalytically
active Pd species, are toxic and/or expensive. Meanwhile,
some phosphines are sensitive to air and moisture with
conversion to, for example, phosphine oxide species. Conse-
quently, the development of phosphine-free catalytic
systems to overcome these difficulties is considered to be
one of the most challenging fields in organic chemistry.
Improved conditions have been developed for the Suzuki—
Miyaura reaction, including the use of palladium nano-
particles,® water-soluble phosphines as ligands,* microwave
technology,” nucleophilic carbene ligands,® ionic liquids,’
and so on.® While aryl iodides and bromides are the more
reactive substrates in the reaction, it is aryl chlorides which
have an attraction to synthetic chemists due to the availabil-
ity of a broad range of inexpensive materials in this class. As
a result, significant research effort has been focused on the
preparation and use of catalysts capable of activating aryl
chloride substrates.” Complexes bearing bulky phos-
phines, ' N-heterocyclic carbenes' 12 or palladacyclic com-
plexes'? have recently been introduced as particularly active
catalysts. Now, it is a new challenge to utilize phosphine-free
catalytic systems to couple aryl chlorides with arylboronic
acids.
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PEGs have clear advantages as solvents for use in chemistry
because they are inexpensive, readily available, easily
degradable, and possess low toxicity.!* Recently, the phos-
phine-free Suzuki reaction involving PEG (400) as the sol-
vent was reported by Li and co-workers.'> In the presence
of Pd(OAc), and DABCO, coupling of aryl iodides or aryl
bromides with arylboronic acids was carried out to afford
good to excellent yields on the condition of heating for
110 °C. At the same time, Zhang and co-workers developed
an easier method of Suzuki reaction by using water combin-
ing with PEG (2000) as solvent and Pd(OAc), as the cata-
lyst.!® The reaction can be conducted to give biaryl
nucleus under heating conditions (50 °C) without the use
of microwave or ligand in high yield. However, in the case
of aryl chlorides, the above mentioned Pd(OAc),—
DABCO-PEG (400) and Pd(OAc),-H,O-PEG (2000) sys-
tems proved not to be effective. Here, we report that
PdCl,, in combination with PEG (300) as the solvent, is quite
an efficient system for the coupling of aryl chlorides with
arylboronic acids at room temperature.

2. Results and discussion

We initiated our study of the Suzuki-Miyaura cross-
coupling reaction by optimizing the conditions in terms of
Pd species, solvents, and bases. The Suzuki—-Miyaura
cross-coupling reaction was first evaluated with some Pd
species in order to study their catalytic activity. We chose
as a model reaction the coupling between p-nitrochlorobenz-
ene and phenylboronic acid in PEG (300) at room tempera-
ture (Table 1). Both reactions catalyzed by PdCl, and
Pd(OAc), provided good yields in 1.5 h (Table 1, entries 1
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Table 1. Effect of Pd species on cross-coupling of p-nitrochlorobenzene
with phenylboronic acid®

cl B(OH),
PdClI
K,CO,, PEG (300)

NO,
Entry Pd species Time (h)° Yield (%)°
1 PdCl, 1.5 92
2 PdCl,(PPhs)4 6 85
3 Pd(OAc), 1.5 93
4 Pd(PPh3), 12 Trace

# Reaction conditions: 1.0 mmol p-nitrochlorobenzene, 1.1 mmol phenyl-
boronic acid, 2.5 mmol K,COs;, 5 mmol % Pd species, 4 mL PEG (300),
at room temperature.

® The reaction was monitored by TLC.

¢ Isolated yield.

and 3). PdCl,(PPhjy), also presented good yield but needed
longer time (Table 1, entry 2). However, Pd(PPh;), was
not an effective catalyst for the Suzuki-Miyaura cross-
coupling reaction in PEG (300). In view of the cheaper price
of PdCl, than Pd(OAc),, we selected PdCl, as the catalyst
for our research.

Our next investigation into an effective Suzuki reaction
began with p-nitrochlorobenzene, phenylboronic acid, and
an array of solvents combined with PEG (300). The results
are summarized in Table 2. The choice of solvent has a sig-
nificant impact on the efficiency of the cross-coupling: the
reaction of p-nitrochlorobenzene with 1.1 equiv of phenyl-
boronic acid in PEG/DMSO, PEG/H,0 at room temperature
for 12 h scarcely afforded the corresponding biaryl. When
PEG/CH;0H, PEG/C,HsOH, PEG/n-C;H,OH, PEG/
i-C3H,0OH, PEG/toluene, PEG/CH;CN or PEG/dioxane
were used as solvents, the yields of p-nitro-biphenyl were
also very low. In the case of employing DMF, the reaction

Table 2. Effect of solvent on PdCl,-catalyzed cross-coupling of p-nitro-
chlorobenzene with phenylboronic acid®

Cl B(OH),
PdClI
K,CO,, PEG (300)

NO,
Entry Solvent Time (h)" Yield (%)°
1 PEG 1.5 92
2 PEG/DMSO 12 Trace
3 PEG/toluene 12 25
4 PEG/DMF 12 75
5 PEG/CH;CN 12 8
6 PEG/dioxane 12 36
7 PEG/H,0O 12 Trace
8 PEG/CH;0H 12 6
9 PEG/C,HsOH 12 8
10 PEG/n-C3H,OH 12 15
11 PEG/i-C3H,0H 12 17

# Reaction conditions: 1.0 mmol p-nitrochlorobenzene, 1.1 mmol phenyl-
boronic acid, 2.5 mmol K,COs3, 5 mmol % PdCl,, 4 mL PEG (300), and
4 mL other solvents, at room temperature.

® The reaction was monitored by TLC.

¢ Isolated yield.

was carried out smoothly to give a marked enhancement in
yield in 12 h (entry 4, 75%). Evidently, the best solvent for
the reaction was pure PEG (300), which produced 92% of
p-nitro-biphenyl in only 1.5 h (entry 1).

In our following experiments, when we used K,COj as base,
the optimum yield was obtained by using 3.0 equiv with
respect to the aryl halide (Table 3, entries 1-3). Use of less
or more than the amount resulted in a lower yield. Employ-
ing 1.5 equiv of phenylboronic acid gave p-nitro-biphenyl in
a better yield of 98% compared to the above 1.1 equiv
amount (Table 3, entry 4). Using 1.5 equiv of phenylboronic
acid, we screened a range of other bases. KF-2H,0, KOAc,
KOH, Na,COj3, NaOAc, NaOH, and n-Buy;NOH were found
to be effective in the reaction. NaHCO;, Cs,COs3, and
K3PO4-3H,0 led to acceptable moderate yields of product,
while BaCOj resulted in p-nitro-biphenyl in a lower yield.
Ag,COj5 and Et3N proved to be particularly inefficient bases,
while MgF,, AlF;, DMAP were completely inactive.
Finally, K,CO3;, an effective base for the cyclopalladated-
imine catalyst for the Suzuki-Miyaura reaction,'” proved to
be the most effective, leading to 98% isolated yield in 1.5 h.

Table 3. Effect of base on PEG (300)-PdCl,-catalyzed cross-coupling of
p-nitrochlorobenzene with phenylboronic acid®

cl B(OH),
K,CO,, PEG (300)

NO,
Entry Base Time (h)® Yield (%)°
14° K>CO; 2 87
2¢ K>CO, 15 92
34f K»CO; 15 90
4 K>CO; 15 98
5 K5PO,-3H,0 12 72
6 KF-2H,0 4 98
7 KOAc 8 92
8 KOH 15 90
9 Na,COs 8 95
10 NaHCO; 12 60
11 NaOAc 12 90
12 NaOH 8 98
13 Cs,CO; 12 50
14 Ag,CO; 12 Trace
15 BaCO; 12 30
16 AlF; 12 —
17 MgF, 12 —
188 n-Buy,NOH 3 94
19 Et;N 12 Trace
20 DMAP 12 —

? Reaction conditions: 1.0 mmol p-nitrochlorobenzene, 1.5 mmol phenyl-
boronic acid, 3.0 mmol base, 5 mmol % PdCl,, 4 mL PEG (400), at
room temperature.

The reaction was monitored by TLC.

Isolated yield.

Phenylboronic acid: 1.1 mmol.

" Base: 2.5 mmol.

T Base: 3.5 mmol.

€ 25% in methanol.

o a o o

As illustrated in Table 4, the PEG (300)-PdCl, system was
applicable to a wide range of aryl chloride substrates to
give the products with good to excellent yields. A wide array
of functional groups such as aldehyde, nitro, ketone, and



L. Yin et al. / Tetrahedron 62 (2006) 9359-9364 9361

Table 4. PEG (300)-PdCl,-catalyzed cross-coupling of aryl chlorides with
phenylboronic acid”

cl B(OH),
XX K,CO,, PEG (300) R—
R
Entry Aryl chloride Time (h)b Yield (%)°
1 OzNOCI 1.5 98

(3]
Q
o0

93
NO,
O,N
3 8 52
Cl
0,
5 OHC@CI 4 96

(o)}
-n
@}
9
o0
=

7 o )-o 3 86
8ot C'OC' 12 50
cl
9%e 8 45
cl
cl
10°¢ 12 82
cl
|
1 QC 12 Trace
cl
12 @m 6 08
13 moo—{ Vo s 80

# Reaction conditions: 1.0 mmol aryl halide, 1.5 mmol phenylboronic acid,
3 mmol K,CO3, 5 mmol % PdCl,, 4 mL PEG (300), at room temperature.

" The reaction was monitored by TLC.

¢ Isolated yield.

4 Phenylboronic acid: 1.1 mmol.

¢ Phenylboronic acid: 3.0 mmol.

' Product: 50% p-terphenyl and 52% 4-chloro-biphenyl.

€ Product: m-terphenyl.

methoxy were tolerated in the reaction and not affected by
the system. For example, with p-chlorobenzaldehyde,
a high yield of coupling product (96%) was obtained (entry
5). We found that electron-withdrawing chlorides such as
p-nitrochlorobenzene (entry 1) and 1-(4-chloro-phenyl)-
ethanone (entry 4) were more efficiently utilized as sub-
strates, compared to chlorides with electron-donating groups
such as p-methoxychlorobenzene (entry 13). Surprisingly,
the reaction of m-nitrochlorobenzene with phenylboronic
acid only gave a moderate yield of 52% after 8 h and 45%
material was recovered. Furthermore, it was noteworthy
that the treatment of p-dichlorobenzene with 1 equiv of

phenylboronic acid produced 4-chloro-biphenyl in 86%
yield after 3 h at room temperature. Utilization of 3 equiv
of phenylboronic acid afforded 50% p-terphenyl and 52%
4-chloro-biphenyl (entries 7 and 8). However, both 1 and
3 equiv of phenylboronic acid generated m-terphenyl as
the only main product (entries 9 and 10). It was quite surpris-
ing that treatment of o-dichlorobenzene with phenylboronic
acid scarcely afforded any main product (entry 11).

The effect of varying the phenylboronic acids in the Suzuki—
Miyaura cross-coupling reactions was also investigated
using various aryl chlorides (Table 5). From Table 5, it is
evident that the reaction of phenylboronic acid with
electron-donating groups such as methoxy occurred faster
than when electron-withdrawing groups such as fluoro
were employed. For example, treatment of chlorobenzene
with p-methoxyphenylboronic acid afforded the correspond-
ing coupled product in shorter time and higher yield than
coupling of chlorobenzene with p-fluorophenylboronic
acid (entries 5 and 10). Compared to p-nitrochlorobenzene
and m-nitrochlorobenzene, 2,4-dinitrochlorobenzene af-
forded the corresponding product in lesser time and with
higher yield, which suggested that the electron-withdrawing
effect of a nitro group had more influence on the chloride
than the effect of static hindrance. Remarkably, phenyl-
boronic acid containing electron-withdrawing groups or
electron-donating groups could be coupled in good to
excellent yields at room temperature. However, when
p-methoxychlorobenzene was utilized, the reaction with
p-fluorophenylboronic acid and 3.4,5-trifluorophenyl-
boronic acid only gave moderate yields (65 and 60%, entries
12 and 16). Moreover, we were pleased to observe that
I-naphthylboronic acid could be coupled with p-nitro-
phenylboronic acid to afford 1-(4-nitro-phenyl)-naphthalene
with 90% yield (entry 19), while when 1-(4-chloro-phenyl)-
ethanone was employed, only 50% yield of the correspond-
ing product was isolated (entry 20).

3. Conclusion

In conclusion, we have disclosed an efficient and convenient
system for the Suzuki coupling of aryl chlorides with various
phenylboronic acids using PdCl, as catalyst and PEG (300)
as solvent at room temperature. The system proved to be
quite efficient for a wide array of electron-withdrawing
and electron-donating groups in both aryl chlorides and
phenylboronic acids. Currently, further studies are underway
in our laboratory, addressing extension of the system to other
palladium-catalyzed transformations.

4. Experimental

4.1. Typical experimental procedure for the PEG (300)-
PdCl,-catalyzed Suzuki-Miyaura cross-coupling
reaction

A mixture of aryl chlorides (1.0 mmol), arylboronic acid
(1.5 mmol), PdCl, (0.05 mmol), K,CO5; (3 mmol), and
PEG (300) (4 mL) were added to a 100 mL round-flask,
and stirred at room temperature for the desired time until
complete consumption of starting material as judged by
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Table 5. PEG (300)-PdCl,-catalyzed cross-coupling of aryl halides with various phenylboronic acids®
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cl B(OH),

X ey N\ K,COj3, PEG (300) R = — R
-

Entry Aryl chloride Phenylboronic acid Time (h)h Yield (%)°
O,N cl
1 Haco—<i>fa(ow)2 0.5 98
NO,
2 OZN—@Cl Haco—<i>fs(om2 1 95
cl
3 Hg,co—<i>7|3(om2 5 90
NO,
o)
4 >—©70| mco%i%s(om2 4 92
5 Qm H3COOB(OH)2 5 87
6 @m H3COOB(OH)2 3.5 93
7 HSCO—QQ H3COOB(OH)Z 5 98
O,N cl
8 |=—<i>7|3(0H)2 2 96
NO,
o)
9 >_©70| F—QB(OH)z 6 90
10 QCI F—QB(OH)Z 10 83
1 F—Q@ F—@—B(OH)Z 5 95
12 Hsco—Qm F—@—B(OH)Z 10 65
F
O,N cl
13 F B(OH), 3 87
NO.
z F
F
o)
14 >_©,C, F@*B(OH)Z 6 85
F
F
15 @m F‘@*B(OH)Q 10 82
F
F
16 H3CO—QC| F@*B(OH)Z 12 60
F
o)
17 >—©—0| CZH5—®—B(OH)2 5 86

(continued)
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Table 5. (continued)

Entry Aryl chloride

Phenylboronic acid

Time (h)" Yield (%)°

(0]

csz%i%B(on-l)2 6 80

B(OH),

B(OH),

# Reaction conditions: 1.0 mmol aryl halide, 1.5 mmol phenylboronic acid, 3 mmol K,CO3, 5 mmol % PdCl,, 4 mL PEG (300), at room temperature.

® The reaction was monitored by TLC.
¢ Isolated yield.

TLC. Thus, after the mixture was extracted with dry ethyl
ether (5x10 mL) and evaporated, the residue was purified
by flash column chromatography (hexane or hexane/ethyl
acetate) to afford the desired coupled products.

4.2. Analytical data for new compounds

4.2.1. 2,4-Binitro-4'-fluoro-biphenyl (Table 5, entry 8). 'H
NMR (300 MHz, CDCl3) 6: 8.72 (d, J=2.4 Hz, 1H), 8.48
(dd, J=2.4 Hz, J=8.4 Hz, 1H), 7.66 (d, J=8.4 Hz, 1H),
7.36-7.30 (m, 2H), 7.21-7.16 (m, 2H). '3C NMR
(75 MHz, CDCl3) o: 161.8, 149.1, 147.0, 141.2, 133.2,
131.2, 130.0, 126.5, 119.8, 116.3. HRMS: calcd for
C,H,FN,0,4 262.0390; found 262.0381.

4.2.2. 2,4-Binitro-3',4',5'-trifluoro-biphenyl (Table 5,
entry 13). 'H NMR (300 MHz, CDCl;) §: 8.80 (d,
J=2.4 Hz, 1H), 8.52 (dd, J=2.4 Hz, J=8.4 Hz, 1H), 7.65
(d, J=8.4Hz, 1H), 6.99 (dd, J=6.3 Hz, J=7.5 Hz, 2H).
13C NMR (75 MHz, CDCl5) 6: 162.4, 153.2, 147.7, 139.1,
133.1, 130.9, 128.8, 126.9, 120.1, 112.6. HRMS: calcd for
C,HsF3N,0, 298.0201; found 298.0205.

4.2.3.1-(3 4,5 -Trifluoro-biphenyl-4-yl)-ethanone (Table
5, entry 14). 'H NMR (300 MHz, CDCl3) &: 8.04 (d,
J=8.5Hz, 2H), 7.60 (d, J=8.5Hz, 2H), 7.24 (dd,
J=63Hz, J=85Hz, 2H), 2.65 (s, 3H). C NMR
(75 MHz, CDCls) o: 197.4, 153.2, 150.0, 142.5, 138.2,
136.8, 129.2, 127.1, 111.4, 26.7. HRMS: calcd for
C4HgF50 250.0606; found 250.0598.

4.2.4. 3,4,5-Trifluoro-biphenyl (Table 5, entry 15). 'H
NMR (300 MHz, CDCl3) ¢: 7.51-7.39 (m, 5H), 7.19 (dd,
J=6.6 Hz, J=8.4 Hz, 2H). '*C NMR (75 MHz, CDCl5) 6:
162.3, 153.1, 149.8, 138.2, 129.1, 1294, 126.8, 111.0.
HRMS: calcd for C;,H-F;5 208.0500; found 208.0499.

4.2.5. 4-Methoxy-3',4',5'-trifluoro-biphenyl (Table 5,
entry 16). 'H NMR (300 MHz, CDCly) &: 7.43 (d,
J=8.7 Hz, 2H), 7.13 (dd, J=6.6 Hz, J=9.0 Hz, 2H), 6.97
(d, J=8.7Hz, 2H), 3.85 (s, 3H). '3C NMR (75 MHz,
CDCl,) 6: 162.4, 159.9, 127.9, 114.5, 110.6, 110.5, 110.4,
110.3, 55.4. HRMS: calcd for C,3HgF5;0 238.0606; found
238.0607.

4.2.6. 1-(4'-Ethyl-biphenyl-4-yl)-ethanone (Table 5, entry
17). '"H NMR (300 MHz, CDCls) 6: 8.02 (d, J=8.4 Hz, 2H),
7.68 (d, J=8.4 Hz, 2H), 7.57 (d, J=8.1 Hz, 2H), 7.31 (d,
J=8.1 Hz, 2H), 2.71 (q, J=7.5 Hz, 2H), 2.64 (s, 3H), 1.29
(t, J=7.5 Hz, 3H); '>*C NMR (75 MHz, CDCl;) §: 197.7,
145.8, 144.6, 137.2, 135.7, 128.9, 128.5, 127.2, 127.0,
28.6,26.6, 15.5. HRMS: calcd for C4H ;60 224.1201; found
224.1200.

4.2.7. 4-Methoxy-4'-ethyl-biphenyl (Table 5, entry 18). 'H
NMR (300 MHz, CDCly) 6: 7.51 (d, J=8.7 Hz, 2H), 7.47 (d,
J=8.1 Hz, 2H), 7.25 (d, J=8.1 Hz, 2H), 6.96 (d, J=8.7 Hz,
2H), 3.84 (s, 3H), 2.68 (q, J=7.5Hz, 2H), 1.27 (t,
J=7.5Hz, 3H); '*C NMR (75 MHz, CDCl;) 6: 158.9,
142.7, 138.2, 133.8, 128.2, 128.0, 126.7, 114.2, 55.3, 28.5,
15.9. HRMS: calcd for C;sH;60 212.1201; found 212.1199.
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