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New reaction conditions for the direct arylation of polyfluoroarenes with aryl iodides have been
developed. This reaction can be co-catalyzed by palladium/copper without ligands and exhibits ex-
cellent functional group compatibility.
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Introduction

Polyfluorobiphenyl structural motifs have found
wide applications in medicinal chemistry and mate-
rial science [1, 2]. Hence, it is of great interest to de-
velop efficient reactions for their synthesis. The most
common method for their preparation relies on tran-
sition metal-catalyzed cross-coupling of aryl halides
with aryl metals [3 – 5]. However, this “preactiva-
tion” process of coupling partners (preparations of aryl
halides and organometallic reagents) suffers from in-
trinsic drawbacks in terms of atom and step econ-
omy. Recently, transition metal-catalyzed direct aryla-
tion of aromatic C–H bonds has emerged as a more
attractive method to synthesize biaryls [6 – 8]. De-
spite the significant progress in this field, the sub-
strates are mainly limited to directing group-containing
arenes and electron-rich heterocycles such as azoles
or indoles. In 2006, a significant breakthrough has
been made in palladium-catalyzed direct arylation of
electron-deficient polyfluoroarene C–H bonds with
aryl halides reported by Fagnou [9, 10]. This pi-
oneering work spurred numerous recent investiga-
tions in the transition metal-catalyzed transforma-
tion of polyfluoroarene C–H bonds, including aryla-
tion [11 – 23], alkenylation [24 – 29], alkylation [30],
alkynylation [31], allylation [32, 33], trifluoromethyla-
tion [34], amination [35, 36], borylation [37], and thio-
lation [38].

In 2008, Daugulis developed a general method
for the copper-catalyzed arylation of polyfluoroarenes
with aryl halides in the presence of phenanthro-
line [11]. Fagnou in 2010 made further modifications
to the arylation of polyfluoroarenes with aryl iodides,
in which excellent yields were obtained under mild
biphasic conditions at room temperature [17]. Zhang
reported palladium-catalyzed direct cross-coupling of
polyfluoroarenes with heteroaromatic tosylates [20].
The same group recently reported the palladium-
catalyzed arylation of polyfluoroarenes with aryl io-
dides using pure water as reaction medium [22]. For
these reactions, the ligands containing nitrogen or
phosphorus have an important effect on the reaction
outcome. The use of ligands was thought to improve
the catalytic activity. However, the phosphine ligands
are often air-/moisture-sensitive, expensive and diffi-
cult to remove from the reaction mixtures. It is desir-
able to find novel catalytic procedures especially with-
out any ligand for an efficient access to such useful or-
ganic products. Herein, we report a ligand-free palla-
dium/copper co-catalyzed direct arylation of polyfluo-
roarenes with aryl iodides.

Results and Discussion

On the outset of this investigation, we used
pentafluorobenzene (1a) and 4-iodotoluene (2a) as
model substrates to screen suitable reaction condi-
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Table 1. Optimization of palladium/copper co-catalyzed ary-
lation of pentafluorobenzene (1a) with 4-iodotoluene (2a)a.

+H
F5

I
F5

Pd/CuI

Base
1a 2a 3aa

Entry Pd Base Solvent Time Yield
(h) (%)b

1 Pd(PPh3)4 K2CO3 DMF 36 48
2 Pd(PPh3)4 K2CO3 DMSO 36 21
3 Pd(PPh3)4 K2CO3 DMA 36 43
4 Pd(PPh3)4 K3PO4 DMF 36 56
5 Pd(PPh3)4 Cs2CO3 DMF 36 55
6 Pd(PPh3)4 tBuOLi DMF 24 81
7 Pd(PPh3)4 tBuONa DMF 36 45
8 Pd(PPh3)4 tBuOK DMF 24 67
9 Pd(OAc)2 tBuOLi DMF 36 43
10 Pd2(dba)3 tBuOLi DMF 36 78
11 PdCl2(PPh3)2 tBuOLi DMF 36 36
12 PdCl2(MeCN)2 tBuOLi DMF 36 24
13 PdCl2(PhCN)2 tBuOLi DMF 36 33
14c – tBuOLi DMF 48 16
15d Pd(PPh3)4 tBuOLi DMF 48 45
16e Pd(PPh3)4 tBuOLi DMF 24 72
17f Pd(PPh3)4 tBuOLi DMF 24 63

a Unless otherwise noted, the reaction conditions are as follows:
pentafluorobenzene (1a) (1.5 equiv.), 4-iodotoluene (2a) (0.5 mmol),
CuI (20 mol-%), Pd cat. (5 mol-%), base (2 equiv.), in anhydrous
solvent (1.5 mL), at 120 ◦C, under N2; b product yield; c the reaction
was carried out in the absence of the palladium catalyst; d the reac-
tion was carried out in the absence of CuI; e CuI (10 mol-%); f CuI
(5 mol-%).

tions. The results are summarized in Table 1. When
Pd(PPh3)4 and CuI were used as co-catalysts, and
K2CO3 as a base, the arylation of 1a took place in
DMF at 120 ◦C under N2, albeit in low yield (entry
1). The yields slightly decreased in DMSO and DMA
(entries 2 – 3). Encouraged by these initial results, we
proceeded to optimize the reaction conditions. Other
bases, such as K3PO4, Cs2CO3, tBuOLi, tBuONa, and
tBuOK were tested. It was found that tBuOLi was the
most suitable base to promote the reaction with 81%
yield (entries 4 – 8). Next, various palladium sources
were tested. The reactions also gave comparable yields
in the presence of Pd2(dba)3, while other Pd(II) cata-
lysts failed to improve the course of this reaction (en-
tries 9 – 13). Finally, when for comparison the reaction
was carried out in the absence of a palladium catalyst,
the desired product 3aa was obtained with only 16%
yield (entry 14). The reaction catalyzed by Pd(PPh3)4
gave only a moderate yield in the absence of CuI (entry
15), but the role of CuI is less clear.

Table 2. Palladium/copper co-catalyzed arylation of penta-
fluorobenzene (1a) with aryl iodides 2a–la.

1a 2a−l 3

+H
F5

X

CuI (20 mol-%)
Pd(PPh3)4 (5 mol-%)

tBuOLi (2 equiv.)
DMF, 120 oC, 24 h

F5 RR

Entry ArX (2) Product Yield Ref.
(3) (%)b

1 3aa 81 [17]
I 2a

2 3ab 78 [13]

I 2b

3 3ac 60 [17]

I 2c

4 3ad 86 [17]
IMeO 2d

5 3ae 62 [17]

I 2e

OMe

6 3af 80 [13]

I 2f

7 3ag 78 [13]
I 2g

8 3ah 62 [13]
I 2hOHC

9 3ai 72 [17]
I 2iMeO2C

10 3aj 65 [17]

I 2j

F3C

11 3ak 76 [17]
I 2kMeCO

12 3al 75 [13]
I 2lCl

a Unless otherwise noted, the reaction conditions are as follows:
pentafluorobenzene (1a) (1.5 equiv.), aryl iodides 2a–k (0.5 mmol),
CuI (20 mol-%), Pd(PPh3)4 (5 mol-%), tBuOLi (2 equiv.), in anhy-
drous DMF (1.5 mL), at 120 ◦C, under N2; b product yield.

The scope of this reaction with respect to aryl io-
dides was investigated under the optimized conditions.
The results are summarized in Table 2. A series of aryl
iodides can be used as arylating reagents for the di-
rect arylation of pentafluorobenzene, affording the de-
sired products in moderate to good yields. The reac-
tion was marginally affected by electronic effects of
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the substituents of aryl iodides. The substituted aryl io-
dides bearing electron-deficient groups (entries 8 – 12)
showed slightly lower reactivity than those bearing
electron-rich ones (entries 1 – 6). In addition, the sub-
stantial steric hindrance of aryl iodides was obvious.
Aryl iodides with electron-donating groups in para-
position proceeded smoothly and afforded the corre-
sponding arylation compounds in good yields (entries
1, 4), whereas the reaction with ortho-substituted aryl

Table 3. Palladium/copper co-catalyzed arylation of poly-
fluoroarenes 1a–f with 4-iodotoluene (2a)a.

1a−f 2a 3

+H

CuI (20mol-%)
Pd(PPh3)4 ( 5mol-%)

tBuOLi (2equiv.)
DMF, 120 oC, 24h

I

Fn Fn

Entry Polyfluoroarenes (1) Product Yield Ref.
(3) (%)b

1 3aa 81 [17]

1a

F F

F

F F
2 3ba 83 [17]

1b

F F

F F
3 3ca 72 [17]

1c

F

F

F

4 3da 80 [17]

1d

F F

F F

MeO

5 3ea 78 [17]

1e

F F

F F

Me

6 3fa 86 [17]

N 1f

F F

F F

a Unless otherwise noted, the reaction conditions are as follows:
polyfluoroarenes 1a–f (1.5 equiv.), 4-iodotoluene (2a) (0.5 mmol),
CuI (20 mol-%), Pd(PPh3)4 (5 mol-%), tBuOLi (2 equiv.), in anhy-
drous DMF (1.5 mL), at 120 ◦C, under N2; b product yield.

ArX

A

Pd(0)

ArPd(II)X

Fn

H
CuI

Pd(II)Ar

Fn
Fn

Ar

Fn

Cu

B
C

tBuOLi

Scheme 1.

iodides only gave moderate yields (entries 3, 5). It is
particularly noteworthy that the chloro substituent was
tolerated in the reaction, which is advantageous for fur-
ther transformations (entry 12).

To further ascertain the scope of this methodol-
ogy, the reactions of a variety of polyfluoroarenes with
4-iodotoluene (2a) were investigated under the opti-
mized conditions. The results are summarized in Ta-
ble 3. Tetrafluoro- and trifluoroarenes were also found
to be efficient for the coupling reaction (entries 2,
3). In addition, 2,3,5,6-tetrafluoroanisole and 2,3,5,6-
tetrafluorotoluene smoothly underwent direct aryla-
tion with good yields (entries 4, 5), and fluorinated
pyridines can also be arylated (entry 6).

A plausible mechanism for the arylation of polyflu-
oroarenes is proposed in Scheme 1. The oxidative ad-
dition between aryl iodides and palladium(0) affords
ArPd(II) species A. It is followed by transmetalation
with complex B, which is generated from polyfluo-
roarenes in the presence of CuI and tBuOLi. Reductive
elimination occurs from intermediate C to give the ary-
lation product, along with a Pd(0) species to complete
the catalytic cycle.

Conclusion

In conclusion, a ligand-free palladium/copper bi-
metallic catalyst system for the direct arylation of
polyfluoroarenes has been developed. This reaction ex-
hibits functional group compatibility with respect to
the aryl iodides and polyfluoroarenes. Further studies
to expand the substrate scope is currently underway in
our laboratory.

Experimental Section

Palladium and copper catalysts and aryl iodides were
purchased from Accela ChemBio Co. Ltd. Polyfluoroarenes
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were purchased from Alfa Aesar China (Tianjin) Co. Ltd.
[D]Chloroform was purchased from Cambridge Isotope Lab-
oratories. All solvents were distilled prior to use. For chro-
matography, 200 – 300 mesh silica gel (Qingdao, China) was
employed. 1H NMR (400 MHz) and 13C NMR (100 MHz)
spectra were measured on Bruker 400M spectrometers.
CDCl3 was used as solvent with tetramethylsilane (TMS) as
internal standard.

General procedure for the arylation of polyfluoroarenes

Aryl iodides (0.5 mmol), polyfluoroarenes (1.5 equiv.),
CuI (20 mol-%), Pd(PPh3)4 (5 mol-%) and tBuOLi (2.0
equiv.) were weighed into a 25 mL Schlenk round bottom
flask under nitrogen atmosphere. The system was degassed
four times by an oil pump, and then 3 mL DMF was added
by a syringe. The resulting solution was stirred at 120 ◦C un-
der nitrogen. The reaction progress was monitored by GC-
MS. After the completion of the reaction, the solution was
extracted with ethyl acetate (3× 10 mL), the extract was
washed with H2O and brine, dried (MgSO4), and concen-
trated to dryness. Purification on silica gel (petroleum ether-
EtOAc, 10 : 1∼ 30 : 1) gave the products.

Spectral data for the products

2,3,4,5,6-Pentafluoro-4′-methylbiphenyl (3aa) (Table 2,
entry 1) [17]

1H NMR (400 MHz, CDCl3): δ = 7.30 (s, 4 H, Ph-H),
2.42 (s, 3 H, CH3). – 13C NMR (100 MHz, CDCl3): δ =
144.2 (m), 140.3 (m), 139.4, 137.7 (m), 130.0, 129.5, 123.4,
116.0 (m), 21.4.

2,3,4,5,6-Pentafluoro-3′-methylbiphenyl (3ab) (Table 2,
entry 2) [13]

1H NMR (400 MHz, CDCl3): δ = 7.43 – 7.39 (m, 1
H, Ph-H), 7.32 – 7.24 (m, 3 H, Ph-H), 2.45 (s, 3 H,
CH3). – 13C NMR (100 MHz, CDCl3): δ = 145.3 – 145.4
(m), 143.0 – 142.9 (m), 141.6 (m), 139.2 – 139.0 (m),
138.5, 136.7 – 136.6 (m), 130.7, 130.1, 128.6, 127.2, 126.3,
116.3 – 116.0 (m), 21.3.

2,3,4,5,6-Pentafluoro-2′-methylbiphenyl (3ac) (Table 2,
entry 3) [17]

1H NMR (400 MHz, CDCl3): δ = 7.40 – 7.33 (m, 2H, Ph-
H), 7.28 (m, 1H, Ph-H), 7.18 (d, J = 7.6 Hz, 1H, Ph-H), 2.18
(s, 3H, CH3). – 13C NMR (100 MHz, CDCl3): δ = 144.2
(m), 140.1 (m), 137.8 (m), 137.5, 130.7, 130.6, 129.8, 126.1,
126.0, 115.6 (m), 19.8.

2,3,4,5,6-Pentafluoro-4′-methoxybiphenyl (3ad) (Table 2,
entry 4) [17]

1H NMR (400 MHz, CDCl3): δ = 7.37 – 7.34 (m, 2H, Ph-
H), 7.01 (d, J = 8.9 Hz, 2H, 140.1 (m), 137.8 (m), 137.5,
130.7, 130.6, 129.8, 126.1, 126.0, 115.6 (m), 19.8.

Ph-H), 3.86 (s, 3H, CH3). – 13C NMR (100 MHz,
CDCl3): δ = 160.3, 144.2 (m), 140.2 (m), 137.7 (m), 131.4,
118.4, 115.7 (m), 114.2, 55.4.

2,3,4,5,6-Pentafluoro-2′-methoxybiphenyl (3ae) (Table 2,
entry 5) [17]

1H NMR (400 MHz, CDCl3): δ = 7.46 – 7.44 (m, 1H, Ph-
H), 7.23 (d, J = 7.2 Hz, 1H, Ph-H), 7.07 – 7.01 (m, 2H, Ph-
H), 3.80 (s, 3H, CH3). – 13C NMR (100 MHz, CDCl3): δ =
157.2, 144.6 (m), 140.6 (m), 137.7 (m), 131.8, 131.3, 120.7,
115.4 (d), 113.0 (m), 111.4, 55.8.

2,3,4,5,6-Pentafluoro-3,5′-dimethylbiphenyl (3af) (Table 2,
entry 6) [13]

1H NMR (400 MHz, CDCl3): δ = 7.13 (s, 1H, Ph-
H), 7.06 (s, 2H, Ph-H), 2.41 (s, 6H, CH3). – 13C NMR
(100 MHz, CDCl3): δ = 145.5 – 145.3 (m), 143.0 – 142.9
(m), 141.5 (m), 139.2 – 138.9 (m), 138.4, 136.7 – 136.4 (m),
131.0, 123.4, 127.8, 126.1, 116.4 – 116.1 (m), 21.2.

2,3,4,5,6-Pentafluoro-biphenyl (3ag) (Table 2, entry 7) [13]

1H NMR (400 MHz, CDCl3): δ = 7.55 – 7.53 (m, 1H,
Ph-H), 7.51 – 7.49 (m, 2H, Ph-H), 7.46 – 7.44 (m, 1 H, Ph-
H). – 13C NMR (100 MHz, CDCl3): δ = 145.5 – 145.3
(m), 143.1 – 142.8 (m), 141.8 – 141.5 (m), 139.3 – 138.9 (m),
136.8 – 136.4 (m), 130.2, 129.3, 128.7, 126.4, 116.2 – 115.8
(m).

2,3,4,5,6-Pentafluoro-4′-formalbiphenyl (3ah) (Table 2,
entry 8) [13]

1H NMR (400 MHz, CDCl3): δ = 10.08 (s, 1H, CHO),
8.00 (d, J = 8.3, 2H, Ph-H), 7.61 (d, J = 8.2, 2H, Ph-
H). – 13C NMR (100 MHz, CDCl3): δ = 191.5, 145.3 (m),
142.9 – 142.3 (m), 139.7 – 139.2 (m), 136.6, 132.4, 130.9,
129.9, 114.7 (m).

Methyl 2′,3′,4′,5′,6′-pentafluorobiphenyl-
4-carboxylate (3ai) (Table 2, entry 9) [17]

1H NMR (400 MHz, CDCl3): δ = 3.96, (s, 3H, CH3),
7.52 (d, J = 8.6 Hz, 2H, Ph-H), 8.16 (d, J = 8.6 Hz, 2H, Ph-
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H). – 13C NMR (100 MHz, CDCl3): δ = 166.4, 144.2 (m),
140.9 (m), 138.0 (m), 131.0, 130.3, 129.9, 115.0 (m), 52.4.

2,3,4,5,6-Pentafluoro-3′-(trifluoromethyl)biphenyl (3aj)
(Table 2, entry 10) [17]

1H NMR (400 MHz, CDCl3): δ = 7.73 – 7.69 (m, 2H,
Ph-H), 7.68 – 7.59 (m, 2H, Ph-H). – 13C NMR (100 MHz,
CDCl3): δ = 144.3 (m), 141.1 (m), 138.1 (m), 133.6, 131.6
(m), 129.5, 127.4, 127.2, 126.3 (m), 123.9 (m), 114.6 (m).

1-(2′,3′,4′,5′,6′ -Pentafluorobiphenyl-4-yl)ethanone (3ak)
(Table 2, entry 11) [17]

1H NMR (400 MHz, CDCl3): δ = 8.05 (d, J = 8.4 Hz,
2H, Ph-H), 7.52 (d, J = 8.3 Hz, 2H, Ph-H), 2.63 (s, 3H, CH3).
– 13C NMR (100 MHz, CDCl3): δ = 197.4, 144.1 (m), 140.9
(m), 138.0 (m), 137.6, 131.1, 130.6, 128.6, 115.0 (m), 26.7.

2,3,4,5,6-Pentafluoro-4′-chlorobiphenyl (3al) (Table 2,
entry 12) [13]

1H NMR (400 MHz, CDCl3): δ = 7.48 (d, J = 8.5,
2H, Ph-H), 7.37 (d, J = 8.3, 2H, Ph-H). – 13C NMR
(100 MHz, CDCl3): δ = 145.4 – 145.2 (m), 142.9 – 142.8
(m), 141.9 – 141.7(m), 139.5 – 139.0 (m), 136.8 – 136.5 (m),
135.6, 131.4, 129.1, 124.7, 115.0 – 114.7 (m).

2,3,5,6-Tetrafluoro-4′-methylbiphenyl (3ba) (Table 3,
entry 2) [17]

1H NMR (400 MHz, CDCl3): δ = 7.36 – 7.28 (m, 4H, Ph-
H), 7.03 (tt, J = 9.7, 7.3 Hz, 1H, Ph-H), 2.41 (s, 3H, CH3).
– 13C NMR (100 MHz, CDCl3): δ = 146.4 (m), 143.8 (m),
139.4, 130.1, 129.5, 124.6 (m), 121.7 (m), 104.7 (m), 21.5.

2,4,6-Trifluoro-4′-methyl-biphenyl (3ca) (Table 3, entry 3)
[11]

1H NMR (400 MHz, CDCl3): δ = 7.28 (d, J = 8.1 Hz,
2H, Ph-H), 7.19 (d, J = 8.1 Hz, 2H, Ph-H), 6.60 – 6.69 (m,
2H, Ph-H), 2.33 (s, 3H, CH3). – 13C NMR (100 MHz,
CDCl3): δ = 161.8 (m); 160.5 (m), 138.4, 130.2, 129.3,
125.5, 115.4 – 115.0 (m), 100.7 – 100.2 (m), 21.2.

2,3,5,6-Tetrafluoro-4-methoxy-4′-methylbiphenyl (3da)
(Table 3, entry 4) [17]

1H NMR (400 MHz, CDCl3): δ = 7.32 (d, J = 8.4 Hz,
2H, Ph-H), 7.28 (d, J = 8.1 Hz, 2H, Ph-H), 4.10 (t, J =
1.3 Hz, 3H, CH3), 2.41 (s, 3H, CH3). – 13C NMR (100 MHz,
CDCl3): δ = 144.4 (m), 141.3 (m), 139.0, 137.4 (m), 130.2
(m), 129.4, 124.4, 114.4 (m), 62.3, 21.5.

2,3,5,6-Tetrafluoro-4,4′-dimethylbiphenyl (3ea) (Table 3,
entry 5) [17]

1H NMR (400 MHz, CDCl3): δ = 7.34 (d, J = 8.2 Hz,
2H, Ph-H), 7.28 (d, J = 8.0 Hz, 2H, Ph-H), 2.41 (s, 3H,
CH3), 2.30 (t, J = 2.1 Hz, 3H, CH3). – 13C NMR (100 MHz,
CDCl3): δ = 145.8 (m), 143.4 (m), 139.0, 130.1 (m), 129.4,
124.9 (m), 118.1 (m), 114.9 (m), 21.5, 7.7 (m).

2,3,5,6-Tetrafluoro-4-p-tolylpyridine (3fa) (Table 3, entry 6)
[17]

1H NMR (400 MHz, CDCl3): δ = 7.41 (dt, J = 8.3,
1.6 Hz, 2H, Ph-H), 7.34 (d, J = 8.0 Hz, 2H, Ph-H), 2.43 (s,
3H, CH3). – 13C NMR (100 MHz, CDCl3): δ = 144.2 (m),
141.1, 139.4 (m), 133.6 (m), 129.8, 129.7, 123.1, 21.6.
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