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Here we report a facile, efficient, and catalyst-freemethod to realize C-C cross-coupling of aryl chlorides and inert arenes under UV
light irradiation. The aryl radical upon homolytic cleavage of C-Cl bond initiated the nucleophilic substitution reaction with inert
arenes to give biaryl products. This mild reaction mode can also be applied to other synthetic reactions, such as the construction
of C-N bonds and trifluoromethylated compounds.

1. Introduction

The biaryl scaffolds are privileged constituents of natural
products, pharmaceuticals, agrochemicals, dyes, and poly-
mers [1]. Transition-metal-catalyzed direct arylation of aro-
maticC-Hbonds has been extensively developed as a valuable
and efficient alternative to traditional cross-couplings in the
construction of biaryl compounds [2–7]. However, these
processes also suffered significant problems such as high eco-
nomic cost and the presence of transition-metal impurities
in the final products. This gives rise to the development
of catalyst-free method for constructing biaryls, in which
severe experimental conditions must be employed, such
as the use of a base and a high temperature [8–15]. In
view of the extensive applications of biaryl intermediates in
pharmaceuticals, dyestuff, and perfume, the development of
efficient and catalyst-free C-C coupling methods will gain
more and more attention because most catalytic methods
involve the use of toxic/polluting reagents and the residues
must be eliminated from the final products.

In the C-C coupling reactions of aryl halide and inert
arenes, the cleavage of C-halogen bond is always an essential
step; thus there has been growing interest in achieving this
by an environmentally friendly and green method [16–19].
In this sense, photochemical reactions are more favorable,
because activation can be performed by the absorption of a
photon and leaves no residue [20–22]. Kharasch andNikishin
have successfully realized the photolysis of 4-bromobiphenyl

in benzene to synthesize p-terphenyl only driven by UV light
irradiation. Unfortunately, just more reactive bromobiphenyl
or iodobiphenyl can afford coupling products with satisfying
yield [23, 24]. For inexpensive aryl chlorides, the activation of
C-Cl bond is much more difficult than that of C-Br and C-I
bonds, and there were only several literatures about photo-
cross-coupling reactions of aryl chlorides [25–27]. Here, we
provided an efficient and catalyst-free method to realize C-C
cross-coupling of aryl chlorides and inert arenes under UV
light excitation. This homolytic radical aromatic substitution
(HAS) process gave an extremely facile mode to construct
biaryl compounds, and its applicability can be extended to
form diverse bonds such as trifluoromethylation and C-N
cross-coupling reactions.

2. Experimental Section

2.1. General Procedures for the Direct Cross-Coupling of
Aryl Halides with Benzene Derivatives. All reagents were
commercially available and used without further treatment.
Anhydrous benzene and predried glassware were used in
all reactions. In addition to the contrast experiment under
air atmosphere, all other photoexcitation reactions were per-
formed in a 10mL quartz glass reactor under N

2
atmosphere

(balloon pressure) at ambient temperature. In a typical sealed
reaction system, 0.1mmol of 4-chlorotoluene was thoroughly
dispersed by magnetic stirring in 1mL benzene which acts
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as solvent and substrate. UV source was provided by 4-
W UV lamps with certain wavelengths centered at 254 nm
(Philips, TUV 4W/G4 T5). The irradiance spectrum and
energy of the light incident on the suspension were measured
with a spectroradiometer (International Light Technologies
Model ILT950), about 10mW⋅cm−2. Generally, after reaction,
the mixture was injected into the GC equipped with FID
detector (Agilent Technologies, GC 6890N) for analysis. HP-
5 5% phenyl methyl siloxane column (30m × 0.32mm ×
0.5 𝜇m) was used. The chemical structures of the products
were confirmed by comparison with standard chemicals and
GC-MS (Agilent Technologies, GC 6890N, MS 5975). The
conversion ratio was described as the ratio of the moles of
the generated biaryl compound in the reaction to the initial
moles of the corresponding aryl halide.

2.2. Procedure for Separating Product. After 24 h of irradi-
ation, the reaction mixture was washed three times with
saturated aqueous sodium chloride (3 × 10mL), and the as-
obtained aqueous layer in each run was further washed with
ethyl acetate (10mL). Then, all the organic layers were com-
bined, dried over Na

2
SO
4
, and concentrated under vacuum

to afford the corresponding crude products. At last, the crude
products were purified by silica gel column chromatography
to obtain the corresponding pure products. 1HNMR and 13C
NMR data were obtained on a BRUKER BIOSPIN AVANCE
III nuclear resonance spectrometer using tetramethylsilane
(TMS) as internal standard and CDCl

3
as solvent. The NMR

spectra of all the isolated cross-coupling products were pro-
vided in the Supporting Information in SupplementaryMate-
rial available online at http://dx.doi.org/10.1155/2016/5632613.
Silica gel column chromatography was performed using
300–400-mesh silica. Thin-layer chromatography (TLC) was
performed on glass-backed plates precoated with silica gel.
UV-active compounds were detected at 254 and 365 nm and
marked on the TLC plate.

2.3. Procedure of Competition Reaction between Benzene and
C6D6. A 10mL quartz glass reactor was charged with 4-
chlorobenzene (0.4mmol), C

6
D
6
(2mL), and benzene (2mL)

in glove box. Then the tube was removed from the glove
box and the resulting mixture was stirred upon UV light for
22 h. The combined organic phase was concentrated under
vacuum. The crude product was purified by semipreparative
HPLC (80%MeCN) to give the desired product. 1HNMRwas
recorded on a BRUKER BIOSPIN AVANCE III spectrometer
using TMS as the internal standard.

2.4. Detection of Free Radical. The electron paramagnetic
resonance (EPR)measurements were conducted according to
the following procedures. A solution containing chloroben-
zene (0.1mmol) and benzene (1mL) was placed into a quartz
cell, and then the quartz cell was sealed. All these procedures
were operated in a glove box under N

2
atmosphere. The

quartz cell was then irradiated with UV light, and the
spectra were recorded in situ with a Bruker A300 instrument
operating in the X-band at room temperature.

Table 1: Direct cross-coupling of benzene with 4-chlorotoluene
under UV light irradiationa (see Scheme 3 and Figure 2).

Entry Irradiation time [h] Conversion [%]
1 4 28
2 8 40
3 12 52
4 16 60
5 20 67
6 24 75
7b 24 45
8c 24 0
aGeneral reaction conditions: 4-chlorotoluene (0.1mmol, 1 equiv.), benzene
(11.24mmol, 112.4 equiv.), room temperature (air cooling), N2 atmosphere
(balloon pressure), and UV light irradiation (254 nm, 10mW⋅cm−2). bAir
atmosphere. cConditions changed from irradiating to heating to 100∘C.

3. Results and Discussion

Under N
2
atmosphere, 4-chlorotoluene (0.1mmol) in ben-

zene (1mL) was illuminated with UV light for 4 h, afford-
ing 28% conversion of 1a into the coupling product 4-
phenyltoluene 3a (Table 1, Entry 1). When the irradiation
time was prolonged to 24 h, 75% conversion of 1a to 3a was
obtained (Table 1, Entry 6). A linear relationship between
the conversion of 4-chlorotoluene to 4-phenyltoluene and
irradiation time is shown in Table 1. This indicates that the
formation of coupling product 3a is directly proportional
to the incident photon number. Under air atmosphere, the
coupling process was greatly inhibited and showed a much
lower conversion of 45% (Table 1, Entry 7), which implied that
O
2
was involved in the reaction processes. In the absence of

UV irradiation, no coupling product was obtained even upon
heating at elevated temperature (Table 1, Entry 8).

The coupling reactions of other representative aryl halides
with benzene were also tested (Table 2). In most cases, the
introduction of both electron-donating (Entries 1–4) and
electron-withdrawing groups (Entries 5–7) into p-substituted
aryl halides was beneficial for this cross-coupling reaction
and afforded good yields for the desired products. However,
4-chlorobenzonitrile (1 h) with electron-withdrawing –CN
group was not a good substrate for this reaction and showed
a decreased reactivity (Entry 8), agreeing well with the results
in the thermocatalytic process [12]. Moreover, the cross-
coupling reaction was sensitive to steric effects, and the o-
substituted aryl chlorides exhibited much lower reactivity
compared to p-substituted aryl chlorides (Entries 1, 12, 4,
and 13). For p-substituted aryl halides, the cross-coupling
reactivity of aryl iodides and aryl bromides was lower than
that of aryl chlorides (Entries 1–3). This may be attributed
to the fact that the darkening and clouding of the reaction
mixture during irradiation hindered the photolysis of aryl
iodides and aryl bromides [25]. Similar results were obtained
using chlorobenzene, bromobenzene, and iodobenzene as
substrates (Entries 9–11). Electron-deficient and electron-rich
benzene derivatives such as benzonitrile and anisole could
also be utilized to perform the arylation, but the desired
products were obtained in inferior yields. Moreover, only
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Table 2: Direct cross-coupling of benzene with different aryl halidesa (see Scheme 4).

Entry Substrate 1 Substrate 2 Product
Conversion

[%]/isolated yield
[%]

1
1a

ClCH3 2a
3a

75/47

2
1b

BrCH3 2a
3a

47

3
1c

ICH3 2a
3a

65

4
1d

ClCH3O
2a

CH3O

3b
93/55

5
1e

ClHO
2a

3c

HO
69/44

6
1f

ClF
2a

3d

F
72/45.3

7
1g

ClCF3
2a

CF3

3e
65/36

8
1h

CN Cl
2a

3f

CN
21

9

Cl

1i
2a

3g
69

10
1j

Br

2a
3g

44

11
1k

I

2a
3g

62/37.5

12

1l

Cl

CH3
2a CH3

3h

22

13

1m

Cl

OCH3
2a OCH3

3i

37

14

1n

Br

OCH3
2a OCH3

3i

54/32
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Table 2: Continued.

Entry Substrate 1 Substrate 2 Product
Conversion

[%]/isolated yield
[%]

15b

1d

ClCH3O CH3O

2b
OCH3H3CO

3j

32 (o :m : p =
3.1 : 1.5 : 1)

16b
ClCH3O

1d 2c

CN

3k

CN

H3CO
60 (o :m : p =
2.2 : 1 : 1.5)

17c
Cl

1i

NH2

2d

N

3l
70/44

18d
Cl

1i

NH2

2e

N

3m
12

19e
Cl

1i

MeO NH2

2f 3n

N

O 85

aGeneral reaction conditions: 4-chlorotoluene (0.1mmol, 1 equiv.), benzene (11.24mmol, 112.4 equiv.), room temperature (air cooling), N2 atmosphere (balloon
pressure), and UV light irradiation (254 nm, 10mW⋅cm−2, 24 h). Isolated yield by silica gel column chromatography. bRatios of the regioisomers were
determined by NMR. cAniline (11.0mmol, 110 equiv.). dCyclohexylamine (8.77mmol, 87.7 equiv.). eAcetonitrile (1mL), p-methoxyaniline (1mmol, 10 equiv.).

moderate regioselectivity has been observed, and the ratios
between the ortho-, meta-, and para-regioisomers in these
reactions were 3.1 : 1.5 : 1 (Entry 15) and 2.2 : 1 : 1.5 (Entry 16),
respectively. In addition, this reaction can be extended to the
construction of C-Nbonds under identical conditions. Under
UV light irradiation, the coupling reaction of chlorobenzene
with aniline or cyclohexylamine afforded the corresponding
products 3l and 3m in the conversion of 70% and 12%, respec-
tively (Entries 17, 18).The p-substituted aniline with electron-
donatingmethoxy group exhibited excellent reactivity (Entry
19).

The cross-coupling reaction of aryl halides with benzene
proceeded via a free radical process, which was demon-
strated by the fact that the addition of PBN (N-tert-butyl-
𝛼-phenylnitrone, a typical radical scavenger) to the reaction
system led to a significant decrease in the formation of 4-
phenyltoluene (Table 3). When four equivalents of PBN were
added, the conversion of 4-phenyltoluene was decreased to
2% (Entry 3).The addition of typical ion trapping agent tetra-
butylammonium hexafluorophosphate (TBA+PF

6

−) hardly
changed the reaction behaviour, suggesting the involvement
of radical ions may be ruled out. The possible radical
species involved in the reactions were also verified by in
situ electron paramagnetic resonance (EPR) spectroscopy
(Figure 1). A double-quartet splitting and a large triplet of
doublet appeared when the reaction system containing PBN
trapping reagent was irradiated by UV light. These peaks can
be ascribed to the formation of Cl-PBN∙ and phenyl-PBN∙

Table 3: Radical/electron trapping experimentsa (see Scheme 3).

Entry Trapping agent Conversion (%)
1 None 28
2 PBN (2 equiv.) 3
3 PBN (4 equiv.) 2
4 TBA+PF

6

− (2 equiv.) 28
aGeneral reaction conditions: 4-chlorotoluene (0.1mmol, 1 equiv.), benzene
(11.24mmol, 112.4 equiv.), room temperature (air cooling), N2 atmosphere
(balloon pressure), and UV light irradiation (254 nm, 10mW⋅cm−2, 4 h).
TBA+PF6− = tetra-n-butylammonium hexafluorophosphate.

adducts [28, 29], which is in good agreement with the theory
that UV irradiation of aryl halides can produce halide radical
and aryl radical by homolytic cleavage.

In order to further probe more reaction details, the
photochemical cross-coupling reaction of chlorobenzene and
cyclohexane was tested. The distribution of final products
(Table 4 and Figure S1) showed that the direct combination
of two aryl radicals was not dominant and the main product
was bicyclohexyl (40.9%) (Entry 1). This implies that the
cyclohexyl radical should be formed during the reaction
process. When cyclohexane was irradiated with UV light,
no coupling products were obtained due to its stability.
Therefore, the most plausible way to produce cyclohexyl rad-
ical is through the hydrogen-abstraction from cyclohexane
by reactive chlorine radical although chlorine radical does
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Table 4: The distribution of the products generated from direct
cross-coupling of chlorobenzene with cyclohexane under UV light
irradiationa (see Scheme 5).

Entry Product Distribution
(%)

1 40.9

2
Cl

18.3

3 Cl 18.6

4 15.2

5 7.0

aGeneral reaction conditions: chlorobenzene (0.1mmol, 1 equiv.), cyclohex-
ane (9.26mmol, 92.6 equiv.), room temperature (air cooling), N2 atmosphere
(balloon pressure), and UV light irradiation (254 nm, 10mW⋅cm−2, 24 h).

3480 3500 3520
Magnetic field (GHz)

In
te

ns
ity

 (a
.u

.)

Cl∙

Figure 1: EPR spectrum as the evidence for chlorine radicals and
phenyl radicals using PBN as trapping agents.

not have the ability to abstract the hydrogen from more
stable benzene. The reaction of chlorobenzene with the same
amount of benzene and C

6
D
6
gave almost equivalent amount

of the products 3a and 3a-d
5
after 22 h under UV light

irradiation (Scheme 1 and Figure S2), which indicates that
C-H bond cleavage of benzene was not involved in the rate-
determining step. Thus, we concluded that the generation of
aryl radical from the cleavage of C-halogen bond may be the
dominant step.

As shown in Scheme 2, a plausible mechanism for
photoinduced cross-coupling of aryl chlorides and benzene
was proposed. When irradiating aryl chlorides in benzene
with energetic UV light, the weak C-Cl bond undergoes
homolytic cleavage to give aryl radical and chlorine radical
simultaneously.The aryl radical subsequently combined with
inert benzene to form the key transition state of cyclo-
hexadienyl radical (b) via nucleophilic substitution, followed
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Figure 2

by the deprotonation process to afford biaryl product and
hydrogen chloride (c). This radical addition process followed
by elimination of a hydrogen radical is believed to be one
of the most straightforward methods to construct biphenyl
frameworks [30, 31]. Among them, the generation of aryl
radical is considered to be the crucial and initial step and
always be accomplished in the strong alkaline environment
during C-C coupling. Direct photolysis of aryl halides with
UV light to form aryl radical is simple and effective for
propagating the C-C cross-coupling reaction.

The photoinduced C-C cross-coupling of aryl chlorides
and inert arenes is also applied to the trifluoromethyla-
tion of aromatic compounds. Direct trifluoromethylation
through CF

3
radical-mediated mechanism is one of the

most sophisticated strategies [32–36]. Here, we introduced
trifluoromethanesulfonyl chloride as CF

3
radical source by

photoexcitation (Table 5). UV irradiation resulted in 20%
conversion of trifluoromethanesulfonyl chloride to benzotri-
fluoride in benzene solution (Entry 1). Other substituted
benzene derivatives also afforded the corresponding trifluo-
romethylation products under the same conditions (Entries
2–5). The introduction of electron-donating groups gave
higher conversions than that with electron-withdrawing
groups (Entries 2–5). Although the conversions for the
trifluoromethylation of aromatic compounds were relatively
low, the preliminary results demonstrated the feasibility of
this photoinduced reaction mode.

4. Conclusion

Wehave developed a facile, efficient, and catalyst-freemethod
to realize direct C-C cross-coupling of aryl chloride and inert
arenes under UV light excitation via HAS process. The aryl
radical and chlorine radical produced from photoinitiated
cleavage of aryl chlorides played a dominant role in the
formation of biaryl products. This photoinduced reaction
mode can also be applied to other synthetic reactions, such
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as the construction of C-N bonds and trifluoromethylated
compounds.

Table 5: Direct trifluoromethylation of trifluoromethanesulfonyl
chloride with benzene derivativesa (see Scheme 6).

Entry R Product Conversion (%)

1 H
CF3

20

2 I
I

CF3

15 (m : p = 1 : 1)

3 Me
Me

CF3
40 (o :m : p =

3 : 6 : 1)

4 OMe
MeO

CF3
30 (o :m : p =
2.3 : 1 : 1)

5 CN
CN

CF3

21

aGeneral reaction conditions: trifluoromethanesulfonyl chloride (0.1mmol,
1 equiv.), benzene (11.24mmol, 112.4 equiv.), iodobenzene (8.93mmol,
89.3 equiv.), toluene (9.43mmol, 94.3 equiv.), anisole (9.2mmol, 92 equiv.),
benzonitrile (9.79mmol, 97.9 equiv.), room temperature (air cooling),
N2 atmosphere (balloon pressure), and UV light irradiation (254 nm,
10mW⋅cm−2, 24 h); conversions were determined by 19F NMR with ben-
zotrifluoride as an internal standard.
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