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A Pd-catalysed cross-dehydrogenative coupling reaction 
introduced two polyfluoroarenes into simple polyaromatic 
hydrocarbons at sterically favourable positions. An investigation of 
the reaction mechanism revealed that the unique regioselectivity 
was determined by the reductive elimination step rather than the 
C-H bond cleavage step.

Cross-coupling reactions are promising pathways for biaryl 
construction and have contributed to the efficient synthesis of 
organic electronic materials and pharmaceuticals.1-3 Recently, 
direct C-H arylation reactions have been developed as efficient 
cross-coupling reactions.4-6 The cross-dehydrogenative coupling 
(CDC) reaction is the most promising method for synthesising 
biaryls because it avoids the pre-functionalisation of both 
aromatic compounds. Since the CDC reaction of indole with 
benzene was reported by Fagnou et al.,7 efficient CDC reactions 
of a variety of substrates have been developed in recent 
years.8,9 Polyfluoroarenes are promising substrates for CDC 
reactions because of their highly reactive C-H bonds. Moreover, 
polyfluoroarenes serve as strong electron-deficient functional 
groups that impart n-type semiconducting properties to 
aromatic molecules as Yamashita and Hu demonstrated using 
oligothiophenes and anthracenes.10,11 As anthracene 
derivatives with two aromatic substituents serve as efficient 
materials for organic light-emitting diodes (OLEDs) and organic 
field-effect transistors (OFETs),11-14 it would be beneficial to 
introduce two aryl groups to anthracene in one step via a CDC 
reaction. A few studies have demonstrated CDC reactions of 
polyfluoroarenes with simple aromatic hydrocarbons, such as 
benzene. Su et al. developed a Pd-catalysed CDC reaction of 
benzene with polyfluoroarenes using Cu salt as an oxidant 
(Figure 1a-1).15

Figure 1 CDC reactions of simple arenes with polyfluoroarenes.

Shi et al. developed a similar reaction using a Pd catalyst; Ag salt 
was used as the oxidant, and a bulky diisopropyl sulfide was 
used as an additive (Figure 1a-2).16 Recent studies suggest that 
Ag salts participate in cleaving the C-H bonds of 
polyfluoroarenes in addition to their role as oxidants.17-21 
However, introducing multiple polyfluoroarenes onto benzene 
using these methods is challenging because they require excess 
benzene. Our group demonstrated that a Pd mono-
polyfluoroaryl complex acts as a catalytically active species in 
the CDC reaction of thiophenes with polyfluoroarenes18, based 
on a previous study by Zhang et al.20 Furthermore, we found 
that the bis-polyfluoroaryl Pd resting-state species (RSS) does 
not cause reductive elimination; instead, it reacts with the Ag 
complex to generate the catalytically active species (Figure 1b). 
This unique reactivity causes an efficient cross-coupling 
reaction without homocoupling side reactions. We 
hypothesised that multiple polyfluoroarenes could be 
efficiently introduced onto polyaromatic hydrocarbons (PAHs) 
using this reaction via highly active mono-polyfluoroaryl Pd 
intermediates without homocoupling side reactions (Figure 1c). 
However, because simple PAHs are less reactive than 
thiophenes,21 this reaction may be very slow. To overcome this 
limitation, we optimised the reaction conditions to suppress 
RSS formation, allowing the introduction of multiple 
polyfluoroarenes onto simple PAHs. Significantly, this reaction 
preferentially occurred at the sterically vacant positions of 
PAHs, which is contrary to previous examples and predictions 
based on calculations.22-25 Mechanistic analysis revealed that 
this unique regioselectivity was determined by the reductive 
elimination step rather than the C-H bond cleavage step.
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Table 1 Optimisation of reaction conditions

entry RCOOH S additive solvent yield (%)[a]

1 PivOH DMSO DMF 2
2 1-AdCOOH DMSO DMF 7
3 1-AdCOOH octyl2SO DMF 22

4 1-AdCOOH octyl2SO CPME 37
(1:2.4)[c]

5[b] 1-AdCOOH octyl2SO CPME
64[d]

(1:3.2)[e]

[a] Yields of 2,6- and 2,7-substituted compounds were 
determined using 19F NMR analysis of the crude product with 
hexafluorobenzene as an internal standard. [b] Use of 2,3,5,6-
heptafluorotoluene instead of pentafluorobenzene. [c] Ratio of 
the isolated 2,6- and 2,7-isomers. [d] Yield of a mixture of bis-
((2,3,5,6-tetrafluoro-4-trifluoromethyl)phenyl)naphthalenes 
after purification using column chromatography. [e] Ratio of 
2,6- and 2,7-isomers obtained from the 1H NMR spectrum of the 
mixture.

First, we optimised the reaction conditions by focusing on 
the carboxylic acids, sulfur additives, and solvents (Table 1). The 
yield of the disubstituted products was low under the 
conditions described in a previous report on thiophene 
substrates (entry 1).18 A mixture of 2,6- and 2,7-substituted 
compounds was produced, as described below. We used 1-
adamantanecarboxylic acid, which is bulkier than pivalic acid, 
and the yield increased slightly (entry 2).26,27 As RSS 
predominantly forms under high-polarity conditions,18 low-
polarity additives and solvents were tested to suppress RSS 
formation. The use of sulfoxide additive with long alkyl chains 
improved the yield (entry 3). In addition, a higher yield was 
obtained when a low-polarity solvent, cyclopentyl methyl ether 
(CPME), was used instead of N,N-dimethylformamide (DMF) 
(entry 4). In this reaction, most of the naphthalene was 
consumed, but the monosubstituted compound remained in 
the crude products (Table S1). These results indicated that 
lower polarity conditions are effective for introducing multiple 
polyfluoroarenes into simple PAHs with low reactivity. 
Disubstituted products were obtained in 64% yield using 
2,3,5,6-heptafluorotoluene (HFT) as the substrate (entry 5). To 
reliably determine the regioselectivity of these reactions, 
authentic samples of 2,6- and 2,7-substituted isomers were 
synthesised via a direct arylation reaction (see Supporting 
Information). The structure of the 2,6-isomer was confirmed 

using single-crystal X-ray structural analysis (Figure S1a). 
Comparison with the NMR spectra of authentic samples 
confirmed that the products of the current CDC reaction are 2,6- 
and 2,7-isomers. We separated the isomers by exploiting the 
difference in their solubility; the 2,6-isomer has a lower 
solubility in common organic solvents than the 2,7-isomer. 
Detailed NMR spectrum assignments and isolation experiments 
showed that the yield of the 2,7-isomer was higher than that of 
the 2,6-isomer (Table 1, entries 4 and 5).

The reaction of anthracene with pentafluorobenzene was 
also performed under the same conditions to confirm its 
generality and regioselectivity (Scheme 1). This reaction 
proceeded in a regiospecific manner and produced a mixture of 
2,6- and 2,7-bis(pentafluorophenyl)anthracenes in 42% yield. 
The 2,6- and 2,7-isomers were isolated from the mixture via 
solvent washing with 9.2% and 10.6% yields, respectively. The 
isomers were identified by comparison with authentic samples. 
The structure of 2,6-bis(pentafluorophenyl)anthracene was 
identified using single-crystal X-ray structural analysis (Figure 
S1b).
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Scheme 1 CDC reaction of an anthracene with two 
pentafluorobenzenes.

In both cases, the reactions occurred at the 2,6- and 2,7-
positions. Such β-selectivity is rare in C-H bond functionalisation 
using Pd catalysts,6,24 as most Pd-catalysed C-H bond cleavages 
proceed via the concerted metalation-deprotonation (CMD) 
pathway.22,28-30 Density functional theory calculations for the 
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CMD pathway predict that the reaction is more likely to proceed 
at the α-position of naphthalene than at the β-position,31 and 
experimental results supported the prediction.22,24,25,28-31 
Sanford et al. also reported the α-selective C-H bond 
functionalisation of naphthalene using a Pd catalyst while β-
selective reaction required a Pt(IV) catalyst.25 To identify the 
reason for the unique regioselectivity of this reaction, the 
reaction mechanism was investigated.

First, we investigated the monosubstitution reactions of 
naphthalene with polyfluoroarenes (Table 2). β-
pentafluorophenylnaphthalene was obtained in a high yield, as 
in the case of the disubstituted products (entry 1). Moreover, 
the reactions of polyfluoroarenes bearing an electron-donating 
OMe group or an electron-withdrawing CF3 group generated 
high yields of β-substituted compounds (entries 2 and 3). These 
results indicated that the substituents of polyfluoroarenes at 
the para-position had no effect on β-selectivity. 

Table 2 Reaction of naphthalene with various polyfluoroarenes

entry R yield (%) β-selectivity 
(%)a

1 F 68 96
2 OMe 70 97
3 CF3 69 96

[a] Selectivity was calculated using 19F NMR spectra.

Second, we focused on naphthalene to determine the origin 
of its selectivity. Deuteration experiments using naphthalene-d8 
were performed to investigate the reversibility of the C-H bond 
cleavage (Figure 2). The 1H NMR spectrum of the 
monosubstituted product showed signals attributed to the α (1, 
4, 5, 8) position. Deuterium at the α-position was exchanged 
with protons, indicating reversible C-H bond cleavage. The 
proton source was confirmed to be 1-adamantanecarboxylic 
acid via another deuterium reaction (Figure S2). In contrast, no 
proton signals corresponding to the β (3, 6, 7) positions were 
observed (Figures 2 and S2). This result suggested that the 
reverse reaction of C-H bond cleavage does not occur at the β-
position, presumably because of rapid reductive elimination. 
The reaction mechanism was estimated based on the 
experimental results, as shown in Scheme 2.

Figure 2 Reaction scheme; 1H NMR spectra of 2-
pentafluorophenylnaphthalene (top) and the product (bottom) 
(600 MHz, CDCl3, r.t.).

(RCOO)2PdII

RCOOH

RCOOAgI

F F

R

FF

AgI

F F

R

FF

H

RCOOPdII

F F

R

FF

F
F

R
F

F

PdII F
F

R
F

F

PdII

F
F

R

F
F

Pd0

2 RCOOAgI

2 Ag0

fast

slow
F

F
R

F

F

H
H

RCOOH

-biaryl complex-biaryl complex

monoaryl complex

Scheme 2 Possible reaction mechanism.

The monoaryl Pd complex is generated by the transmetallation 
of Pd(OOCR)2 with the Ag-polyfluoroaryl complex. This species 
reacts with the C-H bond of naphthalene at the α- or β-
positions. The reductive elimination of the α-biaryl Pd complex 
is likely to be very slow because of the large steric hindrance at 
the α-position and the strong electron-withdrawing effect of 
the polyfluoroaryl moiety.32,33 Slow reductive elimination 
prevents the formation of the α-substituted product and 
enables its return to the active species. When C-H bond 
cleavage occurs at the β-position, reductive elimination is 
relatively fast and yields the β-substituted product. Finally, the 
Ag salt re-oxidises the Pd(0) to Pd(II). Therefore, we 
hypothesised that the unique regioselectivity of the reaction is 
determined by the reductive elimination step34 rather than C-H 
bond cleavage. To obtain evidence supporting this hypothesis, 
model α- and β-biaryl Pd complexes were synthesised and 
compared in terms of reactivity in reductive elimination 
reactions (Scheme 3). Both biaryl Pd complexes with a N,N,N,N-
tetramethylethylenediamine (TMEDA) supporting ligand were 
successfully prepared as model complexes (Scheme S1).32 These 
model complexes were heated at 120 °C in CPME, and the 
reaction progress was monitored for 30 min. The α-biaryl model 
complex remained unreacted after 30 min (Scheme 3, Figure S3 
and S4). The stability of the α-biaryl model complex is 
considerably higher than that of similar biaryl complexes in the 
literature.32 In contrast, the reaction of the β-biaryl model 
complex resulted in a 92% yield of the reductive elimination 
product, a decomposed product (naphthalene, 7%), and no 
residual complex after 10 min (Figures S5 and S6). These results 
show a large difference in the reductive elimination rates of the 
α- and β-biaryl Pd complexes and support the proposed 
mechanism. 
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Scheme 3 Reductive elimination reaction of the α- and β-biaryl 
model Pd complexes. 

In this study, Pd-catalysed CDC reactions of simple aromatic 
molecules with polyfluoroarenes were developed. We 
successfully introduced multiple polyfluoroarenes into 
naphthalene and anthracene at sterically favourable positions 
(β-position of naphthalene). An investigation of the reaction 
mechanism revealed that the unique regioselectivity was 
determined by the reductive elimination step rather than the C-
H bond cleavage step. As this unique regioselectivity 
complements previous methodologies, we plan to apply this 
reaction to synthesise functional PAHs and semiconducting 
materials in future.
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