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Fluorinated unsaturated compounds such as 1,1-difluoro-1-
alkenes are useful synthetic intermediates because of the
unique properties of the fluorine substituents, which stabilize
a carbocations by donating their lone pairs into the vacant

p orbitals of the cationic centers
(+ M effect, Figure 1).[1] A flu-
orine substituent, in addition,
can also act as a leaving group
(F�). By using these unique
properties, we have been study-
ing the chemistry of fluorine-
stabilized carbocations (CF2

cations) generated from 1,1-
difluoro-1-alkenes
(Scheme 1).[2]

Difluoroalkenes bearing two aryl groups were treated
with a stoichiometric amount of Magic Acid (FSO3H·SbF5)
which has a Hammett acidity function Ho =�22.9 (Sche-
me 1a).[3] Selective protonation took place at the position b to
the fluorine substituents to form CF2 cations, which readily
underwent Friedel–Crafts-type cyclization in a domino fash-
ion to give helicenes and related polycyclic aromatic hydro-
carbons (PAHs) in good to high yields.[4]

Although the above-mentioned reactions are useful, they
have one drawback: they use a highly acidic reagent, Magic
Acid, to protonate the electron-deficient difluoroalkene
moiety. This drawback was overcome by introducing a fluo-
rine-free alkene moiety to the 1,1-difluoroalkene, that is,
using 1,1-difluoro-1,3-alkadienes as substrates (Scheme 1b).[5]

Protonation at the electron-rich termini enabled the gener-
ation of allylic CF2 cations by using a relatively mild acid,
trifluoromethanesulfonic acid (TfOH, pKa =�14), to pro-
mote the Friedel–Crafts-type cyclization.

The results suggested that introducing an electron-rich
alkene moiety to 1,1-difluoroalkenes provides easy access to
CF2 cations under mild reaction conditions. We next tried to
generate allylic CF2 cations starting from other substrates, 1,1-
difluoroallenes, which have an electron-rich alkene moiety
next to the electron-deficient difluoroalkene moiety
(Scheme 2).[6] A metal catalyst would readily interact with
difluoroallenes through p coordination with the non-fluori-
nated electron-rich alkene moiety,[7,6f] thus leading to the
formation of allyllic CF2 cations followed by the cyclizations
described above. Herein we describe the efficient synthesis of
fluorine-substituted PAHs (F-PAHs) on the basis of a catalytic
domino ring-forming process of 1,1-difluoroallenes. F-PAHs
are promising basic molecules for the synthesis of advanced
materials such as semiconductors and pharmaceuticals.[8]

The required 1,1-difluoroallenes 1a–h (Figure 2) were
readily prepared from aldehydes using our difluorovinylide-
nation method (Scheme 3).[9] Benzylic nitriles 2 were sub-
jected to double allylation under basic conditions to introduce
a cyclopentene moiety, which was reserved for the formation
of an extra benzene ring (see below). Nitriles 3, thus obtained,

Figure 1. a-Cation-stabilizing
effect of fluorine substituent
(+ M Effect).

Scheme 1. Domino cyclizations of 1,1-difluoro-1-alkenes and 1,1-
difluoro-1,3-alkadienes via CF2 cations (a) and allylic CF2 cations (b).
Tf= trifluoromethanesulfonyl.

Scheme 2. Concept for the catalytic generation of allylic CF2 cations
from 1,1-difluoroallenes.
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were subjected to half reduction with diisobutylaluminum
hydride (DIBAL) to afford aldehydes 4 in high yield.
Aldehydes 4 were converted into 3,3-difluoroallylic acetates
(not shown), which in turn underwent b elimination upon
treatment with zinc metal to give 1a–h in good yields.
Difluoroallene 1 i was prepared from the corresponding 1-
phenylindan-1-carbonitrile, which was obtained from 1-inda-
nol in three steps.[10]

After several attempts, we found that a catalytic amount
of indium(III) bromide specifically promoted the generation
of the desired allylic CF2 cations, and the domino cyclization/
ring expansion took place readily (Scheme 4).[11] The difluoro-
allene 1 a was treated with 2 mol% of indium(III) bromide in
1,2-dichloroethane (DCE) at room temperature. After stir-
ring for 30 minutes, 19F NMR and mass analysis revealed that
the fluorodihydrophenanthrene 5a was formed. Subsequent
addition of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)
smoothly promoted the dehydrogenation of 5a to afford
a 90 % yield of 9-fluorophenanthrene (6a) in a one-pot
operation.

We believe that 5 a was formed by the mechanism shown
in Scheme 5. The difluoroallene 1a is transformed into the
allylic CF2 cation A, which undergoes Friedel–Crafts-type
cyclization to generate the organoindium intermediate B.[12]

The protonolysis of the C�In bond and elimination of F�

generates the second cationic intermediate C,[13–15] which
undergoes 1,2-migration, ring expansion to give 5a.[16, 17]

The indium(III)-catalyzed domino reaction of 1,1-
difluoroallenes was applied to the synthesis of F-PAHs
(Table 1). The difluoroallenes 1b and 1c with a para substitu-
ent gave the corresponding fluorophenanthrenes 6 b and 6c in
93% and 66 % yields, respectively (entries 2 and 3). Cycliza-
tion of the meta-substituted 1,1-difluoroallene 1d proceeded
and fluorophenanthrenes 6d/6d’ were obtained in 96 % yield
(entry 4). The domino reaction of the 2-naphthyl-substituted
difluoroallenes 1 e and 1 f proceeded exclusively at the
a position to give 5-fluorochrysenes 6e and 6 f, respectively
(entries 5 and 6), and shows that the regioselectivity follows
the same trend as the conventional Friedel–Crafts reaction of
naphthalene. The reaction of the 1-naphthyl-substituted
difluoroallene 1 g afforded the corresponding 6-fluoro[4]-
helicene (6g) along with 5-fluorochrysene (6e), which was
formed by sequential cyclization at the ipso position and
a double ring expansion (entry 7). The substrate 1h, which has
a benzocyclopentene moiety, reacted well, thus giving benzo-
chrysene 6h in 84% yield (entry 8). Ring expansion in the
domino reaction of substrate 1 i, which has an indane moiety,
proceeded exclusively with the migration of the sp2-carbon
atom to give 6-fluorochrysene (6 i) in 88 % yield (entry 9). The
selective formation of each of the regioisomers 6e and 6 i

Figure 2. List of substrates.

Scheme 3. Preparation of 1,1-difluoroallenes. DMF =N,N-dimethyl-
formamide, LDA= lithium diisopropylamide, NMP= N-methylpyrroli-
done, THF= tetrahydrofuran.

Scheme 4. Synthesis of fluorophenanthrene. DDQ= 2,3-Dichloro-5,6-
dicyano-1,4-benzoquinone.

Scheme 5. Plausible catalytic cycle and reaction mechanism.
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(entries 5 and 9) was accomplished, thus clearly showing the
potential of this method for the synthesis of F-PAHs.[18]

The functionalization of F-PAH skeletons was success-
fully accomplished using the C�In bond involved in the
intermediate B (Scheme 6). The difluoroallene 1a was treated
with 2 mol% of indium(III) bromide in the presence of N-
bromosuccinimide (NBS) or N-iodosuccinimide (NIS). After
sequential addition of trifluoroacetic acid (TFA)[19] and DDQ,

bromine- and iodine-substituted fluorophenanthrenes (6j,k)
were obtained in quantitative and 94% yields, respectively.
The bromophenanthrene 6j readily underwent the Suzuki–
Miyaura cross-coupling reaction with aryl boronic acids to
give the corresponding arylated fluorophenanthrenes in high
yield (not shown).[10]

Finally, an aryl group was introduced without isolating 6j
by applying the Suzuki–Miyaura cross-coupling reaction to
the intermediate 5b (Table 2). The 1,1-difluoroallene 1a was
treated with 2 mol% of indium(III) bromide in the presence
of NBS (1.2 equiv), followed by 1.0 equivalents of TFA. After
confirming the formation of 5b by TLC analysis, the crude
reaction mixture was subjected to coupling conditions with
phenyl boronic acid. Extraction and DDQ dehydrogenation
of the intermediate gave the corresponding fluorinated
phenylphenanthrene 6 l in 64% yield from 1a through the
formation of three C�C bonds (entry 1). Electron-donating,
electron-withdrawing, and sterically demanding aryl boronic
acids also afforded the corresponding phenanthrenes 6m–o in
good yields (entries 2–4). 1- and 2-Naphthyl boronic acids
successfully afforded the fluorinated naphthylphenanthrenes
6p and 6 q in 62% and 63 % yield, respectively (entries 5 and
6).

In summary, we have developed a novel method for
generating allylic CF2 cations from 1,1-difluoroallenes with an
indium(III) catalyst. The generated allylic CF2 cations readily
underwent a sequential process of Friedel–Crafts-type cycli-
zation/ring expansion and subsequent one-pot dehydrogen-
ation with DDQ to afford F-PAHs. The C�In bond involved
in the intermediates was successfully used to functionalize the
F-PAH frameworks through halogenation and cross-coupling
reaction.

Table 1: Synthesis of F-PAHs by the domino cyclization/ring expansion
of 1,1-difluoroallenes.[a]

Entry Difluoroallene 1 (R) F-PAH 6 Yield
[%][b]

1 1a (H) 6a 90
2 1b (Me) 6b 93
3 1c (OMe) 6c 66[c]

4 1d (Me)
6d
+
6d’

96 (52:48)[d]

5 1e (H) 6e 85[e]

6 1 f (Me) 6 f 98

7 1g
6g
+

6e
80 (75:25)[d]

8 1h 6h 84

9 1 i 6 i 88

[a] Reaction conditions: a) 2 mol% InBr3, 1, DCE, RT, 30 min. b) DDQ
(1.6 equiv), DCE, reflux, 1 h. [b] Yield of isolated product. [c] 10 mol%
InBr3. [d] The regioisomeric ratio was determined by 19F NMR spectros-
copy. [e] Single regioisomer.

Scheme 6. Halogenation of the domino intermediate B.

Table 2: Facile Synthesis of fluorine-substituted arylphenanthrenes by
the sequential cyclization/ring expansion/bromination/coupling of 1,1-
difluoroallenes.

Entry Ar Yield [%][a]

1 Ph 6 l : 64
2 p-MeC6H4 6m : 48
3 p-ClC6H4 6n : 49
4 o-PhC6H4 6o : 83
5 1-Naphtyl 6p : 62
6 2-Naphtyl 6q : 63

[a] Yield of isolated product. TFA = trifluoroacetic acid.
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Experimental Section
Synthesis of 9-fluorophenanthrene (6a): InBr3 (2 mg, 0.006 mmol)
was added to a DCE solution (6 mL) of 1,1-difluoroallene 1a (53 mg,
0.24 mmol) at room temperature. After being stirred for 30 min at the
temperature, DDQ (65 mg, 0.29 mmol) was added in a solid form.
After being refluxed for 1.5 h, the reaction mixture was cooled to
room temperature. The solvent was removed under reduced pressure,
and the residue was purified by column chromatography (n-hexane)
on silica gel to give 6a (42 mg, 90%).
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