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Abstract: A method for direct synthesis of tetrasubstituted 
fluoroarenes via nickel-catalyzed [2+2+2] cycloaddition is presented. 
The reaction combines one molecule of 1,1-difluoroethylene with two 
molecules of alkynes and involves sequential cleavage of the C–F 
and C–H bonds in difluoroethylene. The catalytic cycle is established 
by reduction of the intermediary Ni(II) fluoride with a triethylborane-
based borate. 

Application of fluoroarenes in the fields of pharmaceutical and 
materials sciences has resulted in considerable efforts toward 
development of methods for their synthesis.[1] Traditionally, 
fluoroarenes are synthesized via decomposition of aryl 
diazonium tetrafluoroborates (the Balz–Schiemann reaction)[1b,2] 
or nucleophilic substitution of electron-deficient aryl halides with 
fluoride salts (the Halex reaction).[1b,3] Recent developments in 
fluorinating reagents have given rise to other alternatives for the 
synthesis of fluoroarenes, including (i) reactions of aryl 
nucleophiles with electrophilic fluorine sources[1b,4] and (ii) 
reactions of aryl electrophiles with nucleophilic fluorine 
sources.[5] Furthermore, the use of transition metal catalysts has 
enabled directing group-assisted aromatic C–H bond 
fluorination,[1b,c,e,6] fluorination of arylmetals,[1c,7] and fluorination 
of nonactivated aryl halides (Scheme 1a).[1b–e,8] Thus, 
conventional methods for synthesizing fluoroarenes require 
regioselective prefunctionalization on benzene rings. 

Recently, we reported the nickel-mediated [3+2] 
cycloaddition of 2-trifluoromethyl-1-alkenes and alkynes.[9] 
During this cycloaddition, two C–F bonds are cleaved via β-
fluorine elimination, a characteristic feature of fluorine-containing 
organometallic compounds and two C–C bonds are constructed 
instead.[9,10] Despite the loss of two fluorine substituents from the 
trifluromethyl group, the surviving fluorine substituent is 
regioselectively installed in the final cyclopentadiene products. 
On the other hand, when 1,1-difluoroethylene was reacted as a 
fluorinated component with alkynes in the presence of Ni(0) 
complex, fluoroarenes were directly obtained. Here, we 
demonstrate that the combination of 1,1-difluoroethylene and 
alkynes via nickel-catalyzed [2+2+2] cycloaddition is an 
alternative method for the synthesis of fluoroarenes (Scheme 
1b).[11,12] Although transition-metal-catalyzed [2+2+2] 
cycloaddition is a facile method for the construction of benzene 
ring from three alkyne molecules,[11] similar syntheses involving 

alkene substrates require an additional oxidation[12a,c] or 
elimination[13] step to ensure aromatization. By contrast, our 
protocol allows for direct construction of benzene ring through 
nickel-promoted α-fluorine elimination[14,15] as the key 
elementary step. 

 

Scheme 1. Transition-metal-catalyzed syntheses of fluoroarenes. 

First, we sought suitable conditions for the [2+2+2] 
cycloaddition reaction of 1,1-difluoroethylene (1, 2.3 mmol) and 
diphenylacetylene (2a, 0.50 mmol) in the presence of a catalytic 
amount of a Ni(0) complex (Table 1). The choice of ligands used 
with Ni(cod)2 (5 mol% based on the amount of 2a) was critical 
for the efficiency of the reaction. Use of IMes·HCl with KH (5 
mol% each) or P(tBu)3 (10 mol%) afforded 1-fluoro-2,3,4,5-
tetraphenylbenzene (3a), albeit in low yields (Entries 2 and 4). 
Among the ligands examined, PCy3 (5 mol%) was found to be 
the best (Entry 6). No improvement in reaction yields was 
observed using bases, such as Hünig’s base and DBU, which 
suggested that fluoroarene 3a might be formed directly and not 
via a HF elimination after the formation of 4a (Entries 9 and 10). 
Addition of Et3SiH, iPrOLi, or iPrOBpin (Entries 11–13) was only 
marginally effective in increasing the yield of the reaction. 
However, Et3B indicated potential for regeneration of the nickel 
catalyst (Entry 14). To activate Et3B, iPrOLi was added to 
improve the turnover number of the Ni(0) complex significantly 
(Entry 15). Finally, the use of equimolar quantities of 1 and 2a 
afforded 3a in 82% isolated yield (Entry 16). 

 
Table 1. Optimization of Reaction Conditions for the Ni-Catalyzed [2+2+2] 
Cycloaddition[a] 
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Entry Ligand (mol%) Additive Time [h] 3a [%][c] 

1 – – 14 N.D.[b] 

2 IMes·HCl (5)[d] – 14 4 

3 dppp (5) – 22 N.D.[b] 

4 P(tBu)3 (10) – 14 3 

5 PCy3 (10) – 22 9 

6 PCy3 (5) – 22 8 

7 PCy3 (5) LiOAc 22 9 

8 PCy3 (5) Et3N 22 7 

9 PCy3 (5) iPr2NEt 7 10 

10 PCy3 (5) DBU 7 9 

11 PCy3 (5) Et3SiH 9 20 

12 PCy3 (5) iPrOLi 15 37 

13 PCy3 (5) iPrOBpin 31 26 

14 PCy3 (5) Et3B 22 44 

15 PCy3 (5) Et3B + iPrOLi 12 83 (80) 

16[e] PCy3 (5) Et3B + iPrOLi 12 84 (82) 

 

[a] Molar percentages of Ni(cod)2, ligands, and additives are based on the 
amount of 2a. Reaction conditions: Ni(cod)2 (0.025 mmol), 1 (2.3 mmol), 2a 
(0.50 mmol), and toluene (2.0 mL). [b] N.D. = Not detected. [c] Yield was 
determined by 19F NMR measurement using PhCF3 as an internal standard. 
Isolated yield is shown in parentheses. [d] KH (5 mol%) was added. [e] 2a (2.3 
mmol). 

With the optimal conditions in hand, the scope of the 
reaction was investigated using various alkynes (Table 2). 
Diarylacetylenes 2b–e bearing electron-donating groups (m-Me, 
p-Me, p-Bu, and p-OMe) underwent cycloaddition effectively to 
afford the corresponding tetraarylated fluorobenzenes 3b–e in 
72%, 81%, 79%, and 80% yields (Entries 2–5), respectively. The 
reaction of diarylacetylene 2f bearing electron-withdrawing CF3 
groups also proceeded to give 3f in 76% yield (Entry 6). 
Chlorine-substituted diarylacetylene 2g underwent catalytic 
cycloaddition without loss of Cl groups (Entry 7). Aliphatic alkyne 
2h participated in the reaction to provide tetraalkylated 
fluorobenzene 3h in 79% yield (Entry 8). Ester, benzyl ether, 
acetal, and silyl ether moieties on dialkylacetylenes 2i–l were 
tolerant in this reaction, which effectively afforded the 
corresponding fluoroarenes 3i–l (Entries 9–12). The 
cycloaddition of unsymmetrical alkynes 2m and 2n proceeded 
with substantial regioselectivities (84:16 and 85:15) to afford o-

terphenyl derivatives 3m and 3n as major products (Entries 13 
and 14), respectively.[16,17] 

 
Table 2. Ni-Catalyzed Synthesis of Fluoroarenes 3 from 1,1-Difluoroethylene 
(1) and Alkynes 2[a] 

 

Entry 2 R1, R2 Time [h] 3 Yield [%] 

1 2a Ph, Ph 12 3a 82 

2 2b C6H4(m-Me), C6H4(m-Me) 16 3b 72 

3 2c C6H4(p-Me), C6H4(p-Me) 12 3c 81 

4 2d C6H4(p-Bu), C6H4(p-Bu) 12 3d 79 

5 2e C6H4(p-OMe), C6H4(p-OMe) 12 3e 80 

6 2f C6H4(p-CF3), C6H4(p-CF3) 15 3f 76 

7 2g C6H4(m-Cl), C6H4(m-Cl) 12 3g 45 

8 2h Pr, Pr 15 3h 79 

9 2i (CH2)2CO2tBu, (CH2)2CO2tBu 16 3i 39 

10 2j (CH2)3OCH2Ph, (CH2)3OCH2Ph 14 3j 58 

11 2k (CH2)3OTHP, (CH2)3OTHP 14 3k 67 

12 2l (CH2)3OSiMe3, (CH2)3OSiMe3 14 3l 62 

13 2m Me, Ph 18 3m 59[b] 

14 2n Pr, C6H4(p-OMe) 14 3n 60[c] 

 

[a] Molar percentages of Ni(cod)2, PCy3, Et3B, and iPrOLi are based on the 
amount of 2. Reaction conditions: Ni(cod)2 (0.12 mmol), PCy3 (0.12 mmol), 1 
(2.3 mmol), 2 (2.3 mmol), Et3B (2.3 mmol), iPrOLi (2.3 mmol), and toluene (4.7 
mL). [b] Isolated yield. [c] The regioisomer ratio (84:16) was determined by 19F 
NMR measurement. [d] The regioisomer ratio (85:15) was determined by 19F 
NMR measurement. 

To gain some insights into the reaction mechanism, the 
initial rate of the formation of product 3a ((∆[3a]/∆t)t=0) was 
measured. We first monitored the dependency of (∆[3a]/∆t)t=0 by 
changing the partial pressure of 1 (p(1); 0.3–1.0 atm). A linear 
correlation between p(1) and (∆[3a]/∆t)t=0 (Figure 1a) was 
obtained. Furthermore, a straight line (slope = 1.12) provided a 
good fit for the log-log plot of (∆[3a]/∆t)t=0 against p(1), indicating 
that the reaction has a nearly first-order dependence on the 
concentration of 1 in the solution (Figure 1b). Next, the 
dependency of the initial rate ((∆[3a]/∆t)t=0) on the initial 
concentration of alkyne 2a ([2a]0; 0.2–0.9 M) under a constant 
pressure (1.0 atm) of 1 was examined. A linear correlation 
between the two was observed (Figure 1c). The linear fitting of 
the log-log plot with a slope of 1.02 shows a first-order 
dependence of the reaction rate on [2a]0 (Figure 1d). 
Furthermore, the dependency of (∆[3a]/∆t)t=0 on the initial 
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concentration of the Ni(0) complex ([Ni]0; 0.013–0.11 M) was 
estimated by reactions with a constant concentration (0.25 M) of 
2a under a constant pressure (1.0 atm) of 1 in the absence of 
Et3B and iPrOLi. Not only a linear correlation between [Ni]0 and 
(∆[3a]/∆t)t=0 (Figure 1e) but also the linear fitting of the log-log 
plot (slope: 1.09) clearly exhibits a first-order dependence of the 
reaction rate on [Ni]0 (Figure 1f). These results suggest that the 
initial rate-limiting oxidative cyclization proceeds with the 
involvement of one component each of 1, 2a, and Ni(0).[18] 

 

Figure 1. (a) Initial reaction rate versus p(1) and (b) the corresponding log-log 
plot. Reaction conditions: Ni(cod)2 (0.025 mmol), PCy3 (0.025 mmol), 1 (partial 
pressure: 0.30–1.0 atm), 2a (0.50 mmol), Et3B (0.50 mmol), iPrOLi (0.50 
mmol), and toluene (1.0 mL) at 40 °C for 15 min. (c) Initial reaction rate versus 
[2a]0 and (d) the corresponding log-log plot. Reaction conditions: Ni(cod)2 
(0.025 mmol), PCy3 (0.025 mmol), 1 (excess in balloon, 1 atm), 2a (0.20–0.90 
mmol), Et3B (0.50 mmol), iPrOLi (0.50 mmol), and toluene (1.0 mL) at 40 °C 
for 15 min. (e) Initial reaction rate versus [Ni]0 and (f) the corresponding log-log 
plot. Reaction conditions: Ni(cod)2 (0.013–0.11 mmol), PCy3 (0.013–0.11 
mmol), 1 (excess in balloon, 1 atm), 2a (0.25 mmol), and toluene (1.0 mL) at 
40 °C for 5 min. 

To elucidate the mechanism further, the stoichiometric 
reaction of 1,1-difluoro-1,6-enyne 5 and alkyne 2a with Ni(0) was 
performed. Treatment of equimolar amounts of enyne 5 and 
alkyne 2a with stoichiometric amounts of Ni(cod)2 and PCy3 
afford the ring-monofluorinated indane 6 in 60% yield [Eq. (1)]. 
Since one difluoroalkene moiety and two alkyne components 
were involved in the formation of 6, we presumed that this 
reaction proceeded through a cycloaddition process similar to 
that in the case of the reaction involving 1 and 2. The formation 
of 6 is likely to involve the initial intramolecular oxidative 
cyclization of difluoroalkene and alkyne moieties in 5 with 
Ni(0).[19,20] This cyclization mode would be consistent with the 

aforementioned result of the reaction between 1 and 2a. 
Correspondingly, the oxidative cyclization of 1, 2, and Ni(0) 
probably affords the intermediate nickelacyclopentenes, wherein 
the difluoromethylene moiety regioselectively occupies the 
position α to the nickel atom. 

 
Taken together, these observations suggest a plausible 

mechanism for the Ni(0)-catalyzed cycloaddition (Scheme 2). 
This reaction starts with oxidative cyclization, rate-limiting 
chemo- and regioselective formation of nickelacyclopentenes A, 
resulting from the combination of one molecule each of 1 and 2. 
The nickelacyclopentenes A thus formed facilitates the insertion 
of another molecule of 2 to generate nickelaheptadienes B. 
Subsequent α-fluorine elimination from B gives 
cyclohexadienylnickel(II) fluorides C.[14,15] Finally, β-hydrogen 
elimination affords fluoroarenes 3 and nickel(II) hydrofluoride D, 
which can then be reduced to Ni(0) complex via transmetalation 
with the borate derived from Et3B and iPrOLi.[21] 

 

Scheme 2. Plausible reaction mechanism. 

The obtained tetraarylated fluoroarene products can serve 
as building blocks in further transformations. For example, 
treatment of fluoroarene 3d with excess FeCl3 led to ring fusions 
via three oxidative C–H/C–H couplings[22] to afford 
tribenzoperylene 7 with the fluorine substituent in 74% yield [Eq. 
(2)].[23] The resulting pinpoint-fluorinated planar π-conjugated 
system can be a promising candidate as organic electronic 
material.[24] 
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In summary, we developed a nickel-catalyzed method for 
direct synthesis of fluoroarenes via α-fluorine elimination. This 
method for fluoroarene synthesis complements conventional 
methods, which install fluorine on preformed benzene rings. 
With proper choice of alkyne substrates, our method enables 
modular synthesis of diversely substituted fluoroarenes[25] from 
1,1-difluoroethylene, an industrial material. 

 

Experimental Section 

Typical procedure for the synthesis of fluoroarenes 3 via nickel-catalyzed 
[2+2+2] cycloaddition: In an argon-purged 50-mL test tube equipped with 
a PTFE cap (EYELA, PPS25-TC) were placed iPrOH (179 L, 2.3 mmol) 
and toluene (2.4 mL). To the mixture was slowly added nBuLi (1.58 M in 
hexane, 1.47 mL, 2.32 mmol) at 0 °C. After stirring for 10 min at 0 °C, 
BEt3 (1.0 M in hexane, 2.32 mL, 2.3 mmol) was added to the reaction 
mixture at the same temperature. The reaction mixture was warmed to 
room temperature, and was stirred for another 30 min. To the reaction 
mixture were added diphenylacetylene (2a, 414 mg, 2.32 mmol), Ni(cod)2 
(32 mg, 0.12 mmol), PCy3 (33 mg, 0.12 mmol), and toluene (2.3 mL). The 
reaction vessel was evacuated, filled with 1,1-difluoroethylene (1, 1.0 atm, 
56 mL, 2.3 mmol) through a balloon, and then sealed by closing the 
stopcock of the PTFE cap. After stirring for 12 h at 40 °C, the reaction 
mixture was filtered through a pad of silica gel (EtOAc). The filtrate was 
concentrated under reduced pressure. The residue was purified by silica 
gel column chromatography (hexane/EtOAc = 20:1) to give fluoroarene 
3a as a white solid (380 mg, 82%). 
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