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σ-Bonds between transition metals and perfluorinated groups
(M-Rf) are among the strongest M-C bonds. Very few sto-
ichiometric and, as far as we know, nocatalytic reactions based
on insertion of unsaturated molecules into M-Rf bonds have been
reported. Alkene insertion into M-C bonds plays a key role in
important catalytic processes such as alkene oligomerization,1

polymerization,1a,2and the Heck reaction.3 Such catalysis involv-
ing M-Rf bonds is desirable for the functionalization of perflu-
orinated compounds, important for the fine chemical and phar-
maceutical industries.4

In recent years the Heck reaction has been improved by the
discovery of very active catalysts based on palladacycles, or the
use of new reaction conditions,5-8 but despite the major effort in
this field, perfluoro-aryl or -alkyl halides have not been reported
as substrates.9 Here we report the firstcatalytic Heck reaction,
involving olefin insertion into an Rf-M bond.

Some of us had studied the insertion of dienes into the Pd-Pf
bond of [Pd(Pf)Br(NCMe)2] (1) and (NBu4)2[Pd2(µ-Br)2(Pf)2Br2]
(2a) (Pf ) C6F5) and isolated intermediates relevant in the Heck
reaction.10,11The stoichiometric reaction of2a and styrene in the
presence of a silver salt gavetrans-PhCHdCHPf,11 which
encouraged us to look for catalytic conditions for it. Indeed1

and2a are efficient catalyst precursors in the Heck reaction with
C6F5Br (eq 1). They work in the absence of stabilizing ligands
other than halide, the solvent and the reagents.12

Complexes1 and2acatalyze the reaction of C6F5Br and styrene
to give trans-PhCHdCHPf regioselectively. Since solutions of1
in the presence of bromide give immediately2a, after the first
catalytic cycle (where bromide is generated as byproduct) both
catalysts are essentially equivalent, and the experiments are
discussed for2a. A summary of results is given in Table 1.13

Among the bases examined, CaCO3, KF, and Na2CO3 gave the
highest yields. Na3PO4, tBuOK, Na2CO3/NEt3, and Na2CO3/
collidine slowed the reaction rate or led to the reduction product
C6F5H. NaOAc or NaOH gave fast reactions, but products of
nucleophilic substitution of the para fluorine by acetate or OH
were formed. NMP was the best solvent, whereasiPrCN, dioxane,
or xylene gave poor results.

Almost complete conversion of C6F5Br and styrene into
pentafluorostilbene was observed with2a at 130°C (entries 1
and 2, Table 1). Decreasing the amount of catalyst lowered yields,
but higher TON were obtained (entry 3). Using C6F5I lower
conversions and higher reaction times were observed (entry 4).
C6F5Cl failed to react with styrene under the same conditions
(entry 5). An activated alkene, such as methyl acrylate, gave a
faster reaction with catalyst2a at 100°C; in this case, the use of
KF as base led to higher conversions (entries 6 and 7). [Pd(PPh3)4]
failed to catalyze the reaction of styrene and C6F5Br under the
same conditions reported in entry 1. The reaction with styrene
was not affected by oxygen or by the addition of galvinoxyl (Pd:
galvinoxyl ) 1:10). No radical addition products of PfBr to the
alkene were obtained.

The proposed mechanism for the reaction is represented in
Scheme 1. Complex2a in CDCl3 gives immediately a 1:1.6
mixture of two isomers corresponding to the cis and trans
arrangements of the two C6F5 groups in the dimer. When NMP
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Table 1. Selected Results for the Heck Reaction in Eq 1a

ArX olefin base Pd (mol %) time yield %

1 C6F5Br styrene CaCO3 1 1 d 98
2 C6F5Br styrene CaCO3 0.1 6 d 97
3 C6F5Br styrene CaCO3 0.01 15 d 47
4 C6F5I styrene CaCO3 1 1 d 8
5 C6F5Cl styrene CaCO3 1 1 d 2
6 C6F5Br Me-acrylate KF 1 7 h 80
7 C6F5Br Me-acrylate CaCO3 1 10 h 36
8b C6F5Br R-Me-styrene CaCO3 2 5 d 79c

9 C6F5Br 1-hexene CaCO3 1 1 d 37c,d

a The reactions were carried out with 2.29 mmol ArX, 2.52 mmol
(3.44 mmol for entries 2 and 3) of alkene, 2.52 mmol base, H2O (0.1
mL) in 4 mL of NMP at 130°C. b C6F5Br:olefin ) 1:1.4, NBu4Br (8%)
was added.c Nonoptimized conditions.d Mixture of isomers.
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is added to this solution, a new signal appears in the19F NMR
spectrum, which we assign to [PdPfBr2(NMP)]- (3a), that
increases when the concentration of NMP increases. If2a is
dissolved directly in NMP,3a is the major species observed at
low concentrations and room temperature. Upon addition of Br-

to 3a, 4a is also detected.14 The equilibrium constants between
2, 3, and4 in NMP at room temperature were measured, out of
the catalytic cycle by19F NMR, affording the following values:
K1 ) [3]/[2]1/2 ) 0.603( 0.018,K2 )[4]/[3][X -] ) 3.20( 0.13
for X ) Br; K1 ) 0.180( 0.005,K2 ) 3.09( 0.12 for X ) I.
At higher temperatures (120°C) the equilibria in Scheme 1
become fast, and the signals of the three complexes collapse,
preventing measurement of the equilibrium constants.

When the reaction of C6F5Br and styrene was monitored by
19F NMR at 120°C under catalytic conditions, only one set of
Pf-Pd signals, corresponding to the time-averaged fast equilib-
rium just described, was observed throughout the catalysis. Similar
fast equilibria may affect any other Pd(II) complex represented
in Scheme 1 during the catalytic reaction, but only the solvent-
ligated species are represented for short. The first process in the
catalytic cycle is the coordination and insertion of the alkene.
This is likely to be rate-determining, as supported by the
observation of the signal of the complexes preceding this step
and by the fact that the rate of reaction between C6F5Br and
styrene catalyzed by2a is practically independent of the
concentration of aryl bromide but increases when the styrene
concentration is increased.15 We could not detect complexA
(Scheme 1) either in the catalytic cycle or in stoichiometric
experiments; therefore, the coordination and insertion steps could

not be studied separately, and we refer to both processes jointly.
Independent reactions out of the catalytic cycle show that the
insertion of styrene into the Pd-C6F5 bond of 3a (synthesized
by dissolving2a in NMP) is retarded by the addition of NBu4-
Br.16 Monitoring of isolated reactions of2a (X ) Br) and2b (X
) I) in NMP with an excess of styrene showed longer reaction
times for2b (20% PfCHdCHPh for2a versus 3% for2b, after
17 h at room temperature). Thus, the slow reaction observed for
C6F5I in the catalytic cycle may be due to a lower rate of
substitution of iodide by the alkene in this step.â-hydrogen
elimination and reductive elimination of HX follow, giving
palladium(0) species stabilized by bromide anions.17 When the
catalytic reaction was carried out using bromide-free conditions
(adding Ag2CO3 as a base to precipitate the bromide formed),
only 3% of the coupling product was obtained after 1 day, and
extensive catalyst decomposition was observed. Since the olefin
insertion in cationic palladium complexes is feasible and fast,10b

the absence of bromide must be affecting negatively the oxidative
addition step. Besides stabilizing the Pd(0) intermediate, halide
anions have been shown to increase the rate of oxidative addition
when coordinated to Pd(0) species.17 Although the reaction rate
increases with increasing concentration of styrene, because it
favors the coordination-insertion process, a large excess (C6F5-
Br:styrene) 1:20) stops the reaction; on the other hand, addition
of NBu4Br to this reaction mixture reactivates the process. This
suggests that these conditions are affecting the ligands coordinat-
ing the Pd(0) species. When the bromide ions on Pd(0) are
displaced by the alkene at high concentrations of the latter, the
oxidative addition is severely slowed, becoming rate-determining,
and the cycle is halted.18 Thus, the success of this catalysis requires
finding in each case a compromise between the optimal conditions
for the oxidative addition and the coordination-insertion.

Preliminary nonoptimized results show that the system is also
efficient for other fluorinated aryls of the typep-C6F4XBr (X )
CN, CF3, OMe). Nonactivated terminal alkenes (1-hexene, Table
1, entry 9) or 1,1-disubstituted olefins such asR-methylstyrene
(Table 1, entry 8) can also be functionalized, while electron-rich
alkenes (butylvinyl ether, 2,3-dihydrofuran) result in low yields
and formation of C6F5H, presumably as a result of a slow
coordination-insertion process.

In conclusion, a new efficient catalytic system for the Heck
reaction of fluoroaryls has been developed. The easily stored
complexes1 and2 provide reaction conditions exempt of ligands
other than halide, solvent, and substrates, which seem to be needed
for a fast coordination-insertion process. This step can be favored
by using excess olefin, but such addition slows down severely
the oxidative addition step. Hence a tradeoff between these
opposing effects is needed for an efficient catalysis. The reaction
works for different fluoroaryls on most olefins, but looks less
promising for electron-rich olefins.
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(13) General procedure: A 100 mL Schlenk flask was charged with base,
NMP, alkene, ArX, H2O, and a solution of2a in NMP, under N2 atmosphere.
The mixture was stirred and introduced in a preheated oil bath at the reaction
temperature. The reaction was monitored by19F NMR. When it was complete,
the mixture was cooled. Addition of water afforded the product for entries
1-8.

(14) 19F NMR (δ, NMP (acetone-d6 capillary),Fmeta, Fpara, Fortho, 282 MHz).
2a: -166.61 (cis + trans), -164.50,-164.35 (cis + trans), -116.79 (cis +
trans). 3a: -168.18,-166.35,-116.02.4a: -168.62 (Fpara+ Fmeta), -114.91.
2b: -166.53 (cis + trans), -164.88, 164.66 (cis + trans), -112.35 (cis +
trans). 3b: -168.61,-166.71,-112.59.4b: -168.75 (Fpara+ Fmeta), -111.67.

(15) % yield of PfCHdCHPh obtained in NMP,2a (2% mol Pd), CaCO3,
2.5 h; (a) C6F5Br:styrene) 1:1.1: 36%, (b) C6F5Br:styrene) 4:1.1: 43%,
(c) C6F5Br:styrene) 1:4.4: 98%.
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Scheme 1.Cycle for the Heck Reaction of C6F5X and
Alkenes
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