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Abstract: A mechanistic study on the ligand-free
room-temperature Heck reaction of alkenyl nona-
fluorobutanesulfonates (nonaflates) is described.
Kinetic data obtained from poisoning experiments,
centrifugation and variation of catalyst loading con-
sistently provide evidence for a homogeneous palla-
dium catalysis unprecedented in Heck chemistry.
The Heck reaction of alkenyl perfluorobutanesulfo-
nates represents a remarkably robust, active and ef-
ficient catalytic system generally applicable to the
coupling with a broad range of terminal olefins in-
cluding non-activated ones under ambient condi-
tions. It features insensitivity towards atmospheric
oxygen and moisture, furnishing uniformly high
yields of the anticipated coupling products without
the necessity to purify commercial reagents and sol-
vents.
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Coupling of olefins with aryl/alkenyl halides, com-
monly known as the Heck reaction, represents one of
the basic tools in contemporary organic synthesis.[1]

The existing vast realm of the Heck chemistry can
conventionally be subdivided to ligand-assisted and
ligand-free catalysis. Ligands at palladium play a dif-
ferent role depending on the application. While the li-
gation is crucially important for enantioselective var-
iants of the Heck reaction[2] or activation of otherwise
unreactive aryl chlorides,[3] it often tends to deterio-
rate the desired coupling, causes side reactions and

deactivates the catalyst,[4] in particular, when aryl io-
dides are used as substrates.[5] From this standpoint, it
is of no surprise that the fastest versions of Heck re-
action known so far are described for ligand-free sys-
tems containing free halides (Cl� or Br� added as
quaternary ammonium salts) which are believed to
stabilize Pd(0)-species.[1d]

Later on, it was shown that intermediary Pd nano-
particles as colloids are likely to be the true catalytic
species in such systems.[6] Owing to the recent ad-
vancements in the mechanistic study and design of
robust and efficient low Pd-loading systems,[7] the
ligand-free Heck reaction became an emerging trend
with particular promise for industrial applications.[8]

On the other hand, it was demonstrated in a number
of well-documented cases that palladacycles[7a,9] and
pincer Pd(II) complexes[10] are pre-catalysts and not
the actual active species catalyzing the Heck reaction
of aryl halides as it was believed earlier.[11] Compel-
ling evidence based on kinetic studies[10,12] and quanti-
tative poisoning experiments[10] was obtained that the
above complexes decompose under the reaction con-
ditions to generate the actual catalytic species, Pd
nanoparticles.

The above breakthroughs in understanding the
nature of catalysis in the Heck chemistry of aryl hal-
ides[13] and a lack of mechanistic insight in the under-
ligated Heck reaction of aryl and alkenyl perfluoroal-
kanesulfonates[14] prompted us to investigate the
nature of Pd-catalysis for the latter substrates.

Herein, we report on the nature of the catalyst and
the remarkable efficiency of our ligand- and additive-
free system enabling room-temperature Heck cou-
pling of readily available alkenyl nonaflates[15] with
electron-withdrawing, electron-rich as well as inacti-
vated alkenes. Our primary objective within the scope
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of this publication was to establish whether the reac-
tion is effected by heterogeneous or homogeneous
catalysis.

As a test case the reaction of cyclopentenyl nona-
flate (1a) with methyl acrylate (2a) was chosen
(Scheme 1). The model reaction was carried out
under optimized conditions at ambient temperature
(20–24 8C) with Et3N as a base in DMF[16] resulting in
clean and complete conversion of the starting nona-
flate 1a to the 1,3-diene ester 3a within 8–9 h. The
catalytic system employed features excellent reprodu-
cibility, robustness and insensitivity towards atmos-
pheric oxygen and moisture. Reduced catalytic load-
ing (0.5 mol%) appreciably slows down the room
temperature reaction. Thus, in a typical example, it
required 6 days to attain 88% conversion. However, a
subsequent gentle heating at 50 8C rendered a com-
plete conversion within 3 h indicating that the ob-
served slow-down effect is not due to the irreversible
deactivation of the catalyst. Noteworthy, the reaction
mixtures remain essentially homogeneous during the
entire course of the reactions regardless of the
amount of Pd taken and in spite of the absence of Pd-
colloid stabilizers.[17]

The first indirect evidence for the homogeneous
nature of the catalytic system studied herein comes
from the comparative analysis of conversion rate as a
function of catalyst loading in the model Heck reac-
tion of nonaflate 1a (Figure 1) vs. that of bromoben-

zene studied earlier.[7] In the latter case, the reaction
stops at an early stage when a high Pd loading is em-
ployed because aggregation leading to Pd clusters of
low catalytic activity outruns the desired Heck cou-
pling.[7,18] A significantly different kinetic profile was
obtained using our protocol with nonaflate 1a as a
substrate (Figure 1). It manifests a steady increase of
the reaction rate with increasing catalyst-to-substrate
ratio even at high Pd concentrations. This result can
be regarded as (negative) evidence for a kinetically
stable homogeneous catalytic species lacking cluster-
ing.

To gain further insight into the catalyst identity we
monitored the model reaction kinetics in the presence
of different amounts of thiophene (Figure 2) and PPh3

(Figure 3).
It has been generally accepted that quantitative ki-

netic data provide the most compelling evidence for
the identity of the true catalyst.[19] In a number of
quantitative studies, well-established catalyst poisons
such as PPh3, CS2 or thiophene taken in amounts
!1 equiv. (hereinafter, the amounts of the additives
are expressed in equiv. relative to the Pd catalyst) or
a large excess of metallic mercury were found to ef-
fectively quell the catalytic activity thus proving the
heterogeneous nature of the Pd(0) catalysts in the
Heck reactions of aryl halides.[10,20] For this reason, we

Scheme 1. A model room-temperature Heck reaction.

Figure 1. Effect of palladium catalyst loading on the conver-
sion rate of the model reaction (see Scheme 1), at 24 8C.

Figure 2. Kinetic profiles of the model reaction (see
Scheme 1) in the presence of different amounts of thiophene
(from 0.1 to 2 equivs.), at 20 8C.
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decided to apply these poisoning methods to the
model reaction of nonaflate 1a (Scheme 1).

The poisoning experiments (Figure 2 and Figure 3)
clearly demonstrate that the heterogeneous catalyst
poisons, PPh3 and thiophene, added in amounts of up
to 2.0 equivs. have minimal to no effect on the out-
come and the rate of the standard Heck reaction of
nonaflate 1a. These observations dramatically contrast
results obtained by Eberhard[10b] who observed that
!1 equiv. of PPh3 or thiophene is sufficient to fully
suppress the activity of the heterogeneous Pd catalyst
apparently resulting from decomposition of pincer
Pd(II) complexes. On the other hand, the lack of poi-
soning with the above additives can be regarded as an
evidence of a kinetically stable form of the homogene-
ous Pd(0) catalytic species throughout the entire
course of the reaction.[21,22]

Despite certain limitations on the applicability of
Hg(0) poisoning tests,[23] we decided to investigate its

effect on our reaction system. Whereas the Heck re-
actions catalyzed by Pd colloids are instantaneously
and completely suppressed after addition of mercu-
ry,[10] no such dramatic effect was observed under our
conditions. As shown in Figure 4, a treatment with
300 equivs. Hg(0)[24] resulted in an appreciable slow-
down effect. However, no irreversible loss of catalytic
activity was observed, and the reaction did reach
complete conversion.

Finally, centrifugation (14500 rpm, 25 min) of the
slightly turbid reaction mixture at 55% completion
(after 2.5 h) resulted in the formation of a tiny
amount of a very fine dark-brown precipitate. The
residue proved to be catalytically inactive after expo-
sure to the freshly added reactants for 24 h at room
temperature. The reaction rate in the clear homoge-
neous reaction mixture matched well that of the refer-
ence reaction indicating that the true catalytic species
fully remains in solution (Figure 4, cf. curves b and c).

To test the generality of this ligand-free cross-cou-
pling protocol, a range of substrates was submitted to
the optimized reaction conditions. Gratifyingly, a
number of alkenyl nonaflates 1 derived from cyclic
ketones were found to react with terminal alkenes 2
(Scheme 2) to give the expected cross-coupling prod-
ucts in high yields (Table 1).

While selectivities follow typically observed
trends,[1h] we were surprised to learn that the catalytic
system is active enough to effect the room-tempera-
ture Heck coupling even with poorly activated (sty-
rene, 2e) or non-activated (1-hexene, 2f) olefins.

Attempts to extend our ligand-free system to aryl
nonaflates met with no success so far. Thus exposure
of phenyl nonaflate with methyl acrylate 2a for 4 d at
room temperature or heating for 2 h at 50 8C did not
furnish a detectable amount of product with the cou-
pling reactants remaining intact.

At this stage, we would refrain from speculating on
the structure of the catalyst in the Heck reaction of
alkenyl nonaflates. As a working hypothesis, we sug-
gest that Pd(0) exists in kinetically stable form, PdLn

in dynamic equilibrium with the reaction components
(L=1,3-diene 3a or olefin 2a or DMF or Et3N) play-
ing a role of weak ligands readily coordinating and
dissociating and thus enabling an easy access of sub-
strate to the coordinating sphere of Pd(0)-centre.
With all likelihood, low-nucleophilic nonaflate anion
accumulated during the reaction course does not co-
ordinate to the catalytic Pd-species and thus does not
affect the catalyst activity.[30]

In conclusion, unlike the relevant ligand-free sys-
tems designed for Heck couplings of aryl halides,[6,7]

the room-temperature Heck reactions of alkenyl non-
aflates described herein do not indicate signs of heter-
ogeneous (colloidal Pd) catalysis. The catalytic system
features remarkable activity, endurance and insensi-
tivity to the established heterogeneous catalyst poi-

Figure 3. Kinetic profiles of the model reaction (see
Scheme 1) in the presence of PPh3 (0.5 and 1 equiv.), at
24 8C.

Figure 4. Kinetic profiles of the model reaction (see
Scheme 1) subjected to Hg poisoning (a) or centrifugation
(b), at 24 8C.

Adv. Synth. Catal. 2007, 349, 1019 – 1024 I 2007 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim asc.wiley-vch.de 1021

COMMUNICATIONSAn Expedient Variant of Heck Reaction of Alkenyl Nonaflates

http://asc.wiley-vch.de


sons. These results suggest that the coupling reactions
are catalyzed by homogeneous Pd(0)-complex(es) of
yet unidentified structure. The study on the structure
of the catalyst and the Pd-intermediates is currently
in progress.

From the synthetic viewpoint, the protocol de-
scribed herein is simple, robust and generally applica-
ble to the coupling of stable and easy-to-handle al-
kenyl nonaflates[15] with electron-withdrawing, elec-
tron-rich as well as non-activated alkenes.

Experimental Section

General Procedure for the Syntheses of Dienes 3
from Alkenyl Nonaflates 1

DMF (1 mL), Et3N (202 mg, 2.00 mmol), alkenyl nonaflate 1
(1.00 mmol), alkene 2 (1.30 mmol), and PdACHTUNGTRENNUNG(OAc)2 (11.2 mg,
0.05 mmol) were subsequently added to a screw-cap vial
equipped with magnetic stirring bar. The reaction mixture
was stirred for the designated amount of time (see Table 1)
at ambient temperature. It was then subjected to aqueous
work-up (pentane/water). The combined organic layers were
washed with brine and dried with Na2SO4. The solvent was
removed under reduced pressure and the residue purified by
either column chromatography (silica gel) or Kugelrohr dis-
tillation, to give pure dienes 3.
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enylcyclopentene.
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