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Introduction
The intermolecular Heck reaction of aryl halides or aryl

triflates with olefins is of the utmost importance in
organic synthesis.1 With a few exceptions,2-4 most
substrates for coupling require reaction temperatures of
70-100 °C1e and reaction times ranging from hours to
days for full conversion. Attempts to reduce the reaction
time by enhancing the temperature are seldom effective
due to collapse of the catalytic system.1d,5,6 Therefore,
access to alternative and general synthetic procedures
that permit fast coupling reactions would be valuable,
in particular with respect to the obvious applications of
such procedures to combinatorial chemistry.7
Many examples of the benefits of microwave irradia-

tion, including reduction of reaction times and electricity
costs, have been reported.8 Among the transformations
performed are reactions of double bonds, including

hydrogenation, catalyzed by RaNi or Pd/C,9 hydrosilyla-
tion, in the presence of CuCl and TMEDA,10 and addition
of chlorinated hydrocarbons, catalyzed by a Cu(I) com-
plex.11 Furthermore, vinylic substitution by the Baylis-
Hillman reaction can be achieved with substantial re-
duction of reaction times.12 The present investigation has
been devoted to a study of the effect of microwave
irradiation on the Heck arylation and briefly on the
related Suzuki13 and Stille14 reactions, in which labile
organotransition metal intermediates play a pivotal role
in the catalytic cycle. We herein report that these
palladium-catalyzed coupling reactions can be accom-
plished with reaction times ranging from 2.8 to 7.0 min
and that good yields were observed in most cases.

Results and Discussion
We have reacted aryl iodides, aryl bromides, and aryl

triflates with various olefins. These substrates were
chosen to permit comparison of microwave-assisted reac-
tions to conventionally heated reactions, with respect to
chemo- and regioselectivity, as well as double bond
isomerization. The reactions were conducted under
nitrogen in sealed Pyrex vessels, and a commercially
available batch reactor producing continuous irradiation
was used. The primary objective was the minimization
of reaction times, and the irradiation power was altered
to allow full conversion of the arylating agents in less
than 7.0 min. With the exception of reaction scale,
solvent, and heating procedure, the reactions were per-
formed under reaction conditions identical to the original
procedures as described in the references cited, in order
to enable an accurate comparison. Our initial screening
experiments revealed that the microwave-promoted Heck
coupling under classical conditions (without solvent or
with trialkylamine as solvent) did not proceed satisfac-
torily.15 The addition of DMF, a microwave-active sol-
vent,8,15 drastically expedited the reactions, and the
desired compounds were obtained within minutes in good
yield. In the Suzuki and Stille cross-couplings, the
combination of ethanol/water/DME and N-methyl-2-
pyrrolidone (NMP), respectively, was found to interact
sufficiently strongly with microwaves and generate the
heat required to promote the reactions.
The preparative results are summarized in Table 1.

Methyl acrylate was converted smoothly in 3.8 min at
60 watt (W) to the corresponding cinnamic acid ester in
the presence of DMF (Table 1, entries 1 and 2).16,17 The
same transformation could be conducted at a lower
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microwave power, although a longer reaction time was
required. In order to achieve full consumption of 1-io-
donaphthalene in a reaction with acrylonitrile in the
same reaction time, a moderate increase in the power
level (80 W) was needed. While methyl acrylate provided
the E isomer exclusively, the reaction with acrylonitrile
produced a mixture of the E and Z isomers (E/Z ) 4/1)
as expected from a related standard reaction18 with this
olefin (Table 1, entry 3). Arylation of styrene with
iodobenzene16 or 4-bromo-1-iodobenzene19 gave the ter-
minal product with high selectivity, in accordance with
the original procedures (Table 1, entries 4 and 5). The
result from the latter reaction shows that the microwave
irradiation provides the same selectivity, with respect to
halide displacement as compared to the original reac-
tion,19 and substitution of the iodo atom occurs exclu-
sively. Products derived from bromo-substitution were
not detected. To study the regioselectivity with regard
to the direction of insertion, alkyl vinyl ethers1f,1h were
selected as suitable substrates. Procedures have been
developed that allow either electronically controlled
internal arylation by application of bidentate ligands20
or, alternatively, chelation-controlled terminal aryla-
tion.21 Microwave-assisted arylation of butyl vinyl ether

with aryl triflates provided mixtures of internally ary-
lated vinyl ether and the corresponding acetophenone.
However, 4-tert-butylacetophenone could be isolated in
good yield after conducting the reaction in presence of a
minor amount of water22 (Table 1, entry 6). The reaction
of [2-(dimethylamino)ethoxy]ethene with 2-naphthyl tri-
flate constitutes an example of a relatively sluggish
reaction that requires 9 h at 60 °C to afford fair yields of
coupled product.21c In the microwave-assisted reaction
we found it essential to employ a low microwave power,
35 W, to avoid decomposition of the catalytic system
(Table 1, entry 7). A longer reaction time, 7.0 min, was
therefore needed. A highly regioselective arylation at the
terminal carbon occurred, and equal amounts of the E
and Z isomers were formed, in full agreement with the
reference procedures.21c Higher microwave power re-
sulted in incomplete consumption of the aryl triflate,
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Table 1. Fast Palladium-Catalyzed Coupling Reactions under Microwave Irradiation*

*Reactions were performed on a 1.0 mmol scale in sealed Pyrex tubes under nitrogen essentially following the literature procedures,
although heating was carried out utilizing microwave irradiation. >95% conversion in all cases. a Continuous irradiation (2450 MHz).
b Based on the aryl halide or aryl triflate. >95% purity by GC-MS. c 0.50 mL of DMF was added to the reaction mixture. d See ref 16.
e See ref 17. f See ref 19. g Carried out in a reduced amount of solvent. h 0.075 mL of water was added to the reaction mixture. i See ref
21c. j Carried out on a 0.50 mmol scale. Olefin/iodobenzene ) 10/1. k See ref 23. l Reaction conditions modified according to Gronowitz.
See ref 25b. m See ref 25. n See ref 26.
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clearly demonstrating the crucial interplay of reaction
time and microwave power. Microwave-assisted aryla-
tion of 2,3-dihydrofuran according to Larock’s original
procedure C23,24 furnished a mixture of two isomers (Table
1, entry 8). 2-Phenyl-2,3-dihydrofuran was isolated in
fair yield (58%). A reaction time of 6.0 min at 30 W was
needed in this case, in comparison to 24 h at 80 °C when
traditional heating was employed.
Suzuki coupling of phenyl boronic acid with 4-bromo-

toluene25 as well as Stille coupling of 4-acetylphenyl
triflate26 proceeded rapidly with microwave irradiation
(Table 1, entries 9 and 10). The Suzuki coupling was
accompanied by biphenyl formation. In the Stille reac-
tion we encountered the formation of minor amounts of
4-butylacetophenone, which is formed frequently also
when standard heating procedures are used.26,27

Two Heck arylations were also performed with thermal
heating (preheated oil bath) at high temperature (Table
1, entries 3 and 8). For the standard heating experi-
ments we found an optimal initial conversion rate of the
aryl halides at 150-170 °C. The reaction in entry 3,
which represents the most simple system in Table 1, is
performed with no added ligand, produces a stable
product, and can be conducted at 150 °C in approximately
the same reaction times as with microwave technology.
A minimum amount of side products are formed with
both heating techniques. The reaction in entry 8 (Table
1) represents a more complex system. Thermal heating
procedures (125-150 °C) produce complex product mix-
tures, in our case affording less than 20% of the expected
2-phenyl-2,3-dihydrofuran. The origin of this change in
product pattern may result from the advantages with
microwave heating, e.g., elimination of wall effects and
low thermal gradients within the reaction mixture.8d

In summary, by employing a series of differing types
of olefins, exhibiting characteristic reaction profiles, we
have shown that similar product patterns are delivered
in microwave-assisted Heck reactions as in reactions with
traditional thermal heating. The catalytic system sur-

vives microwave irradiation, and full conversion can be
achieved in a few minutes. Although we have studied
only a limited number of reactions, we believe that
microwave-promoted palladium-catalyzed coupling reac-
tions should provide an attractive complement to other
procedures, particularly in cases where fast reactions are
desired.

Experimental Section
Procedures. Microwave heating was carried out with a

MicroWell 10 single-mode microwave cavity operating at 2450
MHz from Labwell AB, Uppsala, Sweden. The reactions were
performed under nitrogen in heavy-walled Pyrex tubes (8 mL, l
) 150 mm) sealed with a silicon septum. If overpressurization
occurred, this septum was distorted. Silicone septa (110.623-
18) and screwcaps with aperture (110.627-18) were purchased
from KEBO Lab AB, S-163 94 Spånga, Sweden. The reaction
volume filled not more than 1/5th of the total volume of the tube,
thereby allowing head space for pressure buildup during the
microwave treatment. All couplings were conducted in the
absence of stirring. The tube was allowed to cool before being
opened carefully in a fume cupboard. Small samples were
removed and partitioned between dichloromethane (DCM) and
water, and the organic phase was analyzed by GC-MS. 1H and
13C NMR spectra were measured at 270 and 67.5 MHz, respec-
tively, in CDCl3 solution. Mass spectra were determined at 70
eV (EI). Melting points were determined with an electrothermal
melting point apparatus. Column chromatography was per-
formed on silica using Kieselgel S (0.032-0.063 mm, Riedel-de
Haen).
Materials. Unless otherwise noted, starting materials,

ligands, additives and solvents were obtained from commercial
suppliers and used without further purification. Palladium
acetate was obtained from Merck-Schuchardt, and tris(diben-
zylideneacetone)dipalladium(0) (Pd2(dba)3) was obtained from
Aldrich Co. and used as received. Tetrakis(triphenylphosphine)-
palladium(0) (Pd(Ph3P)4) was prepared according to the method
described by Coulson.28 Triphenylphosphine (Ph3P) was recrys-
tallized from ethanol. Phenyltributyltin29 and [2-(dimethylamino)-
ethoxy]ethene21a were prepared as described elsewhere. The aryl
triflates were synthesized from the corresponding phenols using
an excess of triflic anhydride and 2,4,6-trimethylpyridine, es-
sentially following a literature procedure,30 and are known
compounds.21c,31,32 Structure and purity of isolated compounds
were determined by NMR, melting point determination, and
GC-MS (>95% purity). Products 1,33 2,17,34 3,35 4,36 5,19 7,21c
8,37 9,36 and 1036 were described previously. Compound 6 is
commercially available (Aldrich Co.), and the structure was
determined by comparison with an authentic sample.
Caution! It is essential that great precautions are taken

when carrying out reactions in sealed vessels due to the
rapid increase in temperature and pressure associated
with microwave-promoted superheating of organic mate-
rial.38 Unless an appropriate septum is used as a pressure
relief device, the high pressure could result in an explo-
sion.
(E)-Methyl 4-Methoxycinnamate (1).33 In the reaction

tube were mixed 4-iodoanisole (0.234 g, 1.00 mmol), methyl
acrylate (0.108 g, 1.25 mmol), palladium acetate (0.00225 g,
0.010 mmol), tributylamine (0.185 g, 1.00 mmol), and DMF (0.50
mL) under nitrogen. The contents of the flask were irradiated
for 3.8 min with a power of 60 W. After cooling, the product
mixture was poured into water (25 mL) and was extracted with
DCM (3 × 25 mL). The combined extracts were washed with
water (25 mL) and concentrated to an oil. The crude product
was purified by column chromatography on silica gel using
isohexane/diethyl ether (4/1) as the eluent. The yield was 70%
(white crystals).
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