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Abstract—cis,cis,cis-1,2,3,4-Tetrakis(diphenylphosphinomethyl)cyclopentane/[PdCl(C3H5)]2 efficiently catalyses the Heck reaction
of b-substituted enol ethers with aryl bromides. Employing b-methoxystyrene, 3-ethoxyacrylonitrile or methyl 3-methoxyacrylate,
the regioselective a-arylation of these enol ethers was observed in all cases, and mixtures of Z and E isomers were generally obtained,
which in many cases yielded a single ketone product after acid treatment. The stereoselectivity of this reaction depends on steric and
electronic factors, and better stereoselectivities in favour of Z isomers were observed with electron-rich or sterically congested aryl
bromides. Better yields were obtained for this reaction with electron-rich or sterically congested aryl bromides than with electron-
poor aryl bromides. This observation suggests that with these b-substituted enol ethers the rate-limiting step of the catalytic cycle is
not the oxidative addition of the aryl bromide to the palladium complex.
� 2005 Elsevier Ltd. All rights reserved.
The palladium-catalysed Heck vinylation reaction is one
of the most powerful methods for the formation of C–C
bonds.1 The efficiency of several catalysts for the reac-
tion of aryl halides with acrylates or styrene derivatives
has been studied in detail. On the other hand, the reac-
tion involving 1,2-disubstituted alkenes has attracted
less attention. These alkenes are less reactive than termi-
nal alkenes. Most of the results described with 1,2-disub-
stituted alkenes were obtained with cinnamates,
crotonates or benzalacetone.2,3 A few results have been
described with 2-substituted enol ethers.4–6 For example,
the reaction of ethyl (E)-3-ethoxy acrylate and iodoben-
zene, 4-iodoanisole or 3-iodopyridine can be performed
with Pd–C (5%) as catalyst.4 The reaction involving
3,3,3-trifluoro-1-methoxypropene and iodobenzene,
4-iodonitrobenzene, 3-iodopyridine or iodo-4-bromo-
benzene with Pd(OAc)2 (3%)/PPh3 (6%) as catalyst and
Ag2CO3 as base (1 equiv) also proceeds.5 1-Butoxy-
prop-1-ene reacts with iodobenzene or 4-bromonitro-
benzene employing Pd(PPh3)4 (1%), but mixtures of
isomers and low yields were obtained.6 To our knowl-
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edge, the Heck reaction involving b-methoxystyrene7

or 3-ethoxyacrylonitrile has not been described. More-
over, there still remains a need for a general protocol
for Heck reactions in the presence of 2-substituted enol
ethers especially with aryl bromides.

In order to obtain stable and efficient palladium catal-
ysts, we have prepared the new tetraphosphine ligand,
cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphinomethyl)-
cyclopentane or Tedicyp8 (Fig. 1). We have already
reported the results obtained in allylic substitution,8

for Suzuki cross-coupling9 and for Sonogashira alkynyl-
ation10 using Tedicyp as the ligand. We have also
reported several results for Heck vinylation.11–13 We
had observed that with our catalyst, good results could
be obtained for the reaction of n-butylvinyl ether or
ethyleneglycol vinyl ether with aryl bromides.12 Satisfac-
tory results in terms of substrate/catalyst ratio were also
been obtained for the reaction with disubstituted alkenes
Ph2P
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such as methyl crotonate, ethyl cinnamate or benz-
alacetone.13 In order to further establish the require-
ments for a successful Heck reaction with our catalytic
system, we herein report on the reaction of a variety
of aryl bromides with the 2-substituted enol ethers:
b-methoxystyrene, 3-ethoxyacrylonitrile or methyl
3-methoxyacrylate.

The regioselectivity of the insertion of Heck reaction is
controlled both by the electronic properties of the alk-
enes and by steric factors. Electron-poor alk-1-enes such
as acrylates, acrylonitrile or styrene generally lead very
selectively to the b-arylated alkenes. On the other hand,
electron-rich alk-1-enes such as n-butylvinyl ether often
gave mixtures of a- and b-arylated alkenes.1 Electronic
effects do indeed play a major role in arylations of enol
ethers. With our Tedicyp/palladium catalyst, we had
observed with n-butylvinyl ether that, in all cases, mixtures
of linear and branched products were obtained.12a For
these reasons, the regioselectivity of reaction with the
unsymmetrical disubstituted alkenes: b-methoxystyrene,
3-ethoxyacrylonitrile or methyl 3-methoxyacrylate can
be predicted and should lead to regioselective insertions
to give the isomers a and b of Scheme 1.

For this study, based on previous results,12,13 DMF was
chosen as the solvent. The reactions were performed
under argon employing a 1:2 ratio of [Pd(C3H5)Cl]2/
Tedicyp as catalyst. We first studied the reactivity of
b-methoxystyrene with 4-t-butylbromobenzene using
a few bases at 100–150 �C. Low conversions were
observed in the presence of 1 mol % catalyst with K2CO3,
Na2CO3 or NaOAc as bases or at 100–130 �C. The best
yield was obtained with NaHCO3 at 150 �C. Next, we
examined the reaction of b-methoxystyrene with several
aryl bromides employing 1% catalyst (Scheme 1, Table
1, entries 1–14). As expected, with this alkene, we
observed a regioselective addition of the aryl bromides
to give the corresponding b-aryl-b-methoxystyrene
derivatives. The Tedicyp–Pd catalyst system is tolerant
of a variety of aryl bromides for the reaction with
b-methoxystyrene. Electron-poor aryl bromides such
as 4-bromoacetophenone or 4-bromobenzaldehyde led
to the coupling adducts in lower conversions and yields
than the reactions performed with electron-rich 4-t-
Br +
DMF, NaHCO3, 150
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butylbromobenzene, 4-bromotoluene or 4-bromoanisole
(Table 1, entries 1–7). This observation indicates that
the rate-limiting step of the reaction with this enol ether
is not the oxidative addition of the aryl bromide to the
palladium complex, but probably the insertion of the
enol ether in the Ar–Pd bond. We also studied the influ-
ence of ortho-substituents on the aryl bromide for this
reaction and we observed that 1-bromonaphthalene,
2-methylbromobenzene or 2,4,6-trimethylbromobenz-
ene gave similar yields than 4-methylbromobenzene
(Table 1, entries 11–13). However, for steric reasons,
with 2,4,6-trimethylbromobenzene the Z isomer was
selectively obtained. The heteroaromatic substrates
3-bromoquinoline and b-methoxystyrene also led to
the expected adduct in good yield (Table 1, entry 14).
The mixtures of stereoisomers obtained with b-methoxy-
styrene were hydrolysed into the corresponding ketones
using a mixture of THF/H2O/HCl (or H2SO4). The
stereoselectivity of this reaction is irrelevant as the out-
come of these reaction is the ketone product.

Next, we studied the reactivity of 3-ethoxyacrylonitrile
(Table 1, entries 15–26). With this enol ether, very low
conversions were obtained with 4-bromoacetophenone
or 4-trifluoromethylbromobenzene. On the other
hand, with 4-fluorobromobenzene, 4-bromotoluene, 4-
t-butylbromobenzene or 6-methoxy-2-bromonaphthal-
ene complete conversions and good yields of arylated
ethoxyacrylonitrile were obtained (Table 1, entries
15–18). These para-substituted aryl bromides gave regio-
selectively 3-aryl-3-ethoxyacrylonitrile derivatives but
mixtures of Z (12–35%) and E (88–65%) isomers were
obtained.

Employing the sterically congested aryl bromides:
2-bromotoluene, 1-bromonaphthalene, 2,4,6-trimethyl-
bromobenzene or 2,4,6-triisopropylbromobenzene
larger amounts of Z isomers were formed (66–93%)
(Table 1, entries 21–24). On the other hand, with the
p-electron deficient heteroaromatic substrates, 3-bromo-
pyridine or 3-bromoquinoline, the E isomers were
obtained in 91% and 90% selectivities, respectively
(Table 1, entries 25 and 26). The separation of Z and
E 3-aryl-3-ethoxyacrylonitrile isomers was possible by
chromatography on silica gel.
 oC
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Table 1. Heck reactions with 2-substituted enol ethers catalysed by the Tedicyp–palladium complex (Scheme 1)14,15

Entry Aryl halide Alkene Ratio Z (a)/E(b) Isolated product Yieldc (%)

1 4-Bromoacetophenone b-Methoxystyrenea 65/35 1c 58
2 4-Bromobenzaldehyde b-Methoxystyrenea 69/31 2c 60
3 4-Trifluoromethylbromobenzene b-Methoxystyrenea 72/28 3c 62
4 4-Fluorobromobenzene b-Methoxystyrenea 67/33 4c 78
5 4-Bromotoluene b-Methoxystyrenea 62/38 5c 80
6 4-t-Butylbromobenzene b-Methoxystyrenea 63/37 6c 79
7 4-Bromoanisole b-Methoxystyrenea 54/46 7c 77d

8 6-Methoxy-2-bromonaphthalene b-Methoxystyrenea 51/49 8c 82
9 Iodobenzene b-Methoxystyrenea 33/67 9c 79
10 Bromobenzene b-Methoxystyrenea 66/34 9c 74
11 1-Bromonaphthalene b-Methoxystyrenea 57/43 10c 84
12 2-Methylbromobenzene b-Methoxystyrenea 62/32 11c 79
13 2,4,6-Trimethylbromobenzene b-Methoxystyrenea 100/0 12c 74d

14 3-Bromoquinoline b-Methoxystyrenea 71/29 13c 73
15 4-Fluorobromobenzene 3-Ethoxyacrylonitrileb 12/88 14a,b 79
16 4-Bromotoluene 3-Ethoxyacrylonitrileb 35/65 15a,b 76
17 4-t-Butylbromobenzene 3-Ethoxyacrylonitrileb 30/70 16a,b 82
18 6-Methoxy-2-bromonaphthalene 3-Ethoxyacrylonitrileb 27/73 17a,b 84
19 Iodobenzene 3-Ethoxyacrylonitrileb 40/60 18a,b 80
20 Bromobenzene 3-Ethoxyacrylonitrileb 23/77 18a,b 88
21 1-Bromonaphthalene 3-Ethoxyacrylonitrileb 75/25 19a,b 81
22 2-Bromotoluene 3-Ethoxyacrylonitrileb 77/23 20a,b 77
23 2,4,6-Trimethylbromobenzene 3-Ethoxyacrylonitrileb 66/34 21a,b 73d

24 2,4,6-Triisopropylbromobenzene 3-Ethoxyacrylonitrileb 93/7 22a,b 76
25 3-Bromopyridine 3-Ethoxyacrylonitrileb 9/91 23a,b 78
26 3-Bromoquinoline 3-Ethoxyacrylonitrileb 10/90 24a,b 80
27 4-t-Butylbromobenzene Methyl (E)-3-methoxyacrylate 49/51e 25c 62
28 4-Bromoanisole Methyl (E)-3-methoxyacrylate NDe,f 26c 60d

29 2-Bromotoluene Methyl (E)-3-methoxyacrylate NDe,f 27c 56

Conditions: catalyst [Pd(C3H5)Cl]2/Tedicyp 1:2, see Ref. 7 (0.01 equiv), ArX (1 equiv), enol ether (2 equiv), NaHCO3 (2 equiv), DMF, 20 h, 150 �C,
under argon, isolated yields, ratio Z/E calculated with 1H NMR of the crude mixtures.
a Ratio Z/E: 2/98.
b Ratio Z/E: 35/65.
c Isolated yields of the mixture of Z (a)+E (b) isomers (entries 15–26) or hydrolysed products c (entries 1–14 and 27–29).
d The reaction performed under similar conditions with [Pd(C3H5)Cl]2/PPh3 1:4 as catalyst gave 7c, 12c or 26c in 16–25% yields and 21a,b in 38%
yield.

e Partial deprotection into the corresponding ketones c was observed before treatment with HCl or H2SO4.
f Not determined.
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Finally, we performed a few reactions with methyl (E)-3-
methoxyacrylate (Table 1, entries 27–29). The formation
of mixtures of Z and E 3-aryl-3-methoxyacrylates was
observed, and, with this alkene a partial hydrolysis of
the arylated enol ethers occurs during the Pd-catalysed
reactions to give directly the 3-aryl-3-oxopropionic acid
methyl esters. The formation of side-products was also
observed with this alkene. Hydrolysis of these mixtures
gave the 3-aryl-3-oxopropionic acid methyl esters in
moderate yields.

A few reactions were also performed with these 2-substi-
tuted enol ethers using PPh3 as ligand, but low yields of
adducts were obtained and side products were formed
with this catalytic system.

In summary, with the Tedicyp/palladium complex, the
Heck vinylation of several aryl bromides with 2-substi-
tuted enol ethers can be performed in high regioselectivi-
ties and good yields. The reactivity of three 2-substituted
enol ethers has been studied: b-methoxystyrene, 3-eth-
oxyacrylonitrile and methyl (E)-3-methoxyacrylate. In
all cases, regioselective a-arylations of these enol ether
have been observed. The stereoselectivity of the reactions
strongly depends on the electron properties and the steric
hindrance of the aryl bromides. As expected, larger
amounts of Z isomers were obtained with sterically
congested aryl bromides. Higher reactions rates were
observed with the electron-rich than with electron-
deficient aryl bromides. This observation indicates that
the rate-limiting step of this reaction is not the oxidative
addition of the aryl bromide to the palladium complex,
but more likely the insertion of the enol ether in the Ar–
Pd bond of the intermediate: Ar(X)Pd(RCH@CHOR 0)
to give Ar(R)CH–CH(PdX)(OR 0). Steric factors may
also be important for the reductive elimination step with
our bulky tetraphosphine ligand. Steric strain is a driving
force in many Pd catalysed reactions. With our systems a
catalytic intermediate might be a P2PdArX(alkene) pen-
ta-coordinate complex type with two arms of the ligand
detached. Apart from achieving excellent regiocontrol,
another advantage is that b-methoxystyrene, 3-eth-
oxyacrylonitrile and methyl (E)-3-methoxyacrylate are
commercially available. The hydrolysis of these arylated
enolesters gives a very simple access to a wide variety of
acetophenone derivatives.
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Mañas, M.; Pérez, M.; Roser, P. Tetrahedron Lett. 1996,
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