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ABSTRACT

An efficient, regio- and stereoselective palladium-catalyzed route to tetrasubstituted olefins has been developed, which involves the intermolecular
coupling of an aryl iodide, an internal alkyne, and an arylboronic acid. The reaction involves cis-addition of the aryl group from the aryl halide
to the less hindered or less electron-poor end of the alkyne, while the aryl group from the arylboronic acid adds to the other end.

The expeditious, regio- and stereoselective synthesis of
tetrasubstituted olefins has provided a challenge for synthetic
organic chemists for years.1 Although tetrasubstituted olefins
can be obtained by the McMurry reaction2 or Wittig
olefination,3 the generality, as well as the regio- and
stereoselectivity, of these procedures are major problems.
Recent approaches to tetrasubstituted olefins involve alkyne
carbolithiation4 and reactions employing CF3-containing
oxiranes,5 organosilanes,6 electrotelluration,7 and ynolate
anions.8 However, these approaches do not generally employ
readily available starting materials, sometimes lack regio-
and stereoselectivity, and are fairly limited in scope.

Palladium-catalyzed reactions are versatile methods for
carbon-carbon bond formation as a result of their generality

and ability to tolerate a wide range of important organic
functional groups.9 For example, palladium has provided
useful synthetic approaches to specific tetrasubstituted olefins
by theintramolecularaddition of arylpalladium intermediates
to internal alkynes, followed by cross-coupling with boron,
tin, and zinc organometallics.10 The intermolecularcarbo-
palladation of alkynes has interested organic chemists for
years.11 Recently, theintermolecularRh-,12 Ni-,13 and Pd-
catalyzed14 addition of arylboronic acids to alkynes has been
reported to produce di- and trisubstituted alkenes. Rawal et
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al. have also reported the palladium-catalyzed sequential
haloallylation/Suzuki cross-coupling of alkynes as a conve-
nient synthetic route to 1,3-dienes.15 Herein we present a
new, highly efficient, palladium-catalyzed synthesis of tet-
rasubstituted olefins involving theintermolecular cross-
coupling of an aryl iodide, an internal alkyne, and an
arylboronic acid (eq 1).

To develop this methodology, we chose a simple, repre-
sentative model system consisting of 4-iodotoluene, 1-phe-
nylpropyne, and phenylboronic acid on which to optimize
the reaction conditions (eq 2).

In early experiments, we found that a 36% yield of the
desired tetrasubstituted olefins (1aand1b in a 6.5:1 ratio)
could be obtained by reaction of 1 equiv of 4-iodotoluene,
1 equiv of 1-phenylpropyne, and 2 equiv of phenylboronic
acid in the presence of 5 mol % PdCl2(PhCN)2 and 1 equiv
of K2CO3 in DMF (Table 1, entry 1). A small amount of

4-methylbiphenyl side product was also formed. Since no
aryl iodide was left after the reaction, there must be some
unknown side reaction, such as multiple alkyne insertion
leading to oligomerization. Doubling the amount of alkyne
had little effect on the yield (entry 2). We were pleased to
find that the side reactions could be significantly suppressed
by simply running the reaction in DMF/H2O (entry 3). The
yield could be increased to 63% in 80:20 DMF/H2O (entry
4). Water is obviously very important in these reactions,
perhaps because water is needed to dissolve the inorganic
base that combines with the arylboronic acid to form the
“ate complex”, which is crucial in Suzuki-type coupling
reactions.16 The yield can be slightly increased if 2 equiv of
KHCO3 is used as the base, instead of 1 equiv of K2CO3

(entry 6).17 Since biaryl side product was evident in all
reactions, the alkyne was chosen as the limiting reagent in
order to increase the yield. When 2 equiv of aryl iodide and
1 equiv of alkyne were employed, the yield increased to 72%
(entry 7). The yield could be further increased by simply
reducing the amount of palladium catalyst (entries 7-9). An
85% yield of the desired tetrasubstituted olefin was obtained
by employing only 1% of the palladium catalyst (entry 9).
The yield could be further increased to 88% by using 3 equiv
of boronic acid and KHCO3 (entry 10). The same yield was
obtained when 3 equiv of aryl iodide was employed (entry
11).18 The “optimal” procedures from entries 10 and 11 have
thus been employed for the synthesis of a wide variety of
tetrasubstituted olefins.

As indicated in Table 2, this approach to tetrasubstituted
olefins is quite versatile. Using diphenyl-acetylene as the
alkyne, electron-rich aryl iodides work quite well (entries
1-3), whereas the electron-poor aryl iodidep-ClC6H4I gave
a significantly lower yield of tetrasubstituted olefin (entry
4). In the latter case, the starting alkyne was partially
recovered. Both electron-rich and electron-poor arylboronic
acids afford decent yields (entries 5 and 6). A variety of
unsymmetrical internal alkynes, including ketone- and ester-
containing alkynes, have been successfully employed in this
process (entries 7-10). Unfortunately, electron-rich dialkyl-
acetylenes, such as 4-octyne, have thus far only led to low
yields using our present reaction conditions. The mild
reaction conditions tolerate many functional groups, including
ether, ester, ketone, nitro, and CF3 groups.

This approach to tetrasubstituted olefins is usually highly
stereoselective and often quite regioselective. This three-
component reaction involves cleancis-addition to the alkyne.
Two regioisomers have usually been obtained when unsym-
metrical alkynes are employed as starting materials. The
regiochemistry can be readily reversed by interconverting
functionality on the aryl iodide and arylboronic acid (compare
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Table 1. Optimization Studies (eq 2)a

entry ratiob

Pd
(%) base DMF/H2O % yieldc,d

Ar-Ph
(mmol)

1 1:1:2 5 1 K2CO3 100/0 36 0.03
2 1:2:2 5 1 K2CO3 100/0 39 (35) 0.03
3 1:2:2 5 1 K2CO3 90/10 50 0.06
4 1:2:2 5 1 K2CO3 80/20 63 0.05
5 1:2:2 5 1 KHCO3 80/20 57 0.04
6 1:2:2 5 2 KHCO3 80/20 66 0.05
7 2:1:2 5 2 KHCO3 80/20 72 0.26
8 2:1:2 2 2 KHCO3 80/20 78 (75) 0.26
9 2:1:2 1 2 KHCO3 80/20 85 0.25
10 2:1:3 1 3 KHCO3 80/20 88 (86) 0.25
11 3:1:3 1 3 KHCO3 80/20 88 0.49

a All reactions were run on a 0.25-mmol scale (limiting reagent)
employing PdCl2(PhCN)2 as the catalyst in 10 mL of DMF/H2O at 100°C
for 3 h. b Ratio of aryl iodide:alkyne:boronic acid.c GC yields based on
the limiting reagent; yields of products obtained by column chromatography
are reported in parentheses.d Regioisomers1a and1b are inseparable by
GC; they are actually obtained in approximately a 6.5:1 ratio, based on1H
NMR spectroscopic analysis.
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entries 7 and 11; 14 and 15). The structures of the major
isomers have been determined by investigating their NOESY
H-H interactions (see Supporting Information). The regio-
chemistry is primarily controlled by steric effects, which is
consistent with our previous work on palladium-catalyzed
additions to alkynes19 and analogous work of Cacchi.20 Thus,
the aryl group from the aryl iodide generally favors the less
hindered end of the alkyne, while the aryl group from the
arylboronic acid favors the more hindered end of the alkyne.
Electronic effects also play an important role in the regio-
chemistry. The aryl group from the arylboronic acid is more
likely to add to the more electron-poor end of the alkyne.
For example, better regioselectivity is observed if an electron-
withdrawing group is introduced into the aromatic ring of
1-phenylpropyne (entries 11-15). Excellent 15:1 regiose-
lectivity is obtained when 1-(4-nitrophenyl)propyne is used
as the alkyne (entry 14). It is noteworthy that the minor
regioisomer in this process can be prepared, again with
excellent 15:1 regioselectivity, simply by reversing the
position of the substituents in the aryl iodide and arylboronic
acid (entry 15).

This methodology allows us to synthesize in one step from
readily available starting materials a convenient precursor
to tamoxifen, a widely used drug for breast cancer (entry
16).21 The desired regioisomer13a22 was obtained as a 5:1
regioisomeric mixture in 85% yield. Recrystallization af-
forded pure13a in 48% isolated yield. This process should
afford a convenient synthesis of a wide variety of tamoxifen
analogues.2b,23

This methodology is not limited to organoboron reagents.
We have also obtained excellent preliminary results using
arylstannanes (eq 3). The desired tetraphenylethylene have
been obtained in 90% GC yield by the reaction of 1 equiv
of iodobenzene, 1 equiv of diphenylacetylene, and 1 equiv

of triphenyltin hydroxide in the presence of 5 mol % Pd-
(OAc)2 and 1 equiv of LiCl in DMF at 100°C for 24 h.

We propose the mechanism in Scheme 1 for this process:
(1) reduction of Pd(II) to Pd(0), the actual catalyst; (2)

oxidative addition of the aryl iodide to Pd(0); (3)cis-
carbopalladation of the internal alkyne to generate a vinylic
palladium intermediate, where Pd favors the larger or more

Table 2. Synthesis of Tetrasubstituted Olefins (eq 1)a

entry R1 R2 R3 R4 product(s) % yieldb

1c C6H5 C6H5 C6H5 C6H5 2 92
2c p-CH3C6H4 C6H5 C6H5 C6H5 3 92
3c p-CH3OC6H4 C6H5 C6H5 C6H5 4 90
4c p-ClC6H4 C6H5 C6H5 C6H5 5 65
5c C6H5 C6H5 C6H5 p-CH3OC6H4 4 88
6c p-CH3OC6H4 C6H5 C6H5 3,5-F2C6H3 6 80
7 p-CH3C6H4 CH3 C6H5 C6H5 1a, 1b 86 (6.5:1)
8 p-CH3C6H4 C2H5 C6H5 C6H5 7a, 7b 80 (6:1)
9 p-CH3C6H4 COCH3 C6H5 C6H5 8a, 8b 80 (2:1)
10 p-CH3C6H4 CO2C2H5 C6H5 C6H5 9a, 9b 78 (2:1)
11 C6H5 CH3 C6H5 p-CH3C6H4 1b, 1a 81 (6:1)
12 C6H5 CH3 p-CF3C6H4 p-CH3C6H4 10a, 10b 90 (10:1)
13 C6H5 CH3 3,5-pyrimidinyl p-CH3C6H4 11a, 11b 91 (12:1)
14 C6H5 CH3 p-O2NC6H4 p-CH3C6H4 12a, 12b 93 (15:1)
15 p-CH3C6H4 CH3 p-O2NC6H4 C6H5 12b, 12a 94 (15:1)
16 C6H5 C2H5 C6H5 p-CH3OC6H4 13a, 13b 85 (5:1)

a All reactions were run using 0.50 mmol of aryl iodide, 0.25 mmol of alkyne, 0.75 mmol of arylboronic acid, 0.75 mmol of KHCO3, and 0.0025 mmol
of PdCl2(PhCN)2 in 10 mL of 4:1 DMF/H2O at 100 °C for 3 h unless otherwise indicated.b The yields are based on products isolated by column chromatography;
the ratio of regioisomers as determined by1H NMR spectroscopic analysis is given in parentheses.c Three equivalents of aryl iodide was used in these
entries, and the reactions were run for 24 h.

Scheme 1
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electron-deficient end of the alkyne; (4) subsequent Suzuki-
type transmetalation with the “ate complex” ArB(OH)3

- or
the arylstannane; and (5) reductive elimination producing the
tetrasubstituted olefin with simultaneous regeneration of the
Pd(0) catalyst. Alternatively, transmetalation can occur
directly between the initial arylpalladium intermediate and
the arylboron or -tin species producing the biaryl side
product.

In summary, by the proper choice of reaction conditions,
reagents, and stoichiometry, we have developed a new, very
convenient, conceptually simple one-step Pd-catalyzed route
to tetrasubstituted olefins. A variety of tetrasubstituted olefins

can be obtained by this simple, direct approach. We are
currently exploring the scope and limitations of this useful
process.
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