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ABSTRACT
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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 ofand ability to tolerate a wide range of important organic
tetrasubstituted olefins has provided a challenge for syntheticfunctional groups. For example, palladium has provided
organic chemists for yeatsAlthough tetrasubstituted olefins  useful synthetic approaches to specific tetrasubstituted olefins
can be obtained by the McMurry reactforor Wittig by theintramolecularaddition of arylpalladium intermediates
olefination? the generality, as well as the regio- and to internal alkynes, followed by cross-coupling with boron,
stereoselectivity, of these procedures are major problems.tin, and zinc organometallid8.The intermolecularcarbo-
Recent approaches to tetrasubstituted olefins involve alkynepalladation of alkynes has interested organic chemists for
carbolithiatiot and reactions employing Gf€ontaining years!! Recently, thentermolecularRh-'2 Ni-,*® and Pd-
oxiranes, organosilane$, electrotelluratior!, and ynolate catalyzed* addition of arylboronic acids to alkynes has been
anionst However, these approaches do not generally employ reported to produce di- and trisubstituted alkenes. Rawal et
readily available starting materials, sometimes lack regio-
and stereoselectivity, and are fairly limited in scope. ((19)C(6t1) ITrqst, IBSCiGt{ncél%éZ% _14;1- t('t:) T_fll\iljilJPa:\lladiugﬁ ﬁ(ei%%réts
. . . an atalysis: Inneations In Organic syntnesivviley: New YOrK, .
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carbon-carbon bond formation as a result of their generality Negishi, E., Ed.; John Wiley & Sons: New York, 2002.
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al. have also reported the palladium-catalyzed sequential4-methylbiphenyl side product was also formed. Since no

haloallylation/Suzuki cross-coupling of alkynes as a conve-
nient synthetic route to 1,3-dien¥sHerein we present a
new, highly efficient, palladium-catalyzed synthesis of tet-
rasubstituted olefins involving thétermolecular cross-
coupling of an aryl iodide, an internal alkyne, and an
arylboronic acid (eq 1).

1 4 1 4
R R* R R
Rl + R2—==—R3 + R4B(OH), 2LPL = + = (1)
3 2
RZ R® R} R
a b

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).

H3C—©—| + mc:—@ + <;>—|3(0H)2"j‘ﬁd>
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In early experiments, we found that a 36% yield of the
desired tetrasubstituted olefinka(and 1b 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 % Pd@hCN} and 1 equiv
of K,CO; in DMF (Table 1, entry 1). A small amount of

Table 1. Optimization Studies (eq 2)

Pd Ar-Ph
entry ratio® (%) base DMF/H,0 % yield®d (mmol)
1 1:1:2 5 1K,COs3 100/0 36 0.03
2 1:2:2 5 1K,COs3 100/0 39 (35) 0.03
3 1:2:2 5 1K,COs3 90/10 50 0.06
4 1:2:2 5 1K,COs3 80/20 63 0.05
5 1:2:2 5 1KHCO3 80/20 57 0.04
6 1:2:2 5 2KHCO3 80/20 66 0.05
7 2:1:2 5 2KHCO3 80/20 72 0.26
8 2:1:2 2 2 KHCO3 80/20 78 (75) 0.26
9 2:1:2 1 2KHCO;3 80/20 85 0.25
10 2:1:3 1 3 KHCO; 80/20 88 (86) 0.25
11 3:1:3 1 3 KHCO;3 80/20 88 0.49

aAll reactions were run on a 0.25-mmol scale (limiting reagent)
employing PdGJ(PhCN} as the catalyst in 10 mL of DMFA® at 100°C
for 3 h.P Ratio of aryl iodide:alkyne:boronic acidGC yields based on
the limiting reagent; yields of products obtained by column chromatography
are reported in parenthesésRRegioisomerdla and 1b are inseparable by
GC; they are actually obtained in approximately a 6.5:1 ratio, basé#ion
NMR spectroscopic analysis.
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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 DMFA® (entry 3). The
yield could be increased to 63% in 80:20 DMK (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'® The yield can be slightly increased if 2 equiv of
KHCOs; is used as the base, instead of 1 equiv €CR;
(entry 6)7 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 (entrie®Y}. 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 KHC®(entry 10). The same yield was
obtained when 3 equiv of aryl iodide was employed (entry
11)28 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 iodigk€ICsH4l 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 (entries710). 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 £dgroups.

This approach to tetrasubstituted olefins is usually highly
stereoselective and often quite regioselective. This three-
component reaction involves cleeis-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

(14) Oh, C.; Jung, H.; Kim, K.; Kim, NAngew. Chem., Int. EQ003
42, 805.

(15) Thadani, A. N.; Rawal, V. HOrg. Lett 2002 4, 4317.

(16) (a) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457. (b) Suzuki,

A. J. Organomet. Chenl999 576, 147 and references therein.

(17) The yield is slightly lower if 2 equiv of KF is used as the base;
none of the desired product is observed if 2 equiv of KOAc is used as the
base.

(18) When employing diphenylacetylene as the alkyne, a slightly higher
yield is obtained if 3 equiv of aryl iodide is used instead of 2 equiv.
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Table 2. Synthesis of Tetrasubstituted Olefins (e 1)

entry R! R2 R3 R4 product(s) % yieldP
1° CeHs CeHs CeHs CeHs 2 92
2¢ p-CH3CsH4 CeHs CeHs CeHs 3 92
3e p-CH30CeH, CeHs CeHs CsHs 4 90
4e p-CICeH, CeHs CeHs CeHs 5 65
5° CeHs CeHs CeHs p-CH30CsH4 4 88
6¢ p-CH30CsH4 CeHs CeHs 3,5-F2C6H3 6 80
7 p-CH3CeH4 CHgs CeHs CeHs la, 1b 86 (6.5:1)
8 p-CH3CeH4 CoHs CeHs CeHs 7a, 7b 80 (6:1)
9 p-CH3C5H4 COCHg3 CgHs CgHs 8a, 8b 80 (2:1)
10 p-CH3C5H4 CO,CyHs CgHs CgHs 9a, 9b 78 (2:1)
11 CeHs CHs CeHs p-CH3CsHa 1b, 1a 81 (631)
12 C6H5 CH3 p-CF3C6H4 p-CH3C6H4 10a, 10b 90 (10:1)
13 CeHs CH3 3,5-pyrimidinyl p-CH3CsHa 11a, 11b 91 (12:1)
14 C6H5 CH3 p-OZNC5H4 p-CH3CGH4 12a, 12b 93 (15:1)
15 p-CH3C5H4 CH3 p-OZNC5H4 CsHs 12b, 12a 94 (15:1)
16 CeHs CoHs CeHs p-CH30CsH4 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 KB@0.0025 mmol
of PACL(PhCN} in 10 mL of 4:1 DMF/HO at 100°C for 3 h unless otherwise indicatédThe yields are based on products isolated by column chromatography;
the ratio of regioisomers as determined ¥ NMR spectroscopic analysis is given in parenthe$@hiree equivalents of aryl iodide was used in these
entries, and the reactions were run for 24 h.

entries 7 and 11; 14 and 15). The structures of the major of triphenyltin hydroxide in the presence of 5 mol % Pd-
isomers have been determined by investigating their NOESY (OAc), and 1 equiv of LiCl in DMF at 100C for 24 h.
H—H interactions (see Supporting Information). The regio-

chemistry is primarily controlled by steric effects, which is 5%Pd(OAc), P Ph
consistent with our previous work on palladium-catalyzed ~Phl* Ph—==—Ph + PhsSnOH -1 Ph>='<Ph €)
additions to alkynéd and analogous work of CaccHiThus, S : 1 DMF, 100 °C 90%

the aryl group from the aryl iodide generally favors the less 2h

hindered end of the alkyne, while the aryl group from the
arylboronic acid favors the more hindered end of the alkyne. We propose the mechanism in Scheme 1 for this process:
Electronic effects also play an important role in the regio- (1) reduction of Pd(ll) to Pd(0), the actual catalyst; (2)
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- Scheme 1
withdrawing group is |_ntr0duced into the aromatic ring of es R PACI(PhCN),
1-phenylpropyne (entries #115). Excellent 15:1 regiose- ArAF
lectivity is obtained when 1-(4-nitrophenyl)propyne is used AT A
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 R R: Pd(0)
position of the substituents in the aryl iodide and arylboronic Arl
. Ar Pd-Ar'
acid (entry 15). ) /
This methodology allows us to synthesize in one step from =22
readily available starting materials a convenient precursor arsoH);
to tamoxifen, a widely used drug for breast cancer (entry RS R
16)2! The desired regioisomdr3a?? was obtained as a 5:1 >=( Ar-Pd-|
regioisomeric mixture in 85% yield. Recrystallization af- A Pl
forded purel3ain 48% isolated yield. This process should
afford a convenient synthesis of a wide variety of tamoxifen
analogueg®?3
This methodology is not limited to organoboron reagents.
We have also obtained excellent preliminary results using
arylstannanes (eq 3). The desired tetraphenylethylene havexidative addition of the aryl iodide to Pd(0); (3is-
been obtained in 90% GC yield by the reaction of 1 equiv carbopalladation of the internal alkyne to generate a vinylic
of iodobenzene, 1 equiv of diphenylacetylene, and 1 equiv palladium intermediate, where Pd favors the larger or more

Ar-Pd-Ar'

ArB(OH); 1"+ H3BO;
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electron-deficient end of the alkyne; (4) subsequent Suzuki- can be obtained by this simple, direct approach. We are
type transmetalation with the “ate complex” ArB(OH)or currently exploring the scope and limitations of this useful

the arylstannane; and (5) reductive elimination producing the process.

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
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