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ABSTRACT

Tetrasubstituted olefins are readily prepared by the Pd-catalyzed cis addition of two aryl groups from an arylboronic acid to opposite ends
of the triple bond of internal alkynes. The synthesis proceeds under very mild reaction conditions and tolerates a wide variety of functional
groups, including alcohol, aldehyde, ester, TMS, and acetal groups.

The expeditious regio- and stereoselective synthesis of
tetrasubstituted olefins has been of interest to organic
chemists for years.1 The carbopalladation of alkynes has been
widely applied in the synthesis of highly substituted olefins.2

For example, some specific tetrasubstituted olefins have been
prepared by the intramolecular carbopalladation of internal
alkynes, followed by cross-coupling with organoboron or
organostannane reagents.3 Recently, we reported an efficient
regio- and stereoselective synthesis of tetrasubstituted olefins
by the Pd-catalyzed intermolecular three-component coupling
of an aryl (or vinylic) iodide, an internal alkyne, and an
arylboronic acid.4 The Rh-,5 Ni-,6 or Pd-catalyzed7 additions
of arylboronic acids to alkynes have been reported to produce
highly substituted olefins. Herein, we wish to report the
synthesis of tetrasubstituted olefins by the Pd-catalyzed

addition of two aryl groups from an arylboronic acid to
internal alkynes under very mild reaction conditions (eq 1).

We first examined the reaction of phenylboronic acid and
1-phenyl-1-butyne in THF in the presence of 5% of Pd(OAc)2

(eq 2). However, only a trace of the desired tetrasubstituted
olefin was obtained (entry 1, Table 1). To our delight, using
DMSO as a cosolvent greatly increased the yield. For
example, in the presence of 5% Pd(OAc)2, the tetrasubstituted
olefin was obtained in a 51% yield when 5 equiv of
phenylboronic acid and 1 equiv of 1-phenyl-1-butyne were
employed in 50:50 DMSO/THF using air as an oxidant at
room temperature for 48 h (entry 2). The yield was increased
to 60 % using only DMSO as the solvent (entry 3). This
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Pd(OAc)2/DMSO system has proven to be quite useful in
aerobic oxidation reactions.8 Presumably the presence of
DMSO facilitates the reoxidation of Pd(0) to Pd(II) by air,
thus completing the catalytic cycle (see the latter mechanistic
discussion). The reaction proceeds faster using O2 as the
oxidant, and a 65% yield is obtained in 24 h (entry 4).
Adding 4 Å molecular sieves (4 Å MS, 0.2 g for the 0.25
mmol reaction scale) to the reaction system further increases
the yield. Thus, an 80% yield of tetrasubstituted olefin has
been obtained in DMSO in the presence of 4 Å MS at room
temperature (entry 5). The role of the molecular sieves is
not clear. Possibly the presence of molecular sieves facilitates
heterogeneous Pd catalysis on the molecular sieve surface,9

or the molecular sieves absorb the water in the system, which
facilitates the catalytic cycle (see Scheme 1). The presence
of base suppresses the formation of the tetrasubstituted olefin.
Only a 42% yield was obtained when 1 equiv of KOAc was
employed as a base (entry 6). Without the oxidant, the
reaction is sluggish. Only a 25% yield of the tetrasubstituted
olefin is obtained when the reaction is run under N2 (entry
7). It is noteworthy that trisubstituted olefins are not observed
in our process, despite the fact that trisubstituted olefins have
been reported as the major products in the Rh-,5 Ni-,6 or
Pd-catalyzed7 addition of arylboronic acids to internal
alkynes. Interestingly, the Pd source is critical for the success
of this chemistry. Pd(OAc)2 is superior to any other Pd
catalyst so far tested. Only a 30% yield of the desired product

was obtained using Pd2(dba)3 instead of Pd(OAc)2 (entry 8),
and only a trace of the desired product is obtained when
PdCl2 is used as the catalyst (entry 9). Similar observations
have been made in other Pd(II)-catalyzed aerobic oxidation
reactions run in DMSO.8 Thus, the optimal, very simple,
“baseless” procedure described in entry 5 has 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. The reaction ofp-tolylboronic acid
and 1-phenyl-1-butyne provides a yield slightly higher than
that of phenylboronic acid (compare entries 1 and 2). Using
p-tolylboronic acid, a wide variety of internal alkynes has
been screened (entries 3-8). Diphenylacetylene works quite
well, although the reaction needs to be run at 50°C (entry
3). Aldehyde-, alcohol-, ester-, and TMS-containing alkynes
have also been successfully employed without protection,
and the chemistry provides the desired tetrasubstituted olefins
in good yields (entries 4-7). Unfortunately, electron-rich
dialkylacetylenes, such as 4-octyne, have been unsuccessful
in producing the desired tetrasubstituted olefins in good yield.
A higher yield of the desired product is obtained with the
introduction of an electron-withdrawing nitro group into the
aromatic ring of 1-phenyl-1-butyne, which is consistent with
our previous work on the synthesis of tetrasubstituted
olefins.4 Thus, an excellent 90% yield is obtained when 1-(4-
nitrophenyl)-1-butyne is allowed to react withp-tolylboronic
acid (entry 8). The reaction involvescis-addition to the
alkyne of two aryl groups from the arylboronic acid. The
structure of product8 has been determined by investigating
its NOESY H-H interactions (see Supporting Information).
Using 1-(4-nitrophenyl)-1-butyne as the alkyne, a wide
variety of arylboronic acids have been successfully employed
in this process in good yields (entries 9-12). For example,
an 88% yield of the desired product is obtained when
p-methoxyphenylboronic acid is used (entry 9). Electron-
rich acetal-containing arylboronic acids work quite well in
this chemistry (entries 10 and 11). However, electron-poor
3,5-difluorophenylboronic acid gave a significantly lower
yield of tetrasubstituted olefin (entry 12). Because the mild
“baseless” reaction conditions tolerate many functional
groups, including aldehyde, ketone, alcohol, ester, acetal, and
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Table 1. Optimization Studiesa

entry DMSO/THF oxidant
4 Å
MS

time
(h)

yield
(%)b

biphenyl
(mmol)c

1 0/100 air no 48 trace trace
2 50/50 air no 48 51 0.15
3 100/0 air no 48 60 (55) 0.25
4 100/0 O2 no 24 65 (59) 0.32
5 100/0 O2 yes 24 80 (73) 0.33
6d 100/0 O2 yes 24 42 0.35
7 100/0 noe yes 24 25 0.10
8f 100/0 O2 yes 24 30 0.12
9g 100/0 O2 yes 24 trace trace

a Unless otherwise indicated, the reaction was run employing 1.25 mmol
of phenylboronic acid and 0.25 mmol of 1-phenyl-1-butyne in the presence
of 5 mol % of Pd(OAc)2 in 2 mL of solvent.b GC yields based on the
limiting reagent (alkyne); yields of products obtained by column chroma-
tography are reported in parentheses.c GC yield. d 1 equiv of KOAc was
employed.e The reaction was run under N2. f 5 mol % of Pd(dba)2 was
used.g 5 mol % of PdCl2 was used.

Scheme 1
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TMS groups, this chemistry should be quite useful in the
synthesis of highly functionalized tetrasubstituted olefins.

A possible mechanism for this process is illustrated in
Scheme 1. It involves the following key steps: (1) trans-

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

a The reaction employs 0.0125 mmol of Pd(OAc)2, 1.25 mmol of arylboronic acid, 0.25 mmol of alkyne, and 0.2 g of 4 Å MS under an O2 balloon in
2 mL of DMSO at the indicated temperature for 24 h.b The yields are based on products isolated by column chromatography.

Org. Lett., Vol. 7, No. 2, 2005 261



metalation of the arylboronic acid by the Pd(OAc)2 catalyst;
(2) cis-carbopalladation of the internal alkyne by the resulting
arylpalladium intermediate to generate a vinylic palladium
intermediate; (3) transmetalation with another molecule of
arylboronic acid; (4) reductive elimination producing the
tetrasubstituted olefin with simultaneous generation of Pd-
(0); (5) DMSO-promoted formation of a peroxopalladium-
(II) species;8c and (6) regeneration of the Pd(OAc)2 catalyst
by protonation of the peroxo species.8c Regeneration of the
Pd(II) catalyst by aerobic oxidation of Pd(0) is critical for
completion of the catalytic cycle. The unique coordinating
ability of DMSO could play an important role in facilitating
the aerobic oxidation of Pd(0) to Pd(II).8a,cThus, the presence
of DMSO and molecular O2 facilitates the reaction. Alter-
natively, the Pd-promoted homocoupling10 of two molecules
of boronic acid could occur, which would produce the biaryl
side product observed.

Alternatively, a Pd(0)-catalyzed mechanism is also pos-
sible, as shown in Scheme 2. The key steps here would be
(1) oxidative addition of the arylboronic acid to Pd(0), which
generates an arylpalladium(II) species;10e,11 (2) carbopalla-
dation; (3) transmetalation to produce a B-B or perhaps a
B-O bond; and (4) reductive elimination that might then
occur in a fashion similar to that shown previously in Scheme
1. This would produce the tetrasubstituted olefin and
regenerate the Pd(0) catalyst. The mechanism shown in
Scheme 1 would appear to be more favorable since there
appears to be no precedent for the formation of such B-B
or B-O bonds and the fact that the presence of DMSO and
O2 greatly facilitates the reaction. However, we cannot
completely rule out the mechanism shown in Scheme 2,
especially when a fair amount of the desired product is
observed even under an N2 atmosphere (entry 7, Table 1). It
is possible that both mechanisms operate in this reaction
system.

In summary, a novel Pd-catalyzed reaction between an
arylboronic acid and an internal alkyne has been successfully
developed. A wide variety of tetrasubstituted olefins have
been obtained in good to excellent yields by this simple
process. The mild, “baseless” reaction conditions tolerate
many functional groups, including aldehyde, ketone, alcohol,
ester, TMS, and acetal groups. We believe this chemistry
should be quite useful in the synthesis of highly function-
alized tetrasubstituted olefins.
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