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The integral role of halide ions as a ligand in divalent palladium-catalyzed nucleophile-
alkyne-R,â-unsaturated carbonyl coupling reaction as well as in the stoichiometric reaction
of arylpalladium reagents with acrolein was studied. Excess of halide ions can effectively
inhibit the â-hydride elimination of a (2-oxoalkyl)palladium intermediate, giving preferen-
tially the protonolysis product in acidic media. This result may have further implications
for the design and development of divalent palladium-catalyzed reactions.

Introduction

Numerous ligands have been developed and applied
in palladium-catalyzed reactions over the years. Coor-
dination of these ligands not only improves the solubility
and other physical properties of the complexes but also,
more importantly, influences the chemical reactivities
of the catalysts and intermediates.1 There have been
extensive studies on the effect of phosphine ligands in
zerovalent palladium-catalyzed reactions.2 The rich
literature in this field has led to rational design of
efficient catalytic systems as well as development of
stereoselective and enantioselective catalysts. A number
of studies also addressed the important effect of halide
ligands in processes normally catalyzed by Pd(0).3 Most
of the papers described the increase of reactivity of the

catalyst by eliminating halide ions in the reaction
system. However, the integral role of halide ions as a
ligand has been rarely considered in divalent palladium-
catalyzed reactions, although they are often used in
many Pd(II)-mediated processes.4

Palladium(II)-catalyzed reactions in the presence of
halide ions were developed in early works.5 Chloro-
palladate compounds are widely used as homogeneous
catalysts because of their good solubilities in water and
other polar solvents.6 Recent studies revealed that
halopalladate complexes can be generated in situ from
various catalyst precursors and act as the actual
catalytic species in a much wider range of Pd(II)-
catalyzed reactions, e.g., Pd2(dba)3‚CHCl3-benzoqui-
none-LiCl-promoted 1,4-difunctionalization of 1,3-
dienes7 and Pd(II)-LiX-mediated heteroatom addition
to carbon-carbon multiple bonds.8 In the former case,
it was shown that the regio- and stereoselectivities of
the reaction depend on the presence or absence of LiCl.7

Using the versatile Pd(II)-LiX system, we have also
developed two highly selective reactions based on cy-
clization of allylic alkynoates (Scheme 1, a and b),9 in
which halide ion concentration significantly influences

(1) (a) Trost, B. M.; Bunt, R. C. Angew. Chem., Int. Ed. Engl. 1996,
35, 99-102. (b) Szabo, K. J. Organometallics 1996, 15, 1128-1133. (c)
Aranyos, A.; Szabo, K. J.; Castano, A. M.; Bäckvall, J.-E. Organo-
metallics 1997, 16, 1058-1064. (d) Siegbahn, P. E. M.; Blomberg, M.
R. A.; Svensson, M. J. Am. Chem. Soc. 1993, 115, 4191-4200. For a
recent review, see Allgeier, A. M.; Mirkin, C. A. Angew. Chem., Int.
Ed. 1998, 37, 894-908.

(2) For reviews, see: Trost, B. M. Acc. Chem. Res. 1996, 29, 355-
364. Byers, P. K. Coord. Chem. Rev. 1995, 146, A409-429. Miyaura,
N.; Suzuki, A. Chem. Rev. 1995, 96, 2457-2483.

(3) (a) Amatore, C.; Azzabi, M.; Jutand, A. J. Am. Chem. Soc. 1991,
113, 8375-8384. (b) Amatore, C.; Jutand, A. Suarez, A. J. Am. Chem.
Soc. 1993, 115, 9531-9541. (c) Jeffery, T. Tetrahedron 1996, 52,
10113-10130. (d) Cacchi, S.; Fabrizi, C.; Marinelli, F. Moro, L.; Pace,
P. Tetrahedron 1996, 52, 10225-10240. (e) Jeffery, T.; Galland, J. C.
Tetrahedron Lett. 1994, 35, 4103-4106. (f) Goodson, F. E.; Wallow, T.
I.; Novak, B. M. J. Am. Chem. Soc. 1997, 119, 12441-12453. (g) Cook,
G. R.; Shanker, P. S. Tetrahedron Lett. 1998, 39, 4991-4994. (h)
Abelman, M. M.; Overman, L. E. J. Am. Chem. Soc. 1988, 110, 2328-
2329. (i) Overman, L. E.; Poon, D. J. Angew. Chem., Int. Ed. Engl.
1997, 36, 518-521. (j) Cabri, W.; Candiani, I.; Bedeschi, A.; Penco, S.
J. Org. Chem. 1992, 57, 1481-1486. (k) Cabri, W.; Candiani, I.;
Bedeschi, A. J. Org. Chem. 1992, 57, 3538-3563. (l) Sato, Y.; Wa-
tanabe, W.; Shibasaki, M. Tetrahedron Lett. 1992, 33, 2589-2592. (m)
Sato, Y.; Honda, T.; Shibasaki, M. Tetrahedron Lett. 1992, 33, 2593-
2596. (n) Green, M. J.; Britovsek, G. J. P.; Cavell, K. J.; Gerhards, F.;
Yates, B. F.; Frankcombe, K.; Skelton, B. W.; White, A. H. J. Chem.
Soc., Dalton Trans. 1998, 1137-1144. (o) Kawataka, F.; Kayaki, Y.;
Shimizu, I.; Yamamoto, A. Organometallics 1994, 13, 3517-3524. (p)
Kayaki, Y.; Kawataka, F.; Shimizu, I.; Yamamoto, A. Chem. Lett. 1994,
2171-2174. (q) Kawataka, F.; Shimizu, I.; Yamamoto, A. Bull. Chem.
Soc. Jpn. 1995, 68, 654-660. (r) Kayashi, Y.; Shimizu, I.; Yamamoto,
A. Bull. Chem. Soc. Jpn. 1997, 70, 917-927. (s) Yamamoto, A. J.
Organomet. Chem. 1995, 500, 337-348.
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L. Organometallics 1996, 15, 2755-2763. (c) Loupy, A.; Tchoubar, B.
Salt Effects in Organic and Organometallic Chemistry; VCH: Weiheim,
1992; pp 254-272.
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1995.

(6) (a) Ponec, R.; Rericha, R. J. Organomet. Chem. 1988, 341, 549-
557. (b) Takahashi, H.; Ohe, K.; Uemura, S.; Sugika, N. J. Organomet.
Chem. 1988, 350, 227-233. (c) Dumlao, C. M.; Francis, J. W.; Henry,
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the Z/E selectivity of the exocyclic double bond. More
recently, we discovered a series of Pd(II)-catalyzed
nucleophile-alkyne-R,â-unsaturated carbonyl tandem
additions where the halide ligand exhibits a more
dramatic influence on the reaction course:10 the presence
of excess halide ion inhibits the usual â-hydride elimi-
nation (Heck-type reaction) and promotes protonolysis
(conjugate addition) when alkenyl palladium species
react with R,â-unsaturated carbonyl compounds; in
these transformations, the halide alters the reaction
pathway as a mechanistic switch. This significant
observation roused our interest in the related mecha-
nistic investigations. We not only studied the effect of
halide amount on these catalytic reactions but also
employed synthetic Pd(II) complexes to investigate the
halide ligand effect and other controlling factors in their
stoichiometric reaction with R,â-unsaturated carbonyl
compounds. In this paper, we report these detailed
studies addressing the important role of halide ions in
palladium(II)-promoted conjugate addition reactions
and discuss its potential application in the design of
novel catalytic systems.

Results and Discussion

In the different effects of halide ions in Pd(II)-
catalyzed reactions, we were most intrigued by the
significant steering effect they exert to promote conju-
gate addition reactions. In these reactions, protonolysis
of the C-Pd bond following carbon-carbon double-bond
insertion is the key step to give the conjugate addition
product and regenerate the catalytic Pd(II) species.10 We
thus concentrated our investigation on the transforma-
tions involving protonolysis of C-Pd bonds and the
governing factors in this elementary reaction.11,12

Protonolysis of C-Pd Bond in Catalytic Reac-
tions. In our preliminary communications,10 we re-

ported two catalytic reactions based on tandem nucleo-
phile-alkyne-R,â-unsaturated carbonyl coupling. In
both systems, we found that a halide ion is critical to
the catalytic transformation. This prompted us to take
a close look at the effect of halide amount on the two
reactions.

We first examined the Pd(II)-promoted cyclization-
coupling reaction of 3-heptynoic acid (1) with acrolein
(Scheme 2): In this reaction, we propose that intramo-
lecular oxypalladation followed by acrolein insertion
generates a (2-oxoalkyl)palladium intermediate (CP-I).
We found when 1 reacted with 5 equiv of acrolein in
the presence of a catalytic amount of Pd(OAc)2 (0.05
equiv) and excess LiBr (2 equiv) in HOAc, the reaction
gave, via protonolysis of CP-I, the product 2 in 85%
yield (based on 1) (Scheme 2, A). However, in the
presence of a decreased amount of LiBr (LiBr/Pd(OAc)2
) 2:1), 3, produced by â-H elimination, was obtained in
94% yield (based on Pd) together with precipitated
palladium black (Scheme 2, B).

We then studied the halide effect in the bromide-
acetylene-acrolein tandem addition reaction (Scheme
3). In this system (acetylene, LiBr, acrolein in HOAc
solvent in the presence of a catalytic amount of Pd-
(OAc)2), the (2-oxoalkyl)palladium intermediate CP-II
is generated from bromopalladation of acetylene and
consecutive insertion of acetylene and acrolein. From
this intermediate, protonolysis leads to 4, while â-H
elimination gives 5. When the LiBr:Pd(OAc)2 ratio was
changed from 10:1 to 200:1, we found not only the yield
of the protonolysis product 4 increased dramatically
(from 550% to 3980%, based on Pd) but also the
formation of â-H elimination product 5 was diminished.

These above results with two catalytic reactions
qualitatively suggest that low concentration of halide

(9) (a) Ma, S.; Lu, X. J. Chem. Soc., Chem. Commun. 1990, 733-
734. (b) Ma, S.; Lu. X. J. Org. Chem. 1991, 56, 5120-5125. (c) Lu, X.;
Ma, S.; Ji, J.; Zhu, G.; Jiang, H. Pure Appl. Chem. 1994, 66, 1501-
1508. (d) Ji, J.; Zhang, C.; Lu, X. J. Org. Chem. 1995, 60, 1160-1169.

(10) (a) Wang, Z.; Lu, X. Chem. Commun. 1996, 535-536. (b) Wang,
Z.; Lu, X. J. Org. Chem. 1996, 61, 2254-2255. (c) Wang, Z.; Lu, X.
Tetrahedron Lett. 1997, 38, 5213-5216. (d) Wang Z.; Lu, X.; Lei, A.;
Zhang, Z. J. Org. Chem. 1998, 63, 3806-3807.

(11) Although protonolysis of the C-Pd bond is, in principle, also
an important reaction of organopalladium compounds, its study and
application are far less reported in the literature than the â-H
elimination and other elementary reactions. (a) Cacchi, S.; La Torre,
F.; Misisti, D. Tetrahedron Lett. 1979, 25, 4591-4594. (b) Cacchi, S.
Pure Appl. Chem. 1990, 62, 713-722. (c) Coperet, C.; Sugihara, P.;
Wu, G.; Shimovama, I.; Negishi, E.-I. J. Am. Chem. Soc. 1995, 117,
3422-3431.

(12) In the few studied systems involving protonolysis, the formation
of protonolysis products was influenced by many factors, and there
has been no consensus regarding the reaction mechanism. (a) Yama-
mura, K. J. Org. Chem. 1978, 43, 724-727. (b) Amorese, A.; Arcadi,
A. Bernocchi, E.; Cacchi, S.; Cerrini, S. Fededi, W.; Ortar, G. Tetra-
hedron 1989, 45, 813-828. (c) Denmark, S. E.; Schnute, M. E. J. Org.
Chem. 1995, 60, 1013-1019.

Scheme 1 Scheme 2

Scheme 3
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ions favors formation of â-H elimination products, while
high concentration of halide ions seems to inhibit â-H
elimination, leading to exclusive protonolysis. However,
the catalytic cycles involve multiple intermediates and
reaction steps; this makes it more difficult to identify
the halide effect on each individual step, e.g., the
protonolysis step. To further explore the mechanism of
protonolysis and to examine the generality of the halide
effect observed in the catalytic reactions, we decided to
study the stoichiometric reaction of palladium com-
plexes 6 and 7 with acrolein (Scheme 4) as a model
reaction.

Protonolysis of C-Pd Bond in Stoichiometric
Reactions. Complexes 6 and 7 were prepared by
literature methods.13,14 The good solubility and stability
of these complexes in a number of different solvents
make them suitable probes to test the reaction with
olefin compounds such as acrolein.

Effect of Proton Source. The reaction of 6 with
acrolein was tested in a number of protic solvents, as
well as in an aqueous HCl-acetonitrile mixture (Table
1). LiCl was added to provide a coordination environ-
ment similar to that in the tandem addition reactions.10

Carboxylic acids were found to give superior yields of
addition product than inorganic acid. Instead of 9, the
predicted protonolysis product, we isolated product 10,
which has a cyclic lactol-like structure, presumably
formed by the interaction between the amide N-H
group and the aldehyde group of 9 (Scheme 4).15 In
EtOH, the reaction gave no detectable products in 5 h
(Table 1, entry 1); it is noteworthy that the â-H
elimination product, 11, was not formed and no Pd(0)

precipitation was observed. When 2 equiv of HOAc was
added to the above reaction mixture, the reaction
proceeded to afford compound 10 in 56% isolated yield.

Influence of Solvent. Using HOAc as the protonat-
ing agent, solvents of different polarities were examined.
In acetonitrile and methanol (Table 2, entries 2 and 3),
the reaction gave a mixture of 10 and the â-H elimina-
tion product 11, while in benzene (Table 2, entry 1), only
the formation of 11 was observed.16

Ligand Effect. We studied the ligand effect of the
reaction by providing different coordinating anions with
lithium salts (LiOAc, LiF, LiClO4, LiCl, LiBr, and LiI).
As shown in Table 3, in the same solvent (HOAc),
reactions with no extra anionic ligand or with ClO4

- or
OAc- give only 11 as the product, while reactions with
Cl-, Br-, or I- afford exclusively the protonolysis
product 10. This indicates that the anions play a critical
role in determining the reaction outcome.17

The significant differences in these results (Table 3)
suggest that the reaction is governed by the coordination
and electron-donating abilities of the anions. On the
basis of these data, a mechanism involving a heterolytic
C-Pd bond cleavage in the presence of an excess of
halide ions is proposed (Scheme 5): Acrolein coordina-
tion and insertion first give the intermediate 12. Pro-
tonation of the C-Pd bond in 12 then affords the
addition product 10.

(13) Horino, H.; Inoue, N. J. Org. Chem. 1981, 46, 4416-4422.
(14) Horino, H.; Inoue, N. Tetrahedron Lett. 1979, 2403-2406.
(15) Kim, K. S.; Szarck, W. A. Carbohydr. Res. 1982, 104, 328-333.

(16) The “solvent effect” in benzene may actually be the result of
low concentration of free dissociated halide ions. Please see the related
discussion on ligand effect.

(17) The reactions of the acetate complex 7 with acrolein in the
presence of different Li salts give similar results to chloro complex 6.
The data are included in Supplementary Table 1 (S-Table 1).

Scheme 4

Table 1. Effect of Proton Source (HA) on the
Protonolysis Reactiona

entry HA time (min) 10, yield (%)b

1 EtOH >300 c,d
2 HOAc <1 81
3 CF3COOH <1 70
4 HCl-MeCN <1 65

a Reaction conditions: 6 (0.2 mmol), acrolein (2 mmol), LiCl (1
mmol), HA (1 mL), room temperature. b Isolated yield based on
6. c No organic product was detected after 5 h. d Product 10 can
be isolated in 56% yield after addition of 2 equiv of HOAc.

Table 2. Solvent Effect on Insertion-Protonolysis
Reaction of C-Pd Bonda

yield (%)b

entry solvent time (min) 10 11

1 C6H6 2 87
2 MeCN 2 22 46
3 MeOH 2 40 35
4 HOAc <1 81

a Reaction conditions: 6 (0.2 mmol), LiCl (2 mmol), acrolein (2
mmol), HOAc (1 mmol), and solvent (1 mL), room temperature.
b Isolated yield based on 6.

Table 3. Effect of Halide Ions on Protonolysis and
â-H Elimination of C-Pd Bonda

yield (%)b

X- [c] (M) observation 10 11

none Pd V 87
OAc- 1.0 Pd V 78
ClO4

-c 1.0 Pd V 82
F- 2.0 Pd V 5 71
Cl- 1.0 clear solution 84
Br- 1.0 clear solution 81
I- 1.0 clear solution 78
a Reaction conditions: 6 (0.2 mmol), acrolein (1 mmol), LiX (10

mmol), HOAc (1 mL), room temperature. b Isolated yield based on
6. c The acetate complex 7 was used in the reaction.

Effect of Halide Ligands on C-Pd Bonds Organometallics, Vol. 19, No. 5, 2000 777

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 F

eb
ru

ar
y 

4,
 2

00
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

99
06

70
h



This process is facilitated by the following factors.
(1) In structure 12, a large excess of chloride, bromide,

or iodide ions (X ) Cl-, Br-, or I-) effectively diminishes
the â-H elimination by occupancy of the free coordina-
tion site. Also, the electron donation from X- to the Pd
results in a highly polarized C-Pd bond, which readily
undergoes protonolysis in acidic media.

(2) The intermediate 12 has a mesomeric palladium
enolate structure and is in equilibrium with a π-oxo-
allylpalladium form. The ionic character of Pd-O
structures facilitates the protonation and heterolytic
fission of the organopalladium bond.11a,12b,18

The data in Table 1 and Table 2 are also consistent
with such a halide-assisted heterolytic mechanism.

(1) Table 1 shows that the reaction rate increases with
increasing acidity of the proton source. This can be
explained by the following: (a) protonation of the amide
group of 6 or 7 helps release the Pd to react with
acrolein, when acrolein insertion is the rate-determining
step; or (b) the enolization of 12 is acid-catalyzed, if the
protonolysis step is rate-limiting.

(2) Polar, dissociating solvents may provide higher
concentration of free halide ions, which inhibits â-H
elimination and promotes protonolysis, giving higher
yields of 10 (Table 2).

An alternative possibility to account for the clean
protonolysis (no â-H elimination) in the presence of
excess of halide ions is that strong acids (HCl, HBr, or
HI) formed in situ from HOAc and X- might rapidly
cleave the C-Pd bond. However, while strong acids do
facilitate C-Pd bond cleavage and contribute to faster
protonolysis reaction (Table 1, entries 1-4), the experi-
ment with ClO4

- (Table 3, entry 3) shows that, with a
noncoordinating anion (ClO4

-), the reaction exclusively
gives â-H elimination product even though a strong acid
(HClO4) is also possibly formed in HOAc. The experi-

ment using a weak Brønsted acid (Table 1, entry 1)
further shows that coordination of X- does inhibit the
â-H elimination even when protonolysis is not in
competition. These data strongly support that the
inhibition of â-H elimination by an excess of halide ions
is the major reason for the clean protonolysis reaction.

Remarks

From the systematic studies of the reactions of
stoichiometric arylpalladium complexes with acrolein,
we have established that an excess of halide ions (Cl-,
Br-, and I-) can block â-H elimination while promoting
protonolysis. These reactions cannot be achieved with
phosphine ligands because under similar conditions
excess phosphine shuts down the reaction completely
by blocking the coordination of the olefin substrate.19

This unique advantage of halide may result from the
facile ligand exchange from a halide to an olefin, as
opposed to the sluggish and unfavorable exchange from
a phosphine to an olefin, KX > 1 > KP (eqs 1 and 2).

It is significant that by simply applying metal halides,
the reaction pathway of an alkylpalladium intermediate
can be cleanly switched from the normal â-H elimination
(Heck-type reaction) to a heterolytic C-Pd bond cleav-
age process, i.e., protonolysis when the forming carban-
ion is stabilized by an electron-withdrawing group.
Unlike â-H elimination, which normally leads to forma-
tion of Pd(0), protonolysis regenerates divalent pal-
ladium as the active species. On the basis of these
findings and the many well-established Pd(II)-initiated
C-Pd formation reactions,5,20 an array of Pd(II)-cat-
alyzed reactions can be designed. For example, combin-
ing halopalladation and halide-assisted protonolysis, we
have developed two tandem addition reactions for the
preparation of γ,δ-unsaturated carbonyls and function-
alized (E,Z)-dienes, respectively10a,d (eqs 3 and 4). In
these two reactions, halopalladation of the alkyne with
Pd(OAc)2-LiX generates the first vinylpalladium inter-
mediate, which is followed by either insertion of an R,â-
unsaturated carbonyl compound (eq 3) or consecutive
insertion of acetylene and an electron-deficient olefin
(eq 4) to give a (2-oxoalkyl)palladium intermediate.
Upon halide-assisted protonolysis, the reaction gives the
tandem addition product and regenerates the active
Pd(II) species. An intramolecular version of eq 3 has also
been developed to prepare the lactonic aldehyde 15 (eq

(18) Cacchi, S.; Palmier, G. Tetrahedron 1983, 39, 3373-3383.

(19) When we attempted the reaction of acrolein with the vinyl-
palladium generated by halopalladation of an alkyne in the presence
of excess triphenylphosphine, no acrolein insertion product was
detected. Yagupsky, G.; Mowat, W.; Shortland, A.; Wilkinson, G. J.
Chem. Soc., Chem. Commun. 1970, 1369. Cross, R. J. In The Chemistry
of the Metal-Carbon Bond; Hartley, F. R., Patai, S., Eds.; Wiley:
Chichester, 1985; Vol. 2, p 559.

(20) Maitlis, P. M. The Organic Chemistry of Palladium; Academic
Press: New York, 1971; Vols. 1-2.

Scheme 5

(1)

(2)
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5), a key intermediate used in a formal synthesis of (+)-
pilocarpine.10c

Incorporating Pd(II)-mediated transmetalation with
protonolysis, Cacchi et al. achieved Pd-catalyzed con-
jugate addition of organomercury reagents to R,â-
unsaturated carbonyl compounds (eq 6).11a,b

The above examples demonstrate that halide-assisted
protonolysis is an efficient method for regenerating
catalytic Pd(II) species from organopalladium interme-
diates. Combined with other Pd(II)-initiated C-Pd
formation reactions, such as oxypalladation and arene
palladation, they might be used to develop a diversity
of useful Pd(II)-catalyzed processes. Furthermore, simple
palladium salts are used in these reactions; the ready
availability, easy recovery and handling of the catalyst,
and simplicity of operation (no O2- or air-free require-
ments) should make them attractive choices in synthe-
sis.

Conclusion

In conclusion, halide ions play an important role in
Pd(II)-mediated conjugate addition reactions. The halide
ion can block the â-H elimination of a (2-oxoalkyl)-
palladium species, giving preferentially the protonolysis
product in acidic media. It is significant that halide ions
in these reactions do not inhibit the insertion of the
double bond as phosphines usually do, but only inhibit
the â-H elimination step. This important finding is
expected to have a broad impact on the studies of Pd(II)-

catalyzed reactions and lead to rational design of
efficient catalytic systems.

Experimental Section

General Considerations. Spectral data were obtained by
the use of the following instruments: Bruker AM-300 (1H
NMR), Shimadzu IR-440 (IR), Finnigan 4021 (MS), and
Finnigan MAT8430 (HRMS). Complex 6 and 7 were prepared
according to the literature procedure.13,14

Palladium-Catalyzed Cyclizing Coupling of 3-Hep-
tynoic Acid with Acrolein. A mixture of 3-heptynoic acid
(1, 126 mg, 1 mmol), Pd(OAc)2 (11.3 mg, 0.05 mmol), acrolein
(280 mg, 5 mmol), LiBr (174 mg, 2 mmol), and HOAc (5 mL)
was stirred at room temperature until the reaction was
complete as monitored by TLC. The reaction mixture was
extracted with ether (80 mL) and washed with water (5 mL),
and the ether layer was dried with Mg2SO4. After removal of
ether, the residue was chromatographed on silica gel (eluent:
10:2 petroleum ether/ethyl acetate) gave 2 as an oil (155 mg,
85%). 1H NMR (CDCl3): δ 9.80 (s, 1H), 3.12 (s, 2H), 2.58 (t, J
) 7.1 Hz, 2H), 2.45 (t, J ) 7.1 Hz, 2H), 2.30 (t, J ) 7.3 Hz,
2H), 1.56 (tq, J ) 7.3, 7.3 Hz, 2H), 0.92 (t, J ) 7.3 Hz, 3H). IR
(neat): ν 2970, 2700, 1800, 1730, 1390, 1250, 1150, 980, 895
cm-1. MS (m/z): 183 (M+ + 1), 182 (M+), 154, 139, 126, 111,
83, 71 (100), 55, 43. HRMS: Calcd for C10H14O3 182.0943;
found 182.0957.

Effect of LiBr on the Cyclizing Coupling of 3-Hep-
tynoic Acid with Acrolein. A mixture of 3-heptynoic acid
(1, 252 mg, 2 mmol), Pd(OAc)2 (22.5 mg, 0.1 mmol), acrolein
(280 mg, 5 mmol), LiBr (17.4 mg, 0.2 mmol), and HOAc (5 mL)
was stirred at room temperature. The red solution gradually
turned dark, and Pd metal began to precipitate out. After 5 h,
the reaction was worked up as usual. Column chromatography
on silica gel (eluent: 10:2 petroleum ether/ethyl acetate) gave
3 as an oil (17 mg, 94%, calculated on the basis of Pd) together
with recovered 1 (230 mg). 3: 1H NMR (CDCl3): δ 9.60 (d, J
) 7.7 Hz, 1H), 7.28 (d, J ) 15.5 Hz, 1H), 5.97 (dd, J ) 15.5,
7.7 Hz, 1H), 3.37 (s, 2H), 2.56 (t, J ) 7.3 Hz, 2H), 1.70 (tq, J
) 7.3, 7.3 Hz, 2H), 1.00 (t, J ) 7.3 Hz, 3H). IR (KBr): ν 2950,
1820, 1690, 1640, 1460, 1150, 1105, 980, 890 cm-1. MS (m/z):
181 (M+ + 1), 180 (M+), 152, 137, 124, 109, 81, 71, 53, 43 (100).
HRMS: Calcd for C10H12O3 180.0786; found 180.0829.

Palladium-Catalyzed Coupling of Acetylene with Ac-
rolein in the Presence of Different Amounts of LiBr.
Acetylene (passed successively through water, chromic acid,
and concentrated sulfuric acid) was passed through a mixture
of Pd(OAc)2 (11.2 mg, 0.05 mmol), LiBr (870 mg, 10 mmol),
and acrolein (840 mg, 15 mmol) in HOAc (5 mL) at <15 °C for
24 h. Ether (100 mL) was added, and the mixture was washed
with water (5 mL × 2). The organic layer was dried (Na2SO4)
and concentrated, and the residue was subject to column
chromatography on silica gel (eluent: 20:1 petroleum ether/
ethyl acetate) to give the cotrimerization product 4 as an oil
(yield: 3980% based on Pd). 1H NMR (CDCl3): δ 9.78 (s, 1H),
7.00 (ddd, J ) 14, 11, 1.2 Hz, 1H), 6.34 (dd, J ) 14, 0.3 Hz,
1H), 5.95 (ddd, J ) 11, 11, 0.3 Hz, 1H), 5.44 (dtd, J ) 11, 7,
1.2 Hz, 1H), 2.60-2.52 (m, 2H), 2.50 (t, J ) 6.2 Hz, 2H). IR
(neat): ν 2900, 2700, 1720, 1570, 1440, 1360, 1280, 1180, 1120,
1060, 970, 930, 800, 740 cm-1. MS: (m/z): 189 [M+ - 1(81Br)],
187 [M+ - 1(79Br)], 161, 159, 149, 135, 133, 99, 83, 79, 69, 55
(100), 53. HRMS: Calcd for C7H9BrO [M+ (79Br)] 187.9837;
found 187.9825.

In a similar experiment, acetylene was passed through a
mixture of Pd(OAc)2 (112 mg, 0.5 mmol), LiBr (435 mg, 5
mmol), and acrolein (10 mL) in HOAc (50 mmol) at room
temperature. The solution gradually turned dark, and Pd
metal began to precipitate out. After 24 h, the reaction mixture
was worked up as above. The residue was subject to column
chromatography on silica gel using gradient elution (eluent:
from 100:1 to 50:1 to 25:1 hexane/ethyl acetate) to give 4 (210%

(3)

(4)

(5)

(6)
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based on Pd) and 5 (82% based on Pd). 1H NMR (400 MHz,
CDCl3) of 5: δ 9.60 (d, J ) 7.9 Hz, 1H), 7.19 (dd, J ) 15.4,
11.1 Hz, 1H), 6.96 (dd, J ) 11.1, 9.2 Hz, 1H), 6.75 (dd, J )
11.8, 9.2 Hz, 1H), 6.61 (dd, J ) 15.0, 11.8 Hz, 1H), 6.50 (d, J
) 15.0 Hz, 1H), 6.22 (dd, J ) 15.4, 7.9 Hz, 1H). The presence
of the trienal product 5 was further supported by GC-MS
analysis [(m/z): 188 (M+ (81Br)), 186 (M+ (79Br)), 107 (M+ -
Br)] and UV spectra.

Reaction of Di-µ-chlorobis(2-actaminophenyl-2C,O)-
dipalladium(II) (6) or Di-µ-acetatobis(2-actaminophenyl-
2C,O)dipalladium(II) (7) with Acrolein. General Proce-
dure. In a Schlenk tube, a mixture of complex 6 (or 7),
acrolein, LiY, HOAc, and solvent was stirred at room temper-
ature until the reaction was complete as monitored by TLC.
The reaction mixture was extracted with ether and washed
with water, and the ether layer was dried with MgSO4. After
removal of ether, the residue was chromatographed on silica
gel (8:2 petroleum ether/ethyl acetate) to give 10 and 11
(Tables 1-3).

10: oil. 1H NMR (CDCl3): δ 7.18-7.04 (m, 4Η), 5.95 (t, J )
7.6 Hz, 1H), 4.31 (br, 1H), 2.55-2.52 (m, 1H), 2.46-2.38 (m,
2H), 2.20 (s, 3H), 1.59-1.57 (m, 1H). 13C NMR (90 MHz,
CDCl3): δ 172.6, 136.6, 134.6, 127.1, 126.5, 125.3, 124.4, 78.7,
31.8, 25.1, 23.2. 13C NMR DEPT 135° spectra (90 MHz): δ

127.1, 126.6, 125.3, 124.4, 78.7, 31.8(-), 25.1(-), 23.2. IR
(neat): ν 3394, 1647, 1584, 1493, 1373, 1334, 956, 789, 761
cm-1. MS (m/z): 192 (M+ + 1), 191 (M+), 174, 163, 149, 148,
132, 130, 106(100), 93, 91, 77. HRMS: Calcd For C11H13NO2

191.0946; found 191.0938.
11: mp 148-150 °C (lit. 163-164 °C,13,14 140 °C21). 1H NMR

(CCl4): δ 9.70 (d, J ) 6.8 Hz, 1H), 9.45 (brs, 1H), 7.55-7.40
(m, 2H), 7.40-7.20 (m, 3H), 6.08 (dd, J ) 15.5, 6.8 Hz, 1H),
2.01 (s, 3H). IR (KCl): ν 3286, 1685, 1657, 1580, 1482, 1371,
994, 916, 753 cm-1. MS (m/z): 190 (M+ + 1), 189 (M+), 172,
161, 147, 146, 131, 129, 104(100), 77.
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