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Abstract—Under divalent palladium catalysis, a highly regio- and stereoselective coupling reaction of alkynes with allyl halides
initiated by cyclocarbopalladation of alkynes proceeded smoothly in the presence of excess halide ions. The reaction involves
intramolecular carbopalladation, allylic compound insertion into the vinylic-Pd bond and quenching the C-Pd bond by
B-heteroatom elimination in one step without using oxidants. © 2002 Elsevier Science Ltd. All rights reserved.

Vinylpalladium species are versatile organic intermedi-
ate in palladium-catalyzed coupling reactions.! Besides
the well studied oxidative addition of Pd(0) with vinylic
halides or triflates to generate vinylic palladium spe-
cies,! they can be also obtained from the addition of a
nucleophile to alkynes coordinated with divalent palla-
dium species.!? In this case, oxygen,?®¢ nitrogen® and
halide®f nucleophiles have been reported. While the
carbopalladation reactions of alkynes catalyzed by
Pd(0) have been extensively studied,* palladium(II)-cat-
alyzed reactions involving a carbanion as the nucle-
ophile have scarcely been reported.’

Although the Pd(II) species is the most common active
species in palladium-catalyzed carbon—carbon bond
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forming reactions, most of the carbon—carbon coupling
reactions initially mediated by Pd(II) species are stoi-
chiometric."® Compared with the Pd(0) species, Pd(II)
species are less used as catalysts.” The main reason is
that methods for quenching the carbon—palladium
bond to regenerate the divalent palladium species are
rarely reported,” and the carbon-palladium bond is
easily quenched by B-hydride elimination or reductive
elimination, which in general generates the Pd(0) spe-
cies. Thus, oxidants are necessary to regenerate the
divalent palladium catalyst to make the catalytic cycle
possible.

In our previous work, we used PB-heteroatom elimina-
tion to quench the carbon—palladium bond in the pres-
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ence of halide ions and regenerate the divalent palla-
dium species.>>” We wish to report herein the results of
palladium(II)-catalyzed coupling reactions initiated by
intramolecular carbopalladation of alkynes with allylic
compounds.

Firstly, we investigated the reaction of 1a (0.5 mmol),
LDA (0.5 mmol) and allyl bromide (2.5 mmol) in the
presence of Pd(OAc), (5 mol%) and LiBr (2 mmol) in
dry THF (4 mL) (Scheme 1). The reaction was com-
pleted in 4 h to give the cyclization product 2a (38%
yield) via the coupling reaction and another product 3a
(31% yield) from an allylic substitution reaction. When
allyl chloride was used instead of allyl bromide, the
reaction gave product 2a in 85% yield with high stereo-
and regioselectivity (Table 1, entry 1). The stereo-
configuration of 2a is E according to the H-H NOESY

spectra. Changing the base (entry 2) or the leaving
group of the allylic compound (entries 3 and 4) also
gave excellent yields. Excess halide ions play an impor-
tant role in this reaction. In the absence of halide ions,
no reaction occurred with the formation of a black
precipitate (entry 5). The reaction catalyzed by
PdCIl,(PhCN), also proceeded smoothly and gave 2a in
65% yield in the presence of an excess of chloride ions
(entry 6). The reaction using the weak base, Et;N, gave
2a in 51% yield (entry 7), while no cyclization product
was obtained using other bases such as K,CO; and
DBU (entries 8 and 9).

Using identical reaction conditions to those of 1a,% the
results of carbopalladation coupling reactions with var-
ious active methylene compounds are shown in Table 2.
Similar to the malonate derivative 1a, the reactions of

Table 1. Reaction of 1a with allylic compounds catalyzed by Pd(II) species

Pd(l1) (5 mol%)

la + = —> 2a
Base
THF
Entry X Base Pd Additive 2 (yield, %)*
1 Cl LDA (1 equiv.) Pd(OAc), LiCl (4 equiv.) 85
2 Cl BSA (1.5 equiv.) Pd(OAc), LiCl (4 equiv.) 87
3 OAc LDA (1 equiv.) Pd(OAc), LiBr (4 equiv.) 80
4 OAc BSA (1.5 equiv.) Pd(OAc), LiBr (4 equiv.) 91
5 OAc BSA (1.5 equiv.) Pd(OAc), - NRP®
6 OAc BSA (1.5 equiv.) PdCL,(PhCN), LiCl (4 equiv.) 65
7 Cl Et;N (2 equiv.) Pd(OAc), LiCl (4 equiv.) 51
8 OAc K,CO; (2 equiv.) Pd(OAc), LiBr (4 equiv.) Trace
9 Cl DBU (1 equiv.) Pd(OAc), LiCl (4 equiv.) Trace®
 Isolated yield.
b Black precipitate was formed.
¢ White precipitate appeared when DBU was added to the mixture.
Table 2. Reactions of 1 with allyl chloride catalyzed by Pd(II)
1
Pd(OAc), (0.05 equiv) g2
_ E' LiCI (4 equiv) R
Rﬁ/—{ , + =0 —
E Base N\
1 THF 2
Entry 1 R E! B2 Base Yield % (2)°
1 la H COOMe COOMe BSA 87 (2a)
2 1b H COOEt COCH3 BSA 72 (2b)
3 1c H COOEt CN BSA 68 (2¢)
4 1d H COOMe (EtO),P(O) LDA 61 (2d)
S le n-Bu COOMe COOMe BSA 71 (2¢)
6 1f H CN CN BSA/LiOAc 45 (2f)
7° 1h = COOMe Meooq
MeOOC
COOMe == trace (2h)
b . MeOOC
8 li COOMe COOMe
__——\_/—< Z N
COOMe
trace (2i)

“Isolated yield. "BSA was used as the base
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1b, 1c and 1d gave the products 2b, 2¢ and 2d in
moderate yields (entries 2, 3 and 4). Although a longer
time is required, this reaction can also be applied to
disubstituted alkyne le and gave the product 2e in 71%
yield with high stereoselectivity (entry 5). For the mal-
ononitrile derivative 1f, a considerable decrease in reac-
tion rate was observed, but on addition of LiOAc, the
reaction rate increased giving 2f in 45% yield (entry 6).
The stereo-configuration of products 2a—f are all in the
E-form (trans addition). In contrast to the reaction of
1a, the reaction of 1h and 1i gave only a trace of the
endo-five-membered ring product 2h and six-membered
ring product 2i, respectively (entries 7 and 8).°

The reaction mechanism may be speculated to occur via
two separate pathways (Scheme 2): Path a is a Pd(0)-
catalyzed route starting from the reaction of Pd(0) with
the allylic halide to form the w-allylpalladium(II) spe-
cies which coordinates with the triple bond of 1, fol-
lowed by cyclocarbopalladation of 1 to give
vinylpalladium(II) 5 and finally reductive elimination of
5 to give 2 and regenerate Pd(0).'° On the other hand,
the nucleophilic addition of the carbanion to the alky-
nes coordinated by Pd(II) can proceed via a different
pathway (path b). It might be initiated by a cyclocarbo-
palladation of 1 to form vinylpalladium(II) 6, followed
by insertion of the allylic compound to the carbon-pal-
ladium bond of 6 to give intermediate 7 and quenching
of the carbon—palladium bond by B-heteroatom elimi-

nation in the presence of excess halide ions to give 2
and regenerate Pd(IT). Here, the halide ion plays a very
important role in inhibiting the B-H elimination of 7.!!

In order to gain further support for the mechanism,
3-deuterio-allyl acetate was used in this reaction. Com-
pound 8'? was obtained in 75% yield without the
detection of the isomeric product (Scheme 3), which
indicated that path b would be acceptable. Thus, a
catalytic cycle involving divalent palladium did proceed
in this reaction.

In conclusion, we have reported a divalent palladium-
catalyzed coupling reaction initiated by cyclocarbo-
palladation of alkynes with allylic compounds. The
reaction involved intramolecular carbopalladation of
alkynes, allylic compound insertion to the C—Pd bond
and quenching the C-Pd bond by B-heteroatom elimi-
nation in one-step without using oxidants. In the pres-
ence of halide ions, the reaction gave products with
high regio- and stereoselectivity.
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Typical procedure using LDA as the base: LDA (0.5
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12.

mmol) was added to the mixture of compound 1 (0.5
mmol) in dry THF (4 mL) at —78°C, and the mixture was
stirred for 10 min at this temperature. Then, LiCl (2
mmol), allylic compound (2.5 mmol) and Pd(OAc), (5
mol%) were added successively. After the reaction was
complete, as monitored by TLC, the mixture was allowed
to warm to room temperature and 10 mL water was
added. The mixture was extracted with diethyl ether. The
combined extracts were dried, filtered, and the solvent
was evaporated under vacuum. The resulting crude oil
was purified by column chromatography on silica gel
(ethyl acetate/petroleum ether=1/15) to give 2. Typical
procedure using BSA as the base: BSA (0.75 mmol) was
added to a mixture of LiCl (2 mmol), allylic compound
(2.5 mmol), Pd(OAc), (5 mol%) and 1 (0.5 mmol) in dry
THF (4 mL) at room temperature. The work-up proce-
dure is the same as above. All the products were charac-
terized by spectroscopic data. Typical spectroscopic data
for compound 2a: 'H NMR (300 MHz, CDCl,) &: 5.80
(m, 1H), 5.69 (t, J=6.4 Hz, 1H), 5.05 (d, J=17.1 Hz,
1H), 497 (d, J=10.1, 1H), 3.70 (s, 6H), 2.78 (t, J=6.4
Hz, 2H), 2.35 (t, J=7.3 Hz, 2H), 2.29 (t, J=7.0 Hz, 2H),
1.72 (m, 2H). IR (neat): 2955, 1734, 1638, 1435, 1261,
1143 cm™!; MS (m/e): 238 (M™), 178, 145, 119 (100), 91,
77, 59; HRMS (M™): caled for C,3H,;;0,: 238.1205;
found: 238.1177.

The reactions of 1h and 1i are complicated, and it is
difficult to obtain pure compounds 2h and 2i.

A similar mechanism involved coordination of m-allyl-
palladium(IT) with allenes, see: Kimura, M.; Fugami, K.;
Tanaka, S.; Tamaru, Y. J. Org. Chem. 1992, 57, 6377.
In divalent palladium-catalyzed reactions, the excess
halide ions can prohibit the B-H elimination, see: Zhang,
Z.; Lu, X.; Xu, Z.; Zhang, Q.; Han, X. Organometallics
2001, 20, 3724.

Data for compound 8: colorless oil, 'H NMR (300 MHz,
CDCl,) d: 5.81 (m, 1H), 5.69 (m, 1H), 5.06 (d, J=17.1
Hz, 1H), 4.97 (d, J=10.2 Hz, 1H), 3.73 (s, 6H), 2.80 (dd,
J=6.7, 7.9 Hz, 1H), 2.39 (t, J=7.3 Hz, 2H), 2.32 (t,
J=6.7 Hz, 2H), 1.74 (m, 2H); IR (neat): 2956, 1733,
1636, 1435, 1264, 1140 cm™!; MS (m/e): 239 (M*), 208,
179, 145, 120 (100), 92, 77, 59; HRMS (M*—OMe): calcd
for C,,H,,DO;: 208.1084; found: 208.1122.
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