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Unprecedented carbocyclization of 1,6-allenynes on addition
of organoboronic acids under Pd-catalysis
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Abstract—In contrast to the ene behavior of allenes in Pauson–Khand reactions and other cyclization reactions, 1,6-allenynes
undergo unprecedented carbocyclization followed by regioselective addition of organoboronic acids in the presence of Pd(OAc)2
and tri-t-butyl phosphine under mild reaction conditions.
� 2005 Elsevier Ltd. All rights reserved.
New methodologies for the construction of useful inter-
mediates aimed toward the total syntheses of bioactive
natural products have been developed based on alleny-
nes.1 Apart from intramolecular Pauson–Khand reac-
tions,2 allenynes have been much less involved in
transition metal-mediated cyclizations than their enyne
analogues.3 These substrates exhibit different modes
of cyclization when the metal catalyst is varied. For
instance, 6-allen-1-ynes chemoselectively give six-
membered carbocycles in the presence of Pd(PPh3)4,
and five-membered carbocycles in the presence of
RhCl(PPh3)3.

4,5 We recently reported that Pd(0) catal-
yzed 5-allen-1-yne reactions to give cycloreduction prod-
ucts.6 In addition to those, we have individually studied
the Pd-catalyzed hydroarylation and hydroalkenylation
of alkynes,7 allenes,8 and their derivatives (Scheme 1).

During our studies, we found that incorporation of a
specific functional group such as a keto, oxygen of hy-
droxyl or oxygen protected with TBS ether, nitrogen
of 2-pyridyl by chelate formation, or a sterically bulky
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Scheme 1.
substitute could play a role in controlling the site of
addition.9 From these experiments, when we introduced
a hydroxyl group at the propargyl position to the
alkyne, which is conjugated to the carboxylate group,
we ended up with a highly stereoselective alkylative
and arylative addition followed by lactonization.10 The
regioselectivity of the reaction was controlled by
employing different ligands.11 Further, we also observed
that the hydroxyl group, located either at the propargy-
lic position or even at a remote position, influences to
give the single addition product.12 Conversely, Sheng-
ming and Zhao13 reported that the hydroxyl group acts
as a nucleophile in allenols, and in the presence of a
metal catalyst gives cyclic ethers.

On the basis of our research results and evidence in the
literature, it is both interesting and worthwhile to study
the behavior of allenynol, where all of these variables
are present in one substrate. We believe that allenynes
exhibit chemodichotomy in hydropalladation and
carbopalladation.

Both hydropalladation (generated from a Pd species and
acid) as well as carbopalladation by RPdX (generated
from a Pd species and an organoboronic acid) occur at
the central carbon of the allene functionality, but the
former gives a vinyl palladium species, and the latter
gives a p-allyl palladium species. Because of the differ-
ence in reactivity, the vinyl palladium species forms a
cycloreduction product, whereas the p-allyl palladium
species undergoes further carbocyclization. Hence, we
have prepared a substrate in such a way that it contains
a hydroxyl group as a directing group, particularly at
the propargyl position to the alkyne carboxylate, and
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Table 2. Reactions of various organoboronic acids 4a–g with allenyne

3a–d

X
Y

COOEt R3-B(OH)2 4a-g

"Pd", AcOH

R1 R2
(But)3P

X
Y

R3

R1
R2

CO2Et

3a-c 5aa-da

Entry Allenyne R3–B(OH)2 Temp (�C)/
time (h)

Product Yield (%)

1 3a 4a 50/4 5aa 86

2 3a 4b 50/4 5ab 76

3 3a 4c 50/4 5ac 78

4 3a 4d 50/4 5ad 82

5 3a 4e 50/4 5ae 93

6 3a 4f 50/4 5af 71

7 3a 4g 50/6 5ag 79

8 3b 4a 50/4 5ba 81

9 3b 4f 50/6 5bf 74

10 3b 4g 50/4 5bg 63

11 3c 4a 50/4 5ca 71

12 3c 4f 50/4 5cf 75

13 3c 4g 50/6 5cg 65

14 3d 4a 50/10 5da 61
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contains at the other end a highly reactive substrate such
as an allene functionality. For substrate 3a, we sus-
pected that the organoboronic acid would add to the
allene, followed by carbocyclization to afford a six-
membered ring and provide a novel route to the cyclo-
hexy-3-enylidene skeleton 5aa.

Substrates 3a–d were prepared by a known method.14

LDA treatment of ethyl propiolate at 78 �C and
addition of the corresponding allene-aldehydes gives
the desired substrates in good yields (see Scheme 2).

In the model study, 4-hydroxy-5,5-dimethyl-octa-6,7-
diene-2-ynoic acid ethyl ester 3a was treated with a sim-
ple boronic acid, such as phenylboronic acid 4a, and
various metal complexes, in different solvents (Table
1). The reactions went well in all solvent media and
for different Pd catalysts, but using 1,4-dioxane as the
solvent, in the presence of Pd(OAc)2 in combination
with a P(t-Bu)3 ligand, the reaction went cleanly in terms
of reaction monitoring on TLC, yield and isolation of
the product.

Hence, we have used 1,4-dioxane as the solvent,
Pd(OAc)2/P(t-Bu)3 as the catalyst, and temperatures
of 50–60 �C for our study.15 Isolated product structures
were assigned by IR, 1H NMR, 13C NMR, COSY,
DEPT, HMQC, MS, and HRMS analysis. In order to
determine the geometry at the exocyclic double bond,
we performed chemical transformations such as lactoni-
zation. These experiments suggest that it has trans
geometry (E-geometry).16
CO2EtH
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Table 1. Reaction of allenyne 3a and phenylboronic acid 4a with

different Pd catalysts in various solvents

HO
CO2Et PhB(OH)2 4a

OH

Ph

CO2Et

3a 5aa

"Pd",AcOH.

Entry �Pd� Solvent Temp

(�C)/time (h)

% Yield

1 Pd(OAc)2/dppe THF 50/10 34

2 Pd(PPh3)4 THF 50/4 43

3 Pd(OAc)2/PPh3 THF 50/4 44

4 Pd2(dba)3 DMF 70/2 47

5 Pd(OAc)2/P(t-Bu)3 DMF 80/3 65

6 Pd(OAc)2/P(t-Bu)3 THF Rt/24 28

7 Pd(OAc)2/P(t-Bu)3 THF 50/4 67

8 Pd(OAc)2/P(t-Bu)3 1,4-Dioxane 50/4 86

9 Pd(OAc)2/P(t-Bu)3 EtOH 50/12 17

10 Pd(OAc)2/P(t-Bu)3 CHCl3 50/10 31
Substrates in hand were tested for Pd-catalyzed addition
of various organoboronic acids (4a–g), followed by cycli-
zation under the above-mentioned conditions. The
results thus obtained are summarized in Table 2.
COOEt
HO

R1 R2

Where R1=R2=H  3a
R1=CH3, R2 = H  3b
R1=H, R2=CH3, 3C

COOEt
TBSO

3d

Allenynes 3a-d R3-B(OH)2    4

Where R3 =  Ph- 4a,   
 4-CN-C6H4-4b
 4-OCH3-C6H4-  4c
 3,5-(CH3)2-C6H3-  4d
 3,5-F2-C6H3- 4e
 n-hexenyl-   4f
 4-Cl-Phenylvinyl-  4g
In order to check the generality of this method, 3a was
reacted with different arylboronic acids, that is, with
an electron withdrawing group such as CN, 4b, electron
donating groups such as methoxy and methyl, 4c and 4d,
fluoro substituted 4e, phenylvinylboronic acid 4f and
alkenylboronic acid 4g. Irrespective of the nature of
the substituents on the arylboronic acids, allenyne 3a
gave 5aa–ag in good to excellent yields. The literature
reveals that substitution on the allene moiety changes
the reaction pathway in PKR and other types of reac-
tions, so we prepared C-3 and C-1 methyl-substituted
analogues, allenynes 3b and 3c respectively. Among
the boronic acids used in the present study, phenyl-
boronic acid 4a, alkenylboronic acid 4f and phenyl-
vinyl-boronic acid 4g were taken as representative
examples for further study.

Allenyne 3b with methyl substitution on the internal
double bond reacted with boronic acids 4a, 4f, and 4g
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and showed analogous behavior to give 5ba, 5bf, and
5bg in 81%, 74%, and 63% yields, respectively. Immedi-
ately, the same reactions were applied to allenyne 3c,
giving two diastereoisomers of 5ca, 5cf, and 5cg (Isomer
A and Isomer B), which were isolated by a simple flash
chromatographic technique.

It is surprising to us that under the same reaction condi-
tions, 3d, which is a homologue to 3a, gave 5da, instead
of the anticipated cycloheptylidine ring (Scheme 3). This
is mainly due to the formation of the vinyl palladation
species (A1), instead of the p-allylpalladium species.
This intermediate immediately undergoes cyclization to
give intermediate (A2). At the final step, incorporation
of the organic group from the boronic acid takes place
to give 5da.

Several features should be noted. First, these Pd-cata-
lyzed additions/carbocyclizations work well to give the
corresponding products in excellent yields. Mechanisti-
cally, the organoboronic acids first react with the Pd
species to form the organopalladium complex, which
then couples with the central carbon of the allene to
form the p-allyl palladium complex. This undergoes fur-
ther carbocyclization to give product 5 (Scheme 4).

In summary, we have demonstrated that when an organo-
boronic acid is added to a 1,6-allenyne system, carbo-
palladation takes place at the central carbon of the
allene, followed by carbocyclization to the pendant al-
kyne to give the product. Mechanistic studies and appli-
cations of this work to the synthesis of bioactive
molecules are currently under active investigation.
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