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Unusual Pd-catalyzed cyclizations of unsymmetrical allylic
acetates, where the nucleophile is tethered to the central allyl
carbon, are shown for the first time to be remarkably
controlled by heteroatom-mediated preassociation of the
reacting partners.

Formation of a p-allylpalladium complex by the oxidative
addition of an allylic acetate to Pd(0) and subsequent reaction
with a soft nucleophile has proved to be a powerful synthetic
transformation.1,2 In cases where the p-allylpalladium complex
is unsymmetrical, two different regiochemical outcomes are
possible, and commonly a mixture of two isomers is formed.
Various factors influence regioselectivity, including steric bulk
at the allylic termini,3 polarizing functional groups adjacent to
the complex,4–7 and electronic and steric ligand effects.8,9 Often
these provide a partial solution to the regiochemical issue. In an
earlier report, our group demonstrated for the first time that a
homoallylic tertiary amine or thioether tethered to an allylic
acetate directed addition of malonate to the allylic terminus
proximal to the heteroatom (eqn. 1) via preassociation of
reacting partners.10 We later reported that alkenes also acted as
directing groups in these alkylations.11 Our previous observa-
tions have since been expanded by Yoshida et al. to include a
removable 2-PyMe2Si directing group.12 We proposed that
chelation of the tertiary amine, thioether, or olefin prior to bond
formation played an integral role in determining regiochemical
outcome. The directing effect overcame the normally strong
steric bias and reaction occured at the more substituted terminus
of even a monofunctionalized p-allyl moiety.

(1)

We anticipated that the intramolecular allylic substitution by
a soft nucleophile to form a carbocycle would also be greatly
influenced by such groups capable of promoting preassociation
of reacting partners. The regiochemistry of Pd-catalyzed
cyclizations is defined by the size of the newly forming ring
when the nucleophile is tethered to the p-allyl terminus.
Cyclizations where the nucleophile is tethered to the central p-
allyl carbon are rather unusual and have only been carried out
with symmetrical allyl complexes.13 Herein we describe the
first regioselective, Pd-catalyzed, cyclizations of unsymme-
trical allylic acetates, to furnish five-, six- and seven-membered
carbocycles (eqn. 2),14 where heteroatom coordination, rather
than ring size or steric interactions, was the dominant product
determining factor. These examples illustrate the remarkable
power of a directing group in imparting significant control over
the regiochemical outcome of the Pd-catalyzed carbocycliza-
tion giving selectivity that has never before been observed. The

directing group remains as a functional handle for subsequent
constructive manipulations.

(2)

Table 1 summarizes the results of five-membered ring
formation. Reaction of 2a with sodium hydride in THF in the
presence of palladium catalyst 1, [(h3-allyl)PdCl(PPh3)], (10
mol%) at reflux for 18 h prompted cyclization to give the two
isomeric cyclopentenes 3a and 4a as a > 9 : 1 mixture. With
allylic acetate 2a we did not expect to observe chelation of the
palladium catalyst by the phenyl group and therefore anticipated
regioselectivity of cyclization to be governed exclusively by
steric factors. When a homoallylic sulfur moiety was tethered to
allylic acetate 2b the effect on the reaction was striking. The
yield and rate of cyclization was dramatically increased (57%
after only 1 h), and the change in regioselectivity was no less
significant; a 2 : 3 ratio of 3b and 4b was isolated where addition

Table 1 Intramolecular directed allylation to form five-membered carbo-
cycles

Substrate
Con-
ditions

Time/
h

Yield
(%)

Ratio
3 : 4

2a
R = Me aa 18 46 > 9 : 1b

2b
R = H aa 1 57 2 : 3

2c
R = Me aa 0.3 62 1 : > 20
2c
R = Me ba 2 58 1 : 9

2d aa 1 34 1 : > 20

a Conditions: a.1.2 equiv. NaH, 0.1 equiv. (h3-allyl)PdCl(PPh3) (1) THF, D
b. 1.2 equiv. NaH, 0.1 equiv. (h3-allyl)PdCl(PPh3), 1, THF, r.t. b 0.5 equiv
of P(OPh)3 added. Product ratios determined by 1H NMR spectroscopy.
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proximal to the heteroatom was favored. The presence of a
tertiary amine in 2d imparted complete regiocontrol with
reaction of the internal nucleophile proximal to the amine
only.

The heteroatom is also apparently responsible for significant
rate acceleration. Perhaps, through coordination to the palla-
dium catalyst, it aids p-allyl complex formation by imparting
pseudo-unimolecular kinetics. While the amine appeared supe-
rior to the thioether in imparting regioselectivity, we hoped that
a p-allyl complex in which each allylic terminus was of
comparable steric size would show improved selectivity when
the thioether was present. Gratifyingly, a single regioisomer 4c
was now formed from the reaction of 2c, favoring addition
proximal to sulfur. That this reaction would also proceed at
ambient temperatures is also noteworthy. Usually, higher
temperatures are necessary to conduct such reactions.

We next investigated whether a similar trend would be
observed during the formation of six membered carbocycles
(Table 2). Control substrate 5a reacted with the palladium
catalyst 1 in THF in modest yield (66%). Carbocycle 6a was the
only product isolated, favoring attack at the least hindered
allylic terminus. In contrast to the formation of the five-
membered carbocycles, the introduction of a homoallylic
thioether did not significantly alter this regioselectivity i.e. 5b.
However, it was remarkable that the presence of sulfur in the
molecule was manifest by a dramatic increase in both rate and
yield of reaction. Partially equalizing steric bulk on either side
of the p-allyl complex gave the expected change in ratio of
products. Introduction of a methyl group gave a result in which
addition proximal to the sulfur heteroatom was favored for the
first time (5c). A further increase in steric bulk by incorporating
either an ethyl or a butyl group resulted in complete regiocontrol
(5d,5e). Parallel to the results observed in the formation of five-

membered carbocycles, the presence of a tertiary amine led to
complete regioselectivity of cyclization (5f).

Seven-membered rings were also formed (eqn. 3) where the
only product isolated resulted from substitution at the allyl
terminus proximal to the heteroatom. No other cyclization
products were isolated.

(3)

In summary, we have established that the regioselective
cyclization of allylic acetates incorporating a tethered nucleo-
phile to furnish five-, six- and seven-membered carbocycles is
dominated by the presence of a homoallylic thioether or tertiary
amine which provides a transient interaction between the
substrate and reagent. These noteworthy examples represent the
first ones where p-allyl palladium cyclizations are governed by
use of a heteroatom as the reaction control element rather than
by ring size or steric interactions. We have also demonstrated
that heteroatoms capable of coordinating to palladium can, as
well as reversing the expected regiochemical outcome, sig-
nificantly alter reaction kinetics, thus facilitating formation of
substances that would otherwise be inaccessible using such mild
conditions. We have shown that nitrogen is superior to sulfur for
imparting regioselectivity. Work is in progress to evaluate the
scope of this reaction and to obtain more data on the superiority
of nitrogen.
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14 Typical experimental procedure: To a solution of the allyl acetate (0.2
mmol) in THF (5 mL) at ambient temperature and under argon was
added sodium hydride (0.24 mmol). After 2 min, catalyst 1 (10 mol%)
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Table 2 Intramolecular directed allylation to form six-membered carbo-
cycles

Substrate
Con-
ditions

Time/
h

Yield
(%)

Ratio
6 : 7

5a aa 2 66 > 20 : 1

5b
R = H ba 0.3 76 8 : 1

5c
R = Me ba 8 46 3 : 7
5d
R = Et aa 2 51 1 : > 10
5e
R = nBu aa 1.5 58 1 : > 20

5f aa 2b 53 1 : > 20

a Conditions: a. 1.2 equiv. NaH, 0.1 equiv. (h3-allyl)PdCl(PPh3) (1), THF,
D; b. 1.2 equiv. NaH, 0.1 equiv. (h3-allyl)PdCl(PPh3), 1, THF, r.t.. b The
reaction was probably completed sooner, however the product was copolar
with S.M. so the reaction time was extended to ensure complete
consumption of S.M. Product ratios determined by 1H NMR spectros-
copy.
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