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ABSTRACT

An aqueous biphasic reaction system enables the direct use of allyl alcohol in the Tsuji −Trost reaction without the help of any activating
reagents for allyl alcohol. The reaction conditions are neutral to basic, allowing the use of amines as the nucleophile. Theoretical calculations
have elucidated the importance of hydration of the hydroxy group for the smooth generation of π-allylpalladium species.

The Tsuji-Trost reaction using aπ-allylpalladium interme-
diate has served as a pivotal reaction in a number of syntheses
of natural and unnatural compounds. The reaction often
employs Pd(0) complexes and activated allyl alcohol deriva-
tives, in particular, allylic halides, acetates, and carbonates.
Much attention has been paid to the direct use of allyl
alcohols for the allyl source. However, the precedent
protocols require stoichiometric or catalytic activators for
allyl alcohols such as acids, Lewis acids, Et3B, and CO2,
due to inherent low leaving aptitude of the hydroxy group.1

However, acidic activators cannot be compatible with basic
nucleophiles such as amines. Recently, particular ligands
have been reported to enable such conversion without the
aid of activators.2 Here we wish to disclose another solu-
tion: the direct use of allyl alcohol for the Tsuji-Trost

reaction at room temperature is achieved in an aqueous
system without any activator. Although there have been a
number of reports on the Tsuji-Trost reaction with allylic
acetates or carbonates in aqueous media,3 none of them
accomplished the direct use of allyl alcohol without activa-
tors.4 The reaction conditions are neutral to basic, allowing
the use of amines as the nucleophile.

We attempted the Tsuji-Trost reaction in water with allyl
alcohol as an allyl source. We selected 2-methylcyclohexane-
1,3-dione (1a) as a nucleophile and conducted the reaction
with the catalyst combination of [PdCl(η3-C3H5)]2 and tppts
in water. In an ethyl acetate-water biphasic system, the
allylated product2a was obtained in 44% yield as a sole
product (Scheme 1). While the allylation reaction was
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sluggish in water alone, no reaction proceeded in ethyl acetate
under otherwise identical reaction conditions. Addition of a
catalytic amount of sodium carbonate improved the yield of
2a to 92%.

Table 1 summarizes the results of allylation of various
nucleophiles with allyl alcohol. Acetylacetone (1b) under-
went monoallylation in the absence of Na2CO3, while the
addition of the base provided diallylated product in good

yield (entries 1 and 2). Ethyl acetoacetate (1c) afforded
monoallylated product as a sole product (entry 3). Cyclic
diketones1d and1e afforded the desired products in good
yields in the presence of catalytic Na2CO3 (entries 4-7).
The reaction system also accomplishes conversion of amines
to the corresponding allyl- or diallylamines (entries 7-11).
Aniline (1f) underwent selective monoallylation in the
absence of Na2CO3. No trace of diallylaniline was detected,
while the addition of Na2CO3 provided it.

Crotyl alcohol (4a) and its regioisomer4b, 1-buten-3-ol,
yielded a mixture of isomeric amines5a and5b in the same
ratio, suggesting that the reaction proceeds via theπ-allyl
intermediate (Scheme 2). The reaction of diols4c and 4d
with dibenzylamine selectively afforded monoaminated
products5c and5d in 75% and 62%, respectively. None of
diaminated products were detected in the crude reaction
mixture. Because cinnamyl alcohol (4e) was completely
recovered under the reaction conditions, a very hydrophobic
substrate seems not reactive in this system. The selective
monoamination of diols4c and 4d may be explained as
follows. While diols4c and 4d are hydrophilic enough to
have reactivity, increased hydrophobicity of the products5c
and5d after the initial amination retards the second amina-
tion.

We confirmed that allylpalladium species can be readily
formed from allyl alcohol in water at room temperature.
Treatment of allyl alcohol with a stoichiometric amount of
a water-soluble palladium complex, prepared from Pd(OAc)2

and a trisodium salt of tris(m-sulfonatophenyl)phosphine
(tppts), provided aπ-allylpalladium species on the basis of
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Table 1. Tsuji-Trost Reaction with Allyl Alcohol in Aqueous
Biphasic Systema

a Reaction conditions: [PdCl(η3-C3H5)]2 (4.6 mg, 0.0125 mmol), tppts
(62.5 mg, 0.11 mmol), water (5 mL), AcOEt (5 mL), allyl alcohol (0.08
mL, 1.2 mmol), and nucleophile (0.05 mL, 0.5 mmol).b Aniline (2.2 mmol)
and allyl alcohol (1.0 mmol) were employed.
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1H NMR and 31P NMR analyses in D2O (Scheme 3). The
NMR spectra of the reaction mixture were almost identical
with the solution of [PdCl(η3-allyl)] 2 in D2O.5

Initially, we speculated that carbon dioxide from sodium
carbonate might act as the activator, since Yamamoto et al.
have already reported a formation ofπ-allylpalladium from
allyl alcohol under a pressure of CO2 (30 atm) via a half-
carbonate ester.1f However, the fact that the reaction also
proceeds in the absence of sodium carbonate clearly rules
out this possibility. Involvement of allyl acetate via trans-
esterification with AcOEt is not probable because the reaction
occurred in an Et2O-water biphasic system.6 At this time,
we propose the reaction mechanism in which water activates
allyl alcohol via hydration of the hydroxy group and
stabilizes the resulting hydroxide ion by strong solvation with
water, as outlined in Scheme 4. In organic solvents, elimina-

tion of naked hydroxide is a very unfavorable process. In
water, however, the hydroxide ion can leave with hydrating
water molecules and the negative charge can be delocalized
in the water cluster.

To elucidate the effect of water, we have conducted
theoretical calculations.7 The geometry of palladium com-
plexesPC and the transition stateTS was optimized with
the B3LYP functional. The 6-31G* basis set was employed
except for Pd, with which LANL2DZ+ECP were used
(denoted as BS1). During optimization, solvent effects were
taken into account by means of the Onsager method.8 At
the optimized geometries, energies were calculated with the
PCM method at the B3LYP/BS1 level.9

The calculated activation energy with the PCM method
was very high (Ea ) 60.7 kcal/mol).10 We then included
hydrating waters coordinating to the hydroxy group. Addition
of hydrating waters changed the structure of transition state
depending on the number of waters during reoptimization.
Introduction of hydrating waters significantly lowered the
activation energy, and increasing the number of waters
resulted in decrease of the activation energy (Ea ) 36.0 for

one water hydration, whereasEa ) 26.8 kcal/mol for two
water hydration). Electron population analyses (Mulliken
charge) indicate that negative charge delocalizes in the
solvating waters inTS, and an increased degree of hydration
results in decreasing each charge on oxygen atoms (Figure
1). In the real system, a greater number of water molecules
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Figure 1. Calculated structures, Mulliken charges (italics), and
activation energies.
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should be involved in solvation, lowering the activation
energy more effectively.

In conclusion, we have found that aqueous reaction media
enable the direct use of allyl alcohol as the allyl source for
the Tsuji-Trost reaction without the help of any activating
reagents. Theoretical calculations have elucidated the im-
portance of hydration of the hydroxy group in allyl alcohol
for the smooth generation of theπ-allylpalladium intermedi-

ate. Further research to expand the scope and improve the
efficiency is currently underway in our laboratory.
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