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Department of Organic Chemistry, Arrhenius Laboratory, Stockholm UniVersity, SE-106 91 Stockholm, Sweden

Received July 23, 2007; E-mail: jeb@organ.su.se

Water is an ideal solvent for chemical transformations in
environmentally friendly and sustainable processes, and it offers
the advantages of low cost and high safety. As a result, organic
reactions in water have attracted considerable attention in recent
years.1 Although various palladium-catalyzed reactions in water are
known, such as cross-coupling reactions,2 Heck reactions,3 allylic
substitutions,4 and oxidation of alcohols5 and olefins,3a,6water is a
poor nucleophile in such reactions, and synthetically useful
examples of nucleophilic attack by water on (π-allyl)palladium
species are still unprecedented.7 Trost stated that “water is such a
notoriously poor nucleophile in palladium-catalyzed reactions that
it is an excellent solvent or cosolvent for such reactions”.8 This
fact led Trost and co-workers to develop the use of triphenylsilanol9

or carbonate8 as water surrogates in attack on (π-allyl)palladium
intermediates. In this paper, we report on an intramolecular
carbohydroxylation of conjugated dienes where the C-O bond-
forming reaction involves water attack on a (π-allyl)palladium
intermediate.

Oxidation processes are important transformations in organic
synthesis,10 and catalytic oxidations where the terminal oxidant is
either molecular oxygen or hydrogen peroxide have attracted
considerable attention recently.10,11 At present, there is a lack of
efficient oxidative C-C bond forming reactions with molecular
oxygen as the oxidant since these reactions are often associated
with the formation of radicals, leading to side products from
autoxidation. Examples of such aerobic oxidations in water are even
more rare.12 In the past few years, our group has reported on
palladium(II)-catalyzed oxidative carbocyclization reactions of
allene-substituted dienes13 and enallenes.14

Herein we report on a palladium(II)-catalyzed oxidative carbo-
hydroxylation of allene-substituted conjugated dienes in aqueous
media. The transformation carried out formally constitutes atrans-
1,4-carbohydroxylation of a conjugated diene and proceeds with
high regio- and stereoselectivity (Scheme 1).

The requisite starting materials1 were prepared as previously
reported.13 Reaction of1a with 2 equiv ofp-benzoquinone (BQ)
and 1 mol % of palladium trifluoroacetate (Pd(TFA)2) in H2O/THF
4:1 afforded2a in 85% yield.15 When the reaction was performed
in pure water, it proceeded very slowly, and after 24 h, only a 16%
yield was obtained, the rest being unreacted starting material. This
suggests that a small amount of organic solvent is required to
dissolve the substrate, catalyst, andp-benzoquinone for obtaining
a reasonable reaction rate.16

Next, we explored the reaction scope subjecting various sub-
strates to the reaction conditions described above for the oxidative
palladium-catalyzed carbohydroxylation of conjugated diene1a
(Table 1, method A).

In the reaction, two new stereocenters are generated with
complete stereocontrol with respect to the stereocenter already
present in the starting material. Cyclohexadiene substrates1a-e
and cyclooctadiene1g reacted to furnishcis-fused ring systems and
trans-carbohydroxylation (>99% trans-add), whereas cyclohepta-
diene1f gave different selectivity with atrans-fused ring system

andtrans-carbohydroxylation (>99%trans-add). Conjugated dienes
1c-e, where the substituents of the allene are nonsymmetric,
afforded the corresponding products with a preference for formation
of the product with the more substituted double bond (Table 1,
entries 3-5). Substrates2d and2e were obtained as a mixture of
E/Z isomers in a ratio 12:1 and 11:1, respectively.

Scheme 1. Oxidative Carbohydroxylation of Allene-Substituted
Dienes in Water

Table 1. Palladium(II)-Catalyzed Oxidative Carbohydroxylation of
1 in Watera

a Method A: cat. Pd(TFA)2 and stoichiometric BQ was used. Method
B: cat. Pd(TFA)2, cat. BQ, cat Fe(Pc) under O2 atmosphere was used.
b Isolated yields.c The reactions were carried out on a 0.5 mmol scale with
Pd(TFA)2 (1 mol %) and BQ (2 equiv) in 4 mL of H2O/THF (4:1) at rt for
9-12 h. d With 5 mol % of Pd(TFA)2 and 4-6 h reaction time.e The
reactions were carried out on a 0.2 mmol scale with Pd(TFA)2 (1 mol %),
BQ (5 mol %), and Fe(Pc) (1 mol %) under O2 atmosphere in 1.5 mL of
H2O/THF (4:1) at rt for 24-48 h. f With 5 mol % of Pd(TFA)2, 20 mol %
of BQ, and 5 mol % of Fe(Pc) used in H2O/THF (2:1) at rt for 24 h.
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To further increase the synthetic utility of the procedure, the
reaction was studied under aerobic conditions (Scheme 2). In the
aerobic procedure, BQ is employed as an electron-transfer mediator
in catalytic amounts and the hydroquinone (HQ) produced is
continuously reoxidized to BQ by catalytic iron phthalocyanine (Fe-
(Pc))/O2.17 This procedure permits the oxidation of Pd(0) to Pd(II)
by molecular oxygen under mild conditions. The aerobic oxidation
of 1a was performed in the presence of catalytic amounts of Pd-
(TFA)2 (1 mol %),p-benzoquinone (5 mol %), and Fe(Pc) (1 mol
%) in H2O/THF (4:1) under O2 atmosphere at room temperature,
and the desired product2a was obtained in 88% yield with the
same selectivity as the non-aerobic version. The reaction condi-
tions for the aerobic oxidative carbohydroxylation were applied to
the rest of the substrates with essentially the same outcome as in
the non-aerobic version (Table 1, method B).

The mechanism of this reaction is similar to that of the oxidative
carbocyclization of allene-substituted dienes1 described previ-
ously.13 Nucleophilic attack by the pendant allene of1a on the
palladium(II) center gives vinylpalladium speciesA. Subsequent
insertion of the olefin into the Pd-Cvinyl bond leads to a (π-allyl)-
palladium complex (C), which is attacked by water from theexo
face to yield2a (Scheme 3).18-20 The high reactivity of theπ-allyl
complexC toward water attack is remarkable and may be explained
by the coordination of the bicyclic hydrocarbon ligand from the
endoface. Molecular modeling and DFT calculations21 indicate that
the terminal double bond can coordinate to palladium inC, and
this would stabilize the transition state for nucleophilic attack and
enhance the reactivity of theendoπ-allyl complex (see Supporting
Information).

Despite the increasing number of palladium-catalyzed transfor-
mations in aqueous media in the past few years, there are only
limited examples of palladium-catalyzed aerobic oxidations with
carbon-carbon bond formation in water. The reaction reported
herein provides an example of a palladium-catalyzed oxidation
leading to C-C bond formation in water with subsequent water
attack on a (π-allyl)palladium intermediate. The extension into an
aerobic version enhances the utility of the present method.
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Scheme 2. Aerobic Oxidative Carbohydroxylation of
Allene-Substituted Diene 1a

Scheme 3. Oxidative Carbocyclization of Allene-Substituted
Dienes
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