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Palladium-catalyzed allylic alkylation of active methylene
compounds such asâ-ketoesters and malonates (the Tsuji-Trost
reaction) is a reliable and widely used method for C-C bond
formation.1 However, theR-allylic alkylation of nonstabilized
ketones and aldehydes remains to be developed. The alkylation
reported so far requires both reaction partners to be preactivated:
allyl alcohols as their esters and halides and ketones and aldehydes
as their metal enolates,2 enol silyl ethers,3 or enamines.4 In this
context, for the alkylation of ketones, a traditional stoichiometric
alkylation via their metal enolates might still be regarded as an
alternative to be compared favorably.5,6 On the other hand, the
stoichiometric alkylation of aldehydes via their metal enolates
has numerous drawbacks, because of their tendency to undergo
aldol condensation and the Cannizaro and Tishchenko reactions.7

Here we disclose that theR-alkylation of aldehydes can be
readily achieved by direct use of aldehydes and allyl alcohols8

under catalytic conditions with respect to palladium. In most cases,
the reaction is complete within 1 day at room temperature to∼50
°C and provides theR-allyl aldehydes derived from a variety of
alkyl aldehydes and allyl alcohols in good to excellent yields.

As is shown in run 1 in Scheme 1, under the reaction conditions
developed recently for theR-allylation of active methylene
compounds9 and o-hydroxyacetophenones,10 1a and 2b reacted
to provide a mixture of the expected product3b along with a

nucleophilic allylation product4b and a biallyl5 in comparable
amounts. To improve the yield in favor of3b, the bases (runs 2
and 3) and chloride ion sources (run 4)11 were examined as
additives, the former to increase the enol content of aldehyde and
the latter to suppress nucleophilic allylation.12b As was expected,
the bases turned out to be very effective at increasing the yield
of 3b and completely suppressed the formation of5, but 4b was
formed still in considerable amounts (runs 2 and 3). Surprisingly,
however, LiCl11,13 completely inhibited the reaction, and no3b,
4b, and5 was produced at all (run 4). In sharp contrast to these
results, to our pleasant surprise, a combination of Et3N and LiCl
turned out to be most satisfactory and furnished3b selectively in
excellent yield (run 5).

Under the conditions thus established, theR-allylation of a
variety of combinations of secondary aldehydes and allyl alcohols
was examined (runs 1-8, Table 1). As is evident from these
results, the reaction shows quite high generality and provides a
wide structural variety of3. Only in a limited number of cases
(run 5, Scheme 1 and runs 1 and 2, Table 1) was the reaction
accompanied with nucleophilic allylation, providing4a-c as
minor products.12 Usually, 10 mol % of Pd(OAc)2 and 20 mol %
of PPh3 were employed (conditions A); however, the results
shown in runs 5-7 indicate that 5 mol % of Pd(OAc)2-10 mol
% of PPh3 might be sufficient to complete the reaction within a
reasonable reaction time at 50°C (conditions B).14

The reaction feature of primary aldehydes turned out to be quite
different from that of secondary aldehydes and selectively
providedR-allylation products7 of the self-aldols (runs 9 and
10, Table 1).15 The quantitative conversion of 1-cyclohexenecar-
boxaldehyde (1e) into its R-alkylated products,7cand7d, further
supports the above-mentioned sequence (runs 11 and 12).

It may be pertinent to look at the present unique directR-allylic
alkylation of aliphatic aldehydes with allyl alcohols, especially
focusing on the dramatic effects of the chloride ion and Et3N
additives (Schemes 1 and 2). Mechanistic studies have clarified
that Pd(OAc)2 is reduced to Pd(0) by trialkyl- and triarylphos-
phines, where 1 equiv of phosphine is oxidized to the corre-
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Scheme 1.Pd-Catalyzed Amphiphilic Allylation of a
Secondary Aldehyde with an Allyl Alcohol: Effects of
Additives (1a ) 1.1 mmol,2b ) 1.0 mmol)
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sponding phosphine oxide.16 To perform the reduction of PdCl2

to Pd(0), on the other hand, requires water and an amine base in
addition to a phosphorus ligand.17 The contrasting phenomena

observed in runs 4 and 5 (Scheme 1) might be rationalized by
taking the contrasting reactivity of Pd(OAc)2 and PdCl2 into
consideration. In the absence of Et3N, no reaction takes place,
because PdCl2 is tough under the conditions and remains intact
(run 4);18 however, in the presence of Et3N, PdCl2 might be
reduced to a Pd(0) species and the reaction recovers (run 5). In
run 5, an allyl alcohol might take the place of water to produce
a Pd(0) species from PdCl2 and Ph3P. However, note that 1 equiv
of water forms in every one catalytic cycle of all the pathways
a-c (Scheme 2).19

Oxidative addition of an allyl alcohol activated by the
coordination with BEt3 to the Pd(0) species leads to an intermedi-
ate I , which would enjoy three different pathways: path a, an
allyl-ethyl exchange to form allyldiethylborane and EtPdOH,12

path b, nucleophilic attack by an aldehyde enol, and path c, a
counterion exchange to form aπ-allylpalladium chloride species
II , which further reacts with the aldehyde enol to form the final
product3.20

In the absence of LiCl (runs 1-3, Scheme 1), either pathway
a predominates over pathway b and provides a mixture of4 and
5 as the major products (run 1),12b,c or pathway b predominates
over pathway a in the presence of a base, since the base might
increase an enol content (runs 2 and 3). On the other hand, in the
presence of LiCl and Et3N, all the pathways a-c vie with one
another; consequently, the contribution of pathway a might
become smaller and negligible, resulting in the selective formation
of 3 (run 5).

Although in the mechanism outlined in Scheme 2 the roles of
Et3B were explicitly referred to as a Lewis acid to activate both
an alcohol and an aldehyde and also as an ethyl group source to
generate EtPdOH and allylborane (path a), we believe that Et3B
might play some presently unknown, decisively important role
to promote the present catalytic reaction effectively. It should be
noted also that Et3N apparently reduces its ability as a base, not
only because it forms a Lewis acid-base complex with Et3B that
is present in excess in the reaction mixture,21 but also because it
quenches HCl and HOAc generated upon the reduction of PdCl2

and Pd(OAc)2, respectively; nevertheless, Et3N is absolutely
indispensable to promote the selectiveR-alkylation of aldehydes
(run 5, Scheme 1).

In conclusion, we have disclosed for the first time the direct
R-allylic alkylation of aldehydes with allyl alcohols, which pro-
ceeds catalytically with respect to palladium (5-10 mol %) in
the presence of stoichiometric amounts of Et3B, Et3N, and LiCl
at room temperature to∼50 °C. The mildness of the reaction
conditions, wide applicability to a variety of combinations of alde-
hydes and allyl alcohols, the ease with which the reaction can be
performed, and, most importantly, the fact that there is no need
for preactivation of both reaction partners (atom economy)22 all
combine to contribute to greatly advance the Tsuji-Trost reaction.
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Table 1. Pd-CatalyzedR-Allylation of Aldehydes with Allyl
Alcohols

a Conditions A: 1 (1.1 mmol),2 (1.0 mmol), Pd(OAc)2 (0.1 mmol),
PPh3 (0.2 mmol), Et3B (2.4 mmol, 1 M hexane), Et3N (1.2 mmol),
LiCl (1.0 mmol) in dry THF (5 mL) under N2. Conditions B: 1 (1.1
mmol),2 (1.0 mmol), Pd(OAc)2 (0.05 mmol), PPh3 (0.10 mmol), Et3B
(2.4 mmol, 1 M hexane), Et3N (1.2 mmol), LiCl (1.0 mmol) in dry
THF (5 mL) under N2. Conditions C: 1 (2.0 mmol),2 (1.2 mmol),
Pd(OAc)2 (0.1 mmol), PPh3 (0.2 mmol), Et3B (2.4 mmol, 1 M hexane),
Et3N (1.2 mmol), LiCl (1.0 mmol) in dry THF (5 mL) under N2.
b Diastereomer ratio.

Scheme 2.Plausible Mechanism for Pd-Catalyzed
Amphiphilic Allylation of Aldehyde
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