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Strikingly Simple Direct a-Allylation of Aldehydes
with Allyl Alcohols: Remarkable Advance in the
Tsuji—Trost Reaction

Scheme 1.Pd-Catalyzed Amphiphilic Allylation of a
Secondary Aldehyde with an Allyl Alcohol: Effects of
Additives (Lta = 1.1 mmol,2b = 1.0 mmol)
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Palladium-catalyzed allylic alkylation of active methylene
compounds such gsketoesters and malonates (the Tsijrost

reaction) is a reliable and widely used method for € bond nucleophilic allylation productb and a biallyl5 in comparable
formation! However, thea-allylic alkylation of nonstabilized amounts. To improve the yield in favor 8b, the bases (runs 2
ketones and aldehydes remains to be developed. The alkylation,,q 3) and chloride ion sources (run134§;vere examined as
reported so far requires both reaction partners to be preactivated;qjtives, the former to increase the enol content of aldehyde and
allyl alcohols as their esters and halides and ketones and aldehydeg,q |atter to suppress nucleophilic allylatihAs was expected

as their metal enolatésenol silyl ethers,or enamines.In this  he pases turned out to be very effective at increasing the yield
context, for the alkylation of ketones, a traditional stoichiometric ¢ 3p and completely suppressed the formatiorsobut 4b was
alkylation via their metal enolates might still be regarded as an ¢4yme( still in considerable amounts (runs 2 and 3). Surprisingly,
alternative to be compared favoralyOn the other hand, the however, LiCH-13completely inhibited the reaction, and 80,

stoichiometric alkylation of aldehydes via their metal enolates 4p, ands was produced at all (run 4). In sharp contrast to these
has numerous drawbacks, because of their tendency to underggegyits. to our pleasant surprise, a combination gflEnd LiCl
aldol condensation and the Cannizaro and Tishchenko reactions. yy;med out to be most satisfactory and furnisBedselectively in

Here we disclose that the-alkylation of aldehydes can be
readily achieved by direct use of aldehydes and allyl alcéhols
under catalytic conditions with respect to palladium. In most cases
the reaction is complete within 1 day at room temperature30
°C and provides the-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
compounds and o-hydroxyacetophenoné$,1a and 2b reacted
to provide a mixture of the expected prod@ti along with a
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excellent yield (run 5).

Under the conditions thus established, thallylation of a

'variety of combinations of secondary aldehydes and allyl alcohols

was examined (runs-18, Table 1). As is evident from these
results, the reaction shows quite high generality and provides a
wide structural variety o8. 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, providirga—c as
minor products? Usually, 10 mol % of Pd(OAg)and 20 mol %
of PPh were employed (conditions A); however, the results
shown in runs 57 indicate that 5 mol % of Pd(OAg)10 mol
% of PPh might be sufficient to complete the reaction within a
reasonable reaction time at 5Q (conditions B):*

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

It may be pertinent to look at the present unique diveatlylic
alkylation of aliphatic aldehydes with allyl alcohols, especially
focusing on the dramatic effects of the chloride ion angNEt
additives (Schemes 1 and 2). Mechanistic studies have clarified
that PQOAc), is reduced to Pd(0) by trialkyl- and triarylphos-

'phines, where 1 equiv of phosphine is oxidized to the corre-
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(15) For the reaction with relatively unreactive allyl alcohols (exg.and
y-methylallyl alcohols), a mixture of a self-aldol condensation proéuentd
its a-allylation product7e was obtained in comparable amounts.
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Table 1. Pd-Catalyzedx-Allylation of Aldehydes with Allyl
Alcohols
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aConditions A: 1 (1.1 mmol),2 (1.0 mmol), Pd(OAg) (0.1 mmol),
PPh (0.2 mmol), E4B (2.4 mmo| 1 M hexane), EN (1.2 mmol),
LiCl (1.0 mmol) in dry THF (5 mL) under B Conditions B: 1 (1.1
mmol), 2 (1.0 mmol), Pd(OAg) (0.05 mmol), PPh(0.10 mmol), E4B
(2.4 mmo| 1 M hexane), EN (1.2 mmol), LiCl (1.0 mmol) in dry
THF (5 mL) under N. Conditions C: 1 (2.0 mmol),2 (1.2 mmol),
Pd(OAc) (0.1 mmol), PPh(0.2 mmol), E{B (2.4 mmo| 1 M hexane),
EtN (1.2 mmol), LiCl (1.0 mmol) in dry THF (5 mL) under N
b Diastereomer ratio.

Scheme 2.Plausible Mechanism for Pd-Catalyzed
Amphiphilic Allylation of Aldehyde
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observed in runs 4 and 5 (Scheme 1) might be rationalized by
taking the contrasting reactivity of Pd(OAcand Pd{{ into
consideration. In the absence of[Et no reaction takes place,
because Pdgis tough under the conditions and remains intact
(run 4)28 however, in the presence of & PdCh 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 PdCind PRP. However, note that 1 equiv

of water forms in every one catalytic cycle of all the pathways
a—c (Scheme 2¥?

Oxidative addition of an allyl alcohol activated by the
coordination with BEfto the Pd(0) species leads to an intermedi-
ate |, which would enjoy three different pathways: path a, an
allyl—ethyl exchange to form allyldiethylborane and EtPd&H,
path b, nucleophilic attack by an aldehyde enol, and path c, a
counterion exchange to formvaallylpalladium chloride species
I, which further reacts with the aldehyde enol to form the final
product3.2°

In the absence of LiCl (runs-13, Scheme 1), either pathway
a predominates over pathway b and provides a mixturearid
5 as the major products (run ¥¢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 BN, all the pathways -ac 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
Et:B 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 th&t Et
might play some presently unknown, decisively important role
to promote the present catalytic reaction effectively. It should be
noted also that BN apparently reduces its ability as a base, not
only because it forms a Lewis aeithase complex with BB that
is present in excess in the reaction mixtéirbut also because it
quenches HCI and HOAc generated upon the reduction ofPdClI
and Pd(OAc), respectively; nevertheless, ;Ht is absolutely
indispensable to promote the selectivalkylation of aldehydes
(run 5, Scheme 1).

In conclusion, we have disclosed for the first time the direct
a-allylic alkylation of aldehydes with allyl alcohols, which pro-
ceeds catalytically with respect to palladium—B0 mol %) in
the presence of stoichiometric amounts ofE5tEGN, and LiCl
at room temperature t6-50 °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 econdtraj)
combine to contribute to greatly advance the TFsiljiost reaction.

Acknowledgment. We thank Mr. Y. Ohhama, NMR Facility, for his
outstanding technical assistance. Financial support by the Ministry of
Education, Culture, Sports, Science, and Technology, Japanese Govern-
ment, is gratefully acknowledged.

Supporting Information Available: Experimental procedures and
characterization data f@&a—i, 4a—c, 6, and7a—e (PDF). This material
is available free of charge via the Internet at http://pubs.acs.org.

JA011656A

(18) Amatore, C.; Azzabi, M.; Jutand, A. Am. Chem. Sod 991, 113
8375-8384.
19) See Supporting Information for further discussion.

' . o
to Pd(0), on the other hand, requires water and an amine base in - (50) Another pathway is conceivable that involves Pd-catalyzed Claisen

addition to a phosphorus ligad@ The contrasting phenomena

(16) (a) Mandai, T.; Matsumoto, T.; Tsuji, J.; Saito, Tetrahedron Lett
1993 34, 2513-2516. (b) Amatore, C.; Jutand, A.; M'Barki, M. A.
Organometallics1992 11, 3009-3013. (c) Ozawa, F.; Kubo, A.; Hayashi,
T. Chem. Lett1992 2177-2180.

(17) (a) Meier, M.; Basolo, Anorg. Synth1972 13, 113-115. (b) Mason,
M. R.; Verkade, J. GOrganometallics1992 11, 2212-2220.

rearrangement of vinyl allyl ethers that might be formed in situ vigBEt
catalyzed condensation of allyl alcohols and aldehydes; however, the fact that
cinnamyl alcohol provides selectiveliycinnamyl aldehydes (e.db,c) clearly
excludes the possibility.

(21) Brown, H. C.J. Am. Chem. Sod 945 67, 374-378.

(22) For a general discussion of atom economy in organic synthesis, see:
(a) Trost, B. M.Angew. Chem., Int. Ed. Endl995 34, 259-281. (b) Trost,
B. M. Sciencel99], 254, 1471-1477.



