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ABSTRACT

The dimeric Pd(I)-complex [Pd(μ-Br)(PtBu3)]2 was found to be highly active for catalyzing double-bond migration in various substrates such as
unsaturated ethers, alcohols, amides, and arenes, under mild conditions. It efficiently mediates the conversion of allylic esters into enol esters,
rather than inserting into the allylic C�O bond. The broad applicability of this reaction was demonstrated with the synthesis of 22 functionalized
enol esters.

Enol esters are important precursors in a variety of
organic transformations such as aldol- and Mannich type
reactions,1 asymmetric hydrogenations,2 cycloadditions,3

or other cyclization reactions to afford, e.g., heterocycles
or chromones.4 They are employed as auxiliary reagents in
the desymmetrization of alcohols,5 as well as in the synthe-
sis of vinylic amino alcohols and diols.6

Classical approaches to their synthesis involve transes-
terification between alkyl esters and enol acetates, or

O-acylation of enolates.7 However, these require stoichio-
metric amounts of bases, acids, or toxic mercury salts.
Modern, catalytic syntheses of enol esters include the
Zr-catalyzed methylalumination of alkynes,8 the Cu-
catalyzed oxidative esterification of aldehydes with
β-dicarbonyl compounds,9 the Au-catalyzed intramolecu-
lar rearrangements of propargylic esters and alcohols,10

the Fe-catalyzed asymmetric coupling of ketenes with
aldehydes,11 and the addition of carboxylic acids to al-
kynes catalyzed by Ru,12 Ru�Re,13 or Rh complexes.14

(1) (a) Yanagisawa, A.; Matsumoto, Y.; Asakawa, K.; Yamamoto,
H. J. Am. Chem. Soc. 1999, 121, 892. (b) Isambert, N.; Cruz, M.;
Ar�evalo, M. J.; G�omez, E.; Lavilla, R. Org. Lett. 2007, 9, 4199.

(2) (a) Tang,W.; Zhang, X.Chem. Rev. 2003, 103, 3029. (b)Minnaard,
A. J.; Feringa, B. L.; Lefort, L.; De Vries, J. G. Acc. Chem. Res. 2007, 40,
1267. (c) Erre, G.; Enthaler, S.; Junge, K.; Gladiali, S.; Beller, M. Coord.
Chem. Rev. 2008, 252, 471.

(3) Urabe, H.; Suzuki, D.; Sasaki, M.; Sato, F. J. Am. Chem. Soc.
2003, 125, 4036.

(4) (a) Basso, A; Banfi, L.; Galatini, A.; Guanti, G.; Rastrelli, F.;
Riva,R.Org.Lett.2009, 11, 4068. (b)Sz�ell,T. J.Chem.Soc.C1967, 2041.

(5) Trost, B. M.; Malhotra, S.; Mino, T.; Rajapaksa, N. S. Chem.;
Eur. J. 2008, 14, 7648.

(6) (a) Keinicke, L.; Fristrup, P.; Norrby, P.-O.; Madsen, R. J. Am.
Chem.Soc. 2005, 127, 15756. (b)Lombardo,M.;Morganti, S.; Trombini,
C. J. Org. Chem. 2003, 68, 997. (c) Liu, M.; Sun, X.-W.; Xu,M.-H.; Lin,
G.-Q. Chem.;Eur. J. 2009, 15, 10217.

(7) Smith,M.B.;March, J.AdvancedOrganicChemistry, 5th ed.; John
Wiley & Sons, New York, 2001; p 486.

(8) DeBergh, J. R.; Spivey, K. M.; Ready, J. M. J. Am. Chem. Soc.
2008, 130, 7828.

(9) Yoo, W.-J.; Li, C.-J. J. Org. Chem. 2006, 71, 6266.
(10) (a)Wang, S.; Zhang, L.Org. Lett. 2006, 8, 4585. (b)Marion, N.;

Nolan, S. P. Angew. Chem., Int. Ed. 2007, 46, 2750. (d) Angew. Chem.
2007, 119, 2806. (c) Peng,Y.; Cui, L.; Zhang,G.; Zhang, L. J. Am.Chem.
Soc. 2009, 131, 5062.

(11) Schaefer, C.; Fu, G. C. Angew. Chem, Int. Ed. 2005, 44, 4606.
Angew. Chem. 2005, 117, 4682.

(12) (a) Gooßen, L. J.; Gooßen, K.; Rodrı́guez, N.; Blanchot, M.;
Linder, C.; Zimmermann, B. Pure Appl. Chem. 2008, 80, 1725. (b)
Dragutan, V.; Dragutan, I.; Delaude, L.; Demonceau, A. Coord. Chem.
Rev. 2007, 251, 765. (c) Dixneuf, P. H.; Bruneau, C.; D�erien, S. Pure
Appl. Chem. 1998, 70, 1065.



Org. Lett., Vol. 14, No. 14, 2012 3717

The catalytic isomerization of allylic esters to enol esters
would be anattractive alternative to the above approaches,
because the starting materials are easily accessible by
esterification of carboxylic acids (Scheme 1). However,
because of the weak thermodynamic driving force for the
double-bond migration and the tendency of many metal
catalysts to insert into theC(allyl)�Obondwith formation
of stable carboxylate complexes,15 this reaction is beyond
the performance limit of most isomerization catalysts.
Even for unsubstituted allyl esters, only two reports of
double-bond migrations exist. Iranpoor et al. found that
stoichiometric amounts ofFe3(CO)12 promote this reaction
when irradiated with UV light.16 Krompiec et al. achieved
up to eight catalytic turnovers for the double-bond
migration, along with C(allyl)�O bond cleavage, using
the ruthenium hydride complex RuClH(CO)(PPh3)3.

17

Mechanistic studies by Tokunaga et al. confirmed the
low catalytic activity of Ru complexes for this type of
substrate.18

In the context of our research on isomerizing functio-
nalizations of fatty acids,19 we had thoroughly investi-
gated the activity of various isomerization methods
involving acid20 or base mediators,21 as well as metal
catalysts reported for the isomerization of alkenes,22

allylic benzenes,23 allylic ethers,15,24 allylic silyl ethers,25

alkenyl alcohols,26 allylic amines and amides.27 However,
none of these systems permitted to convert our test sub-
strate, oleic acid, into an equilibrium mixture of isomers
within a few hours at catalyst loadings below 1%.19

In our search for new lead structures for highly active
isomerization catalysts, reports by Mingos/Vilar and
Hartwig on the dimeric palladium complex [Pd(μ-Br)-
(PtBu3)]2 caught our attention.

28 They discovered that this
unusual, dimeric PdI species, which has found applica-
tions in catalytic cross-coupling reactions,29 can be
converted into hydridopalladium(II) complexes under
remarkably mild conditions. We reasoned that a metal
complexwith such strong tendency to formPd�Hspecies,
which are known to add across C�C double-bonds,22,30

should also be an excellent catalyst for alkene isomeriza-
tion. Indeed, oleic acid was converted to an equilibrium
mixture of double-bond isomers with only 0.5 mol % of
[Pd(μ-Br)(PtBu3)]2 within less than an hour.31

The high activity of this one-component system led us to
evaluate the catalytic activity of the PdI dimer as the
catalyst for double-bondmigrations in a range of standard
test substrates. As a reference system, we used a mixture
of Pd(dba)2, isobutyryl chloride, and tri(tert-butyl)-
phosphine. This catalyst has been shown by Lindhardt
and Skrydstrup to set new standards with regard to
catalytic activity and functional group tolerance for sin-
gle-carbon migrations of various double bonds.32 The
examples in Scheme 2 demonstrate that the PdI dimer is
an effective catalyst for double-bond migrations in allylic
arenes (5), amides (7), ethers (9), and alcohols (11 and 13).
In each case, the catalyst loading was reduced to the
minimum effective level, in order to differentiate between
the systems. For all substrate classes, the PdI dimer com-
pared favorably even to the state-of-the-art Pd-catalyst for
single-carbon migration of the double-bond. It is also able
to move the bond over longer alkyl chains. Thus, hexanal
(14) was obtained from 5-hexen-1-ol (13) in high yield and
selectivity.
The most striking result obtained in this series of test

reactions was that allyl benzoate (3a) was cleanly con-
verted to the corresponding enol ester 4a. Using only
0.25mol%of PdI in toluene, near-quantitative conversion
to 1-propenyl benzoate (4a) was achieved within 2 h at
50 �C, with a product (E/Z)-ratio of 1:2. The only other
component detected in the reactionmixture was 2% of the

Scheme 1. Synthesis of Enol Esters via Catalytic Isomerization
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starting material 3a, which did not disappear even after a
prolonged reaction time, indicating that the equilibrium
had been reached. In view of the rich chemistry of allylic
acetate activation by palladium catalysts, it was surprising
that no trace of benzoic acid arising fromC(allyl)�Obond
cleavage was observed.34,15

Encouraged by the observation that equilibrationoccurs
so rapidly and that its position lies so far on the side of the
enol esters, we optimized the catalyst loading and reaction
conditions33 and then explored the scope of the reaction
protocol. As can be seen from the examples in Table 1, the
reaction is broadly applicable with regard both to the
carboxylate and allyl alcohol side of the esters.35

Allylic esters of electron-rich and electron-deficient aro-
matic (4a�i), heteroaromatic (4j,k), aliphatic (4l�o), and
cinnamic (4p) carboxylates were successfully converted.
A variety of functionalities including alkoxy (4c,d),

hydroxy (4g), amino (4h), nitro (4i), and keto groups
(4o) were tolerated. Even halogen-containing substrates
reacted smoothly without any indication of competing
Heck-type reactions (4e,f). In all cases, (E:Z)-ratios be-
tween 1:2 and 1:5 were obtained.
The allyl residue can be linear or branched in the

1- and/or 2-positions (4q�v). Enol esters branched in the
1-position are of considerable interest as substrates for

enantioselective hydrogenations, but because of their
limited availability, there are only few reports on such
reactions.2,36Wewere thus pleased to find that compounds
4q�u can be hydrogenated in high yields and enantiomeric
excess (Scheme 3).37 This demonstrates the viability of

Table 1. Isomerization of Allylic Esters to Enol Estersf

a [Pd(μ-Br)(PtBu3)]2 (0.50mol%). b [Pd(μ-Br)(PtBu3)]2 (2.50mol%).
cYield and (E/Z)-selectivity was determined by NMR with anisole as
internal standard. d 25 �C, 10% of other isomers. e [Pd(μ-Br)(PtBu3)]2
(1.00 mol %). fReaction conditions: Allylic esters 1a�v (1.00 mmol),
[Pd(μ-Br)(PtBu3)]2 (0.25 mol %), 2 mL of toluene, 50 �C, 16 h, isolated
yields. (E/Z)-selectivity was determined by GC.

Scheme 2. Double-Bond Migration with the PdI Catalyst33
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enantioselective syntheses via a double-bond isomerization/
asymmetric hydrogenation sequence.
In order to evaluate how the catalytically active species

may form from the PdI dimer, we calculated the standard
Gibbs free energy (ΔRG

Q) for the formation of various
Pd-hydride species using the B3LYP density functional.33

The lowest energy expenditure was calculated for the
formation of Pd hydride 19 along with the monomeric
palladacycle 20 (ΔRG

Q = 14.9 kcal/mol) (see Table S3
(Supporting Information) and Scheme 4). Since this reac-
tion proceeds via an endergonic pathway, the driving force
for the formation of 19 is the concomitant dimerization of
20 to the stable palladacycle 21 (ΔRG

Q = �18 kcal/mol).
The Pd�H complex 19 likely acts as the catalytically

active species, but because of its high reactivity, we were
not surprised to detect the oxidizeddimeric palladacycle 21
as major signal when monitoring the catalytic reaction by
1Hand 31PNMR(31PNMR:�8.6 ppm).Aminor signal at
�9.0 ppm also appeared, which might originate from an
isomer of 21. It is known that 21 can also form fromPd�H
species 18, with concomitant release of a phosphine and
hydrogen gas.38Moreover, 21may result from the decom-
position of 19 after it has achieved the double bond
migration. Another experimental result that supports
19 as the catalytically active species is that upon trapping
with tri-tert-butylphosphine, the more stable bis(tert-
butylphosphino)palladium hydride complex 18 was de-
tected (1H NMR: triplet at �15.6 ppm).28a

Starting from 19, a possible mechanism for the isomer-
ization reaction would involve an insertion of the alkene
into the Pd�hydride 19 followed by β-hydride elimination
with formation of the isomerized olefin and regeneration
of the initial Pd�hydride 19. Further mechanistic investi-
gations to elucidate the origin of the high isomerization
activity of [Pd(μ-Br)(PtBu3)]2 are underway.
In conclusion, the PdI dimer [Pd(μ-Br)(PtBu3)]2 pos-

sesses a new level of reactivity for catalyzing double
bond migrations in a wide range of unsaturated sub-
strate classes. It even catalyzes the isomerization of
allylic esters to the corresponding enol esters, which
are valuable starting materials, e.g., for asymmetric
hydrogenation.
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