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Abstract: Palladium-catalyzed acylation of allylic trifluo-
roacetates (2) using acylstannanes (1) is reported. The
reaction serves as a complementary method to the previously
reported acylation with acylsilane (4). In particular, the
reaction is profitable in the acylation of unsubstituted allyl
trifluoroacetate (2a) and benzoylation of allylic trifluoro-
acetates to afford synthetically useful â,γ-unsaturated ke-
tones (3) in good yields without undesirable isomerizations.

The palladium(0)-catalyzed nucleophilic substitution
of allylic esters has been widely applied in organic
synthesis, since it is one of the most efficient methods
for C-C, C-N, and C-O bond formation.1 As nucleo-
philes, stabilized carbanions,2 enolates,3 organotin re-
agents,4 and nitrogen nucleophiles5 can be successfully
employed in the reaction.

On the other hand, acylation of allylic esters must be
a potent method for synthetically useful â,γ-unsaturated
ketones.6 However, due to the electrophilic nature of the
carbonyl functionality, generation of nucleophilic acyl
species is usually difficult. Therefore, fewer examples of
such allylic acylations have been reported.7,8 For example,
acylzirconocene chloride7a and chromium carbene com-

plexes7b have been employed as acylation reagents in
palladium complex catalyzed acylation of allylic acetates
or bromides. Unfortunately, these reactions gave acyla-
tion products as a mixture of regioisomers.

Recently, we reported the palladium complex catalyzed
acylation of allylic trifluoroacetates (2) with acylsilanes
(4) (eq 1).8 The reaction affords â,γ-unsaturated ketones

(3) in good yields. For the acylation reaction, we postu-
lated by DFT calculation that the high-lying HOMO of
49 is crucial as well as the low-lying LUMO of η3-
allylpalladium trifluoroacetate intermediate (6).8 In most
cases, 4 functions as a good acylation reagent. In the
reaction, however, there are two drawbacks as a synthetic
method. First, benzoyl functionality is introduced to
allylic positions in only low yields (20-40%). Second, the
acylation of unsubstituted allyl trifluoroacetate (2a) does
not provide the corresponding â,γ-unsaturated ketones
selectively: undesirable isomerization to R,â-unsaturated
isomers (5) inevitably occurs. To overcome these draw-
backs, we focused on acylstannane (1) as the acylation
reagent. So far, 1 has been employed as an acylation
reagent for organohalides,10a acid chlorides,10b and R,â-
unsaturated carbonyl compounds.10c Furthermore, acyl-
stannylations of alkynes11a and dienes11b,c with 1 have
been reported by Shirakawa and Hiyama et al. In the
present paper, we report a palladium-complex catalyzed
acylation of 2 with 1 (eq 2), which serves as a comple-
mentary method to the acylation with 4.

First, we carried out DFT calculations (B3LYP/
LANL2DZ) on MeCOSnMe3 as a model compound, since
molecular orbital calculations on 1 have not been re-
ported. The result is shown in Figure 1. The HOMO of
MeCOSnMe3 (Figure 1a) resembles that of MeCOSiMe3

(Figure 1b) very much, which consists of a strong mixing
of the M-CO (M ) Si or Sn) σ-orbital and the localized
oxygen lone pair.12 Furthermore, it is noteworthy that
the DFT calculation indicates the acylstannane has much
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higher HOMO energy (-5.950 eV) than the acylsilane
(-6.219 eV). Therefore, we expect 1 could be a more
promising acylation reagent in the palladium-complex
catalyzed allylic acylation.

The acylation of 2 with 1 was carried out in the
presence of a catalytic amount (5 mol %) of Pd(OCOCF3)2

(Table 1). When an equimolar mixture of benzoyl(tri-
methyl)stannane (1a) and unsubstituted allyl trifluoro-
acetate (2a) was subjected to the acylation reaction, the
corresponding â,γ-unsaturated ketone (3a) was obtained
in 76% yield selectively at room temperature (entry 1).
As mentioned above, the acylation of 2a with 4 only
afforded R,â-unsaturated ketones (5) via undesirable
isomerization, and benzoylation with benzoyl(trimethyl)-
silane (4a) provided products in low yields.8 Actually,
when 4a was used in place of 1a in entry 1, almost no
reaction occurred at room temperature, while at 70 °C
only the corresponding (E)-R,â-unsaturated ketone (5a)
was obtained in 36% yield (eq 3). Furthermore, 2a
successfully reacted with alkanoylstannane (1b) and
benzoyl(tributyl)stannane (1c) to afford 3b and 3a,
respectively, without the isomerization (entries 2 and 3).
As for the benzoylation, unlike 4a, 1a reacted with 2b

and 2c smoothly at room temperature to afford 3c and
3d selectively in good yields, respectively (entries 4 and

5). In contrast, when 4a was used in place of 1a in entry
4, no reaction occurred at room temperature and at 70
°C 3c was obtained as a mixture of E/Z stereoisomers in
26% yield.8 Thus, as expected, 1 is much more proficient
than 4 to realize the acylation at lower temperature,
which prevents the undesirable isomerization (â,γ/R,â
and E/Z) to afford the product in higher yield.13

In the acylation using 1, observed catalytic activity of
each catalyst precursor and effect of the leaving group
of the allylic esters were very similar to the acylation
using 4.8 In entry 4, Pd(OCOCF3)2 as the catalyst
precursor gave the best yield of 3c (63% by GLC). Other
palladium, platinum, or nickel complexes showed lower
catalytic activity under the same reaction conditions as
entry 4: the yield of 3c was 54% with Pd(DBA)2, 48%
with Pd(OCOCH3)2, 33% with [Pd(η3-C6H5CHdCHCH2)-
(CF3COO)]2, and trace with Pt(C2H4)(PPh3)2. The catalyst
precursors such as Pd(η3-C6H5CHdCHCH2)(CF3COO)-
(PPh3), Pd(PPh3)4, PdBr2(COD), and Ni(COD)2 did not
provide 3c at all. As for the leaving group of the allylic
esters, the trifluoroacetates gave the best yields, whereas
no acylation product was obtained with the corresponding
acetates, methyl carbonates, and trichloroacetates. As the
solvent, THF gave the best yield, and toluene could be
used similarly. All these features observed with 1 are
very reminiscent of the acylation with 4, suggesting
reaction mechanism of these two acylation reaction would
be very similar having analogous catalytic cycles, which
consists of oxidative addition of 2 to palladium(0) species,
transmetalation of η3-allylpalladium trifluoroacetate (6)
with 1, and finally reductive elimination of (η3-allyl)-
acylpalladium intermediate to afford 3 and regenerate
the catalytic species. By analogy to the acylation with
4,8 it might be conceivable that the high-lying HOMO of

(13) When the reaction of 2a with 1a was carried out at 70 °C
instead of room temperature under otherwise the same reaction
conditions as entry 1, all the â,γ-isomer (3a) was isomerized to the
R,â-isomer (5a).

FIGURE 1. HOMOs of optimized (a) MeCOSnMe3 and (b) MeCOSiMe3 by B3LYP/LANL2DZ.

TABLE 1. Palladium Complex Catalyzed Acylation of
Allylic Trifluoroactatesa

a Conditons: 1 (0.50 mmol), 2 (0.50 mmol), Pd(OCOCF3)2 (0.025
mmol), and THF (0.25 mL) at room temperature for 8 h. b Isolated
yields. The number in parentheses show GLC yield determined
by the internal standard method. c The reaction was carried out
at 50 °C.
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1 (vide supra) facilitates the HOMO-LUMO interaction14

with the low-lying LUMO of 6,8 which would be crucial
in the catalytic cycle.

In conclusion, the acylation of 2 with 1 is found to be
complementary to the acylation with 4. In particular, the
reaction with 1 is profitable in the acylation of the
unsubstituted allyl trifluoroacetate (2a) and benzoylation
of 2 to afford â,γ-unsaturated ketones in good yields
without the isomerization.

Experimental Section

Materials. The reagents and the solvents were dried and
purified before use by the usual procedures.15 The following
catalyst precursors and complexes were prepared by the pub-
lished methods: Pd(OCOCF3)2,16a Pd(DBA)2,16b-c Pd(OCOCH3)2,16d

[Pd(η3-C6H5CHdCHCH2)(CF3COO)]2,16e Pd(η3-C6H5CHdCH-
CH2)(CF3COO)(PPh3),16e Pd(PPh3)4,16f PdBr2(COD),16g Ni(COD)2,16h

and Pt(C2H4)(PPh3)2.16i Acylstannanes 1 were prepared according
to the published methods.17 Allylic trifluoroacetates (2) were
obtained with the corresponding alcohols.8 The acylation prod-
ucts (3a-c18a-c and 5a18d) were identified by comparing their
spectra with the reported data.

Analytical and Computational Procedures. All manipu-
lations were performed under argon atmosphere in conventional
Schlenk-type glasswares on a dual-manifold Schlenk line. NMR
spectra were recorded at 400 MHz (1H) and 100 MHz (13C). The
GC analysis was made on a chromatograph equipped with an
integrator with a column (3 mm i.d. × 3 m) packed with silicon
OV-17 (2% on Uniport HP, 60/80 mesh) or Apiezon Grease

L (5% on Uniport HP, 60/80 mesh). Elemental analysis was
performed at the Center for Instrumental Analysis of Hokkaido
University. Molecular orbital calculations were performed with
the Gaussian 9819 package on an HP Exemplar V2500 at the
Computing Center of Hokkaido University.

Acylation Procedure. A typical procedure is described for
the synthesis of 3c. A mixture of 1a (121 mg, 0.50 mmol), 2b
(115 mg, 0.50 mmol), Pd(OCOCF3)2 (8.0 mg, 0.025 mmol), and
THF (0.25 mL) with a magnetic stirring bar was placed under
an argon flow in a 20 mL round-bottomed flask. The reaction
mixture was stirred for 8 h at room temperature. After the
reaction, the whole mixture was passed through a short silica
gel column (8 mm i.d. × 50 mm) to afford a clear yellow solution.
GLC analysis on the Apiezon Grease L with bibenzyl as an
internal standard showed 3c was formed in 63% yield. The
product (3c)18c was isolated as a white solid in 50% yield by
column chromatography (silica gel with hexane/EtOAc ) 9/1).

3d: colorless oil; 120 °C (pot)/0.5 mmHg; 1H NMR (CDCl3) δ
1.55-1.57 (m, 6H), 2.14-2.22 (m, 4H), 3.71 (d, J ) 7 Hz, 2H),
5.38 (t, J ) 7 Hz, 1H), 7.42-7.50 (m, 2H), 7.52-7.58 (m, 1H),
7.95-8.00 (m, 2H); 13C NMR (CDCl3) δ 26.69 (CH2), 27.49 (CH2),
28.37 (CH2), 29.13 (CH2), 37.06 (CH2), 37.63 (CH2), 112.81 (CH),
128.36 (CH), 128.52 (CH), 132.92 (CH), 136.78 (C), 143.41 (C),
198.81 (C); IR (neat, cm-1) 1686 (νCdO); MS (relative intensity)
m/z 214 (M+, 3), 106 (7), 105 (100), 77 (36); HRMS cacld for
C15H18O 214.1358, found 214.1357.
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