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ABSTRACT

Anovel protocol for the highly stereoselective synthesis ofE,E-r,β,γ,δ-unsaturated dicarbonyl compounds is presented. Starting from the readily
available allylic alcohols and 1,3-diketones, an array of E,E-r,β,γ,δ-dienones can be efficiently synthesized in high yields via Pd-catalyzed
dehydrative allylation, H-migration, and aerobic oxidative δ-hydride elimination cascade. In addition to the novel reaction mechanism, the use of
1:1 allylic alcohol and 1,3-diketone as reactant, 5 mol % of PdCl2 as catalyst, and 1 atm of environmentally benign O2 as oxidant, as well as the
generation of only H2O byproduct, makes this protocol rapid, simple, atom-efficient, and clean.

R,β,γ,δ-Unsaturated carbonyl compounds are impor-
tant synthetic intermediates in awide spectrumof chemical
transformations. They are versatile precursors for 1,6- or
1,4-addition,1 Diels�Alder reaction,2 cycloaddition,3 and
so forth. The most popular methods for the synthesis of
R,β,γ,δ-dienones relied mainly on the Knoevenagel con-
densation of R,β-unsaturated aldehyde with methylene

active compound4 and Horner�Wadsworth�-Emmons
olefination (HWE) of R,β-unsaturated phosphate with
aldehyde.2 However, the reactions of the corresponding
ketone substrates were sluggish or producedMichael addi-
tion byproduct. Recently, some elegant protocols for the
synthesis of R,β,γ,δ-dienones via the Pd-5 and Rh-
catalyzed6 direct cross-coupling of alkenes and acrylates
have been reported (eq 1). However, a relatively high Pd
catalyst loading (10�20 mol %) and inorganic salt as co-
oxidants were required. Consequently, effective protocols
for the synthesis of highly substituted (eq 2, R1 6¼ H)
R,β,γ,δ-dienone derivatives are very rare.

To overcome this problem, we have initiated an inves-
tigation into the development of a novel protocol for the
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synthesis of polysubstituted R,β,γ,δ-unsaturated dicarbon-
yl compounds. Herein, we disclose that, starting from
readily available allylic alcohols7 and 1,3-dicarbonyl
compounds (eq 2), the synthesis of R,β,γ,δ-unsaturated
dicarbonyl compounds bearing substituents (R1 6¼ H) in the
inner double bond could be achieved not only in high yields
but also in E,E-form of selectivity via PdII-catalyzed tan-
dem reactions, involving the dehydrative allylation,
H-migration, and aerobic oxidative δ-hydride elimination.
Moreover, the reaction proceeded smoothly in the presence
of only 1:1 ratio of reactants, 5 mol % of PdCl2 catalyst,
and 1 atm of environmentally benign O2 oxidant. In
addition, only H2O was generated as byproduct. These
advantanges make the new protocol highly efficient in
terms of atom-economic and environmental impact.8 To
the best of our knowledge, such a novel protocol has not
been reported.
The initial synthetic strategy is illustrated in Scheme 1.

Based on our recent experiences on Pd-catalyzed allyla-
tion reaction of heteroarenes and allylic acetates,9 as
well as other reports on the Lewis acid-catalyzed allylic
substitutions,10�13 we assumed that the Pd cation-
catalyzed allylation of allylic alcoholA and 1,3-dicarbo-
nyl compounds B would occur to afford C. Its tautomer
D undergoes oxidative hydride elimination via the alkene-
Pd coordination (E), C�Pd bond formation (F), and β-
hydride elimination to produce the R,β,γ,δ-unsaturated
carbonyl compound G.

On the basis of the proposed mechanism, we screened
the reaction parameters using allylic alcohol 1a and 1,3-
diketone 2a as a model reaction (Scheme 2). Some im-
portant information was obtained after numerous experi-
ments. Namely, the reaction is dramatically influenced by
the basicity of the reaction system.We found that the PdII-
catalyzed allylation of 1a and 2a proceeds smoothly to
provide the allylated product 3a in the absence of base but
was suppressed completely when base was present. In con-
trast, base was indispensable for the formation of R,β,γ,
δ-dienone 4a from 3a. In addition, the conversion of 3a to
4a is accelerated remarkably by O2 as compared to that
under air and N2 atmosphere.

To clarify the reasons,we carriedout somecontrol experi-
ments. The results revealed that in contrast to our initially
proposed mechanism (Scheme 1), 3a was indeed converted
to dienol 5 very rapidly in the presence of base in almost
quantitative yield. The structure of 5 was unambiguously
determined by NMR and X-ray single-crystal analyses
(see Scheme 2).14 Treatment of 5 in the presence of PdII

and 1 atm of O2 afforded E,E-R,β,γ,δ-unsaturated dicar-
bonyl compound 4a as a single stereoisomer whose struc-
ture was also clearly demonstrated by NMR and X-ray
single-crystal analyses (see Scheme 2).14 These results

Scheme 1. Tentatively Proposed Mechanism for the PdII-
Catalyzed Synthesis of R,β,γ,δ-Dienones

Scheme 2. Real Pathway for the PdII-Catalyzed Synthesis of
R,β,γ,δ-Dienones
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suggested that the real pathway for the formation of 4a from
3a proceeds indeed via a base-mediated enolization and 1,3-H
migration to form 5, followed by a PdII-catalyzed aerobic
oxidative δ-hydride elimination.

With thesekey reactionparameters aswell as the reaction
mechanism established, our efforts were devoted to
optimizing the reaction conditions aimed at realizing the
synthesis of R,β,γ,δ-unsaturated carbonyl compounds via
a one-pot operation.Here, the key relies on an appropriate
combination of catalyst, oxidant, and base that enables the
tandem transformations to proceed efficiently without
affecting the activity of the catalysts. Table 1 summarized
some representative results. Extensive trials showed that
PdCl2 (10 mol %) was a highly active catalyst, affording
the desired product 4a in 51% yield in the presence of 1:1
molar ratio of 1a and 2a (Table 1, entry 1). In addition, a
trace amount of furan derivative 6awas formed (Scheme 2).
A screening of solvents (entries 1�3) and bases (entries 1, 4,
and 5) indicated thatDMFandK2CO3were better options.
Further optimization toward lowering the catalyst load-
ing revealed that, by adding 4 Å molecular sieves, the
yield of 4a could be improved to about 60% even by
decreasing the catalyst loading from 10mol% to 5 mol%
(entries 6 vs 7). Thus, the optimized conditions for the
synthesis of 4a via the tandem procedure was a 1:1 molar
ratio of 1a and 2a, 5 mol % of PdCl2 catalyst, O2 at
1 atm, and 4 Å MS (ca. 30 wt %) in DMF at 100 �C for
2 h, and then the reaction vessel was recharged in situ
with K2CO3 (0.5 equiv) and further heated under an O2

atmosphere at 1 atm for an additional 8 h. Under these
conditions, 4awasobtained in 59% isolated yield (entry 7). It
should be mentioned that the moderate yield for 4a resulted
from the multitime column purification to remove the small
amount byproduct 6a. Thus, this protocol represents an
efficient method for the synthesis of highly substituted
R,β,γ,δ-unsaturated dicarbonyl compounds in terms of the
simple, rapid, clean, and atom-economic reaction process as
well as the formation of only H2O as byproduct.

Having established the optimized conditions, we exam-
ined the general applicability of this protocol. An array of
allylic alcohols reacted smoothlywith the alkyl-substituted
1,3-diketone 2a to afford the desired R,β,γ,δ-unsaturated
dicarbonyl compounds. As shown in Figure 1, allylic alco-
hols substituted by simple phenyl groups reacted well with
2a to give 4a and 4b in good isolated yields. The fused
aromatic systems such asR- andβ-naphthyl substituents are
also tolerated, delivering 4c and 4d in 74% and 71% yields,
respectively. In addition, substrates either with electron-
deficient Br and NO2 or with electron-rich OMe functional
groups in thephenyl ringperipheryare alsoviable substrates
as seen from the high yields of the corresponding products
4e�h, although allylic acetate was shown to be more ef-
ficient for the allylation reaction of NO2-substituted sub-
strate (4f). Interestingly, bromides, which arewell-known to
be good leaving groups in Pd-catalyzed cross-couplings,
remain intact under the reaction conditions. Moreover, the
method is also applicable to acetyl acetate 2b, affording the
desired product 4i/4i0 (E/Z=1.4/1) in 74%yield. Finally, it
should also bementioned that themethod exhibits excellent
stereoselectivity with the R,β,γ,δ-diene moiety in the pro-
ducts assigned to be E,E.
Next, we extended the method to aryl 1,3-diketones as

represented by 7a and 7b (Figure 2). It was found that
various allylic alcohols decorated by simple phenyl (8a�d),

Table 1. Optimization of the Reaction Conditions for the One-
Pot Synthesis of 4aa

entry

catalyst

(% mol) additive solvent

t1/t2
b

(h)

yieldc

(%)

1 PdCl2 (10) K2CO3 DMF 2/10 51

2 PdCl2 (10) K2CO3 dioxane 10/24 traced

3 PdCl2 (10) K2CO3 toluene 9/24 trace

4 PdCl2 (10) KHCO3 DMF 2/16 54

5 PdCl2 (10) K3PO4 DMF 2/20 49

6 PdCl2 (10) K2CO3 /4 Å MS DMF 2/6 61e

7 PdCl2 (5) K2CO3 /4 Å MS DMF 2/8 59e

aReaction conditions: allylic alcohol 1a (0.5 mmol), 1,3-diketone 2a
(0.5mmol, 1.0 equiv),O2 at 1 atm, andPdCl2 catalyst in solvent (3mL) at
100 �C; then base (0.5 equiv) was recharged in stiu and heated at 100 �C.
b t1 and t2 stand for the reaction time for the formation of 3a from 1a and
2a and the subsequent formation of 4a from 3a, respectively. cThe yield
of 4a was determined by 1H NMR spectroscopy because of the con-
tamination of a small amount of furan byproduct 6a (Scheme 2).
dMonitored by TLC. e Isolated yield. Figure 1. Synthesis of various R,β,γ,δ-dienones from alkyl 1,3-

dicarbonyl compounds. aReaction conditions: allylic alcohol 1
(0.5 mmol), 1,3-diketone 2 (0.5 mmol, 1.0 equiv), O2 at 1 atm,
and PdCl2 (5mol%) inDMF (3mL) at 100 �C; thenK2CO3 (0.5
equiv) was recharged in situ and heated at 100 �C; isolated yield.
bt1 and t2 stand for the reaction time of allylation and dienone
formation, respectively. cDienone formation was carried out at
60 �C. dThe corresponding allylic acetate was used for allylation
in CH2Cl2 catalyzed by Cu(OTf)2, and dienone formation was
carried out in DMF at 60 �C catalyzed by PdCl2.
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fused naphthyl (8e�g), as well as electron-deficient and
rich aryl groups (8h�k), underwent smooth transforma-
tion to afford the desired products both in high isolated
yields andE,E-formof selectivity. In addition, the labile Br
substituent in the phenyl ring is also tolerated (8h).
Finally, to probe the utility of the polysubstituted

R,β,γ,δ-unsaturated dicarbonyl compounds, the synthesis
of 2,3,4,6-substituted pyridine derivatives was performed.
As shown by several representative results in Scheme 3, 4a
and 4c can be converted smoothly to the densely substi-
tuted pyridines 9a and 9c by simply heating with ammo-
nium acetate in EtOH. In addition, N-alkyl-substituted
1,4-dihydropyridine derivatives, 10a, for example, can also
be readily obtained. These results provide an efficient
pathway for the construction of highly substituted N-
heterocycles,which are valuable structuralmotifs in nature

yet hard to synthesize. It should also be mentioned that,
although the detailed results deserve further study, a
preliminary observation showed that compounds 9 and
10, whose structures feature a large delocalized system,
exhibit interesting photoluminescent properties depending
on the size of delocalization. These observations suggested
that the polysubstituted pyridine derivatives can be poten-
tially used as fluorescent probes or materials.

In summary, we have developed a novel and efficient
protocol for the synthesis of E,E-R,β,γ,δ-unsaturated di-
carbonyl compounds via the Pd-catalyzed tandem proce-
dure involving allylation, H-migration, and aerobic
oxidative δ-hydride elimination. Themechanismwas elab-
orated by NMR and single X-ray analysis. In addition
to the novel reaction mechanism, this method is atom-
efficient, operationally rapid and simple, clean, and highly
stereoselective and, therefore, would find extensive appli-
cations owing to the great importance of polysubstituted
R,β,γ,δ-dienone derivatives in numerous chemical trans-
formations. The preliminary application of the polysub-
stituted R,β,γ,δ-unsaturated dicarbonyl compounds has
been elaborated by the construction of densely substituted
pyridine derivatives. Investigations into the full substrate
scope of this reaction, as well as the further downstream
transformation aimed at investigating the relationship
between the structure and luminescent properties are
currently underway.
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Figure 2. Synthesis of various R,β,γ,δ-dienones from aryl 1,3-
dicarbonyl compounds. aReaction conditions: allylic alcohol 1
(0.5 mmol), 1,3-diaryl diketone 7 (0.5 mmol, 1.0 equiv), O2 at
1 atm, and PdCl2 (5 mol %) in DMF (3 mL) at 100 �C; then
K2CO3 (0.5 equiv) was recharged in situ and heated at 100 �C;
isolated yield. bt1 and t2 stand for the reaction time of allylation
and dienone formaion, respectively. cThe dienone formation
was carried out at 60 �C. dThe corresponding allylic acetate was
used for allylation in CH2Cl2 catalyzed by Cu(OTf)2, and
dienone formation was carried out in DMF at 60 �C using
PdCl2 as catalyst.

Scheme 3. Efficient Synthesis of Densely Substituted Pyridine
Derivatives from R,β,γ,δ-Unsaturated Dicarbonyl Compounds
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