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ABSTRACT

The Pd-catalyzed addition of organozinc reagents to unsaturated carbonyls in the presence of carbon monoxide provides 1,4-diketones in
good yield. The reaction was studied with a number of substituted cyclic and acyclic ketones as well as r,�-unsaturated aldehydes.

The catalytic conjugate addition of organometallic nucleo-
philes to unsaturated carbonyls is an important method for
organic synthesis. In this regard, successful catalytic addition
reactions have been registered for a broad range of nucleo-
philes, be they aryl-, vinyl-, alkyl-, or acetylide-based
reagents.1 The conjugate addition of acyl anions represents
a special class of transformations since these nucleophiles
are often unstable and are therefore generated in situ during
the course of a reaction.2 The Stetter3 and silyl-Stetter4

reactions are two important strategies to accomplish the
disonant bond connection that conjugate addition of an acyl
anion to an unsaturated carbonyl achieves. While remarkable
advances have been documented in both of these acyl anion
addition strategies, complementary strategies that expand the
substrate scope would prove valuable. In this regard, we have
begun to study the catalytic carbonylative addition of simple
organometallic reagents to enones, and this report describes
our initial findings.5,6

Recent studies in our laboratory have focused on the
catalytic enantioselective addition of allylboron reagents to
unsaturated carbonyls.7 These reactions are postulated to
proceed by oxidative addition of Pd(0) or Ni(0) to a Lewis
acid-activated enone (1 to 2, Scheme 1) followed by
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transmetalation (2 to 3) and reductive elimination. The
intermediacy of Pd π-allyl complexes in this catalytic cycle
provides an opportunity for bond formation that is not often
observed in catalytic conjugate addition reactions.8 Indeed,
Orito and co-workers reported that the carbonylative con-
jugate addition of benzylzinc chloride to enones occurs in
the presence of Pd catalysts, and they have suggested that
the reaction may proceed by a CO insertion that occurs with
an intermediate similar to 3.9 Unfortunately, this process is
restricted to unsubstituted enones; for those possessing a �
substituent, significantly diminished reaction yields were
observed. In this paper, we document our studies on this
reaction and describe improvements that render it operative
with many unsaturated carbonyl substrates.

Our initial investigations focused on the addition of simple
alkyl metal reagents to enones under carbonylative condi-
tions. With conditions similar to those laid out by Orito
(catalytic Pd(PPh3)4 in the presence of TMSCl and LiCl) but
employing Et2Zn in place of benzylzinc chloride, we found
that the carbonylative conjugate addition of chalcone pro-
ceeds efficiently, even though the enone bears a substituent
at the �-carbon (Table 1, entry 1). Notably, the reaction yield

improved when LiCl was omitted, and it could be improved
even further by employing Pd2(dba)3/PCy3 or Pd2(dba)3/PPh3

as the catalyst. Also of note, Ni(cod)2/PCy3 and Pt(dba)3/PCy3

were ineffective at the carbonylative conjugate addition with
the former not delivering any product at all and the latter only
yielding the direct conjugate addition product. Similarly, a
survey of other Lewis acids (BF3·OEt2, Sc(OTf)3, TiCl2(iOPr)2)
was unproductive with these promoting the direct noncarbo-
nylative conjugate addition of the ethyl group to the enone.10

In the absence of any Lewis acid at all, the reaction did not
occur (Table 1, entry 3). Surprisingly, the quantity of organo-
metallic reagent could be reduced with 0.65 equiv of Et2Zn
being sufficient for effective reaction (entry 8). Lastly, the
quantity of the catalyst could be reduced with as little as 0.25
mol % of Pd2(dba)3 furnishing excellent yields of carbonylative
conjugate addition product (entries 6 and 7).

With efficient conditions established, the influence of the
enone substitution was examined. Both Pd2(dba)3/PCy3 and
Pd2(dba)3/PPh3 were studied as catalysts, and it was found
that, in addition to chalcone, other aryl-substituted enones
also undergo efficient carbonylative conjugate addition
(entries 1 and 2). While the data in entries 4 and 5 suggest
that electron-donating and electron-withdrawing groups are
both tolerated and ultimately lead to similar reaction yields,
a significant rate difference can be observed if conversions
are measured at 1 h (data not shown) with the 4-methoxy-
substituted enone affording 28% conversion and the 4-car-
bomethoxy derivative achieving 97% conversion.11 Notably,
aryl substitution is not a requirement as 2-penten-3-one reacted
in excellent yield (entry 8). Importantly, cyclic substrates were
also found to be effective. The example with cyclohexenone
(entry 10) is particularly noteworthy. Orito reported that
cyclohexenone undergoes carbonylative conjugate addition in
22% yield with benzylzinc chloride;7 however, with the
improved conditions described above, good yields of carbonyl-
ative addition product are obtained. Lastly, a sterically encum-
bered 4,4-disubstituted enone also afforded the desired product,
although a higher catalyst loading was required for the reaction
to be completed in less than 24 h (Table 2, entry 11). Note that
in entry 11 an increased amount of Et2Zn was employed to
account for the fact that carbonylative addition to dba is
generally observed and was expected to be more problematic
at higher catalyst loadings.

To further broaden the substrate scope, R,�-unsaturated
aldehydes were subjected to the reaction. With the optimized
reaction conditions described above, the carbonylative
conjugate addition product derived from nonenal was not
produced, but rather a compound tentatively assigned as aldol
adduct 5 (Scheme 2). It was considered that 5 might arise
from a pathway involving conversion of nonenal to 4 and
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Scheme 1

Table 1. Effect of Reaction Conditions on Carbonylative
Conjugate Additions to Chalconea

entry catalyst ligand additive % yield

1 5% Pd(PPh3)4 TMSCl + LiCl 70
2 5% Pd(PPh3)4 TMSCl 82
3 5% Pd(PPh3)4 N.R.
4 2.5% Pd2(dba)3 PPh3 TMSCl 85
5 2.5% Pd2(dba)3 PCy3 TMSCl 82
6 0.25% Pd2(dba)3 PPh3 TMSCl 86
7 0.25% Pd2(dba)3 PCy3 TMSCl 86
8 2.5% Pd2(dba)3 PCy3 TMSCl 83b

9 5% Ni(cod)2 PCy3 TMSCl N.R.
10 5% Pt(dba)3 PCy3 TMSCl 0
a Reaction with 1.3 equiv of Et2Zn, 2.3 equiv of TMSCl, 1 atm of CO,

4 h. After completion of the reaction, the mixture was quenched at 0 °C
with acetic acid (1.5 equiv) and TBAF (1.5 equiv) for 10 min and then
treated with saturated Na2CO3. b Reaction with 0.65 equiv of Et2Zn.
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that this trimethylsilyl enol ether might be reactive enough
to undergo a Mukaiyama-aldol reaction12 with unreacted
nonenal in the presence of zinc salts. To minimize this side
reaction, TESCl was used as the additive in the carbonylative
addition. This strategy afforded the 1,4-dicarbonyl com-
pounds in good yields (Table 3).

Employing TESCl instead of TMSCl as the additive, R,�-
unsaturated aldehydes were examined in the carbonylative

Table 3. Catalytic Carbonylative Conjugate Addition of Et2Zn
to R,�-Unsaturated Aldehydesa

a Reaction with 1.3 equiv of Et2Zn, 2.3 equiv of TMSCl, 1 atm CO; 4 h
for entries 1 and 2; 20 h for entries 3 and 4; 24 h for entries 5 and 6. After
completion of the reaction, the mixture was quenched at 0 °C with acetic
acid (1.5 equiv) and TBAF (1.5 equiv) for 10 min and then treated with
saturated Na2CO3. b Quench (footnote a) was omitted from this reaction.
c A 2:1 mixture of olefin isomers was obtained.

Table 2. Carbonylative Conjugate Addition of Et2Zn To
R,�-Unsaturated Ketonesa

a Reaction with 1.3 equiv of Et2Zn, 2.3 equiv of TMSCl, 1 atm of
CO, 4 h (7 h for entry 4; 24 h for entry 11). After completion of the
reaction, the mixture was quenched at 0 °C with acetic acid (1.5 equiv)
and TBAF (1.5 equiv) for 10 min and then treated with saturated Na2CO3.
b Yield adjusted to account from unremovable impurity (ca. 10%). c 10%
Pd2(dba)3, 24% ligand, and 1.95 equiv of Et2Zn employed.

Scheme 2
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conjugate addition. As shown in Table 3, �-substituted enals
are converted to the 1,4-addition product in good yields. With
substitution at the R-carbon, protodesilylative workup fur-
nished a 1:1 mixture of stereoisomeric compounds. However,
with a neutral workup (entry 3), the derived enol silyl ether
could be obtained as a single stereoisomer and was found to
be in the E configuration by NOE analysis. Interestingly,
with two substituents at the �-carbon of the enal, the product
of 1,2-carbonylative addition was generated in preference
to the 1,4-product. With TESCl, the product was isolated in
lower yields (41% for entry 4), but this was easily remedied;
use of more Lewis acidic Ph3SiCl provided the carbonylative
addition product in excellent yield, but for entry 5 as a
mixture of olefin stereoisomers. Lastly, benzaldehyde was
examined and found to be unreactive, an observation that
suggests a role for R,� unsaturation even in transformations
that furnish the 1,2 addition product.13

To ascertain whether the carbonylative conjugate addition
reaction is limited to Et2Zn, we examined the reaction with
i-Pr2Zn (Scheme 3). This reaction provided comparable yields
as the reaction with Et2Zn, without requiring increased
catalyst loading. Similar to the reaction with Et2Zn, the use
of 0.65 equiv of the diisopropylzinc sufficed for an effective

reaction (72% yield), a feature that may be significant when
more precious reagents would be required.

In conclusion, the Pd(0)-catalyzed carbonylative conjugate
addition of organozinc reagents to R,�-unsaturated carbonyl
compounds is an efficient reaction and accomplishes a
transformation that can otherwise require multiple synthesis
steps. Further efforts to broaden the scope of this reaction
are currently ongoing and will be reported in due course.
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