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ABSTRACT

Propargyl carboxylates react with 1,3-dicarbonyl compounds and electron-rich arenes in the presence of Au(I) catalysts to give enol carboxylates
via r,â-unsaturated Au(I) carbenes or Au(I)-coordinated allenes formed by 1,2- or 1,3-acyl migration, respectively.

Propargyl esters1 undergo 1,2- or 1,3-acyl migration with
Au(I) complexes via intermediates2 to form highly reactive
R,â-unsaturated Au(I) carbenes3 or Au(I)-coordinated
allenes4, respectively (Scheme 1).1-3 Complexes4 are
usually depicted in a simplified form as Au(I)-coordinated
allenes4′.4 Similar pathways take place with other metal
catalysts.1,2,5,6

Carbenes3 formed by 1,2-acyl migration of1 react with
alkenes to give cyclopropanes.3b Au(I) carbenes formed from
1,6-enynes have also been trapped in cyclopropanation
reactions.7 Recently the Au(I)-catalyzed addition of electron-

rich aromatic compounds to 1,6-enynes has been reported.8

Although the main course of this reaction is the nucleophilic
attack at the cyclopropane of intermediate cyclopropyl Au-
(I) carbenes, we have observed two cases of attack to the
carbene with indole as the nucleophile.8b,9

Here we report that propargyl esters1 react with 1,3-
dicarbonyl compounds and electron-rich arenes by trapping
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of intermediates3 or 4 to give adducts5, 6, or 7 depending
on the substitution of1 (Scheme 1). This represents an atom-
economical functionalization of carbon nucleophiles under
catalytic conditions. These reactions are very different from
the addition of carbon nucleophiles to alkynes catalyzed by
Lewis acids.10

We first tested the reaction of propargyl acetate1a with
1,3-diketone12a in the presence of AuCl, AuCl3, cationic
Au(I) complex8,11aprecatalysts911d and10,11a,band cationic
Ag(I) complex 1111c (Table 1). Addition of 12a to 1a
proceeded at room temperature to give enol acetate5a with
all the gold catalysts (Table 1, entries 1-6). A mixture ofE

andZ isomers was obtained with AuCl and AuCl3 (Table 1,
entries 1 and 2), whereas cationic Au(I) catalysts provided
pureZ-5a. The reaction was faster and cleaner with complex
8 (Table 1, entries 3 and 4). With10 and Ag(I), a mixture
of 5a and the product of nucleophilic substitution1312 was
obtained (Table 1, entry 6). Reaction of1a with cationic
complex 11 or Sc(OTf)3 as catalysts gave acetylene13,
whereas with Cu(OTf)2, a mixture of13 and the product of
hydration of the alkyne (2-benzoyl-1,3-diphenylpentane-1,4-
dione) was obtained (Table 1, entries 7-9). With AgSbF6

(5 mol %), this trione was obtained in 97% yield.13

Interestingly, propargyl alcohols have been shown to react
with allylsilanes in the presence of AuCl3 and other gold
catalysts by nucleophilic substitution.14
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Table 1. Reaction of1a with 1,3-Dicarbonyl Compound12aa

entry [M] time (h) Z/E ratio
product

(yield, %)

1 AuCl 15 79:21 5a (60)
2 AuCl3 1 71:29 5a (56) + 13 (6)b

3 8 1 100:0 5a (66)
4c 8 2.5 100:0 5a (88)
5 9/Ag(I) 1 100:0 5a (50)
6 10/Ag(I) 2.5 100:0 5a (50) + 13 (36)
7 11 15.5 - 13 (21)
8 Sc(OTf)3 1 - 13 (98)
9 Cu(OTf)2 1.5 - 13 (20)d

a 5 mol % of catalyst. Ag(I)) AgSbF6. b The methyl ketone from the
hydration of13was also obtained (11%).c 2 mol % of catalyst.d The methyl
ketone from the hydration of13 was also obtained (79%).

Table 2. Reactions of1a-d with Carbon Nucleophilesa

a 5 mol % of 8. b 2 mol % of 8 and 5 mol % of Sc(OTf)3. c 2 mol %
of 8.
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Propargyl esters1a-d react with a variety of carbon
nucleophiles with catalyst8 (Table 2). In the reactions with
these substrates, which bear phenyl orgem-dimethyl sub-
stituents at the propargyl position, products of 1,2-addition
via intermediates3 were obtained. A higher yield was
obtained in the reaction of benzoate1b (Table 2, entry 2)
than that obtained with acetate1aunder identical conditions
(Table 1, entry 2). The addition ofâ-ketoester14a to 1b
had to be carried out in the presence of Sc(OTf)3 (5 mol %)
to give adduct5d in moderate yield (Table 2, entry 3). In
the reaction of1cwith indole (15), the initial product suffered
isomerization of the olefin to form5e (Table 2, entry 4),
whereas1d and15 gave a mixture of5h/5h′ (Table 2, entry
7). Z-Isomers5a-e and 5h appear to be obtained under
kinetically controlled conditions, as theirE-isomers are
slightly more stable (PM3 calculations).

Reaction of1a with 1,3,5-trimethoxybenzene (16) and
catalyst8 gave the expected product of 1,2-addition to the
gold carbene5i (44%) along with6a (6%), which corre-
sponds to a product of 1,4-addition to intermediate3 (Scheme
2). A product of this type,6b, was obtained in 76% yield

from propargyl benzoate1e using catalyst9. A product of
1,4-addition was also obtained in the reaction between1e
and keto aldehyde12c, although in this case the nucleophile
reacts at oxygen to give enol ether6c (60%).

Reactions of1e-g with diketones12a or 12d or â-ke-
toesters14b-d in the presence of8 or 9 as catalysts afford
products resulting from 1,3-acyl migration via intermediates
4 (Table 3). Addition of 5 mol % of Sc(OTf)3 or Cu(OTf)2
led to improved results withâ-ketoesters as nucleophiles.
In the reaction of1f with 12a, a 1.1:1 mixture of7d and7d′
was obtained (Table 3, entry 5) as a result of nonregiose-

lective attack of the nucleophile to4. The trans configurations
of 7a-gwere assigned on the basis of the observed olefinic
3J of 12.3-12.6 Hz.15 It is important to note that in the
presence of Sc(III) or Cu(II) as additives the major reaction
pathway is dominated by Au(I). Thus, the reaction of1g
with 14ddid not proceed with Sc(OTf)3 or Cu(OTf)2 (5 mol
%) in the absence of Au(I).
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Scheme 2

Table 3. Reaction of1a-g with Carbon Nucleophilesa

a 2 mol % of9/AgSbF6 and 5 mol % of Cu(OTf)2.b 5 mol % each of9
and AgSbF6. c 2 mol % of 8. d 2 mol % of 8 and 5 mol % of Sc(OTf)3.
Compounds7a-c and7e,f are 1.1-1.2:1 mixtures of diastereomers.

Scheme 3
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Reaction of 2-butynyl acetate (1h), with a disubstituted
alkyne, was examined with arene16 as the nucleophile
(Scheme 3). In this case, reaction with catalyst8 gave a ca.
2:1 mixture of5j and7h in a combined 59% yield.

Experiments with deuterated substrates12a-d2 and1g-d1

are shown in Scheme 4. These results are consistent with
the mechanistic hypotheses shown in Scheme 1 in which

the enol of the 1,3-dicarbonyl compound or the arene adds
to intermediates3 or 4.

Although the factors that control the regioselectivity of
the addition are still not totally understood, propargyl
carboxylates bearing phenyl orgem-dimethyl groups at C-3
lead to products5 of 1,2-addition toR,â-unsaturated Au(I)
carbenes3, whereas propargyl carboxylates with a methyl
group or no substituents at that position give adducts6 or 7.
However, substrates1a and 1h also give products of 1,2-
addition,5i and 5j, in their reactions with16 (Schemes 2
and 3), which suggests that a different mechanism takes place
in these cases.

In summary, we have found thatR,â-unsaturated Au(I)
carbenes3 or Au(I)-coordinated allenes4 formed from
propargyl esters are trapped by 1,3-dicarbonyl compounds
and electron-rich arenes. This is a simple procedure for the
formation of functionalized enol carboxylates under mild
conditions. It is worth noting that in contrast with oxophilic
Lewis acids that lead to nucleophilic substitution with
propargyl carboxylates Au(I) promotes the nucleophilic
addition to these substrates.
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