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Gold salts have been recently demonstrated to be exceptionalTable 1. AuCI(PPhs)/AgSbFe-Catalyzed Formation of Highly

reagents for the activation of-€C triple bonds toward addition

of a range of nucleophiles, including,8/alcohols’ carbori? and
nitrogert nucleophiles, and carbonyl group$hese catalytic reac-
tions generally proceed under exceedingly mild reaction conditions
and with high efficiency. However, the activation of related allenes
by Au salts has been largely unexplofed-erein, | report tandem
cationic Au(l)-catalyzed activations of both propargylic esters and
the in situ generated allenylic esters, resulting in the expeditious
formation of highly functionalized 2,3-indoline-fused cyclobutanes
via sequential 3,3-rearrangement and2] cycloaddition.

During the study of the general reactivities of propargylic
carboxylates in the presence of Au salts, non-2-yn-4-yl indole-3-
acetate 1) was treated with 1 mol % of AuCI(PRfAgSbR; 8 at
ambient temperature. A clean and complete conversion was
observed in 2 h. The isolated product was identified as tetracyclic
cyclobutane? with fused 2,3-indoline ang-lactone rings and an
exocyclic E-double bond (eq 1). Th&-double bond isomer was
not observed. While the initial structural analysis relied on extensive
NMR work, this assignment was subsequently confirmed by X-ray
crystallography ofdc (Figure 1).
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The efficient formation of highly functionalized cyclobutage
from readily available propargylic estérprompted us to further
study its scope. As shown in Table 1, alkyl substitution at the indole
nitrogen was tolerated, and-methylindole-3-acetat8a reacted
smoothly to giveN-methylindoline derivativeda in good yield
(entry 1). A phenyl group at the propargylic position did not affect
the reactivity; for example, cyclobutadd was obtained in 98%
yield (entry 2). 3-Bromopropyl-substituted propargylic est&q) (
reacted smoothly in the presence of Au(l), giving cyclobutdoe
in excellent yield (entry 3). The structure 4t was verified by
X-ray crystallography. Aryl alkyn&d showed diminished reactivity,
and 10 mol % of AuCI(PP{/AgSbk was needed to drive the
reaction to completion; compounttl was obtained in 86% yield
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Figure 1. X-ray structure of cyclobutanéc.
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a2 AuCI(PPh)/AgSbFs (1 mol %) was initially added; after 6h, an
additional batch was adde®Compound4e is contaminated with an
unknown impurity.¢ Combined yield of compoundg and5.
(entry 4). More bulky substituents at either the propargylic position
(entry 5) or the alkyne terminus (entry 6) affected the reaction.
Longer reaction times and higher catalyst loadings were necessary
for the reaction oBeand3f. Cyclobutanegeand4f were obtained
in moderate to good yields. Interestingly, the treatment of &ger
with a 2-propenyl group at the propargylic position with 1 mol %
of AuCI(PPh)/AgSbF; resulted in a 1:4 mixture of the desired
cyclobutanetg and cyclopentenone derivati&e respectively (entry
7). There was no reaction with the parent propargyl indole-3-acetate
(R = R!= R?=H). When the propargylic position was substituted
with two methyl groups (R= n-Bu), the desired product was not
detected, although the starting material was completely consumed.
Surprisingly, there was no reaction with-RH, Rt = BnOCH,,
and R = n-Bu, while a complex reaction mixture was formed with
R = H, R! = n-pentyl, and R = BnOCH,.
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Scheme 1. Proposed Mechanism for the Formation of
Cyclobutane 4
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The proposed mechanism for the formation of cyclobutéaise
shown in Scheme 1. Activation of the «C triple bond in
propargylic esteB by [Au(PPh)]* promotes a 3,3-rearrangement
of the indole-3-acetoxy group, which leads to the formation of
allenylic estet6. The allene moiety 06 is further activated by the
cationic Au(l) complex, resulting in the formation of either oxonium
A with Au transto the R group orB with the opposite double
bond geometry? While A suffers A3strain,B is relatively less
strained due to the long C@p-Au bond!! Consequently, equili-
bration of A andB via allenylic ester6 would result in thermo-
dynamically favoredB as the predominant oxonium species.
Cyclobutane4 with an exocyclicE-double bond is formed via
cyclization of the oxonium group iB to the 3-position of the indole
ring, followed by intramolecular trapping of the iminium with the
alkenylgold(1)*2

This mechanism is supported by thd NMR observation of
allenylic este6f. When propargylic estedf with R? = cyclohexyl
was treated with 1 mol % of AuCI(PBAgSbF, a 1:1 inseparable
mixture of 6f and cyclobutanetf was isolated in 2 h6f was
independently prepared through Ag€htalyzed 3,3-rearrangement
of 3f (eq 2). Not surprisingly, treatment @&f with the cationic
Au(l) catalyst (5 mol %) fo 8 h gavedf in 74% yield. Remarkably,
AuCl; did not catalyze the formation dff, and extended reaction
led to the decomposition d@f. Other allenylic ester intermediates
were not observed, likely because the{2] cyclizations of these

allenylic esters were faster than the 3,3-rearrangements of the

corresponding propargylic esters. In contrééteacted with Au(l)
slower than3f due to the steric bulk of the cyclohexyl group,
resulting in the accumulation 6f and the slow formation off. It

is noteworthy that Au salts have been shown previously to catalyze

2,3-rearrangements of propargylic est& but not their 3,3-
rearrangements.

Shave

In summary, we have demonstrated that the cationic Au(l)
complex derived from AuCIl(PRWAgSbF; activates both pro-
pargylic esters and allenylic esters. Tandem Au(l)-catalyzed 3,3-
rearrangement[2 + 2] cyclizations of readily available propargylic
indole-3-acetates lead to the formation of highly functionalized 2,3-
indoline-fused cyclobutanes with high efficiency. Further studies
in utilizing this tandem process as well as the application of these
cyclobutanes in alkaloid synthesis will be reported in due course.
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The formation of oxonium speciésandB is supported by the following

observation. This result and further studies will be published soon.
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