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ABSTRACT

We have developed an expedient method for the synthesis of polycyclic compounds from propargyl acetates or vinyl allenes involving up to
three Au(I)-catalyzed elemental steps: 3,3-rearrangement, metalla-Nazarov reaction, and electrophilic cyclopropanation. The reaction procee ds
under very mild conditions and in short times. The mechanism has been studied by DFT computations.

Gold and platinum salts are exquisite catalysts that activate
alkynes, alkenes, and allenes toward nucleophilic attack.1 In
that respect, vinyl allenes are converted into five-membered
ring systems, presumably via complexation of the allene

moiety and subsequent Nazarov-like cyclization2 leading to
a cyclopentenylidene intermediate (Scheme 1, eq I). Cyclo-

pentadienes are finally obtained via 1,2-hydride migration
(R ) H, R′ ) aryl, alkyl).3 Alternatively, CH insertion (R
) R′ ) Me)3b or intramolecular nucleophilic addition of an
alkoxy group (R ) Me, R′ ) (CH2)2OH)3c has been
observed. Cyclopentadienylic acetate (or cyclopentenone
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Scheme 1. Trapping of Cyclopentenylidene Complexes
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after hydrolysis) was also formed via Au(I)-catalyzed 3,3-
rearrangement of enynyl acetates, Nazarov reaction, and
1,2-H migration (eq III).3a,4,5

We anticipated that cyclopentenylidenegold species could
be trapped by carbon-carbon double bonds.6 If successful,
metalla-Nazarov cyclization followed by intramolecular
electrophilic cyclopropanation would give rise to highly
valuable polycyclic compounds in a single operational step
(eq II). Our initial attempts using precursor1 were dis-
appointing, with complex mixtures being systematically
obtained using both Au(I) and Au(III) catalysts (Table 1).

On the other hand, acetates2a-c gave promising results;
although AuCl3 failed to convert2a (entry 1), the desired
tricyclic compound3a7 admixed with cyclopentadienylic

acetate4a (1.9:1 ratio) was obtained in 44% total yield when
2 mol % of ClAu(2-biphenyldicyclohexylphosphine)68 and
AgSbF6 were used (entry 2). We next reacted compound2b,
which displays a methyl group at the internal position of
the 1,3-enyne framework. Whereas AuCl3 still proved poorly
efficient (entry 3), a quantitative yield was obtained with a
catalytic mixture of6 and AgSbF6 (entry 4). However, the
formation of cyclopentadiene could not be suppressed (3b:
4b ) 2.6:1). The selective conversion of2b into 3b was
finally realized in 92% yield using 2 mol % of AuClPPh3

and AgSbF6 (entry 5). Surprisingly, tertiary acetate2c was
selectively converted into bicyclo[4.3.0]nonadiene5c with
both AuCl3 and cationic triphenylphosphinegold(I) (entries
6 and 7). We suspect that this product arose from an
intramolecular (gold)-catalyzed type I Diels-Alder reaction
of the putative vinyl allene intermediate with the terminal
double bond.9

From this set of results, we anticipated that substitution
at the internal 1,3-enyne position would favor the formation
of compounds of type3 compared to5. Using the AuClPPh3/
AgSbF6 catalytic mixture, methyl-substituted substrates2d-g
were efficiently converted into the corresponding 5/5/3 or
5/6/3 fused systems (Table 2, entry 1). Compounds3d-g

were isolated in excellent yields as single diastereomers. That
the formation of compounds of type4 can be avoided using
tertiary acetates is a sufficient, but not necessary feature, was
revealed by the selective conversion of2d into 3d. Still, the

(2) For recent reviews about the Nazarov reaction and related transforma-
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46, 909-911. (c) Lee, J. H.; Toste, F. D.Angew. Chem., Int. Ed. 2007, 46,
912-914.
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Gevorgyan, V.Angew. Chem., Int. Ed. 2004, 43, 2280-2282. (e) Fu¨rstner,
A.; Hanen, P.Chem. Commun. 2004, 2564-2547 and references therein.
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see: Buzas, A.; Gagosz, F. J. Am. Chem. Soc. 2006, 128, 12614-12615.
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olefins, see: Nieto-Oberhuber, C.; Mun˜oz, M. P.; Buñuel, E.; Nevado, C.;
Carden˜as, D. J.; Echavarren, A. M.Angew. Chem., Int. Ed.2004, 43, 2402-
2406.

(7) When possible, the configuration of compounds of type3 and 8
appearing in this study was ascertained by nOe experiments.
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Table 1. Catalyst Optimization and Substrate Scope

a Isolated yields.b Not separated.

Table 2. Gold(I)-Catalyzed Cycloisomerizationsa

a Reaction conditions: AuClPPh3 (2 mol %), AgSbF6 (2 mol %), substrate
in CH2Cl2, rt, 10 min.b Isolated yields after column chromatography.
c Overall yield including 30% of4h and 42% of cyclopentenone formed
during column chromatography; reaction time 24 h.d GC purity of 85%
after column chromatography; yields are corrected accordingly.
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tether length seems to dictate the outcome, as shown by the
selective conversion of2h into cyclopentadiene4h (entry
2). Tetracyclic fused structures could also be assembled using
2i and2j (entries 3 and 4). Although3i was obtained as a
single diastereomer,3j was isolated as an inseparable
diastereomeric mixture. Nevertheless, the construction of
angular triquinanes such as3j has always been the target of
many synthetic efforts.10 Since the substitution at the internal
enyne position facilitates the production of compounds of
type 3, we finally decided to reinvestigate the case of
preformed vinyl allenes. Gratifyingly, unlike compound1,
vinyl allenes7a-c proved to be suitable substrates for the
stereoselective cycloisomerizations into8a-c (entry 5).

The mechanism of the title reaction is hypothesized in
Figure 1 and supported by DFT/B3LYP computations.

Isomerization of propargyl acetates into 3-acetoxy 1,2,4-
trienes such asA was taken for granted at this stage.4

Coordination of gold to the allene framework gives rise to
diastereomersB andC, the latter being more stable by 2.9

kcal/mol. FromC, Nazarov-type cyclization leads to carbene
D.11 It requires 7.8 kcal/mol of enthalpy of activation and is
exothermic by 11.9 kcal/mol.12 Concerted electrophilic
cyclopropanation follows (red pathway), giving complexE
which exhibits two cis ring fusions. This step requires 10.2
kcal/mol of enthalpy of activation and is exothermic by 17.2
kcal/mol.

Alternatively, 1,2-hydrogen migration may occur (blue
pathway), leading to gold-complexed cyclopentadieneH.
This hydrogen shift appears less favored kinetically and
thermodynamically compared to the electrophilic cyclopro-
panation, the enthalpy of activation being evaluated as 14.5
kcal/mol and the exothermicity as 13.7 kcal/mol. This result
is in satisfactory agreement with the experimental results
described in Table 1. InE, gold still coordinates to a
cyclopropyl bond. It then migrates to the acetoxy group via
a very low-lying transition state (∆Hq

298 ) 0.1 kcal/mol).
This shift is appreciably exothermic by 11.1 kcal/mol.
Decomplexation of the speciesF gives the final productG
and regenerates the catalyst.13,14

In conclusion, we have developed a novel method for the
synthesis of polycyclic compounds from propargyl acetates
and vinyl allenes involving up to three Au(I)-catalyzed
elemental steps: 3,3-rearrangement, metalla-Nazarov reac-
tion, and electrophilic cyclopropanation. Application of this
new methodology to asymmetric and total synthesis is
currently under active investigation in our laboratory.
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(14) OnceE is formed, the demetalation could also be assisted by a
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Figure 1. Proposed reaction mechanism supported by DFT/B3LYP
calculations (M) AuPMe2Ph+). ∆H298 (kcal/mol) values relative
to C are given in parentheses.∆Hq

298 values are depicted in bold.
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