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Transition metal-catalyzed sequential carbon-carbon bond-
forming reactions provide a means to achieve increased synthetic
efficiency.1 To this end, we were drawn to the possibility of
combining mechanistically distinct transition metal-catalyzed reac-
tions of acetylenes, whereby an alkyne is generated as a result of
the first reaction in a sequence. We envisioned that this might be
accomplished by employing propargyl ester-containing diynes2 in
an intermolecular cyclopropanation3-intramolecular hydroarylation4

cascade (eq 1). It is crucial that the catalyst control the timing of
the sequential events, the regio- and diastereoselectivity of the cyclo-
propanation, and the regioselectivity of the hydroarylation step.5

Herein we report the application of this concept to the development
of an expedient synthesis of benzonorcaradienes6 in which three car-
bon-carbon bonds and two rings are formed in a single operation.

Recently, propargyl ester-containing diynes have been employed
in a number of rearrangement reactions,2 including the formation
of cyclopropanes by an intramolecular cycloisomerization;2c how-
ever, intermolecular cyclopropanation by related diynes was not
observed even in the presence of excess ethyl vinyl ether.2a We
were therefore pleased to find that under the conditions developed
for the gold(I)-catalyzed intermolecular cyclopropanation with
propargyl esters,3c diyne1 reacted smoothly with styrene to afford
cyclopropane2b in 83% yield and with excellent cis-diastereo- and
regioselectivity (Table 1, entry 1). Subsequently, treatment of2b
under identical reaction conditions, but for 16 h, afforded ben-
zonorcaradiene2a in 87% yield.

Consistent with these results, an increase in reaction time
produced2a in 72% yield from diyne1 and styrene in a single
operation (entry 2).7 While gold(I)chloride and gold(III)chloride
also proved efficient catalysts for the cyclopropanation, they did
not promote the intramolecular hydroarylation reaction (entries 3
and 4). Platinum complexes also catalyzed the cyclopropanation,
albeit with modest diastereoselectivity (entries 5 and 6), and
attempts to employ ruthenium-based catalysts resulted in poor
conversion (entry 7) or formation of a complex mixture (entry 8).
Finally, no reaction occurred in the presence of other cationic group
11 metal complexes (entries 9 and 10).

With a suitable catalyst in hand, the substrate scope of the
benzonorcaradiene synthesis was examined (Table 2). A variety
of styrene derivatives were tolerated in the reaction, although the
hydroarylation step is particularly sensitive to electronic perturba-
tion. For example, while alkyl substitution on the aryl ring resulted
in good yields of the benzonorcaradiene (entries 2 and 3),
halogenated styrenes required slightly elevated temperatures to
produce the [4+3]-annulation products (entries 4 and 5). Tetracyclic
norcaradienes (entries 6 and 7) were readily prepared from
vinylnaphthylene or vinylindole in 74% and 54% yield, respectively.
Notably, the regioselectivity of the hydroarylation reaction is

excellent (entries 4-7). Quaternary centers can be formed from
the gold(I)-catalyzed annulation of 1,1-disubstituted and trisubtituted
olefins (entries 8 and 9). Gold(I)-catalyzed reaction of1 with trans-
â-methylstyrene proceeded at room temperature to afford11aas a
single diastereomer (eq 2). In sharp contrast, the reaction withcis-
â-methylstyrene afforded onlycis-11b at room temperature and
therefore required slightly elevated temperatures to furnish11aas
a mixture of diastereomers.8

The diyne component can also be varied. For example, the tri-
t-butylphosphinegold(I)-catalyzed reaction of benzylic ester12
afforded benzonorcaradiene13aas a 19:1 mixture of olefin isomers
(eq 3). While nonterminal propargyl esters were not viable substrates
for the intermolecular cyclopropanation,3 we were pleased to find
that ester-substituted diyne14 could be employed in the gold(I)-
catalyzed annulation reaction; however, sequential gold(I)chloride-
catalyzed cyclopropanation and phosphinegold(I)-catalyzed hy-
droarylation proved most efficient for the preparation of ester-
substituted norcaradiene15a (eq 4).

A mechanism involving sequential rearrangements proceeding
via gold(I)-promoted alkyne activation is proposed (Scheme 1).
Reaction of cationic phosphinegold(I) with diyne1 generates Au-

Table 1. Catalysts for [4+3] Annulation Reaction

entry catalyst conditions 2a (yield) 2b (yield, cis/trans)

1 5% Ph3PAuCl,
5% AgSbF6

MeNO2, rt, 15 min 83% (>20:1 dr)

2 5% Ph3PAuCl,
5% AgSbF6

MeNO2, rt, 16 h 72%

3 5% AuCl MeNO2, rt, 16 h 71% (>20:1 dr)
4 5% AuCl3 MeNO2, rt, 16 h 66% (>20:1 dr)
5 5% PtCl2 PhCH3, 80°C, 16 h 59% (1.2:1 dr)
6 5% PtCl2, CO (1 atm) PhCH3, 80°C, 16 h 33% (1.25:1 dr)
7 2.5% [RuCl2(CO)3]2 DCE, 50°C, 16 h 13% (>20:1 dr)
8 2.5% [RuCl2(CO)3]2,

5% AgOTf
PhCH3, 80°C, 16 h

9 5% AgSbF6 MeNO2, rt, 16 h
10 5% Cu(CH3CN)4PF6 DCE, 50°C, 16 h
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carbenoid intermediate16. The catalyst can reversibly coordinate
to either alkyne in1, and thus two plausible pathways for the
formation of16 can be envisioned: one involving a 1,3-metallo-
tropic rearrangement2 of Au-carbene17 and the other proceeding
via a cumulene intermediate. Either way, cyclopropanation of
styrene occurs selectively through carbenoid16, affording2b and
regenerating the catalyst. Coordination of cationic phosphinegold-
(I) to the alkyne of2b induces nucleophilic trapping by the arene
onto the alkyne. Proton transfer furnishes benzonorcaradiene2a
from vinylgold(I) intermediate18 and regenerates the catalyst.9

In conclusion, we have developed a cationic phosphinegold(I)-
catalyzed tandem cyclopropanation/hydroarylation reaction,10 which
produces formal [4+3]-annulation products from vinyl arenes and
propargyl esters. The cyclopropanation represents the first inter-
molecular reaction of diynyl esters and proceeds with excellent
regio- and diastereocontrol.11 The reaction provides access to a wide
range of functionalized benzonorcaradienes with synthetic handles
for further manipulation.12 Further studies on the properties of these
analogues and other reactions exploiting gold carbenoid intermedi-
ates will be reported in due course.

Acknowledgment. We gratefully acknowledge the University of
California, Berkeley, NIHGMS (Grant R01 GM073932-01), Merck
Research Laboratories, Bristol-Myers Squibb, Amgen Inc., DuPont,
GlaxoSmithKline, Eli Lilly & Co., Pfizer, AstraZeneca, Abbott, and
Roche for financial support.

Supporting Information Available: Experimental procedures,
compound characterization, and X-ray structure data. This material is
available free of charge via the Internet at http://pubs.acs.org.

References

(1) Reviews: (a) Tietze, L. F.Chem. ReV. 1996, 96, 115. (b) Ajamain, A.;
Gleason, J. L.Angew. Chem., Int. Ed.2004, 43, 3754. (c) Wasilike, J.-
C.; Obrey, S. J.; Baker, R. T.; Bazan, G. C.Chem. ReV. 2005, 105, 1001.

(2) (a) Ohe, K.; Fujita, M.; Matsumoto, H.; Tai, Y.; Miki, K.J. Am. Chem.
Soc.2006, 128, 9271. (b) Cho, E. J.; Kim, M.; Lee, D.Eur. J. Org. Chem.
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Table 2. Scope of Au(I)-Catalyzed [4+3] Annulation Reaction

a (A) propargyl ester (0.2 M in nitromethane), alkene (4 equiv), room
temperature; (B) propargyl ester (0.2 M in dichloroethane), alkene (4 equiv),
50 °C. b Composed of a 10:1 mixture of regioisomers.

Scheme 1. Mechanistic Hypothesis
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