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Gold(I)-Catalyzed Tandem Transformation with Diynes: Rapid Access
to Linear Cyclopentenone-Fused Polycyclic Molecules**
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Abstract: An efficient and convenient synthesis of useful linear
cyclopentenone-fused polycyclic compounds has been ach-
ieved through a novel gold(I)-catalyzed transformation of
diynes. The method demonstrates high product yields and
tolerates of a wide variety of important functional groups.
Gold-vinylidene formation, methoxy group migration, and
Nazarov-type cyclization are proposed to be the key steps in
the reaction pathway. The synthetic utility of this method is
demonstrated by converting the product to eight-membered-
ring-fused compound.

Cyclopentenone and its closely related analogues, in a line-
arly fused polycyclic molecular skeleton, are frequently
observed in natural products (Figure 1)[1] and advanced

intermediates leading to substances of biological or medicinal
importance.[2] Among various approaches to construct such
densely functionalized cyclopentenones, the Nazarov reaction
is deemed one of the most efficient and reliable. However, for
the conventional Nazarov cyclization, pre-installation of
a dienone in the starting materials requires extra synthetic

effort, and challenges in controlling the region- and stereo-
chemical outcome, as well as the need to employ harsh
reaction conditions further limit its synthetic utility.[3] Thus,
complementary methods for the expedient synthesis of this
type of skeleton in a step-economic and flexible fashion are
still highly desired.

During the last decade, homogeneous gold-catalyzed
cycloisomerization reactions have proven to be exceptionally
efficient methods to construct synthetically significant poly-
cyclic molecules. In these reactions, structural complexity can
be rapidly built from easily accessible starting materials under
mild reaction conditions.[4] Several elegant examples of
cyclopentenone preparation by gold catalysis have also been
reported.[5] Recently, dual gold catalysis using diynes as
substrates has been actively studied. Both mechanistic studies
and theoretical calculations suggest gold vinylidene as
a reaction intermediate.[6a,b] These highly reactive species
were found to undergo facile C(sp3)¢H and C(sp2)¢H as well
as O¢H and N¢H insertion, thus leading to a range of novel
polycyclic products in an atom-economic manner.[6, 7] Inspired
by these pioneering works, and encouraged by the rich
chemistry from other metal vinylidene complexes such as Ru,
W, and Rh,[8] we were interested in exploring nucleophiles,
other than C¢H, O¢H, or N¢H, suitable for gold vinylidenes.
Particularly, we envisioned that a properly positioned
methoxy group in a diyne molecule would have the potential
to serve as a nucleophile.[9] Its easy installation and chemical
stability towards most reaction conditions provide valuable
advantages for applications in the late-stage assembly of
complex molecules. Herein, we report our findings that the
methoxy group can indeed serve as an excellent nucleophile.
This novel reactivity toward gold vinylidenes led to the
discovery of a new method for the synthesis of complex,
linear, cyclopentenone-fused, polycyclic compounds, which
are not easily accessible through alternative approaches. We
further demonstrate the synthetic potential of this method by
converting the product into an eight-membered-ring-fused
compound.

Our study began with the (2-ethnylphenyl)alkyne 1a
bearing a tertiary MeO group at the propargylic position
(Scheme 1). Previous studies with substrates containing

Scheme 1. Formation of 2a. IPr = 1,3-bis(diisopropylphenyl)imidazol-2-
ylidene, Tf = trifluoromethanesulfonyl, THF = tetrahydrofuran.

Figure 1. Representative natural products.
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a similar 1,2-diethynylphenyl motif have led to the proposal of
the in situ generated gold vinylidene as the key reactive
intermediate. We anticipated that the MeO group in 1a had
the potential to act as nucleophile to attack a gold vinylidene
intermediate, therefore leading to intriguing follow-up
chemistry. Indeed, heating a solution of 1a in anhydrous
THF at 70 88C in the presence of a catalytic amount of
IPrAuNTf2 gave an unknown compound, 2a, in 43% yield
upon isolation. Single-crystal X-ray analysis revealed that 2a
contains a unique tetracyclic structure.

Considering the potential utility of this interesting reac-
tion, extensive reaction optimization was carried out, and the
results are summarized in Table 1. With IPrAuNTf2 as the

catalyst, 2a was obtained in 44% yield when using toluene as
the solvent (entry 2), whereas only trace amounts of 2a were
observed in DCE (entry 3). Representative phosphine gold
complexes, PPh3 AuNTf2 and JohnPhosAuNTf2, were not
effective for this reaction (entries 4 and 5). At this stage, we
realized that the formation of 2a likely involves steps such as
protodeauration and hydrolysis, which generally require
a proton-transfer process. Therefore, a couple of protic
solvents were tested. Gratefully, a dramatic yield increase
was observed when tert-butanol was used as the solvent, and
2a was formed in 82% yield (entry 6). Interestingly, doping of
tert-butanol with a certain amount of DCE further improved
the yield of 2a to 90% (entry 7). Adjustments of the ratio of
DCE to tert-butanol and concentration eventually led to the
following optimal conditions: IPrAuNTf2 (5 mol %), DCE/t-
butanol (1:1.5), 0.02m, 70 88C (entries 8–12). Under these
reaction conditions 2a was obtained in 92% yield upon
isolation (entry 12).

With the optimal reaction conditions in hand, the inves-
tigation of the substrate scope was performed, and the results

are summarized in Table 2. Besides the cyclohexyl group,
substrates bearing other cyclic moieties such as cyclobutyl and
cyclopentyl groups reacted well to produce the corresponding
tetracyclic products, having differently sized terminal rings, in
moderate to high yields (2 b and 2c). The substrate derived
from 3-indenone gave the pentacyclic product 2 d in 91%
yield. A rather complex product, 2 e, having a bicyclo-
[2.2.1]heptane substructure was generated in 80% yield as
a single diastereomer. Substrates derived from acyclic ali-
phatic ketones, including acetone, 4-phenylbutan-2-one, 1-
cyclohexylethanone, and 1-(p-tolyl) propan-2-one, also par-
ticipated in this reaction. Notably, the major products with
these substrates were the trisubstituted cyclopentenone
isomers (2 f–i), and the tetrasubstituted cyclopentenone
isomers were isolated as a cis/trans mixture in very small
amounts.[10] Synthetically valuable heterocycles including
tetrahydrofuran, tetrahydropyran, and Ts-protected piperi-

Table 1: Optimization of the reaction conditions.

Entry Catalyst Solvent Yield [%][a]

1 IPrAuNTf2 THF 43
2 IPrAuNTf2 toluene 44
3 IPrAuNTf2 DCE traces
4 PPh3 AuNTf2 THF 8
5 JohnPhosAuNTf2 THF traces
6 IPrAuNTf2 tBuOH 82
7 IPrAuNTf2 tBuOH/DCE[b] 90
8 IPrAuNTf2 tBuOH/DCE[c] 91
9 IPrAuNTf2 tBuOH/DCE[d] 79
10 IPrAuNTf2 tBuOH/DCE[c,e] 70
11 IPrAuNTf2 tBuOH/DCE[c,f ] 90
12 IPrAuNTf2 tBuOH/DCE[c,g] 95 (92[h])

[a] Measured by 1H NMR analysis using diethyl phthalate as an internal
standard. [b] tBuOH/DCE= 2:1. [c] tBuOH/DCE= 1.5:1. [d] tBuOH/
DCE =1:1. [e] 0.2m. [f ] 0.05m. [g] 0.02m. [h] Yield of isolated product.
DCE =1,2-dichloroethane, JohnPhos= 2-(di-tert-butylphosphino)bi-
phenyl.

Table 2: Scope studies.[a,b]

[a] All reactions were performed in DCE/tBuOH(1:1.5, 0.02m) at 70 88C.
[b] Yield of isolated product. [c] Another 5 mol% IPrAuNTf2 added after
3 h.
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dine were all compatible with the reaction conditions, and the
corresponding products 2j–l were obtained in high yields. A
substrate containing a ketone functionality also worked very
well to produce the diketone 2m in 80% yield.

The variations on the diyne aromatic backbone were also
briefly investigated (Table 2). The pentacyclic product 2n,
containing a naphthalene motif, was formed in 96% yield.
Substituents such as Me, Cl, and CF3 on the benzene ring at
the para position of the internal alkyne were well tolerated,
and the corresponding tetracyclic products 2o–q were iso-
lated in 90–95 % yields. Compared with 2o, its isomer 2r,
having CF3 at the meta-position, was obtained in a slightly
lower yield (85%). The thiophene-fused product 2s was
formed in moderate yield (50 %).[11] Moreover, the tricyclic
product 2t, containing gem-diphenyl subunit, was isolated in
60% yield.

Limitations of this method were also defined during our
substrate scope studies (Figure 2), and the information
deduced from these observations is summarized as the

following: 1) A terminal alkyne with proper C�C¢H acidity
is essential to the success of this gold-catalyzed tandem
cyclization process. Both substitution of C�C¢H with a Me
group (1u) or the addition of an electron-donating (MeO)
group on the phenyl (1v) shut down the reaction and the
starting materials were recovered. It implies that the forma-
tion of the alkynyl gold might be the first step of this tandem
cyclization process. 2) A free¢OH group was not compatible
with the reaction. Most of 1w was recovered with partial
decomposition, and was consistent with a related study.[12]

3) Substituents at the propargylic position have profound
impact on the reactivity of the substrates. Both the secondary
ether 1x and tertiary ether 1y were fully recovered, whereas
the tertiary ether 1z gave a complex mixture.[13]

In accordance with reported studies and our experimental
results,[6] a preliminary mechanism for the formation of 2a is
proposed. As shown in Scheme 2, activation of 1a by dual
gold catalysis leads to the formation of the gold vinylidene B.
The oxygen atom of MeO readily attacks the vinylidene
carbon atom in B, with subsequent migration of MeO to form
the tertiary carbon cation C. Presumably, the stability of C
plays a critical role in the whole transformation, as both 1x,
with weaker ability to stabilize the corresponding cation, and

1y, with a destabilizing effect, failed to give the cyclization
product.[14] Isomerization of C leads to the formation of the
more stable tertiary pentadienyl cation D by a deprotonation
and protonation. Subsequent Nazarov-type cyclization of D
and hydrolysis delivers the observed product 2 a. It needs to
be noted that we have not excluded alternative reaction
pathways at this stage, as more in-depth investigations are
being carried out in our laboratory.[15]

Results from deuterium-labeling experiments provide
additional information regarding the proposed mechanism.
When the deuterated substrate 3 was subjected to the
standard reaction conditions, complete loss of deuterium
labelling was observed in 2a (Scheme 3a). When deuterated

tert-butanol (tBuOD) was used as a cosolvent, the deuterium
incorporation was observed (Scheme 3b). There is approx-
imately 92 % deuterium incorporation at the allylic tertiary
carbon atom and about 50 % deuterium incorporation at the
carbon atom a to the carbonyl group, and it can be attributed
to the final isomerization and hydrolysis processes.[16]

The cyclopentenone-fused, polycyclic products reported
here can be further elaborated into other useful compounds.
For example, oxidative cleavage of the tetrasubstituted
double bond in these products can lead to the formation of
eight-membered-ring-fused compounds, which are widely
observed in natural products and advanced materials.[17] As
shown in Scheme 4, a three-step procedure, including Luche
reduction, esterification, and oxidative cleavage of 2a gave
eight-membered-ring-fused tricyclic product 6 in good yield.
The two carbonyl functionalities of 6 also allow a high degree
of freedom for additional transformations if needed.

Figure 2. Substrates which failed to give desired products.

Scheme 2. Proposed reaction mechanism.

Scheme 3. Deuterium-labeling experiments.
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In summary, an efficient method has been developed to
prepare linearly fused polycyclic products, containing a cyclo-
pentenone motif, from readily available diynes through gold
catalysis. The key features of this method include the mild
reaction conditions, broad substrate scope, and elegant
product structures. A novel reaction cascade involving gold
vinylidene formation, methoxy group migration, and Naza-
rov-type cyclization, is postulated. The synthetic potential of
this chemistry is demonstrated by converting one of the
products (2a) into an eight-membered-ring-fused compound.
Future work will focus on elucidation of the reaction
mechanism and applying this method to complex-molecule
synthesis.
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synthetic methods
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