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ABSTRACT: A silver-catalyzed reaction of enynals with alkenes
to synthesize a series of polycyclic compounds has been
developed. The reaction occurred smoothly using enynals with
electron-deficient alkynes or terminal alkynes as substrates. The
reaction was proposed to proceed through a tandem 1,3-dipolar
cycloaddition/cyclopropanation process. The preliminary inves-
tigations of the asymmetric catalytic version revealed that the biphosphine ligand could be used as the potential efficient chiral
ligand.

Since silver salts were applied as homogeneous catalysts in
organic synthesis in the late 1990s, a variety of silver-

catalyzed transformations have been reported.1 In previous years,
silver salts and complexes were commonly applied as Lewis acids
to activate heteroatoms (Figure 1, I).2 Later studies proved that
silver salts could also be powerful π-activators for carbon−carbon
multiple bonds (II−IV).3−5

As π-activators of the carbon−carbon triple bond, silver-
catalyzed transformations of alkynes mainly fall into two
important types: (a) the protodemetalation pathway (b) and
the silver−carbene pathway (Scheme 1). Generally speaking, the

former processes are both dynamically and thermodynamically
preferred directions because of the weakness of the Ag−C bond.6

Therefore, the silver−carbene process (path b), which has
commonly existed in diazo chemistry,7 has rarely been seen in
silver-catalyzed transformations of carbon−carbon triple bonds.8
Recently, our group has reported a gold-catalyzed reaction of

enynals/enynones with norbornenes to synthesize a variety of
structurally unique fanlike products 2. During the reaction

course, another product 3, formed via a tandem 1,3-dipolar
cycloaddition/cyclopropanation process, was also observed
(Scheme 2),5a but the formation of 3 was highly limited to the

substrates of norbornene derivatives and low yields (less than
55%). Furthermore, 5 mol % of the gold catalyst loading also
made such a system impractical due to the high cost of gold.
Therefore, we want revisit this interesting reaction, aiming for
achieving better yields, broader substrate scopes, and cheaper
catalysts.
Initially, enynal (1a) and styrene (4a) were chosen as model

substrates for this investigation. As shown in Scheme 3, under the
best reaction conditions reported in our previous work,5a with
IMes-AuCl as catalyst and Selectfluor as additive, the expected
1,3-dipolar cycloaddition/cyclopropanation product could not
be detected; the β-H elimination product 1,2-dihydronaph-
thalene 5 was obtained in 35% yield instead.5k When silver salts
such as AgNTf2, AgOTf, or AgSbF6 were used as catalysts,
however, tetrahydronaphthol 6 could be obtained in moderate
yields.2a

The results were consistent with the conclusion that the
protodemetalation process was dynamically and thermodynami-
cally preferred. Furthermore, the aromaticity of the benzopyri-
lium ion A would endow the protodemetalation process with an
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Figure 1. Activation types of silver.

Scheme 1. Silver-Catalyzed Reaction of CC Bond

Scheme 2. Gold-Catalyzed Enynals with Norborenes
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extra stabilizing effect (Scheme 4, path a). In order to realize the
metal−carbene pathway b (the 1,3-dipolar cycloaddition/

cyclopropanation process), we hypothesized that the inter-
mediate B might be efficiently stabilized by introducing an
electron-withdrawing group (R = EWG); thus, the negative
charge on the dipole would be stabilized (Scheme 4, path b).
To this end, enynal (1b, R = CO2Me) was then used as the

model substrate to reinvestigate the carbene process. Intrigu-
ingly, a variety of metal salts or complexes, such as gold, iron,
copper, zinc, platinum, mercury, and indium, were proven
ineffective for this transformation (Table 1, entries 1−8).
Nevertheless, we were encouraged by the observation that the
desired product 7a could be formed when AgOTf was applied as
catalyst, albeit in only 44% yield (entry 9). AgSbF6 could catalyze
the reaction as well, leading to the product 7a in 51% (entry 10).
To our delight, the reaction could be substantially improved by
using AgNTf2 as catalyst, and the product could be obtained in
82% isolated yield (entry 11). The reactions did not occur under
the catalysis of AgNO3 and AgCl (entries 12 and 13). When
coordinating solvents, THF and CH3CN, were employed, the
reaction was depressed completely (entries 14 and 15). The
solvents of toluene and MeNO2 were inferior to DCE, giving the
products with lower yields (entries 16 and 17). Furthermore,
higher temperature and lower equivalents of olefin also gave
lower yields (see Table S1 in the Supporting Information for
more details). In all cases, the product 7a was obtained with the
dr ratios being close to 9:1.
With the optimized reaction conditions (Table 1, entry 11) in

hand, the substrate scope was then examined. As summarized in
Scheme 5, the catalytic process could be successfully applied to a
variety of enynals 1 and styrene derivatives 4. For example, in
addition to styrene 4a, various styrene derivatives could
effectively react with enynal 1b as well (Scheme 5, 7a−m).
Both the electron-rich and -poor styrene derivatives could give
satisfactory yields (electron rich, 7a−c; electron poor, 7d−f).
However, in the case of styrenes substituted with strong electron-

withdrawing groups, −CF3 and −NO2, the yields dropped
dramatically (7g, 30%; 7h, 12%). The reactions were not
sensitive to the steric hindrance (7i−k). For example, the bulky
2,5-dimethylstyrene gave the product 7k in 90% yield. The
structure and stereochemistry of the major isomer of the
products were confirmed by the X-ray diffraction analysis of 7e
(see the Supporting Information). As anticipated, the major
isomer was an endo-1,3-dipolar cycloaddition product. The
reaction has good functional group tolerance. It occurred
smoothly even for 2-hydroxystyrene, giving the product 7l in
62% yield. Indene, a cyclic substrate, could also be applicable for
the transformation and lead to the polycyclic product 7m in 60%
yield. Compared with the alkenes 4, the reaction was less
sensitive to the properties of enynals 1 (7n−v; 28%−70%).
Among four enynals substituted with different esters groups, the
bulkier one gave lower yield of product (7a > 7n > 7o > 7p). The
enynals with acetyl alkyne were less efficient substrates for this
process, which gave the products 7q−v in 28%−53% yields, with
the dr values being 84:16 to 93:7. The enynal with a substituent
at the 3-position gave lower yield (7r, 28%) than those with
substituents at the 4- or 5-position (7s−v, 43−53%). These
results could be attributed to the greater steric-hindrance of the
substituent at 3-position of the enynal, thus remarkably slow
down the [2 + 1] cycloaddition process. Interestingly, when the
enynals with terminal alkynes were used as substrates, the
reactions functioned even better than those with internal alkynes
(7w−aa). The product yields were typically higher than 70%. It is
interesting to note that only single isomers were obtained for
products 7w−aa.

Scheme 3. Reaction of 1a with Styrene

Scheme 4. Two Pathways

Table 1. Optimization of Reaction Conditionsa

entry R cat. additive yieldd (%) drf

1b CO2Me IMes-AuCl Selectfiuor
2c CO2Me SIMes-AuCl AgNTf2
3 CO2Me FeCl3
4 CO2Me Cu(OTf)2
5 CO2Me ZnCl2
6 CO2Me PtCl2
7 CO2Me InCl3
8 CO2Me Hg(OTf)3
9 CO2Me AgOTf 44 84:16
10 CO2Me AgSbF6 51 88:12
11 CO2Me AgNTf2 82e 89:11
12 CO2Me AgNO3

13 CO2Me AgCl
14g CO2Me AgNTf2 trace
15h CO2Me AgNTf2
16i CO2Me AgNTf2 67 87:13
17j CO2Me AgNTf2 50 88:12

aUnless otherwise noted, the reaction was performed in DCE at 28 °C
for 12 h using 5 mol % of catalyst under N2. The molar ratio of 1b:4a
= 1:5. [1b] = 0.25 M. DCE = 1,2-dichloroethane, THF =
tetrahydrofuran. b5 mol % of IMesAuCl and 15 mol % of Selectfluor,
set at 80 °C. c5 mol % of SIMesAuCl and 5 mol % of AgNTf2, set at 28
or 80 °C. dThe yields were determined by 1H NMR. eIsolated yield.
fdr values were determined by 1H NMR. gTHF as solvent. hCH3CN as
solvent. iToluene as solvent. jMeNO2 as solvent.
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To further elucidate the reactivities of different olefins, a
competitive experiment was then conducted (Scheme 6). Under

the same reaction conditions, enynal 1b reacted with the mixture
of 4-methylstyrene (2.5 equiv) and 4-fluorostyrene (2.5 equiv).
Four anticipated products, 7b, 7d, 7bd, and 7db, were obtained.
Among them, 7bd and 7db are the products of the cross-reaction.
The product 7b, which came from the reaction with two
electron-rich olefins, dominated in the products distribution
(75%). Product 7d, from two electron-poor olefins, was formed
only in 3%. These results clearly indicated that electron-rich
olefin has higher reactivity than the electron-poor olefin.
Having established a silver-catalyzed reaction of enynals 1with

alkenes 4 as a reliable one-step synthetic process to construct the
complex molecule 7, with 5−6 chiral centers and 1−2 quaternary
carbons, we then conducted a study to realize the more
challenging asymmetric version of this transformation. As
shown in Scheme 7, under the standard reaction conditions,

three representative chiral ligands, L1−L3, were tested for this
purpose. The preliminary results revealed that bis-oxazoline
ligand L1 could catalyze the reaction smoothly, affording 7a and
7w in 63% and 49% yields, respectively. Nevertheless, the ee
values of both products were less than 10%. Monophosphine
ligand L2was inefficient for this transformation. Surprisingly, the
biphosphine ligand L3 (R-BINAP) could furnish the product 7a
with 31% ee and 43% yield.
A tentativemechanism for the silver-catalyzed cascade reaction

of 1,3-dipolar cycloaddition/cyclopropanation is proposed in
Scheme 8. The carbon−carbon triple bond of enynal 1 was
initially activated by the silver salt to form pyrylium salt A, which
then tautomerized to 1,3-dipolar/silver−carbene intermediate B.
A tandem 1,3-dipolar cycloaddition/cyclopropanation process
was then followed to generate the product 7 by trapping the
intermediate B with alkenes 4.
In conclusion, a silver-catalyzed reaction of enynals with

alkenes to synthesize a series of polycyclic compounds has been
developed. The reaction proceeded through a tandem 1,3-

Scheme 5. Silver-Catalyzed the Reaction of 1 with 4a

aThe reaction was conducted in DCE at 28 °C for 12 h using 5 mol %
of AgNTf2 catalyst under N2, 1 (0.25 mmol), 4 (1.25 mmol), the
yields refer to be isolated, dr values were determined by 1H NMR.

Scheme 6. Competitive Experiment

Scheme 7. Asymmetric Version Reactiona

aThe reaction was conducted in DCE at 60 °C for 12 h using 10 mol
% of AgNTf2 under N2, enynals 1 (0.25 mmol), styrene 4a (1.25
mmol); the yields refer to be isolated; dr values were determined by
1H NMR; ee values were determined by HPLC analysis, see the
Supporting Information. bTen mol %. cFive mol %.
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dipolar cycloaddition/cyclopropanation process. To the best of
our knowledge, it is the first example of silver-catalyzed 1,3-
dipolar cycloaddition/cyclopropanation of enynals with alkenes.
The preliminary results revealed that the biphosphine ligand
could be used as the potential efficient chiral ligand for the
asymmetric reaction. Fundamentally, this catalytic system
enriched the knowledge of rapid construction of complex
compounds bearing different types of cyclic skeletons. Practi-
cally, the ether unit, stained cyclopropane unit, and the ester unit
in the molecule would lead to several different complexes
through further transformation. Further asymmetric catalytic
investigation of this reaction and additional applications of the
products are underway in our laboratory.
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