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ABSTRACT

A cationic gold(I) complex bearing a semihollow-shaped triethynylphosphine ligand efficiently catalyzed the 7-exo-dig cyclization of silyl enol
ethers with an ω-alkynic substituent. The reaction gave various methylenecycloheptane derivatives with an exo- or endocyclic carbonyl group.
The protocol was applicable not only to cyclic substrates that form bicyclic frameworks but also to acyclic ones with or without substituents
in a carbon chain tether.

Metal-catalyzed intramolecular reactions of silyl enol ethers
with alkynes are powerful methods for the construction of
carbocyclic compounds.1,2 To date, 5-exo-, 5-endo-, 6-exo-,
and 6-endo-dig cyclizations have been developed by using
various metal catalysts such as mercury,1a-d tungsten,1e-l

rhodium,1m rhenium,1n,o platinum,1p palladium,1q silver,1r and
gold.2 This method, however, has yet to be extended toward
a seven-membered ring formation, which seems to be
difficult because of the distal location of the nucleophilic
center and the alkyne moiety.3,4

Previously, we reported that semihollow-shaped triethyl-
nylphosphine L1 (Figure 1)5a exerted marked acceleration
effects in the gold(I)-catalyzed Conia-ene reactions of
acetylenic keto esters and enyne cycloisomerizations, ex-

panding the scope of the reactions to six- and seven-
membered ring formations, which had been difficult with
the conventional catalytic systems.5b,c,6 We proposed that
the cavity in the ligand forces the nucleophilic center close
to gold-bound alkyne, resulting in the entropy-based rate
enhancement.

Here, we report the efficient construction of seven-
membered rings through a 7-exo-dig cyclization of acetylenic
silyl enol ether catalyzed by the triethynylphosphine
(L1)-gold(I) complex. The cyclization reactions afforded a
variety of methylenecycloheptane derivatives that are difficult
to prepare by other methods (Figure 1).

First, we optimized reaction conditions for the construction
of a 2-methylene bicyclo[4.3.1]decane framework, which is
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found in natural diterpenoid (+)-sanadaol 4 (Figure 2).7 As
a result, the reaction of a cyclic silyl enol ether 1a (0.1 mmol)
bearing an ω-alkynic substituent was efficiently cata-
lyzed by a cationic gold-triethynylphosphine complex
[Au(NTf2)(L1)] (5 mol %) in the presence of tBuOH (0.10
mmol) and MS4A (100 mg) in anhydrous CH2Cl2 (5.0 mL)
at rt; the reaction was complete within 5 min to afford 7-exo-
dig cyclization product 2a in 99% isolated yield (Table 1,
entry 1). Notably, the reaction was not accompanied by either
the direct protonation of the silyl enol ether (1a) or the double
bond shift of the �,γ-unsaturated ketone (2a) to a conjugated
enone, which are common side reactions of the metal-
catalyzed cyclization of acetylenic silyl enol ethers.1,2

Observations concerning the reaction conditions are sum-
marized in Table 1, entries 2-12. The use of MeOH instead

of tBuOH as a proton source did not affect the result (entry
2). The reaction without an alcohol resulted in a poor yield
and afforded unidentified side products (entry 3), indicating
that a proton source is indispensable for the formation of
2a. The reaction without MS4A yielded 2a in low yield
(50%) along with direct protonation product 3a in 34% yield
(entry 4). A similar result was obtained in the absence of
both tBuOH and MS4A (entry 5).

Cationic Au catalysts with counteranions other than NTf2
-

such as [Au(SbF6)(L1)], [Au(OTf)(L1)], and [Au(BF4)(L1)]
were less effective (entries 6-8). The use of PPh3 as a ligand
resulted in no reaction (entry 9). A gold complex with a
phosphite ligand such as P(OPh)3, whose electron-donating
power is as low as the triethynylphosphine L1,5a was virtually
inactive, suggesting that the rate enhancement by L1 is not
due to an electronic effect (entry 10). While the ligands such
as IPr and X-Phos are commonly employed for gold(I)-
catalyzed reactions as sterically demanding and/or strongly
electron-donating ligands,6 gold complexes with these ligands
did not reach full conversions of 1a even after 3 h (entries
11 and 12). Further extension of the reaction time did not
improve the yields.

With the optimal reaction conditions in hand, we examined
various cyclic silyl enol ether substrates for the construction
of bicyclo[4.n.1]alkane or bicyclo[m.4.1]alkane frameworks
through 7-exo-dig cyclization (Table 2). Triisopropylsilyl
enol ether 1b was less reactive than the TBS ether 1a but
was rapidly (e5 min) and quantitatively converted to 2a at
80 °C (entry 1). The reaction of the substrate bearing benzoyl
group 1c required slight heating (40 °C) and resulted in a
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Figure 1. Semihollow-shaped triethynylphosphine (L1).

Figure 2. Natural terpenoids that involve a part structure relevant
to the 7-exo-dig cyclization products of ω-acetylenic silyl enol
ethers.
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moderate yield (entry 2). Bicyclo[4.2.1]nonane (2d), bicyclo-
[4.4.1]undecane (2e), and bicyclo[5.4.1]dodecane (2f) frame-
works were obtained from the corresponding cyclic silyl enol
ethers 1d-f at rt in excellent yields (entries 3-5).

Next, we applied the gold(I)-triethynylphosphine (L1)
complex to the synthesis of monocyclic methylenecyclohep-
tane frameworks from acyclic silyl enol ethers, which are
thought to be more challenging substrates due to their
conformational flexibilities (Table 3). The acethylenic Z-
configurated silyl enol ether (1g) without any substituent in
the linker chain cyclized rapidly at rt to give �-methylenecy-
cloheptane derivative (2g) with an exocyclic carbonyl group
in 93% yield (entry 1). Notably, no double bond isomeriza-
tion was observed even in this monocyclic case. While the
substitution at the �-position of the acyclic substrate with a
methyl group caused a slight decrease in the speed of the
reaction, a trans-isomer of vicinally disubstituted methyl-
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Table 1. Optimization of Reaction Conditionsa

yield (%)

entry Au cat. alcohol time (min) convnb (%) 2ab 3ac

1 [Au(NTf2)(L1)] tBuOH 5 100 99e 0
2 [Au(NTf2)(L1)] MeOH 5 100 100 0
3 [Au(NTf2)(L1)] none 720 45 20 0
4d [Au(NTf2)(L1)] tBuOH 5 100 50 34
5d [Au(NTf2)(L1)] none 5 100 53 20
6 [Au(SbF6)(L1)] tBuOH 180 33 22 3
7 [Au(OTf)(L1)] tBuOH 180 12 trace 0
8 [Au(BF4)(L1)] tBuOH 180 18 trace 0
9 [Au(NTf2)(PPh3)] tBuOH 180 0 0 0
10 [Au(NTf2){P(OPh)3}] tBuOH 180 21 1 1
11 [Au(NTf2)(IPr)] tBuOH 180 39 39 0
12 [Au(NTf2)(X-Phos)] tBuOH 180 28 17 3

a Reaction conditions: Au cat., 1a (0.10 mmol), alcohol (1.0 equiv), and MS4A (100 mg) in CH2Cl2 (5.0 mL) at 25 °C. b Determined by 1H NMR.
c Determined by GC. d Without MS4A. e Isolated yield.

Table 2. Cyclization of Cyclic Alkynyl Silyl Enol Ethera

a Conditions: Au(NTf2)(L1) (5 mol %), 1 (0.10 mmol), tBuOH (0.10
mmol), MS4A (100 mg), CH2Cl2 (5.0 mL). b Isolated yield. c DCE (5 mL)
was used as solvent.
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enecycloheptane 2h was obtained from (Z)-1h as a single
diastereomer8 in high yield at rt (entry 2).

The Z-silyl enol ether (1i) with a dimethyl malonate insert
in the linker chain was less reactive than the substrate with
a nonsubstituted linker (1g) but cyclized rapidly (e5 min)
at 80 °C, giving 2i in 93% yield (entry 3). The reaction of

(Z)-1j bearing �-methyl group in addition to the malonate
insert gave trans-isomer 2j8 exclusively (entry 4). The
reaction of the phenyl-substituted substrate (Z)-1k did not
lead to completion even after 24 h at 80 °C and afforded
diastereomerically pure 2k8 in a moderate yield (51%, entry
5). The diester substitution at the bishomopropargyl position
as in 1l did not significantly affect the reactivity, affording
2l in 83% yield (entry 6). Overall, the Thorpe-Ingold effects
by the malonate inserts did not operate in the gold-catalyzed
7-exo-dig cyclization (entry 1 vs entries 3 and 6).

The cyclization of the E isomer of 1j gave the same
stereoisomer of 2j as that of (Z)-1j (entries 4 vs 7), while
the reaction time was prolonged to 2 h at 80 °C (entry 7).
The excellent anti diastereoselectivity observed in the
reactions of (Z)-1h,j,k and (E)-lj can be explained by steric
repulsions between the silyl enol ether moieties and the
methyl or phenyl groups as described in the literature.2e

Notably, the methylenecycloheptane framework with an
exocyclic carbonyl group in 2g-l thus prepared (Table 2,
entries 1-7) is reminiscent of a partial structure of diterpe-
noid salvigenolide 5 (Figure 2).9

The reaction of silyl enol ethers 1m and 1n afforded
methylenecycloheptane derivatives 2m and 2n involving an
endocyclic carbonyl group, respectively, in excellent yields
(entries 8 and 9). These compounds can be structurally
related to natural sesquiterpenoid cynaropicrin 6 and their
derivatives (Figure 2).10

In summary, the 7-exo-dig cyclization of silyl enol ethers
with an ω-alkynic substituent was efficiently catalyzed by a
cationic gold(I) complex bearing a semihollow-shaped tri-
ethynylphosphine ligand. The reaction furnished various
methylenecycloheptane derivatives with exo- or endocyclic
carbonyl groups. The protocol was applicable not only to
cyclic substrates that form bicyclic frameworks but also to
acyclic ones with or without substituents in a carbon chain
tether. Further studies to expand the applicability of the
semihollow-shaped ligand are ongoing.
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Table 3. Cyclization of Linear Alkynyl Silyl Enol Ethera

a Conditions: Au(NTf2)(L1) (5 mol %), 1 (0.10 mmol), tBuOH (0.10
mmol), MS4A (100 mg), CH2Cl2 (5.0 mL) at 25 °C or CH2Cl2 (5.0 mL) at
40 °C or DCE (5.0 mL) at 80 °C. b Isolated yield. c An isomeric mixture
was used as a substrate [1g, E/Z 14:86; 1h, E/Z 13:87; 1i, E/Z 10:90; 1k,
E/Z 4:96; 1l, E/Z 19:81; (E)-1j, E/Z 86:14]. d 0.60 mmol scale in CH2Cl2
(30 mL).
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