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The palladium(0)-catalyzed cyclization of allylstannanes with
allyl acetates in substrates of type 1 gives the five- or six-
membered rings 2.[1] This cross-coupling reaction proceeds by
oxidative addition of the allyl acetate to Pd0 followed by
transmetalation and an allyl/allyl reductive elimination. After
a search for other metal complexes that might promote the
cyclization of substrates 1 to give 2 more efficiently and with
better stereoselectivity, we found that cationic AuI complexes
outperform all other catalysts for this process (Scheme 1).

Whereas a variety of transformations have been developed
based on the selective activation of alkynes, allenes, and
alkenes with AuI catalysts,[2–5] the use of AuI as a catalyst to
couple two allyl fragments is unprecedented. Significantly,
although it has been suggested recently that d10 AuI might act
similarly to Pd0 in cross-coupling reactions,[6] there is no
definitive mechanistic evidence for this process.

We first assayed RhI complexes as catalysts for the
cyclization of 1. Thus, stereoisomers 1a–d were treated with
[RhCl(PPh3)3] as catalyst in the presence of five equivalents
of LiCl to give 2a/b in 55–73% yield (Table 1, entries 1–4). A
lower yield and stereoselectivity were obtained with 1c
(Table 1, entry 3). Similar results were obtained with
[{RhCl(CO)2}2] and PCy2(2-biphenyl) in the presence of

iPr2NH (3 equiv).[7] Lower yields were obtained with
[RhCl(CO)(PPh3)2] as the catalyst, whereas no reaction was
observed with [{Rh(cod)}2]BF4 (cod = cyclooctadiene). The
RuII complexes [CpRu(PPh3)2Cl] (Cp = C5H5), [CpRu-
(PPh3)2Cl]/AgSbF6, and [RuCl2(CO)2(PPh3)2] also proved to
be unable to catalyze this cyclization.The cyclization also
takes place in the presence of the cationic gold complex 3[8] in
1,2-dichloroethane (DCE; Table 1, entries 5–9), and the
reaction is considerably faster and more stereoselective with
substrates 1c and 1d (Table 1, entries 7–9). The reaction in
the presence of less-electrophilic catalysts formed from
complex 4[8] was not effective (Table 1, entry 10), whereas
AuCl3 and the cationic AgI complex 5[4c] gave 2a in only low
yields (Table 1, entries 15 and 16, respectively). Lewis acids,

Scheme 1.

Table 1: Cyclization of 1a–d with metal catalysts.[a]

Entry 1 [M] (mol%) T [8C] t [h] Yield [%]
(2a/2b)

1 1a [RhCl(PPh3)3] (10) 80 14 63 (73:27)
2 1b [RhCl(PPh3)3] (10) 80 14 62 (81:19)
3 1c [RhCl(PPh3)3] (10) 80 14 55 (58:42)
4 1d [RhCl(PPh3)3] (10) 80 14 73 (87:13)
5 1a 3 (3) 80 19 40 (56:44)[b]

6 1b 3 (3) 80 19 47 (56:44)[b]

7 1c 3 (3) 50 1.25 92 (100:0)
8 1d 3 (3) 50 0.25 95 (100:0)
9 1d 3 (3) 23 14 88 (100:0)
10 1c 4/AgSbF6 (5) 80 22 –[c]

11 1d [AuCl(PPh3)]/
AgSbF6 (10)

50 0.6 92 (100:0)

12 1c AuCl (20) 50 5 11 (100:0)
13 1c [AuClCO] (17) 50 5 <5
14 1c [AuCl(SMe2)] (18) 50 5 –[c]

15 1c AuCl3 (18) 50 1 36 (100:0)[d]

16 1d 5 (10) 50 7.5 44 (100:0)

[a] The reactions with RhI were performed in DMF containing 5 equiv-
alents of LiCl and those with AuI or AgI in DCE. [b] The destannylated
products were isolated in 17–18% yield. [c] The starting material was
recovered. [d] The destannylated product was isolated in 43% yield.
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such as AlCl3 or SnCl4, failed to cyclize 1a or 1c (DCE, 80 8C,
12 h) and gave only mixtures of destannylated products.
Similar negative results were obtained with AgSbF6 or IrCl3.

In comparison with the gold-catalyzed reaction, the Pd-
catalyzed cyclization of 1c under the optimum conditions
requires larger catalyst loadings and harsher conditions
(10 mol% at 80 8C in DMF/H2O for 17 h) and proceeds less
stereoselectively to give a 2/1 mixture of 2a and 2b.[1a]

The reaction with other substrates proceeded satisfacto-
rily with catalyst 3 in DCE (Table 2). Allyl alcohol 1e and
carbonates 1 f and 1g also provided 2a (Table 2, entries 1–3,
respectively). Acetate 1h and methyl ether 1 i afforded 2c
(Table 2, entries 4 and 5, respectively), whereas the TBS-
protected analogue was recovered unchanged. The cycliza-

tion of 11 to give cis-decalin 12 took place with total
stereoselectivity and good yield (Table 2, entry 9), and
excellent yields and stereoselectivities were also obtained
for the cyclization of 13a–c, which afforded cis-hydrindane 14
exclusively (Table 2, entries 10–12, respectively).

Cyclization of the trimethylsilyl analogue of 1e gave only
traces of 2a even under forcing conditions, whereas the
intermolecular reaction of 1,5-enyne 15 with allyltrimethylsi-
lane afforded dienyne 16 in a rare reaction in which an allyl
acetate reacts with AuI in the presence of an alkyne
(Scheme 2). Indeed, 1,5-enynes similar to 15 have been

shown to act as nucleophiles and to react with water or
alcohols by 5-endo hydroxy- and alkoxycyclization in the
presence of AuI to give selective activation of the alkyne.[9]

The reaction of 17a with allyltrimethylsilane and catalyst 3
proceeds under microwave irradiation to give 18 and rear-
ranged acetates 19.[3a] None of the product allylated at C-3
was observed. The same reaction catalyzed by Sc(OTf)3

(5 mol%) gave a 1:1 mixture of 18 and the C-3 allylated
isomer. Alcohol 17b also gave 18, although the yield was
lower.[10] Interestingly, when substrate 17awas heated at 80 8C
(microwave irradiation, 50 min) with catalyst 3 (5 mol%) in
MeOH, the rearranged acetates 19 (75:25 E/Z) were obtained
quantitatively.

Significantly, in contrast to AuI, the Pd0-catalyzed reaction
of substrate 13a (10 mol% Pd0) did not provide any cycliza-
tion product and a 1:1 mixture of destannylated products was
obtained quantitatively. Substrate 13b gave 14 in only 38%
yield along with products of destannylation (1:1 mixture,
61%). The result obtained in the Pd0-catalyzed reaction of 13
is consistent with the known mechanism for this reaction,[1]

since the (h3-allyl)palladium complex 20a, which is obtained
upon oxidative addition of Pd0 to 13a, cannot undergo
intramolecular transmetalation with the allylstannane
(Scheme 3). Complex 20b, however, which is derived from
13b, has the correct relative configuration to give 14. The
reaction of 13a with [RhCl(PPh3)3] (20 mol%, 80 8C, 20 h) in
the presence of iPr2NH (3 equiv) and LiCl (5 equiv), on the

Scheme 2.

Table 2: Gold-catalyzed intramolecular allyl–allyl coupling.[a]

Entry Substrate T [8C] t [h] Product
(yield [%])

1 50 1 2a (63)[b]

2 1 f : Z=C(SO2Ph)2, R=CO2Et 50 8 2a (88)
3 1g : Z=C(SO2Ph)2, R=TROC[c] 50 1 2a (95)

4 1h : Z=C(CO2Me)2, R=Ac 80 0.5

5 1 i : Z=C(CO2Me)2, R=Me 80 3.5 6 (62; 88:12)[d]

6 80 1

7 50 0.5

8 80 1

9[g] 80 0.5

10 50 0.5

11 13b : 1’,4’-trans, 3Z 50 0.5 14 (94)
12 13c : 1’,4’-trans, 3E 50 0.5 14 (94)

[a] 3 mol% of 3 in DCE. [b] Along with 27% of the destannylated product.
[c] TROC=2,2,2-trichloroethoxycarbonyl. [d] Along with 15% of the
destannylated product. [e] Ts= p-Toluenesulfonyl. [f ] Along with 59% of
the destannylated product. [g] 5 mol% of 3.
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other hand, gave 14 (48%) and destannylation products (1:1
mixture, 46%), whereas 13b gave only a 1:1 mixture of
destannylated products (92%).[11] These results show that the
processes catalyzed by AuI, Pd0, and RhI are mechanistically
distinct.

Additional reactions were performed to determine the
role played by the cationic AuI complex in this cyclization.
Thus, the reaction of 13b in the presence of AuCl3 (5 mol%,
DCE, 80 8C, 15 h) gave a 2:1 mixture of destannylated
products quantitatively.[12] Similarly, the reaction of this
substrate in the presence of Yb(OTf)3 (5 mol%, DCE,
80 8C, 15 h) gave a 67% yield of destannylated product.
None of the cyclized product 14 was detected in these
experiments.

We also considered the possible formation of an allyl-
gold(I) species by a transmetalation-type process.[13,14] 1H and
31P NMR spectroscopic monitoring of the reaction between
complex 3 and allyltriphenylstannane or allyltributylstannane
in CD2Cl2 shows that complexation of AuI to the alkene
occurs at low temperature (�78 to �20 8C)[15] and that
propene is formed at about 0 8C. Similar results were obtained
with crotyl- and cinnamyltributylstannane, which gave 1-
butene and allylbenzene, respectively. The reaction between 3
and allyltrimethylsilane also led to the formation of propene
at around �40 8C. Complex 3 gave the aquo complex [Au{(o-
PhC6H4)PtBu2}H2O]SbF6 in the presence of a stoichiometric
amount of water,[16] and formation of propene from allyltri-
butylstannane or allyltrimethylsilane was observed at the
same temperatures.

Although cleavage of the allylsilane and allylstannanes
was observed in these experiments, direct evidence for the
formation of allylgold(I) species could not be obtained. In
addition, we were unable to observe oxidative addition of the
allyl acetate to AuI in a series of experiments carried out with
17a and complex 3 in CD2Cl2.

[17] The fact that, in contrast to
Pd0 and RhI, the cationic catalyst 3 leads to similar high yields
of 14 from 13a and 13b (Table 2, entries 10 and 11) suggests
that AuI acts as a mild and selective Lewis acid that promotes

formation of an allyl cation from the allyl acetate, which then
reacts with the allylstannane or allylsilane.[18]

In summary, we have found that cationic AuI complexes
are the most efficient catalysts for the intramolecular coupling
of allyl acetates with allylstannanes. This process is mecha-
nistically very different from that catalyzed by Pd0 or RhI.
Additional synthetic applications and mechanistic studies of
this new coupling reaction are underway.
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