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Solvolysis of Au(PPh3)PF6 afforded Au(PPh3)OPOF2 which is

an effective catalyst in the intramolecular [4+2] cycloaddition of

unactivated dienynes bearing a terminal alkyne.

The development of effective cyclization reactions for the

synthesis of carbocycles and heterocycles has been the subject

of many extensive studies because of their relevance to

biologically important and other functional materials. Among

them, gold-catalyzed cyclization is one of the most popular

branches of research in the formation of functionalized cyclic

structures.1,2 In particular, the cycloisomerization of enynes,

which produces novel intermediates is one of the most studied

fields.3 In our continuous efforts to develop efficient catalytic

reactions using gold complexes,4 we have also been studying

the use of gold complexes in the catalytic cycloaddition of

dienynes. In our attempt to make a cationic gold(I) complex

[Au(PPh3)PF6] to use as the catalyst in the cycloisomerization

of dienyne 1, we isolated Au(PPh3)OPOF2 as the sole product.

The formation of Au(PPh3)OPOF2 was confirmed by a

combustion analysis and a X-ray diffraction study (Fig. 1).

The anion PF6
� was found to be hydrolyzed to OPOF2

�. The

solvolysis of the PF6
� anion and the formation of the OPOF2

�

anion have already been reported for other systems.5

However, to the best of our knowledge, Au(PPh3)OPOF2 is

first reported in this study (eqn (1)).6

ð1Þ

In relation to gold-catalyzed [4+2] cycloaddition, Fürstner

and Stimson have reported7 the [Au(PPh3)Cl]/AgSbF6-

catalyzed cycloaddition of unactivated alkynes and Echavarren

group have reported8 the scope and mechanism of

gold(I)-catalyzed intramolecular [4+2] cycloadditions of

arylalkynes or 1,3-enynes with alkenes. Böhringer and Gagosz

also used a gold(I)-catalyzed [4+2] reaction in the synthesis of

functionalized bicyclo[4.3.0]nonenes.9 Very recently, we found

that Au(PPh3)OPOF2 was also quite effective in the intra-

moleulcar [4+2] cycloaddition of dienynes. Herein, we

report the Au(PPh3)OPOF2-catalyzed intramolecular [4+2]

cycloaddition reaction of dienynes under very mild reaction

conditions.

We investigated the gold(I)-catalyzed intramolecular [4+2]

cycloaddition of a dienyne (1) bearing an N-Ts group

(Table 1). We first screened neutral gold compounds, such as

Fig. 1 X-Ray structure of Au(PPh3)OPOF2. Hydrogen atoms are

omitted for clarity.

Table 1 Screening the reaction conditionsa

Entry Catalyst Additive Solvent t/h

Yieldb (%)

1a 1b 1c

1 Au(PPh3)Cl — CH2Cl2 24 13 — 7
2 Au(IPr)Cl — CH2Cl2 24 15 — —
3 Au(PPh3)Cl AgSbF6 CH2Cl2 0.5 25 20 29
4c Au(PPh3)Cl AgSbF6 CH2Cl2 0.5 8 — 7
5 Au(PPh3)Cl AgBF4 CH2Cl2 1.5 14 23 27
6 Au(PPh3)Cl AgNTf2 CH2Cl2 24 29 17 18
7 Au(PPh3)Cl AgPF6 CH2Cl2 3 74 21 —
8 Au(PPh3)OPOF2 — CH2Cl2 0.5 97 — —
9 Au(PPh3)OPOF2 — THF 0.5 99 — —
10 Au(PPh3)OPOF2 — Toluene 12 91 — —
11d Au(PPh3)OPOF2 — THF 48 93 — —

a 0.5 mmol of 1 was reacted with 5 mol% catalyst and 5 mol% of

additive at room temperature. b Isolated yield. c 10 mol% AgSbF6

was used. d 0.3 mol% catalyst used.
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[Au(PPh3)Cl] and [Au(IPr)Cl], as catalysts (entries 1 and 2).

The reaction of 1 with [Au(PPh3)Cl] in dichloromethane

afforded 1a and 1c in 13% and 7% yields, respectively. The

use of [Au(IPr)Cl] as a catalyst gave 1a in 15% yield. In both

of these reactions, 80% of 1 was recovered. Apparently, it is

concluded that a neutral gold compound was not active

enough as a catalyst for the [4+2] cycloaddition of 1.

We next screened an in situ generated cationic gold(I) species

derived from Au(PPh3)Cl/AgSbF6. When 5 mol% of

Au(PPh3)Cl and 5 mol% of AgSbF6 were used, a mixture of

1a, 1b, and 1c was obtained in 25%, 20%, and 29% yields,

respectively (entry 3). The formation of the cycloisomerization

products, 1b and 1c, was confirmed by a X-ray diffraction

study.10 The silver salt is very hydroscopic, making it difficult

to weigh. Thus, when the amount of AgSbF6 was doubled

(entry 4), most of the substrates were decomposed and 1a and

1c were obtained in 8% and 7% yields, respectively. When we

screened a different counter anion, such as BF4
�, NTf2

� and

PF6
�, a similar distribution of products was observed in all

three cases (entries 5–7). However, when Au(PPh3)OPOF2 was

used as a catalyst, the yield dramatically increased to 97%

(entry 8). In solvents such as dichloromethane, toluene, and

THF, a high yield (91–99%) of 1a was obtained. Moreover,

the amount of the catalyst used could be reduced to 0.3 mol%

in compensation for the long reaction time (48 h) (entry 11).

Considering the reaction time and yield, Au(PPh3)OPOF2 was

chosen as the catalyst in other reactions.

Next, we studied the Au(PPh3)OPOF2-catalyzed intra-

molecular [4+2] cycloaddition of various dienynes in THF

(Table 2). All the terminal dienynes (entries 1–4) were good

substrates. They gave the expected products in quantitative

yields. The reaction was not affected by tethers. Dienynes

(entries 5–10) with substituent(s) on a diene moiety were still

good substrates. Interestingly, when an alkene or diene was a

part of a cyclic moiety, i.e., a cyclohexenyl or cyclohexadienyl

group (entries 11 and 12), a quite different result was observed.

When a dienyne bearing a cyclohexenyl group was used as the

substrate, a mixture of two tricyclic compounds, a [4+2]

cycloaddition product 11a and the respective aromatized

product, was obtained in 45% and 5% yields. However, when

a diene was part of a cyclohexadienyl group, the yield was

97%. The catalytic [4+2] cycloaddition was also effective for

1,7-dienynes (entries 13 and 14) although they needed a long

reaction time. When the chain length between an alkyne and

N-Ts increased, the yield after 72 h of reaction time was 66%.

A dienyne with a longer tether chain between a diene andN-Ts

was a good substrate, yielding 92% yield of the product after

24 h of reaction time.

However, the introduction of a substituent to the alkyne

moiety was detrimental (Scheme 1). Thus, a dienyne (15) with

a TMS-substituted internal alkyne gave the desilylated [4+2]

cycloaddition product, 1a, in 64% yield after 24 h of reaction

time with a 25% recovery of 15. Similarly, 16 also gave a

desilylated [4+2] cycloaddition product, 2a, in 35% yield.

Treatment of a dienyne (17) with a Me-substituted internal

alkyne gave the cyclopropanated product, 17b, in 15% yield

after 24 h of reaction time with a 51% recovery of the reactant.

Based on the reactivity difference of terminal, silyl-substituted,

and methyl-substituted alkynes, it seems that a desilyation

may happen slowly to generate a terminal alkyne under these

reaction conditions and the resulting terminal alkyne under-

goes a [4+2] cycloaddition reaction.

On the basis of the above results and previous reports,7,11 a

plausible reaction mechanism was proposed (Scheme 2).

Table 2 Au(PPh3)OPOF2-catalyzed intramolecular [4+2] cyclo-
addition reaction of dienynesa

Entry Reactant t/h Product Yieldb (%)

1 1 0.5 1a 99

2 2 0.5 2a 97

3 3 1.5 3a 99

4 4 1 4a 98

5 5 2 5a 90c

6 6 2 6a 100

7 7 4 7a 86

8d 8 2 8a 96

9 9 24 9a 97

10 10 6 10a 96

11 11 24 11a 45e

12 12 0.5 12a 97

13 13 72 13a 66

14 14 24 14a 92

a 0.5 mmol of the substrate was reacted with 5 mol% of Au(PPh3)-

OPOF2 in THF at room temperature. b Yield of the isolated product.
c A trace amount of an aromatized product was included. d The E/Z

isomeric ratio 3 : 7 in 8 was retained in 8a. e In addition, an aromatized

product was isolated in 5% yield.

Pu
bl

is
he

d 
on

 1
0 

M
ay

 2
01

1.
 D

ow
nl

oa
de

d 
by

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

23
/1

0/
20

14
 0

1:
17

:3
3.

 
View Article Online

http://dx.doi.org/10.1039/c1cc11127b


This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 6719–6721 6721

We have demonstrated that Au(PPh3)OPOF2 is an effective

catalyst in the intramolecular [4+2] cycloaddition of terminal

dienynes. Further studies are needed to delineate the intimate

mechanistic steps, and the origin of the high activity of

Au(PPh3)OPOF2 is currently under investigation in our

laboratory.
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