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ABSTRACT

A highly efficient alkynylation −cyclization of terminal alkynes with ortho -alkynylaryl aldehydes leading to 1-alkynyl-1 H-isochromenes was
developed by using a gold −phosphine complex as catalyst in water. The reaction was dually promoted by an electron-donating phosphine
ligand and water and was chelation-controlled.

Metal-mediated Grignard-type reactions represent some of
the most common methodologies in C-C bond formations.
Methods based on the catalytic reaction of C-H bonds
provide a highly atom-economic alternative, which avoids
the utilization of stoichiometric amounts of metal and halides
when compared to classical methods.1 Furthermore, the
development of catalytic [Grignard-type] C-H bond reac-
tions in aqueous media can potentially simplify protection
and deprotection of functional groups incompatible to
classical reactions.2

Isochromenes are common structural units in natural
products and exhibit interesting biological activities such as
antibiotic properties.3 Among the methods to construct such

structures, the nucleophilic addition to alkynylaryl aldehydes
followed by an alcohol-alkyne cyclization is the most
useful.4 To the best of our knowledge, terminal alkynes have
not been reported as nucleophiles in such reactions to
generate isochromene derivatives.5 During our earlier studies
on the silver-catalyzed alkynylation of aldehydes,6 we
realized that the metal acetylides of group IB such as Cu(I),
Ag(I), and Au(I), which were believed to only be reactive
to imines7 and inert to carbonyl,8 might be activated by a
phosphine ligand and water. Herein, we report a cascade
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addition/cyclization of terminal alkynes with acetylenic
aldehydes catalyzed by a phosphine-gold(I) complex,9

leading to 1-alkynyl-1H-isochromenes in water (eq 1, Figure
1). Furthermore, to the best of our knowledge, it is also the
first example of a gold-catalyzed alkynylation of aldehydes.

In our previous silver-catalyzed alkynylation of aldehydes,6

Cy3PAgCl (containing an electron-donating phosphine ligand)
proved to be the most active catalyst. However, with Cy3-
PAgCl as a catalyst in the present study, only a small amount
of the alkynylation product was observed after overnight
reaction at 80°C, and no further cyclization occurred (entry
1, Table 1). When Ph3PAuCl was used as the catalyst, a trace
amount of isochromene3a was obtained together with
benzannulation10 and alkynylation as the side reactions (entry
3, Table 1). After screening several phosphine-gold com-
plexes, Me3PAuCl showed the best catalytic activity for the
reaction. With the addition of toluene as a cosolvent, the
reaction becomes smooth and easy to stir (entries 4 and 7).11

Up to 87% of3a was achieved in a 1:1 mixture of toluene
and water at 70°C in 12 h, in the presence of 5 mol % of
Me3PAuCl and 20 mol % ofi-Pr2NEt. Other electron-
donating phosphine ligands were also tested (entries 16-

18); surprisingly, no desired product was observed. In the
absence of a phosphine ligand, only a small amount of
benzannulation product was formed (entry 15). On the other
hand, it is worthy to note that noncoordinating counteranions
such as-OTf, SbF6

-, and BF4
- inhibit the reaction and result

in the polymerization of phenylacetylene. Furthermore, water
plays a key role in this reaction and no reaction was observed
in the absence of water (entry 9).

Subsequently, various acetylenic aldehydes were reacted
with terminal alkynes under the standard reaction conditions
(Table 2). With (2-phenylethynyl)aldehyde, both electron-
rich and electron-poor arylacetylenes provide good yields
of the desired products (entries 1-3). An alkenylalkyne was
slightly less effective (entry 4), and the use of an aliphatic
alkyne resulted in a low yield of the corresponding product
(entry 5). On the other hand,n-butyl-substituted acetylenic
aryl aldehyde1b provided the best yields (entries 6-10).
However, a bulky R1 decreased the reactivity (entries 11-
13), possibly because of the increased steric effect. It is
noteworthy to mention that the electron-donating terminal
alkynes are slightly more reactive than the electron-deficient
ones (e.g., entry 12 vs entries 11 and 13).

To understand the mechanism of the reaction, we exam-
ined the reaction between terminal alkynes and simple
aldehydes (eq 2, Figure 2). Surprisingly, no catalytic activity
was observed in the reaction of phenylacetylene with
benzaldehydes under the standard conditions. This result
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(11) For reactions at small scales, the substrates tend to stick on the
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Figure 1. Water-triggered and gold(I)-catalyzed cascade addition/
cyclization of terminal alkynes withortho-alkynylaryl aldehyde.

Table 1. Catalytic Alkynylation/Cyclization of
2-(Phenylethynyl) Benzaldehyde with Phenylacetylenea

entry catalysts conditions yield (%)b

1 Cy3PAgCl water, 80 °C 0
2 Cy3PAgCl/AgOTf water, 80 °C trace
3c Ph3PAuCl water, 80 °C 11
4c Me3PAuCl water, 80 °C 44
5 Me3PAuCl water/toluene (5:1), 70 °C 75
6 Me3PAuCl water/toluene (10:1), 70 °C 56
7 Me3PAuCl water/toluene (1:1), 70 °C 87
8 Me3PAuCl water/toluene (1:5), 70 °C 72
9 Me3PAuCl toluene, 70 °C no conv.

10 Me3PAuCl water/t-BuOH (5:1), 70 °C 33
11 Me3PAuCl water/dioxane (5:1), 70 °C 75
12 Me3PAuCl/AgOTf water/toluene (1:1), 70 °C no conv.
13 Me3PAuCl/AgSbF6 water/toluene (1:1), 70 °C no conv.
14 Me3PAuCl/AgBF4 water/toluene (1:1), 70 °C no conv.
15 AuCl water/toluene (1:1), 70 °C 0
16 Et3PAuCl water/toluene (1:1), 70 °C no conv.
17 AuCl/Bu3P water/toluene (1:1), 70 °C no conv.
18 AuCl/PCy3 water/toluene (1:1), 70 °C no conv.

a Aldehyde (0.125 mmol), phenylacetylene (0.25 mmol),i-Pr2NEt (20
mol %), H2O (0.5 mL).b Yields were determined by1H NMR with 0.1
mmol of nitromethane as an internal standard (no conv.) no conversion).
c 0.25 mmol scale, 1 mL of H2O.
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suggests that theo-alkynyl in substrate1 might function as
a chelating-activating group.12

Thus, a tentative mechanism for the water-triggered gold-
(I)-catalyzed cascade addition/cyclization is proposed in
Scheme 1. Reaction of terminal alkynes with Me3AuCl in

the presence of a weak base generates the gold(I) acetylide
speciesA, which then forms the chelating intermediateB

and activates the carbonyl group. The acetylide then reacts
with the aldehyde to give intermediateC followed by the
attack to the triple bond to give the vinylgold intermediate
D; the carbon-gold bond is then quenched to give the final
product3 by protonolysis and regenerates the catalyst.13,14

In conclusion, a highly efficient alkynylation-cyclization
of terminal alkynes withortho-alkynylaryl aldehydes leading
to 1-alkynyl-1H-isochromenes was developed by using a
gold-phosphine complex as catalyst in water. The reaction
was dually promoted by an electron-donating phosphine
ligand and water and was chelation-controlled. The detailed
mechanism and the scope of this reaction are currently under
investigation.
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(14) The chelating model also provides an explanation for the fact that
the reaction is sensitive to the size of the phosphine ligand: the smaller
ligand Me3P gives the best results.

Table 2. Trimethylphosphinegold(I) Chloride Cascade
Catalyzed Alkynylation/Cyclizationa

a Conditions: 0.125 mmol of aldehyde, 0.25 mmol of alkynes, 5 mol %
of Me3PAuCl, and 20 mol % ofi-Pr2NEt in 0.5 mL of water and 0.5 mL
of toluene.b Isolated yield.c The conversion was calculated from the1H
NMR of the crude reaction mixture with 0.1 mmol of nitromethane as an
internal standard.d 0.1 mL of toluene was used with 0.5 mL of H2O.

Figure 2. Catalytic alkynylation of benzaldehydes with pheny-
lacetylene in water.

Scheme 1. Tentative Mechanism for the Gold(I)-Catalyzed
Cascade Alkynylation/Cyclization
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