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a b s t r a c t

A highly-efficient and practical method for the formation of ynones from a variety of acyl chlorides and
terminal alkynes catalyzed by a nanosized MCM-41 anchored palladium bipyridyl complex is described
herein. Aroyl, heteroaroyl, and alkyl acyl chlorides were easily coupled with terminal alkynes, giving
good to high isolated yields in the presence of a very low catalyst loading (0.002–0.1 mol % Pd) in Et3N or
diisopropylethylamine at 50 �C. Furthermore, the reaction scale was up to 150 mmol for a single batch
reaction, providing the potential for practically synthetic application. After centrifugation, the supported
catalyst was able to be recycled and reused several times with only a slight decrease in activity.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Ynones are useful synthetic intermediates for the preparation
of many biologically-active compounds and heterocyclic de-
rivatives.1,2 Among many synthetic strategies, the coupling re-
action of acyl chlorides and terminal alkynes catalyzed by
palladium catalysts has received much attention of late. This
reaction can be achieved under mild conditions with a wide
range of functional groups on alkynes and enhanced chemo-
selectivity.3 In spite of the synthetic elegance of the construction
of synthetically useful ynones, these palladium-catalyzed re-
actions are usually carried out in a homogeneous phase, which
makes the catalysts difficult to recover and reuse in subsequent
reactions. Hence, facile separation of catalysts and products for
the recycling of the catalysts is rather important from the
viewpoints of economical and environmental concern. For these
reasons, heterogenization of such homogeneous catalysts used
for ynone formation is very valuable.

Recently, Likhar’s group reported that acyl chlorides could be
coupled with terminal alkynes in the presence of 1 mol % Pd/C
under refluxing toluene and the catalyst could be reused for five
cycles with a 15% leaching of Pd.4 On the other hand, recent

developments in ordered mesoporous silica (OMS) materials such
as MCM-41 and SBA-15 lend these materials very well to their use
as solid supports for the purpose of heterogenization of homoge-
neous catalysts.5 The uniform pore size and large surface area of
OMS allow simple grafting of transition-metal complexes to
the wall and the catalysis of organic reactions in the nanopores.
Recently, several palladium complexes have been immobilized on
OMS for employment as heterogeneous catalysts for carbon–car-
bon bond-forming reactions, such as the Mizoroki–Heck reaction,6

Suzuki–Miyaura reaction,7 Sonogashira coupling,8 Kumada–
Tamao–Corriu reaction,9 Migita–Kosugi–Stille reaction,10 and ke-
tone formation.11 We have reported previously that nanosized
MCM-41–Pd (Fig. 1) is an excellent heterogeneous catalyst for
carbon–carbon bond cross–coupling reactions due to its short and
highly-connected wormhole-like channels, which allow easy
exchange of reactants and products throughout the nano-
channels.6g,9,11 Thus, a very low catalyst loading can be used in the
reaction without encountering the saturation phenomenon. As
a part of our continuing efforts in the development of a recyclable
catalyst for carbon–carbon bond-forming reactions, we report
herein the coupling of various acyl chlorides and terminal alkynes
catalyzed by nanosized MCM-41–Pd (denoted as NS-MCM-41–Pd)
for the formation of ynones. This reaction not only uses a very low
catalyst loading (0.002–0.1 mol % Pd) in each batch, but also the
reaction scale can be up to 150 mmol, making it useful for practi-
cally synthetic application (Scheme 1).
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2. Results and discussion

NS-MCM-41–Pd was prepared according to our previous proce-
dures.6g,9 After the grafting of the palladium bipyridyl complex onto
NS-MCM-41, the surface area and pore diameter decreased from
705 m2/g and 2.5 nm to 588 m2/g and 2.3 nm, respectively, and the
amount of Pd complex anchored on the wall of MCM-41 was esti-
mated to be 0.15 mmol/g by ICP-MASS analysis. As shown in Table 1,
our initial goal was to optimize the reaction conditions for the
coupling of benzoyl chloride 1a (1.3 equiv) and phenylacetylene 2a
(1.0 equiv) in the presence of 0.02 mol % Pd (as in NS-MCM-41–Pd).
When the reaction was conducted in common organic solvents such
as THF, toluene, DME, and 1,4-dioxane with Et3N as a base, low GC
yields were obtained (entries 1–4). The coupling reaction was
completely blocked as inorganic bases such as KOH and K2CO3 were
employed, presumably owing to the poor solubility of these salts in
organic solvents (entries 5–6). When Et3N was used as both solvent
and base, the reaction showed high activity and afforded near-
quantitative yield at 50 �C in 0.5 h (entry 7). However, only a 10%
yield of 3a was obtained when the reaction was conducted at room
temperature (entry 8), and both PPh3 and CuI had to be added to the

reaction system to obtain satisfactory results (entries 9–10). In order
to compare the activity of this heterogeneous catalyst, NS-MCM-41–
Pd, with a homogeneous one, PdCl2(bpy) was used as the catalyst for
the same reaction. Under identical conditions, a 66% yield of 3a was
isolated, indicating that higher catalytic activity was obtained after
heterogenization of the palladium catalyst as compared with the
homogeneous counterpart (entry 11).

After the optimized conditions had been found, a variety of acyl
chlorides were coupled with phenylacetylene (Table 2, the products
were denoted as 3 when aromatic terminal alkynes were used). First,
we increased the ratio of phenylacetylene to Pd to 50 000 by scaling
up the alkyne to 150 mmol. To our delight, the reaction was com-
pleted in 36 h and resulted in a 93% isolated yield (entry 1). This
result shows its potential for practically synthetic application. Not
only aryl acyl chlorides but also heteroaryl chlorides coupled with
phenylacetylene smoothly in the presence of low amount of NS-
MCM-41–Pd within a short reaction time to give high product yields
when both aroyl and heteroaroyl chlorides were used as the sub-
strates (entries 2–7). Under similar conditions, we also studied the
reactivity of alkyl acyl chlorides in the presence of 0.02 mol % of the
Pd catalyst: 1h–1j coupled with phenacetylene effectively, resulting
in the formation of the corresponding products at yields of between
86 and 94% (entries 8–10). In the case of valeroyl chloride,1k, a bulky
diisopropylethylamine was employed instead of Et3N to avoid direct
reaction of the amine with the linear aliphatic acyl chloride,3f,12

whereupon a good isolated yield of 3k was obtained (entry 11).
Next, a variety of substituted aromatic terminal alkynes were

used to couple with acyl chlorides in the presence of 0.02 mol %
NS-MCM-41–Pd (Table 3). The para-substituted phenylacetylenes,
such as 4-ethynylanisole 2b and 4-ethynylchlorobenzene 2c, reac-
ted with various aroyl and alkyl acyl chlorides very efficiently,
giving the corresponding products, 3l–3s, in high yields within
short reaction time (entries 1–8). Terminal alkynes 2d–2h also
coupled with acyl chlorides smoothly under the same conditions
(entries 9–19), and even reaction with ortho-substituted alkynes
2d, 2e, and 2h proceeded with yields almost at the same level as the
para-substituted alkynes (entries 9–11). However, the reaction rate
when employing the larger 9-ethynylphenanthrene 2i was smaller
owing to the difficulty of diffusion of the bulky reactant in the
catalyst-containing nanopores (entry 20).

The utility of this coupling reaction for aliphatic terminal
alkynes was also evaluated (Table 4, the products were denoted as 4
when aliphatic terminal alkynes were used). Compared with that
of aromatic terminal alkynes, the coupling of acyl chlorides with
aliphatic terminal alkynes proceeded at relatively lower rates.
When a higher catalyst loading (0.1 mol %) was applied, however,
both aroyl and alkyl acyl chlorides coupled with aliphatic terminal
alkynes to give the corresponding products 4a–4i in good to high
yields (entries 1–9).

In order to determine whether catalysis was due to NS-MCM-
41–Pd itself or to the leached palladium in solution, a hot filtration
experiment was performed.6–11 We performed a coupling reaction
of 4-methoxybenzoyl chloride 1b and phenylacetylene 2a cata-
lyzed by 0.01 mol % of NS-MCM-41–Pd (Table 2, entry 2). After 1 h
of reaction, the reaction mixture was promptly filtered through
a dried Celite pad under nitrogen at the reaction temperature to
remove any undissolved fine particles. The clear filtrate was
analyzed by GC and a yield of 53% was obtained; the solution was
then stirred at 50 �C, and we observed that the clear filtrate showed
no further activity for the coupling reaction, even upon stirring for
an additional 12 h. We ascertained the Pd-content in the filtrate by
ICP-MASS, and only 0.3 ppm of palladium was found in the clear
solution. This indicated that the catalytic activity indeed was
resulted from the grafted palladium complex.

One of the purposes for the designing of this heterogeneous
catalyst is to enable recycling of the catalyst for use in subsequent
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Figure 1. Nanosized MCM-41–Pd.
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Scheme 1. NS-MCM-41–Pd-catalyzed coupling of acyl chlorides with terminal alkynes.

Table 1
Optimization of reaction conditions for the coupling of benzoyl chloride 1a with
phenylacetylene 2aa

Entry Base Solvent Temperature (�C) Yieldb (%)

1 Et3N THF 50 21
2 Et3N Toluene 50 14
3 Et3N DME 50 3
4 Et3N 1,4-Dioxane 50 21
5 K2CO3 THF 50 0
6 KOH THF 50 0
7 Et3N Et3N 50 99 (92)
8 Et3N Et3N rt 10
9c Et3N Et3N 50 2
10d Et3N Et3N 50 7
11e Et3N Et3N 50 78 (66)

a Reaction conditions: benzoyl chloride (19.5 mmol), phenylacetylene (15 mmol),
NS-MCM-41–Pd (0.02 mol %), PPh3 (0.04 mol %), CuI (0.04 mol %), base (30 mmol),
and solvent (20 mL) for 0.5 h.

b GC yields. Isolated yields are shown in parentheses.
c Without PPh3.
d Without CuI.
e PdCl2(bpy) was used as the catalyst.
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