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Abstract: A heterogeneous copper-free [Pd(NH3)4]
2þ/

(NH4)Y catalyst was employed to achieve the hetero-
geneous Sonogashira reaction of aryl halides with ter-
minal alkynes. Several reaction parameters like sol-
vent, base and temperature were evaluated. When op-
timised, the coupling reaction of bromobenzene with
phenylacetylene gave a 45% yield of diphenylacety-
lene within 3 h using only 1 mol % Pd. This catalyst
was successfully applied to the coupling reaction of
a range of aryl iodides and bromides: aryl iodides

and activated aryl bromides gave almost quantitative
yields and non-activated aryl bromides led to reason-
able yields (20% to 45%). This heterogeneous
[Pd(NH3)4]

2þ/(NH4)Y catalyst was shown to be effi-
cient, stable towards leaching and recyclable for the
copper-free Sonogashira reaction.

Keywords: Copper-free Sonogashira reaction; hetero-
geneous catalysis; palladium modified zeolite

Introduction

The Sonogashira cross-coupling of aryl halides and ter-
minal alkynes or arylenes is a useful tool for the syn-
thesis of alkyl-aryl- and diaryl-susbtituted acetylenes.[1]

Functionalised alkynes are important building blocks
for the synthesis of biologically active molecules and,
surprisingly, have common structural features with nat-
ural products that have been isolated from plants and
themarine organisms, or with synthetic drugs.[1,2] There-
fore, the Sonogashira reaction is frequently used as a key
step in the synthesis of pharmaceuticals, such as the ene-
diyne antibiotics or the contraceptive pill.[3]

Generally, the Sonogashira reaction is carried out in
an organic solvent such as toluene, THF or DMF, using
at least a stoichiometric amount of base, and a Pd(0)/
Cu(I) catalytic system.[4] To extend the Sonogashira re-
action for fine chemical applications, numerous studies
have been reported in the literature over the last ten
years including the use of a phase-transfer agent,[5] reac-
tion in aqueous media or without solvent,[6] reaction in
ionic liquids,[7] copper-free versions,[8] and the use of pro-
moters such as Zn, Mg, Sn and R4NI.[9] Alternatively,
nickel-catalysed Sonogashira reactions have been de-
scribed by Beletskaya et al. using homogeneous Ni(II)
species[10] and by Wang et al. using Ni(0) particles.[11]

However, these catalysts require the use of CuI as a
co-catalyst and PPh3 in order to achieve high activities.
Alternatively, Leadbeater et al. reported a transition

metal-free procedure for the Sonogashira coupling reac-
tions of aryl iodides and bromides with phenylacetylene
under phase-transfer conditions usingmicrowave irradi-
ation to activate efficiently the aryl halides.[12] Neverthe-
less, although interesting, these Pd-free methodologies
remain limited by the narrow choice of the reactants
and the right reaction conditions to achieve high conver-
sions.
The most important improvement concerned the

elimination of CuI used as co-catalyst since it can induce
homocoupling reactions of terminal alkynes to diynes in
the presence of oxygen (Glaser-type reactions).[13] This
improvement is also of importance for industrial appli-
cations of the Sonogashira cross-coupling reactions,
since this metal is very tedious to recycle.
In 1992, Genêt et al. reported the first copper-free ef-

ficient cross-coupling of alkynes with aryl or vinyl io-
dides using a water-soluble Pd catalyst[11] and in 1993
Alami et al. reported the reaction of aryl or vinyl halides
with terminal alkynes catalysed by 5 mol % Pd(PPh3)4
in amine solvents such as pyrrolidine or piperidine
(93% yield for the coupling of 1-iodoheptene with 3-bu-
tyn-1-ol).[15] More recently, Bçhm and Herrmann re-
ported a copper-free procedure using 0.5 mol %
[Pd2(dba)3/P(t-Bu)3] as catalyst for the reaction of aryl
bromides with phenylacetylene at room temperature
(92% yield for the coupling of bromobenzene with tri-
methylsilylacetylene in Et3N).[16] Pal et al. used
[PdCl2(PPh3)2] at 80 8C for the regioselective synthesis
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of 4-substituted 1-aryl-1-butanones that are useful inter-
mediates for the preparationof agrochemicals anddrugs
(60% yield using 3 mol %Pd catalyst with 8 equivalents
of Et3N in DMF).[17] The Pd(OAc)2/PPh3 catalytic sys-
tem was described by Fu et al. for the copper-free Sono-
gashira coupling of vinyl tosylate and terminal al-
kynes[18] whilst Nájera et al. have reported the use of
an oxime palladacycle, [PdCl(2-CH¼N(OH)(C6H4Cl)-
5-Cl-C6H3)]2, for the cross-coupling of terminal acety-
lenes and aryl iodides and bromides (>99% for the re-
action of p-chloroiodobenzene with phenylacetylene
under reflux inNMP/H2O).[19] Lately, Sakai et al. report-
ed the use of a catalytic amount of InBr3 in the presence
of a base to activate acetylenes prior to their coupling
with aryl iodides catalysed by [PdCl2(PPh3)2] at room
temperature.[20]

While these examples contributed to the improve-
ment of the Sonogashira reaction, they remained based
on homogeneous Pd catalysts, which makes the separa-
tion and the recovery of the catalysts tedious, if not im-
possible, and might result in unacceptable palladium
contamination of the products. As an answer to these
problems Astruc et al.[21] recently reported the use of a
dendritic material to support the homogeneous
[Pd{t-Bu2PCH2N(CH2Ph)CH2Pt-Bu2}(OAc)2] complex[8e]

which they had previously applied to the Sonogashira
reaction (79% yield for the reaction of iodobenzene
with phenylacetylene under reflux in the presence of
Et3N using 1 mol % of the Pd-dendritic catalyst after
24 h). The authors claimed that the dendritic catalysts
could be recovered by precipitation and reused without
any significant loss of activity. Although interesting, this
method required the precipitation of the catalyst by a
co-solvent (generally pentane) which increased the
amount of effluent waste during the process.
Only few reports describe the Sonogashira reaction

heterogeneously catalysed by supported palladium cat-
alysts, examples being generally limited to highly reac-
tive aryl iodides and 2-halopyridines. Separately, Koeh-
ler et al.[22] and Kotschy et al.[23] have described the Pd/
C-catalysed Sonogashira reaction of aryl halides with
acetylenes in presence of CuI. When optimised using
5 mol % Pd/C, 10 mol % CuI as co-catalyst and diiso-
propylamine as the base, Kotschy et al. achieved the
quantitative conversion of 2-bromopyridine with vari-
ous acetylenes, such as 1-hexyne, after 24 h under reflux

in DMAc/H2O. However, the success of these examples
remained linked to the use ofCuI as co-catalyst.Kotschy
et al. clearly demonstrated that theoverall activity of the
[Pd/CþCuI] catalytic systemwas related to the leaching
of the active Pd species in the solution during the reac-
tion, thus contaminating the reaction mixture (>2% of
Pd).[23]

The intensive application of the Sonogashira reaction
in the chemical industry depends on the development of
new, stable and recyclable, heterogeneous, copper-free
palladium catalysts. With this aim, the use of palladium
supportedonmetal oxides appears to be themost appro-
priate heterogeneous catalyst to perform this cross-cou-
pling reaction on a large scale.
Some of us have previously reported the first hetero-

geneous Pd-catalysed Heck reaction using zeolites as
catalyst supports.[24] In these studies, zeolite supports
were found to be particularly effective in the stabilisa-
tion of active Pd species during the reaction, leading to
highly active, easily separable and recyclable heteroge-
neous palladium catalysts for the Heck reaction. The
present contribution describes the remarkable catalytic
activity of Pd-modified zeolites for the Sonogashira
cross-coupling reaction of aryl iodides and bromides
with phenylacetylene.

Results and Discussion

Initially, we examined the catalytic activity of Pd-ex-
changed zeolites for the Sonogashira coupling reaction
of bromobenzene with phenylacetylene (Scheme 1,
X¼Br and R¼H). Using homogeneous, copper-free
palladium catalysts, aryl bromides are known to give
low conversion (10–60%) under standard reaction con-
ditions (polar solvent like NMP, 1 mol % Pd, 100–
120 8C, 20 h).[4] With heterogeneous supported palladi-
um species (particles, organometallic complexes), the
use of CuI as co-catalyst is required in order to attain
reasonable activities.[23] Therefore, the coupling reaction
of bromobenzenewith phenylacetylene appears to be of
interest for developing new, heterogeneous, copper-free
palladium catalysts. In order to optimise the reaction
several parameters like the solvent, temperature and
base, were evaluated as well as the catalystSs composi-
tion and stability.

Scheme 1. Sonogashira coupling reaction of aryl halides with phenylacetylene catalysed by copper-free Pd-zeolites.

Sonogashira Cross-Coupling Catalysed by Cu-Free Pd Zeolites FULL PAPERS

Adv. Synth. Catal. 2004, 346, 1782–1792 asc.wiley-vch.de I 2004 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 1783



The heterogeneous [Pd(NH3)4]
2þ/(NH4)Y zeolite was

prepared, according to procedures reported in the liter-
ature, by ion exchange of (NH4)Y zeolite using a 0.1 M
aqueous solution of [Pd(NH3)4]

2þ2Cl� .[24, 25] After a pe-
riod of 24 h, the exchanged [Pd(NH3)4]

2þ/(NH4)Y cata-
lyst was obtained. The absolute palladium content of
the catalyst was determined by ICP-AES as 5.2% wt
Pd. Analogously, the heterogeneous {[Pd(NH3)4]-
[Cu(NH3)4]}/(NH4)Y zeolite was prepared by ion co-ex-
changeof (NH4)Yzeolite using a 0.1Maqueous solution
of [Pd(NH3)4]

2þ2Cl� and [Cu(NH3)4]
2þ2Cl� stirred for

24 h. The absolute metal content of the catalyst was de-
termined by ICP-AES as 4.7% wt Pd, and 2.3% wt Cu.
Table 1 describes the results obtained from the Sono-

gashira reaction of bromobenzenewith phenylacetylene
to diphenylacetylene 3 (Scheme 1, X¼Br and R¼H)
using standard reaction conditions (5 mmol bromoben-
zene, 8 mmol phenylacetylene, 10 mmol base, 1 mol %
[Pd(NH3)4]

2þ/(NH4)Y, 80 8C, 3 h, polar solvent).
It was found that the Sonogashira reaction was very

dependent on the nature of the solvent and the compo-
sition of the solventmixture.Generally, after 3 h of reac-
tionpureorganic polar solvents likeDMF,DMSO,NMP
and DMAc lead to a low conversion of bromobenzene
resulting in poor yields of diphenylacetylene 3 (7% to
19%) (Table 1, entries 1–4). However, used in mixture
with water (solvent/water¼4 :1), these solvents gave
clearly higher yields in 3, as high as 39% and 45% under
otherwise the same reaction conditions (Table 1, entries
5–8). Other solvents commonly used for this reaction
like dioxane, DME, Et3N and CH3CN, while unreactive
when used pure, gave appreciable yields of 3 when used

in a mixture with water (Table 1, entries 9–12). The
highest conversion was obtained with the mixture
DMF/H2O¼4 :1, giving a 45% yield in diphenylacety-
lene 3 within 3 h (Table 1, entry 5). When water was
used as solvent, insignificant product amount was de-
tected for the Sonogashira reaction of bromobenzene
with phenylacetylene (Table 1, entry 17).
The influence of the amount of water added to DMF

was also evaluated. As reported in Table 1 (entries 5
and 13–16), the optimum was attained with a ratio
DMF/H2O¼4 :1 for which the yield in 3 rises to 45%
within 3 h. Using these optimised reaction conditions
(5 mmol bromobenzene, 8 mmol phenylacetylene,
10 mmol Et3N, 1 mol % [Pd(NH3)4]

2þ/(NH4)Y, 80 8C,
DMF/H2O¼4 :1), a higher yield of 3 was achieved by
a longer reaction time: 63% yield within 24 h.
Next the influence of the base was studied. As report-

ed inTable 2, inorganic bases such asK2CO3 andCs2CO3

gave poor conversion (0% and 6%, respectively) proba-
bly due to their lack of basicity under the reaction con-
ditions (Table 2, entries 1 and 2). Other inorganic bases
like Ca(OH)2, t-BuOK, KOH and KOAc gave reasona-
ble conversions leading to 15% to 24% yields in 3 (Ta-
ble 2, entries 3–6).However, these catalytic performan-
ces appeared limited when compared to those obtained
using basic organic amines for which 25% to 45% prod-
uct yields were achieved. The best catalytic result (45%
yield in 3 within 3 h) was obtained using Et3N (Table 2,
entries 7–10).
In order to optimise further the performance of the

catalytic system (1 mol % [Pd(NH3)4]
2þ/(NH4)Y,

DMF/H2O¼4 :1, 2 equivalents Et3N) for the Sonoga-

Table 1. Sonogashira coupling reaction of bromobenzene with phenylacetylene catalysed by [Pd(NH3)4]
2þ/(NH4)Y catalyst.

Reaction conditions: 5 mmol bromobenzene, 8 mmol phenylacetylene, 10 mmol Et3N, 1 mol % [Pd(NH3)4]
2þ/(NH4)Y,

80 8C, 3 h, solvent.

Entry Solvent Conversion[a] [%] Yield of 3 [%][a]

1 DMF 20 19
2 DMSO 12 12
3 NMP 11 10
4 DMAc 7 7
5 DMF/H2O (4 : 1) 46 45
6 DMSO/H2O (4 : 1) 41 41
7 NMP/H2O (4 : 1) 39 39
8 DMAc/H2O (4 : 1) 40 39
9 Dioxane/H2O (4 : 1) 11 11

10 DME/H2O (4 : 1) 18 17
11 Et3N/H2O (4 : 1) 7 7
12 CH3CN/H2O (4 : 1) 6 5
13 DMF/H2O (1 : 1) 26 24
14 DMF/H2O (2 : 1) 34 33
15 DMF/H2O (3 : 1) 43 42
16 DMF/H2O (6 : 1) 31 29
17 H2O <1 <1

[a] Conversions based on unreacted bromobenzene and yields were determined by GC with an internal standard (diethylene
glycol di-n-butyl ether) (Drel ¼ �5%).
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shira coupling reaction of bromobenzene with phenyl-
acetylene, we examined the influence of the reaction
temperature. For this purpose, the reactions were per-
formed in sealed tubes rather than in flasks to ensure
that no edducts evolved during the catalytic tests. The
results obtained, while following the same trends as
those observed when performing the reaction in flasks,
could not be directly compared in terms of catalytic ac-
tivity since generally lower conversion and yields are ob-
tained under strictly similar reaction conditions. This
was attributed to inefficient stirring when sealed tubes
are used: in a flask 0–5% yield versus 45% yield for
the model reaction is obtained when the stirring is
turned off.
The results reported in Table 3 show that no reaction

occurs at 60 8C, and, as expected, increasing the reaction
temperature resulted in higher product yields: 25%,
45% and 54% at, respectively, 80 8C, 100 8C and 120 8C
(Table 3, entries 2–4). However, above 80 8C the selec-
tivity decreased. At 140 8C no product corresponding to
the coupling reaction of bromobenzene with phenylace-
tylene was detected. Instead another poly-aromatic
compound was the unique product whose mass spec-
trum could correspond to several possible structures.
In order to elucidate the structure for this poly-aro-

matic compound, mass spectroscopy and NMR experi-
ments were performed on the methyl-substituted deriv-
ative 4 obtained in 28% yield by the coupling of p-iodo-
toluene with phenylacetylene at 100 8C for 24 h using
1 mol % [Pd(NH3)4]/(NH4)Y catalyst in DMF/H2O
(4 :1). All analytical methods (mass spectroscopy, 1H,
13C and COSY NMR) point to the structure proposed
in Figure 1. The most probable hypothesis for its forma-
tion during the catalytic experiments is the thermal cou-
pling of the intermediate 1-methyl-4-phenylethynylben-

zene with the excess of phenylacetylene. However, we
cannot exclude at relatively high reaction temperature
and longer reaction time a leaching of palladium species
in solution that could catalyse its formation.
As it is generally reported that the reactivity of aryl

bromides in the Sonogashira reactions is clearly higher
in presence of the CuI as co-catalyst,[1c] we decided to
use a [Pd-Cu]/(NH4)Y catalyst in the coupling reaction
of bromobenzene with phenylacetylene under the
most efficient reaction conditions. With 1 mol %
{[Pd(NH3)4][Cu(NH3)4]}/(NH4)Y in DMF/H2O (4 :1) at
80 8C for 3 h in presence of 2 equivalents of Et3N, the So-
nogashira reaction of bromobenzene (5 mmol) with
phenylacetylene (8 mmol) gave only a 6% yield (21%
after 24 h) of diphenylacetylene 3. This result clearly in-
dicates that, under our reaction conditions, copper salts
did not enhance the reactivity of aryl bromides toward
the Sonogashira coupling reactions but rather deactivat-
ed the catalyst.

Table 2. Influence of the base on the Sonogashira coupling
reaction of bromobenzene with phenylacetylene catalysed
by [Pd(NH3)4]

2þ/(NH4)Y catalyst. Reaction conditions:
5 mmol bromobenzene, 8 mmol phenylacetylene, 10 mmol
base, 1 mol % [Pd(NH3)4]

2þ/(NH4)Y, 80 8C, 3 h, DMF/H2O
(4 : 1).

Entry Base Conversion[a] [%] Yield of 3 [%][a]

1 K2CO3 0 0
2 Cs2CO3 6 6
3 Ca(OH)2 19 18
4 t-BuOK 13 13
5 KOH 22 21
6 KOAc 26 24
7 Et3N 46 45
8 Piperidine 35 35
9 Pyrrolidine 27 25

10 i-Pr2NH 33 31

[a] Conversions based on unreacted bromobenzene and yields
were determined by GC with an internal standard (diethy-
lene glycol di-n-butyl ether) (Drel ¼ �5%).

Table 3. Influence of the temperature on the Sonogashira
coupling reaction of bromobenzene with phenylacetylene
catalysed by [Pd(NH3)4]

2þ/(NH4)Y catalyst. Reaction condi-
tions: 5 mmol bromobenzene, 8 mmol phenylacetylene,
10 mmol Et3N, 1 mol % [Pd(NH3)4]

2þ/(NH4)Y, 60–140 8C,
3 h, DMF/H2O (4 : 1).[a]

Entry T [ 8C] Conversion[b] [%] Yield of 3 [%][b]

1 60 0 0
2 80 27 25
3 100 56 45
4 120 68 54
5[c] 140 100 0

[a] All reactions were carried out in pressure sealed tubes.
[b] Conversions based on unreacted bromobenzene and yields

were determined by GC with an internal standard (diethy-
lene glycol di-n-butyl ether) (Drel¼ �5%).

[c] The mass balance between conversion and yields in 3 and
the side product 4 is related to the relatively high forma-
tion of benzene (ca. 20%) due a rapid dehydrohalogena-
tion of bromobenzene at this relatively high reaction tem-
perature.

Figure 1. Proposed structure of the poly-aromatic compound
4 formed during the Sonogashira coupling reactions of bro-
mobenzene or p-iodotoluene with phenylacetylene above
80 8C.
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The optimised reaction conditions {5 mmol aryl hal-
ide, 8 mmol phenylacetylene, 10 mmol Et3N, 1 mol %
[Pd(NH3)4]

2þ/(NH4)Y, 80 8C,DMF/H2O¼4 :1}were ap-
plied to a range of aryl bromides and iodides. As report-
ed in Table 4, [Pd(NH3)4]

2þ/(NH4)Y showed an excep-
tional catalytic activity. Aryl halides activated by an
electron-withdrawing group react quantitatively within
3 h (Table 4, entries 5–7 and 13–15). Non-activated
aryl iodides gave almost quantitative yields within 3 h,
while the aryl bromides gave only moderate yields
even after a longer reaction period (Table 4, compare
entries 1–4 to 9–12). The differences in bond energy be-
tween aryl iodides (ca. 65 kcal/mol) and aryl bromides
(ca. 81 kcal/mol) probably account for these observa-
tions.[26]

When using ortho-substituted aryl halides, lower
yields were observed (Table 4, compare entries 3 versus
8 and 11 versus 16), which could be attributed to the dif-
fusion limitation of edducts and products through the
zeolite micropores. However, the catalytic activity ob-
served is, to our knowledge, one of the highest reported
to date for a copper-free heterogeneous Pd-catalysed
Sonogashira coupling reaction.
Regarding the high activity of the [Pd(NH3)4]

2þ/
(NH4)Y catalyst for the Sonogashira reaction of aryl io-
dides and bromides with phenylacetylene, we were in-
terested in evaluating its catalytic performances for
the synthesis of important substructures of natural or
synthetic biologically active organic molecules such as

propargylic alcohols, indoles or furans. As reported in
Table 5, high isolated yields were achieved using only
1 mol % [Pd(NH3)4]

2þ/(NH4)Y catalyst under the opti-
mised reaction conditions within short reaction times
(3 h to 6 h).
After demonstrating the applicability of the copper-

free [Pd(NH3)4]
2þ/(NH4)Y catalyst for the Sonogashira

reaction through the synthesis of various compounds,
the questions regarding the leaching of the active Pd
species in solution and the recyclability of the heteroge-
neous catalyst were addressed.
The leaching was examined for the coupling reaction

of p-iodoanisole with phenylacetylene under optimised
reaction conditions (10 mmol p-iodoanisole, 15 mmol
phenylacetylene, 20 mmol Et3N, 1 mol %
[Pd(NH3)4]

2þ/(NH4)Y, 80 8C, 20 mL DMF/H2O¼4 :1)
using the hot-filtrationmethod: a catalytic run was start-
ed as for a standard reaction, and after 10 min of reac-
tion, corresponding to 55% yield, the reaction mixture
was filtered through a celite pad to afford a clear filtrate.
The clear filtrate was then treated as a standard catalytic
run and its evolution was followed by GC. The results
were compared to that of a standard catalytic run. Fig-
ure 2 clearly shows that, after removal of the heteroge-
neous [Pd(NH3)4]

2þ/(NH4)Y catalyst, the clear filtrate
was weakly active suggesting that only slight leaching
had occurred during the reaction. Thus, a slow progres-
sion of the conversion was observed (<10% over
300 min versus 50%for a standard catalytic run), leading
after 300 min to a 65% yield to be compared to the 57%
yield observed immediately after the filtration. Howev-
er, the leaching observed cannot explain the overall ac-
tivity of the [Pd(NH3)4]

2þ/(NH4)Y catalyst for which a
quantitative conversion was obtained after 150 min of
reaction under the same conditions. When repeating
this procedurewith bromobenzene insteadofp-iodoani-
sole, no evolution of the composition of the reaction
mixture (clear filtrate) was observed. These results are
very different from that observed by Kotschy et al.
where 80% of the overall activity of the Pd/C catalyst
was linked to dissolved (leached) Pd species.[23]

In addition, the AAS palladium determination per-
formed on clear solutions at completion of the reactions
gave in most cases a palladium concentration <10 ppm,
accounting for a negligible leaching.
The recycling of the catalyst was first examined for the

coupling reactionofp-iodoanisolewith phenylacetylene
under optimised reaction conditions (10 mmol p-iodo-
anisole, 15 mmol phenylacetylene, 20 mmol Et3N,
1 mol % [Pd(NH3)4]

2þ/(NH4)Y, 80 8C, 20 mL DMF/
H2O¼4 :1). The method used corresponds to the fol-
lowing procedure: after the first run of the catalyst, the
reaction mixture was allowed to cool to room tempera-
ture and the catalyst was separated by centrifugation,
washed with DMF/H2O (4 :1) and allowed to “dry” at
room temperature for 24 h. The recycled [Pd(NH3)4]

2þ

/(NH4)Y catalyst was then used without any regenera-

Table 4. Sonogashira coupling reaction of bromobenzene
with phenylacetylene catalysed by [Pd(NH3)4]

2þ/(NH4)Y
catalyst. Reaction conditions: 5 mmol aryl halide, 8 mmol
phenylacetylene, 10 mmol Et3N, 1 mol % [Pd(NH3)4]

2þ/
(NH4)Y, 80 8C, DMF/H20 (4 : 1).

Entry X R Time/Yields of 3 [%][a]

3 [h] 24 [h]

1 I H 100 –
2 – p-OCH3 100 [67] –
3 – p-CH3 100 [82] –
4 – p-F 100 [87] –
5 – p-NO2 100 [85] –
6 – p-COCH3 100 [85] –
7 – o-NO2 100 [89] –
8 – o-CH3 82 [67] –
9 Br H 45 63

10 – p-OCH3 22 38
11 – p-CH3 30 49
12 – p-F 42 55
13 – p-NO2 100 –
14 – p-COCH3 100 –
15 – o-NO2 100 –
16 – o-CH3 14 27

[a] Yields were determined by GC with an internal standard
(diethylene glycol di-n-butyl ether) (Drel¼ �5%). When
available [isolated yields] are given in parentheses.
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tion as the fresh catalyst under the same reaction condi-
tions giving 100%, 87%, 88%, 86% and 87% conversion
of p-iodoanisole for the 1st, the 2nd, 3rd, 4th and 5th runs, re-
spectively. The same procedure was repeated using bro-
mobenzene as aryl halide: under the same conditions
44%, 43%, 40%, 42% and 41% conversion were ach-
ieved for the 1st, 2nd, 3rd, 4th and 5th runs, respectively.
These results showed that only a slight deactivation of
the catalyst occurs during the first run.
To get a better insight on that deactivation, another

procedure, based on the coupling reaction of p-iodoto-
luenewith phenylacetylene, was used to evaluate the ac-
tivity of the [Pd(NH3)4]

2þ/(NH4)Y catalyst over several
cycles: at the completion of the 1st run of the fresh cata-
lyst (i.e., after 2 h), new edducts (p-iodotoluene, phenyl
acetylene and Et3N) were added under argon to the re-

action mixture. Immediately after the additions, the re-
action mixture was analysed byGC and the amount cor-
responding to the 1-methyl-4-phenylethynylbenzene 3
was set to “0” at the corresponding “initial time” for
the 2nd run of the catalyst. This procedure was repeated
once. Figure 3 shows clearly that a deactivation occurs
during the first run of the catalyst as indicated by the de-
termination of the initial rate v1¼126 mmol/min ·gcat for
the 1st run (fresh catalyst) and v2¼v3¼5 mmol/min ·gcat
for 2nd and the 3rd runs (recycled catalyst). These results
are in agreement with those obtained previously, while
small differences in terms of conversions are observed
between the two methods (i.e., for the second meth-
od:100% for the 1st run and ca. 80% for the 2nd and 3rd

runs).

Table 5. Sonogashira coupling reaction catalysed by [Pd(NH3)4]
2þ/(NH4)Y catalyst applied to the synthesis of target organic

molecules. Reaction conditions: 5 mmol aryl or vinyl halide, 8 mmol alkyne, 10 mmol Et3N, 1 mol % [Pd(NH3)4]
2þ/(NH4)Y,

80 8C, DMF/H2O (4 : 1).

Substrates Product Time [h] Conversion [%][a] Isolated yield [%]

6 100 73

6 93 72

6 99 78

6 100 69

3 100 95

a Conversion were determined by GC with an internal standard (diethylene glycol di-n-butyl ether) (Drel¼ �5%).

Figure 2. Residual catalytic activity after hot filtration (^)
after 10 min reaction versus standard catalytic (&) run. Reac-
tion conditions: 10 mmol p-iodoanisole, 15 mmol phenylace-
tylene, 20 mmol Et3N, 1 mol % [Pd(NH3)4]

2þ/(NH4)Y, 80 8C,
20 mL DMF/H2O (4 :1).

Figure 3. Recyclability of the [Pd(NH3)4]
2þ/(NH4)Y catalyst

for the Sonogashira coupling reaction of p-iodotoluene with
phenylacetylene. Reaction conditions: 10 mmol p-iodoto-
luene, 15 mmol phenylacetylene, 20 mmol Et3N, 1 mol %
[Pd(NH3)4]

2þ/(NH4)Y, 80 8C, 20 mL DMF/H2O (4 :1).
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Conclusion

The Sonogashira coupling reaction of bromobenzene
with phenylacetylene (i.e., model reaction) was found
to be particularly suitable for developing and optimising
the new heterogeneous catalytic system. It was found
that the Sonogashira coupling reaction is very depend-
ent on solvent, base additives and temperature. The
most polar solvents like DMF, DMSO or NMP, used in
the ratio 4 :1 with water, led to the highest reactivity of
the [Pd(NH3)4]-(NH4)Y catalyst in the model reaction.
It was shown that the base also plays a determining
role, organic amines like Et3N giving the highest conver-
sions. When optimised, the Sonogashira coupling reac-
tion of bromobenzene with phenylacetylene gave a
45% yield in diphenylacetylene using only 1 mol %
[Pd(NH3)4]

2þ/(NH4)Y catalyst at 80 8C in DMF/H2O
(4 :1) within 3 h.
The optimised reaction conditions developed for the

coupling reaction of bromobenzene with phenylacety-
leneusing theheterogeneous [Pd(NH3)4]

2þ/(NH4)Ycat-
alyst were successfully applied to a wide range of aryl io-
dides and bromides. Aryl iodides and activated aryl bro-
mides gave almost quantitative yields and non-activated
aryl bromides led to reasonable yields for the Sonoga-
shira coupling reaction with phenylacetylene. These re-
action conditions were also successfully applied to the
synthesis of important substructures of natural and syn-
thetic biologically active organic compounds.
The stability towards leaching and the recyclability of

the heterogeneous [Pd(NH3)4]
2þ/(NH4)Y catalyst were

also evaluated. While the catalyst showed an excellent
stability towards leaching, since the clear filtrate ob-
tained by hot filtration was little active, it was found
that the catalyst is strongly deactivated during the first
run. Whereas the initial activity of the fresh catalyst
amounted to ca 125 mmol/min ·gcat, the used catalyst
showed an initial activity of only 5 mmol/min ·gcat. How-
ever, the activity remained then stable over the 5th run
and high product yields (ca. 87% for the coupling of p-
iodoanisole with phenylacetylene) could be achieved.
In summary, it was established that the heterogeneous

[Pd(NH3)4]
2þ/(NH4)Y catalyst is an efficient, relatively

stable to leaching, and recyclable agent for the copper-
free Sonogashira cross-coupling of aryl halides with ter-
minal alkynes. Further work is in progress to develop
more active and stable catalysts to improve further both
the activity and the recyclability of the heterogeneous
copper-free supported palladium catalysts by optimisa-
tion of the preparation and/or the reaction conditions
for large-scale application in the fine chemical industry.

Experimental Section
All preparations,manipulations and reactions were carried out
under argon, including the transfer of the catalysts to the reac-

tion vessel. All glassware was base- and acid-washed and oven
dried.

The zeolite (NH4)Y was purchased from Sigma-Aldrich
Chemicals. The catalyst support was dried before use at
120 8C for 48 h under 5 ·10�2 mmHg. The other chemicals (or-
ganic reagents and solvents) were deaerated by an argon flow
before they were used. The catalysts were stored after drying
under an Ar atmosphere.

The 2-iodo-4-nitrophenol used for the synthesis of the furan
8 was prepared following the procedure described by Dai
et al.[27] The 4-bromo-6-methyl-2H-pyran-2-one used for the
synthesis of 9was prepared following the procedure described
by Cervera et al.[28]

Solution NMR spectra of the organic products were record-
ed with a Bruker AM 250 spectrometer (1H NMR were refer-
enced to the residual protio-solvent: CDCl3, d¼7.25 ppm;
13C NMR were referenced to the C signal of the deutero sol-
vent: CDCl3, d¼77 ppm). The palladium and copper content
determinations of the [Pd(NH3)4]

2þ/(NH4)Y and
{[Pd(NH3)4][Cu(NH3)4]}/(NH4)Y zeolites were performed by
ICP-AES spectroscopy from a solution obtained by treatment
of the catalystswith amixture ofHBF4,HNO3andHCl in aTef-
lon reactor at 180 8C.GCwere performed on anHP 4890 chro-
matograph equipped with an FID detector, an HP 6890 auto-
sampler and anHP-5 column (cross-linked 5%phenyl-methyl-
siloxane, 30 m�0.25 mm i. d.�0.25 mm film thickness). Nitro-
gen was used as carrier gas. GC-MS were performed on an HP
6890 chromatograph equipped with a Mass detector HP 5973
and anHP-5MS column (cross-linked 5%phenyl-methylsilox-
ane, 30 m�0.25 mm i. d.�0.25 mm film thickness). Helium
was used as carrier gas. The experimental error Drel¼�5%.

Flash chromatography was performed at a pressure slightly
greater than atmospheric pressure using silica (Merck Silica
Gel 60, 230–400 mesh). Thin layer chromatography was per-
formed on Fluka Silica Gel 60 F254.

Catalyst Preparations

All catalysts were prepared according procedures previously
described in the literature.[24,25]

Preparation of the [Pd(NH3)4]
2þ/(NH4)Y Catalyst

A 0.1 M ammonia solution of [Pd(NH3)4]Cl2 – prepared from
PdCl2 and a commercial ammonia solution – was added drop-
wise (4 mL/g zeolite, corresponding to ca. 5% wt Pd in the final
catalyst) to a suspensionof the zeolite (NH4)Yin bidistilledwa-
ter (100 mL/g zeolite). Themixturewas stirred for 24 h at room
temperature and the exchanged zeolite was filtered off and
washed until no trace of chloride was detected in the filtrate
(AgNO3 test).

Then the zeolite was allowed to dry at room temperature to
give the entrapped [Pd(NH3)4]

2þ/(NH4)Y catalyst as slightly
yellow materials. ICP-AES analysis: 5.19% wt Pd.

Preparation of the {[Pd(NH3)4][Cu(NH3)4]}/(NH4)Y
Catalyst

A 0.1 M ammonia solution of [Pd(NH3)4]Cl2 and
[Cu(NH3)4]Cl2 – prepared fromPdCl2 andCuCl2 by dissolution
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in a commercial ammonia solution – was added dropwise
(4 mL/g zeolite, corresponding respectively to ca. 5% wt Pd
or ca. 2.5% wt Cu in the final catalyst) to a suspension of the
zeolite (NH4)Y in bidistilled water (100 mL/g zeolite). The
mixture was stirred for 24 h at room temperature and the ex-
changed zeolite was filtered off and washed until no trace of
chloride was detected in the filtrate (AgNO3 test). Then the
zeolite was allowed to dry at room temperature to give the en-
trapped {[Pd(NH3)4][Cu(NH3)4]}/(NH4)Y catalysts as a blue
material. ICP-AES analysis: 4.72% wt Pd and 2.27% wt Cu

Catalytic Test Reactions

Thecatalytic reactionswere carriedout in a three-necked flask,
or alternatively in pressure sealed tubes, under argon. The
qualitative and quantitative analysis of the reactants and the
products was made by gas chromatography. Conversion and
yields were determined by GC based on the relative area of
GC signals referred to an internal standard (diethylene glycol
di-n-butyl ether) calibrated to the corresponding pure com-
pound (Drel¼�5%).All catalysts were handled and transferred
under Ar.

General Procedure for the First Runs of the Catalysts

A total of 5 mmol of aryl halide, 8 mmol of phenylacetylene,
10 mmol of base and 1 mol % Pd catalyst was introduced in a
three-necked flask under argon. Then 10 mL of solvent (previ-
ously deaerated) were added and the mixture was further de-
aerated by an argon flow for 5 min. The reactor was placed in
a preheated oil bath at 80 8C. The reaction was conducted un-
der vigorous stirring for 3 h and then the reaction mixture
was cooled to room temperature before GC analysis.

General Procedure for the Recycling of Separated
Catalysts

For recycling experiments the catalyst used in a first run was
separated by centrifugation, washed with the 2�10 mL
DMF/H2O (4 :1) and reused after drying at room temperature
as described for the fresh catalyst.

General Procedure for the Evaluation of the Catalytic
Activity of Non-Separated Catalysts

A total of 10 mmol of p-iodotoluene, 15 mmol of phenylacety-
lene, 20 mmol of Et3N and 1 mol% [Pd(NH3)4]

2þ/(NH4)Y was
introduced in a three-necked flask under argon. Then 20 mLof
DMF/H2O (4 :1), previously deaerated, were added and the
mixture was further deaerated by an argon flow for 5 min.
The reactor was placed in a preheated oil bath at 80 8C. The re-
action was conducted under vigorous stirring and followed by
GC analysis until completion of the reaction. At completion
of the first run (i.e., 2 h) new amounts of reagents (10 mmol
of p-iodotoluene, 15 mmol of phenylacetylene, 20 mmol of
Et3N) were added, and the volume of solvent adjusted in order
to set-up the same concentrations of reagents as those of the in-
itial run. Immediately after addition, based onGC analysis, the
concentration of the p-iodotoluene was set to 100% and the

concentration in 1-methyl-4-phenylethynylbenzene to 0%.
The reaction was followed by GC until 80% conversion and
the procedure was repeated once more.

General Procedure for Leaching Studies by Hot
Filtration

A total of 10 mmol of p-iodotoluene, 15 mmol of phenylacety-
lene, 20 mmol of Et3N and 1 mol % [Pd(NH3)4]

2þ/(NH4)Ywas
introduced in a three-necked flask under argon. Then 20 mLof
DMF/H2O (4 :1), previously deaerated, were added and the
mixture was further deaerated by an argon flow for 5 min.
The reactor was placed in a preheated oil bath at 80 8C. The re-
action was conducted under vigorous stirring for 10 minutes.
The supernatant solution was filtered through a cannula with
a microglass Whatman filter (in order to remove all fine parti-
cles) and then treated for further 5 h under the standard reac-
tion conditions.

The reactionwasmonitored over the total period byGCand
the results compared to a standard catalytic reaction.

GLC Analysis

A 3 mL sample of the reaction mixture was quenched with
3 mL of water in a test tube. The mixture was extracted with
2 mL of CH2Cl2 and the organic layer was filtered through an
MgSO4 pad. The resulting dry organic layer was then analyzed
byGLC.GLC rate program: 2 min at 100 8C, heating 15 K/min
up to 170 8C, 2 min at 170 8C, heating 35 K/min up to 240 8C,
10 min at 240 8C, heating 50 K/min up to 270 8C and 2 min at
270 8C.

Purification of the Products 3, 5–9

The reactionmixture was diluted with 250 mL of water and the
resulting mixture extracted with 4�20 mL CH2Cl2. The com-
bined organic layers were washed three times with 15 mL
H2O, once with 15 mL brine, dried over MgSO4 and evaporat-
ed. The residue was then purified by flash chromatography on
silica gel.

Data for the Compounds 3, 5 – 9

1-Methoxy-4-phenylethynylbenzene (3; R¼p-OCH3): Eluent:
petroleum ether (40–60 8C)/CH2Cl2¼70/30; Rf¼0.34; yield:
67% as a yellow solid; mp 62.8–63.1 8C; C15H12O: mol. wt.:
208.26 g ·mol�1; MS: m/z (%)¼ [Mþ] 208 (100), [Mþ – CH3]
193 (45), [Mþ – CH3 – OH] 176 (7). 1H and 13C NMR data
are consistent with those reported.[29]

1-Methyl-4-phenylethynylbenzene (3; R¼CH3): Eluent:
petroleum ether (40–60 8C)/CH2Cl2¼80/20; Rf¼0.52; yield:
82% as a white solid; mp 69.8–70.1 8C; C13H12: mol. wt.:
192.26 g ·mol�1; MS: m/z (%)¼ [Mþ] 192 (100), [Mþ – CH3 –
H] 176 (2), [Mþ – CH2¼CH] 165 (12), [Mþ – C6H5] 115 (4).
1H NMR data are consistent with those reported.[30]
13C NMR (62.9 MHz, CDCl3): d¼138.42 (Cq-CH3, C6H4),
131.58 (m-CH3, C6H4 and o-C�C, C6H5), 129.17 (o-CH3, C6

H4), 128.37 (m-C�C, C6H5), 128.13 (p-C�C, C6H5), 123.53
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(Cq-C�C,C6H5), 120.24 (Cq-C�C,C6H4), 89.55 (C�C-C6H4),
88.72 (C�C-C6H5), 21.53 (CH3).
1-Fluoro-4-phenylethynylbenzene (3; R¼F): Eluent: pe-

troleum ether (40–60 8C)/CH2Cl2¼80/20; Rf¼0.55; yield:
87% as a white solid; mp 110.8–111.3 8C; C14H9F: mol. wt.:
196.22 g ·mol�1; MS: m/z (%)¼ [Mþ] 196 (100), [Mþ – F] 177
(10); 1H NMR (250 MHz, CDCl3): d¼7.44 (m, 4H, m-F-C6H4

and o-C�C-C6H5), 7.26 (m, 3H, p-C�C-C6H5 and m-C�C-
C6H5), 6.96 (pseudo-t, 3J(H,H)¼8.7 Hz, o-F-C6H4);

13C NMR
(62.9 MHz, CDCl3): d¼164.46 (Cq-F, C6H4), 133.40 (m-F,
C6H4), 131.54 (o-C�C, C6H5), 128.36 (p-C�C, C6H5), 128.33
(m-C�C, C6H5), 123.06 (Cq-C�C, C6H5), 119.32 (Cq-C�C,
C6H4), 115.45 (o-F, C6H4), 89.00 (C�C-C6H4), 88.26 (C�C-
C6H5).
1-Nitro-4-phenylethynylbenzene (3; R¼NO2): Eluent: pe-

troleum ether (40–60 8C)/CH2Cl2¼80/20; Rf¼0.26; yield:
85% as a white crystalline solid; mp 119.8–120.3 8C;
C14H9NO2: mol. wt.: 223.23 g ·mol�1; MS: m/z (%)¼ [Mþ] 223
(100), [Mþ – OH] 207 (7), [Mþ – NO] 193 (60), [Mþ – NO2]
176 (90). 1H and 13C NMR data are consistent with those re-
ported.[29]

1-(4-Phenylethynylphenyl)-ethanone (3; R¼CH3CO):
Eluent: petroleum ether (40–60 8C)/CH2Cl2¼60/40; Rf¼
0.26; yield: 85% as an orange crystalline solid; mp 99.8–
100.2 8C; C16H12O: mol. wt.: 220.27 g ·mol�1; MS: m/z (%)¼
[Mþ] 220 (60), [Mþ – CH3] 205 (100), [Mþ – CH3CO] 176
(50). 1H and 13C NMR data are consistent with those report-
ed.[29]

1-Nitro-2-phenylethynylbenzene (3; R¼NO2): Eluent: pe-
troleum ether (40–60 8)/CH2Cl2¼60/40; Rf¼0.76; yield: 89%
as an orange oil; C14H9NO2: mol. wt.: 223.23 g.mol�1; MS:
m/z (%)¼ [Mþ] 223 (10), [Mþ – OH] 206 (30), [Mþ – NO]
193 (20), [Mþ – NO2] 176 (30), [Mþ – C6H5C�C – OH] 105
(100), [Mþ – C6H4NO2 – C�C] 77 (80). 1H NMRdata are con-
sistent with those reported.[30] 13C NMR (62.9 MHz, CDCl3):
d¼146.51 (Cq-NO2, C6H4), 134.57 (p-NO2, C6H4), 132.89 (o-
C�C, C6H4), 132.01 (o-C�C, C6H5), 129.27 (p-C�C, C6H4),
128.60 (p-C�C, C6H5), 128.49 (m-C�C, C6H5), 124.69 (o-
NO2, C6H4), 122.38 (Cq-C�C, C6H5), 118.66 (Cq-C�C,
C6H4), 97.12 (C�C-C6H5), 84.88 (C�C-C6H4).
1-Methyl-2-phenylethynylbenzene (3; R¼CH3): Eluent:

petroleum ether (40–60 8C)/CH2Cl2¼80/20; Rf¼0.47; yield:
67% as a colourless oil; C13H12: mol. wt.: 192.26 g ·mol�1; MS:
m/z (%)¼ [Mþ] 192 (100), [Mþ – CH3 – H] 176 (10), [Mþ –
C6H5] 115 (25).

1H and 13C NMRdata are consistent with those
reported.[29]

3-Phenyl-2-propyn-1-ol (5): Eluent CH2Cl2/ethanol¼90/
10; Rf¼0.73; yield: 73% as a colourless oil; C9H8O: mol. wt.:
132.16 g ·mol�1; MS: m/z (%)¼ [Mþ – H] 131 (100), [Mþ –
OH] 115 (22), [Mþ – CHO] 103 (46) [C6H5

þ] 77 (32). 1H and
13C NMR data are consistent with those reported.[31]

2-Phenylindole (6): Eluent: petroleum ether (40–60 8C)/
CH2Cl2¼2/1; Rf¼0.72; yield: 72% as a light brown compound;
mp 188.3–189.6 8C; C14H11N, mol. wt.: 193.25 g ·mol�1; MS:
m/z (%)¼ [Mþ] 193 (100), [Mþ – CHNH] 165 (43), [Mþ –
NH-C-C6H5] 89 (22). 1H and 13C NMR data are consistent
with those reported.[32]

2-Phenylbenzofuran (7): Eluent: petroleum ether (40–
60 8C)/CH2Cl2¼30/70; Rf¼0.72; yield: 78% as a slightly brown
solid; mp 118.3–120.1 8C; C14H10O, mol. wt.: 194.23 g ·mol�1;
MS: m/z (%)¼ [Mþ] 194 (100), [Mþ – CHO] 165 (60). 1H and
13C NMR data are consistent with those reported.[33]

2-Phenyl-5-nitrobenzofuran (8): Eluent: petroleum ether
(40–60 8C)/CH2Cl2¼20/80; Rf¼0.73; yield: 63% as a slightly
brown solid; mp 131.8–132.5 8C; C14H9NO3; mol. wt.:
239.23 g ·mol�1; MS: m/z (%)¼ [Mþ] 239 (100), [Mþ – CHO
– H] 203 (70), [Mþ – NO2] 193 (43), [Mþ – NO2 – CHO] 165
(49). 1H and 13C NMR data are consistent with those report-
ed.[34]

4-(Phenylethynyl)-6-methyl-2-pyrone (9): Eluent: petrole-
um ether (40–60 8C)/CH2Cl2¼35/65; Rf¼0.71; yield: 95% as a
slightly brown solid; mp 65.3–66.7 8C; C14H10O2, mol. wt.:
210.23 g ·mol�1; MS: m/z (%)¼ [Mþ] 210 (100), [Mþ – CO]
182 (85), [Mþ – CO – CH2O] 153 (40), [Mþ – CO – C2H4O]
139 (52). 1H and 13C NMR data are consistent with those re-
ported.[35]

Preparation of (Z)-1-(1,4-Diphenylbut-1-en-3-yn-2-
yl)-4-methylbenzene (4)

A total of 10 mmol of p-iodotoluene, 15 mmol of phenylacety-
lene, 20 mmol of Et3N and 1 mol %Pd catalyst was introduced
in a three-necked flask under argon. Then 20 mL of solvent
(previously deaerated) were added and the mixture was fur-
ther deaerated by an argon flow for 5 min. The reactor was
placed in a preheated oil bath at 100 8C under vigorous stirring
for 24 h. The reaction mixture was then diluted with 250 mL of
water and the resulting mixture extracted with 4�20 mL CH2

Cl2. The combined organic layers werewashed three timeswith
15 mL H2O, once with 15 mL brine, dried over MgSO4 and
evaporated. The residue was then purified by flash chromatog-
raphy on silica gel eluting with petroleum ether (40–60 8C)/
ether (80 :20) to give the product 4 as amicrocrystalline slightly
yellow compound; yield: 28%; Rf¼0.33; mp 88.6–90.8 8C.
1H NMR (250 MHz, CDCl3): d¼7.86 [d, 3J(H,H)¼8.2 Hz,
2H, o-C¼C-C6H4), 7.71 (m, 2H, o-C�C-C6H4), 7.48 (m, 2H,
o-C¼C-C6H5), 7.30 (m, 6H, m-C¼C-C6H5, p-C¼C-C6H5, m-
C�C-C6H5, p-C�C-C6H5), 7.15 (m, 3H, C¼CH; o-CH3-
C6H4), 2.31 (s, 1H, CH3);

13C NMR (62.9 MHz, CDCl3): d¼
139.80 (Cq-CH3, C6H4), 138.58 (Cq-C¼C, C6H5), 134.98 (C¼C-
C6H5), 134.10 (Cq-C¼C, C6H4), 131.65 (o-C�C, C6H5), 129.29
(m-C¼C, C6H5), 129.20 (m-C¼C, C6H4), 128.61 (o-C¼C,
C6H5), 128.58 (m-C�C, C6H5, p-C�C, C6H5), 127.89 (p-
C¼C, C6H5), 126.55 (o-C¼C, C6H4), 123.61 (C�C-C¼C),
120.72 (Cq-C�C, C6H5), 97.00 (C�C-C6H5), 89.08 (C�C-
C¼C), 21.58 (CH3); C23H18: mol. wt.: 294.39 g ·mol�1; MS: m/z
(%)¼ [Mþ] 294 (100), [Mþ – CH3] 279 (75), [Mþ – CH3 –
C6H4] 215 (25), [Mþ – C�C – C6H5] 202 (30).

Preparation of 4-Tosyl-6-methyl-2H-pyran-2-one

A total of 8 mmol (1 g) of 4-hydroxy-6-methyl-2H-pyran-2-
one and 71 mmol of triethylamine in 15 mL of CH2Cl2 were in-
troduced in a three-necked flask under argon. Themixture was
deaerated by an argon flow for 5 min and 10 mmol of tosyl
chloride were added under argon flow. Themixture was stirred
for 24 h at room temperature. After evaporation, the product
was precipitated by treatment with 25 mL of water, filtered
off, washedwith 3�15 mLof ethanol anddried under high vac-
uum. The 4-tosyl-6-methyl-2H-pyran-2-one was obtained as a
white solid; yield: 74%; mp 101.2–102.0 8C; 1H NMR
(250 MHz, CDCl3): d¼7.75 [d, 3J(H,H)¼8.3 Hz, 2H, m-CH3-
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C6H4[], 7.32 [d, 3J(H,H)¼8.0 Hz, 2H, o-CH3-C6H4], 5.93
[pseudo-q, 4J(H,H)¼1.5 Hz, 1H, CH3-C(O)¼CH-C(OSO2)],
5.74 [d, 4J(H,H)¼1.8 Hz, 1H, O-C(O)-CH¼C(OSO2)], 2.41
(s, 3H, C6H4-CH3), 2.17 [s, 3H, CH¼C(O)-CH3];

13C NMR
(62.9 MHz, CDCl3): d¼162.27 (SO2-O-C¼CH), 160.82
(C¼O), 159.94 (CH3C¼CH), 144.72 (Cq-SO2, C6H4), 129.58
(Cq-CH3, C6H4), 128.28 (o-CH3, C6H4), 126.35 (o-SO2, C6H4),
98.71 [CH3-C¼CH-C(OSO2)], 98.60 [O-C(O)-CH-C(OSO2)],
19.79 (C6H4-CH3), 18.16 [CH¼C(O)-CH3]; C13H12O5S: mol.
wt.: 280.29 g ·mol�1; MS: m/z (%)¼ [Mþ] 280 (4), [C7H7O2S

þ]
155 (47), [C5H4O2S

þ] 132 (32), [C7H7
þ] 91 (100).
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