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RESEARCH LETTER

Ruthenium-catalyzed intermolecular [2�2�2] alkyne cyclotrimerization in aqueous media

under microwave irradiation

Victorio Cadierno*, Javier Francos, Sergio E. Garcı́a-Garrido and José Gimeno*

Departamento de Quı́mica Orgánica e Inorgánica, Instituto Universitario de Quı́mica Organometálica ‘‘Enrique Moles’’ (Unidad
Asociada al CSIC), Facultad de Quı́mica, Universidad de Oviedo, C/ Julián Claverı́a 8, E-33071 Oviedo, Spain

(Received 12 March 2010; final version received 9 June 2010)

The ability of the bis(allyl)-ruthenium(IV) complex [{RuCl(m-Cl)(h3: h3-C10H16)}2] (C10H16�2,7-dimethylocta-2,
6-diene-1,8-diyl) to promote intermolecular [2+2+2] alkyne cyclotrimerization reactions in aqueous media under
microwave (MW) irradiation has been evaluated. Advantages and disadvantages of using MW vs. conventional

thermal heating are discussed.
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Introduction

Environmental concerns in laboratories and chemical

industries are increasingly recognized, and concepts

such as the E-factor (1), atom economy (2,3), and

green chemistry (4�9) are nowadays considered as

essential driving forces in the development of sustain-

able chemical processes. In this sense, a crucial factor

in realizing a ‘‘green’’ process involves the choice

of a safe, non-toxic, eco-friendly, and cheap solvent

(10�13). Water is undoubtedly one of the most

appealing candidates. Thereby, the development of

organic transformations in water has become one of

the major cornerstones in modern chemistry, with a

wide variety of highly efficient and selective synthetic

protocols conducted in aqueous media being already

available for practical uses (14�23).
Although generally neglected by chemists until

recently, another important aspect to reduce the

environmental impact of a synthetic procedure is the

optimization of its energy consumption (4�9). In this

context, the use of microwave (MW) irradiation

represents a convenient alternative to the conventional

thermal heating since a more effective energy transfer

to the system takes place. This fact results in an

extremely rapid warming, thus shortening consider-

ably the reaction times (24�27). The satisfactory

application of MWs in a large number of organic

transformations and metal-catalyzed reactions, mostly

carried out in organic media using MW-transparent

solvents such as toluene, THF, or dichloromethane,

attests to the usefulness of this technique in synthesis

(28�30). Furthermore, in order to seek ‘‘greener’’
synthetic protocols, the combined use of MW irradia-
tion, as a non-classical low-energy-consuming heating
source, and water, as an environmentally friendly
solvent, to perform organic reactions has recently
emerged as a promising new field of research that is
waiting to be explored in depth (31�33).

On the other hand, transition-metal-catalyzed
inter- or intramolecular [2�2�2] cyclotrimerization
of alkynes is one of the most powerful and elegant
synthetic tools presently available for the construction
of substituted arenes (Scheme 1). Thus, after the
pioneering work of Reppe in 1948 (34), a wide variety
of metal complexes have been developed for this atom
economical transformation and relevant applications
in the synthesis of challenging molecules, including
some natural products, have been disclosed (35�42).

With most of these cyclotrimerization reactions
being performed in organic media, the discovery of
transition-metal complexes active in water is highly
desirable. However, efforts in this direction have been
scarce and only a very limited number of efficient and
selective catalysts in this medium have seen the light
to date (43,44). Among them, the commercially
available (Strem Chemicals Inc.) bis(allyl)-rutheniu-
m(IV) dimer [{RuCl(m-Cl)(h3:h3-C10H16)}2] (C10H16�
2,7-dimethylocta-2,6-diene-1,8-diyl; 1 in Figure 1) (45)
merits to be highlighted since, as recently described
by us (46), it displays an outstanding performance in
the intermolecular cyclization of both terminal and
internal alkynes, and a wide tolerance to functional
groups (47).
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In order to assess whether a change in the heating
method (MW vs. thermal) could affect the course of
these catalytic reactions, we decided to explore the
behavior of complex 1 under MW irradiation. It must
be noted that, while MW-assisted metal-mediated
alkyne cyclotrimerization process in organic media
are known (48�52), to the best of our knowledge, no
examples in water have been previously described (53).

Results and discussion

In order to find optimal reaction conditions,
exploratory studies were conducted using the cyclo-
trimerization of diethyl acetylenedicarboxylate (2a)
into hexaethyl mellitate (3a) as model reaction (see

Table 1). Conditions A employed in our previous
work (46), i.e. 0.2 M solution of the alkyne in a
mixture H2O/MeOH (90:10 v/v) and 2.5 mol% of
complex 1, led to the aromatic product 3a in 88%
GC-yield after 14 h of conventional oil-bath heating
at 758C (entry 1). Gratifyingly, we have now found
that performing the same reaction under controlled
MW heating at 758C (conditions B) results in the
chemoselective and almost quantitative formation
of 3a (99% GC-yield) after only 5 h (entry 2), thus
demonstrating the enhancing effects of MW irradia-
tion on this Ru-catalyzed reaction.

More importantly, the rate of this cyclotrimeriza-
tion process can be dramatically accelerated, without
sacrificing the chemoselectivity, by application of
successive short (1 min) irradiations using a constant
MW power of 300 W (Tmax�1558C, Pmax�100 psi).
Under this new conditions C, diethyl acetylenedicar-
boxylate (2a) is completely converted into hexaethyl
mellitate (3a) after only 15 min of irradiation (entry 3).
Subsequent purification by column chromatography
on silica gel provided an analytically pure sample of
3a in an excellent 91% isolated yield. It is also
noteworthy that application of conditions C allows
the reduction of the catalyst loading. Thus, as shown
in entry 4, using only 0.5 mol% of dimer 1, quantita-
tive conversion of 2a into 3a could be attained within 1
h. A rapid and selective transformation of dimethyl
acetylenedicarboxylate (2b) into hexamethyl mellitate
(3b) was also observed under conditions C using a
catalyst loading of 2.5 mol% (99% GC-yield after 5
min; entry 6), making them much more appealing than

Scheme 1. The [2�2�2] alkyne cyclotrimerization
reaction.

Figure 1. Structure of the bis(allyl)-ruthenium(IV)dimer 1.

Table 1. Catalytic cyclotrimerization of dialkyl acetylenedicarboxylates 2a�b in aqueous medium using complex [{RuCl(m-
Cl)(h3:h3-C10H16)}2] (1).a

Entry R 1 (mol%) Conditionsb Time Yield (%)c

1 (46) Et (2a) 2.5 A 14 h 88 (81)
2 Et (2a) 2.5 B 5 h 99

3 Et (2a) 2.5 C 15 min 99 (91)
4 Et (2a) 0.5 C 1 h 99
5 (46) Me (2b) 2.5 A 5 h 96 (90)

6 Me (2b) 2.5 C 5 min 99 (91)

aReactions performed under N2 atmosphere using 1 mmol of 2a�b (0.2 M solution in a mixture H2O/MeOH (90:10 v/v)).
bConditions A: conventional oil-bath heating at 758C. Conditions B: controlled MW heating at 758C through automatic moderation of the

initial MW power (300 W). Conditions C: successive MW irradiations (1 min) using a constant irradiation power of 300 W (Tmax�1558C,

Pmax�100 psi).
cYields determined by GC (isolated yield given in brackets).
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the classical thermal ones (entry 5). Thus, all subse-
quent [2�2�2] cyclotrimerization reactions were
performed with a catalyst loading of 2.5 mol% under
constant 300 W MW irradiation.

The results obtained with various terminal al-
kynes confirmed the scope of this cyclization reaction
(see Table 2), the use of MWs (even entries) leading
in all cases to a significant decrease in reaction time
compared to that required under standard thermal
conditions (odd entries). Both aromatic (2c�f) and

aliphatic (2g�k) terminal alkynes, as well as the
acetylenic esters 2l�m or the keto-alkyne 2n, could
be smoothly cyclotrimerized within 1 h, the reactions
delivering the corresponding arenes in 71�92% iso-
lated yield after silica-gel chromatography. However,
we must note that in a few cases (entries 8, 12, 16,
and 18) formation of minor amounts of methyl-
ketones as by-products was observed, as the result of
a competing Ru-catalyzed Markovnikov hydration
of the alkyne (54,55). Such a side reaction does not

Table 2. Catalytic cyclotrimerization of terminal alkynes 2c�n in aqueous medium using complex [{RuCl(m-Cl)(h3:h3-
C10H16)}2] (1).a

Entry R Conditionsb Time Yield (%)c 4/5 ratiod

1 (46) Ph (2c) A 19 h 91 (81) 63:37
2 Ph (2c) C 1 h 99 (92) 62:38

3 (46) p-C6H4Cl (2d) A 1 h 97 (83) 51:49
4 p-C6H4Cl (2d) C 12 min 96 (88) 52:48
5 (46) p-C6H4Br (2e) A 1.25 h 96 (86) 56:44
6 p-C6H4Br (2e) C 12 min 99 (90) 75:25

7 (46) p-C6H4Me (2f) A 24 h 93 (78) 56:44
8 p-C6H4Me (2f) C 1 h 89 (79)e 63:37
9 (46) nBu (2g) A 24 h 89 (74) 54:46

10 nBu (2g) C 1 h 99 (92) 59:41
11 (46) nHex (2h) A 24 h 97 (84) 60:40
12 nHex (2h) C 1 h 84 (70)f 57:43

13 iBu (2i) A 24 h 77 (60)g 44:56
14 iBu (2i) C 1 h 99 (89) 44:56
15 CH2CH2CH2Ph (2j) A 24 h 69 (51)h 38:62
16 CH2CH2CH2Ph (2j) C 50 min 83 (71)i 36:64

17 CH2Cy (2k) A 24 h 66 (50)j 40:60
18 CH2Cy (2k) C 1 h 83 (72)k 48:52
17 (46) CO2Me (2l) A 30 min 99 (85) 63:37

18 CO2Me (2l) C 9 min 99 (88) 78:22
19 (46) CO2Et (2m) A 45 min 99 (85) 57:43
20 CO2Et (2m) C 9 min 99 (87) 67:33

21 (46) C(�O)Me (2n) A 30 min 92 (79) 88:12
22 C(�O)Me (2n) C 9 min 99 (92) 100:0

aReactions performed under N2 atmosphere using 1 mmol of the corresponding terminal alkyne (0.2 M solution in a mixture H2O/MeOH

(90:10 v/v)).
bConditions A: conventional oil-bath heating at 758C. Conditions C: successive MW irradiations (1 min) using a constant irradiation power of

300 W (Tmax�1558C, Pmax�100 psi).
cYields determined by GC (isolated yield given in brackets).
dGC determined.
e10% of methyl p-tolyl ketone is formed.
f15% of octan-2-one is formed.
gProducts resulting from the dimerization of 2i are observed in ca. 22% GC-yield.
hProducts resulting from the dimerization of 2j are observed in ca. 30% GC-yield.
i16% of 4-phenyl-butan-2-one is formed.
jProducts resulting from the dimerization of 2k are observed in ca. 20% GC-yield.
k16% of 1-cyclohexyl-propan-2-one is formed.
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occur using thermal heating, conditions in which the
only competing process observed was the eventual
dimerization of the substrates (entries 13, 15, and 17).

Interestingly, the use of MWs does not affect the
regioselectivity of the process, the reactions leading to
mixtures of regioisomers in very similar ratios to those
observed under conventional thermal heating. As
expected on the basis of steric grounds, formation of
the symmetric 1,3,5-substituted isomers 4 was in
almost all cases favored with respect to the more
highly strained 1,2,4-substituted products 5.

Experimental section

All the alkynes 2a�n employed in this study were
obtained from commercial suppliers and used as
received. The bis(allyl)-ruthenium(II) complex
[{RuCl(m-Cl)(h3:h3C10H16)}2] (1) was prepared by
following the method reported in the literature (56).
NMR spectra were recorded on a Bruker DPX300
instrument at 300 MHz (1H) or 75.4 MHz (13C) using
SiMe4 as standard. GC/MS measurements were
performed on a Agilent 6890N equipment coupled
to a 5973 mass detector (70 eV electron impact
ionization) using a HP-1MS column.

General procedure for the MW-assisted
cyclotrimerization reactions

Under nitrogen atmosphere, a pressure-resistant
septum-sealed glass vial was charged with the corre-
sponding alkyne 2a�n (1 mmol), the catalyst [{RuCl
(m-Cl)(h3:h3-C10H16)}2] (1) (15 mg, 2.5 mmol; 5 mol%
of Ru), a magnetic stirring bar, water (4.5 ml) and
methanol (0.5 ml). The vial was then placed inside the
cavity of a CEM Discover† S-Class MW synthesizer
and exposed to successive short MW irradiations
(1 min) using a constant irradiation power of
300 W (Tmax�1558C, Pmax�100 psi; cooling to 608C
between each irradiation). The progress of the reaction
was monitored by regular sampling and analysis by gas
chromatography. Once the reaction finished, the vial
was cooled to room temperature and the organic
product extracted with diethyl ether (3�10 ml). After
drying with anhydrous MgSO4, the solvent was
evaporated under vacuum, and the crude residue
purified by flash chromatography over silica gel using
EtOAc/hexane (1:10) as eluent. The identity of the
resulting arenes was assessed by 1H and 13C{1H}
NMR spectroscopy and GC/MSD. 3a (57): White
solid; 1H NMR (CDCI3) d 1.25 (t, 18H, JHH�7.0 Hz,
CH3), 4.24 (q, 12H, 3JHH�7.0 Hz, CH2);

13C{1H}
NMR (CDCl3) d 14.2 (s, CH3), 63.1 (s, CH2), 134.2 (s,
Carom), 165.21 (s, CO); MS (EI 70 eV) m/z 510 (5%,
M�), 465 (40), 420 (20), 391 (50), 363 (40), 335 (30),

307 (20), 289 (100). 3b (58): White solid; 1H NMR
(CDCl3) d 3.82 (s, 18H, CH3);

13C{1H} NMR (CDCl3)
d 53.96 (s, CH3), 134.37 (s, Carom), 165.59 (s, CO); MS
(EI 70 eV)m/z 426 (5%, M�), 395 (100), 364 (10), 349
(15), 293 (10), 248 (5). 4c (59): White solid; 1H NMR
(CDCl3) d 7.10�8.00 (m, 18H, CHarom); 13C{1H} NMR
(CDCl3) d 128.0, 128.6, 128.9, and 129.5 (s, CHarom),
141.8 and 143.0 (s, Carom); MS (EI 70 eV) m/z 306
(100%, M�), 289 (25), 276 (10), 228 (15). 5c (59):
White solid; 1H NMR (CDCl3) d 7.07�7.92 (m, 18H,
CHarom); 13C{1H} NMR (CDCl3) d 125.8, 126.8,
127.1, 127.2, 127.3, 127.8, 128.2, 129.0, 129.1, 129.2,
130.3, and 130.5 (s, CHarom), 139.3, 140.2, 141.0, 141.2,
141.6, and 142.1 (s, Carom); MS (EI 70 eV) m/z 306
(100%, M�), 289 (15), 276 (5), 228 (15). 4d (59):
Yellow solid; 1H NMR (CDCl3) d 7.05�8.20 (m, 15H,
CHarom); 13C{1H} NMR (CDCl3) d 129.0, 129.1, and
129.2 (s, CHarom), 133.9, 139.7, and 142.0 (s, Carom);
MS (EI 70 eV)m/z 408 (100%, M�), 372 (20), 338 (80),
302 (60). 5d (59): Yellow solid; 1H NMR (CDCl3) d
7.07�8.24 (m, 15H, CHarom); 13C{1H} NMR (CDCl3)
d 128.0, 128.2, 128.4, 128.8, 128.9, 129.1, 129.3, 129.4,
and 129.6 (s, CHarom), 130.5, 131.6, 132.5, 137.0, 138.5,
138.7, 139.2, 139.6, and 141.3 (s, Carom); MS (EI 70 eV)
m/z 408 (100%, M�), 372 (10), 338 (20), 302 (30). 4e
(59): Yellow solid; 1H NMR (CDCl3) d 7.04�7.80 (m,
15H, CHarom); 13C{1H} NMR (CDCl3) d 131.0, 131.2,
and 133.2 (s, CHarom), 122.1, 139.5, and 141.4 (s,
Carom); MS (EI 70 eV) m/z 542 (100%, M�), 462(10),
382 (80), 302 (80), 276 (20). 5e (59): Yellow solid; 1H
NMR (CDCl3) d 7.07�7.76 (m, 15H, CHarom); 13C{1H}
NMR (CDCl3) d 124.5, 125.9, 127.5, 128.2, 128.5,
130.8, 131.0, 131.4, and 131.6 (s, CHarom), 121.3, 121.4,
122.0, 137.8, 138.5, 139.0, 139.5, 139.7, and 139.8 (s,
Carom); MS (EI 70 eV) m/z 542 (100%, M�), 462 (5),
382 (10), 302 (50), 276 (10). 4f (59): White solid; 1H
NMR (CDCl3) d 2.42 (s, 9H, CH3), 7.16�7.98 (m, 15H,
CHarom); 13C{1H} NMR (CDCl3) d 21.8 (s, CH3),
127.8, 129.3, and 130.2 (s, CHarom), 137.9, 139.1, and
142.8 (s, Carom); MS (EI 70 eV) m/z 348 (100%, M�),
333 (10), 318 (10), 303 (5). 5f (59): White solid; 1H
NMR (CDCl3) d 2.44, 2.50, and 2.52 (s, 3H each,
CH3), 7.15�7.96 (m, 15H, CHarom); 13C{1H} NMR
(CDCl3) d 22.0, 22.1, and 22.2 (s, CH3), 125.2, 127.0,
127.6, 129.5, 129.6, 129.8, 129.9, 130.3, and 130.4 (s,
CHarom), 136.6, 136.7, 137.7, 138.4, 138.9, 139.4,
139.8, 140.7, and 141.5 (s, Carom); MS (EI 70 eV) m/z
348 (100%, M�), 333 (5), 318 (5), 303 (5). 4g (60):
Yellow oil; 1H NMR (CDCl3) d 0.95 (m, 9H, CH3),
1.37 (m, 6H, CH2), 1.56 (m, 6H, CH2), 2.58 (m, 6H,
CH2), 6.83 (s, 3H, CHarom); 13C{1H} NMR (CDCl3) d
14.7 (s,CH3), 23.2, 34.5, and 36.4 (s, CH2), 126.5 (s,
CHarom), 143.3 (s, Carom); MS (EI 70 eV) m/z 246
(50%, M�), 217 (10), 204 (100), 189 (10), 161 (30), 147
(60). 5g (60): Yellow oil; 1H NMR (CDCl3) d 0.95
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(m, 9H, CH3), 1.35 (m, 6H, CH2), 1.55 (m, 6H, CH2),
2.56 (m, 6H, CH2), 6.97 (m, 2H, CHarom), 7.07 (d, 1H,
3JHH�7.5 Hz, CHarom); 13C{1H} NMR (CDCl3) d
14.3, 14.5, and 14.6 (s, CH3), 23.2, 23.5, 23.6, 31.0,
31.6, 33.1, 34.3, 36.0, and 38.0 (s, CH2), 126.4, 129.6,
and 129.9 (s, CHarom), 140.8, 140.9, and 141.0 (s,
Carom); MS (EI 70 eV)m/z 246 (30%, M�), 217 (5), 204
(30), 189 (5), 161 (100), 147 (25). 4h (61):Yellow oil; 1H
NMR (CDCl3) d 0.91 (m, 9H, CH3), 1.21�1.48 (m,
18H, CH2), 1.56 (m, 6H, CH2), 2.56 (m, 6H, CH2), 6.82
(s, 3H, CHarom); 13C{1H} NMR (CDCl3) d 14.0 (s,
CH3), 22.5, 29.0, 31.3, 31.5, and 31.7 (s, CH2), 125.7 (s,
CHarom), 142.6 (s, Carom); MS (EI 70 eV) m/z 330
(50%, M�), 301 (5), 287 (10), 273 (5), 260 (100), 245
(5), 189 (30). 5h (61): Yellow oil; 1H NMR (CDCl3) d
0.93 (m, 9H, CH3), 1.21�1.48 (m, 18H, CH2), 1.55 (m,
6H, CH2), 2.54 (m, 6H, CH2), 6.96 (m, 2H, CHarom),
7.06 (d, 1H, 3JHH�7.7 Hz, CHarom); 13C{1H} NMR
(CDCl3) d 13.9 (br, CH3), 22.5, 28.0, 28.4, 28.5, 28.7,
28.8, 29.4, 31.6, 32.3, 32.7, 35.6, 35.9, and 37.5 (s,
CH2), 125.6, 128.8, and 129.1 (s, CHarom), 140.0, 140.2,
and 140.4 (s, Carom); MS (EI 70 eV) m/z 330 (60%,
M�), 260 (30), 245 (5), 189 (100). 4i (62): Yellow oil;
1H NMR (CDCl3) d 0.91 (d, 18H, 3JHH�6.3 Hz, CH3),
1.86 (m, 3H, CH(CH3)2), 2.44 (d, 6H, 3JHH�6.2 Hz,
CH2), 6.76 (s, 3H, CHarom); 13C{1H} NMR (CDCl3) d
24.4 (s,CH3), 32.3 (s, CH(CH3)2), 47.4 (s, CH2), 129.4
(s, CHarom), 142.9 (s, Carom); MS (EI 70 eV) m/z 246
(30%, M�), 203 (100), 163 (10), 147 (20). 5i: Yellow
oil; 1H NMR (CDCl3) d 0.88�0.95 (m, 18H, CH3), 2.04
(m, 3H, CH(CH3)2), 2.40�2.51 (m, 6H, CH2), 6.89 (s,
1H, CHarom), 6.91 and 7.02 (d, 1H each 3JHH�7.7 Hz,
CHarom); 13C{1H} NMR (CDCl3) d 23.8, 24.5, and
24.6 (s, CH3), 30.2, 31.7, and 31.8 (s, CH(CH3)2), 43.9,
47.1, and 50.8 (s, CH2), 129.5, 128.2, and 131.7 (s,
CHarom), 132.9,133.7, and 136.7 (s, Carom); MS (EI 70
eV) m/z 246 (40%, M�), 203 (100), 161 (60), 145 (15).
4j: White solid; 1H NMR (CDCl3) d 1.88�2.04 (m, 6H,
CH2), 2.57�2.71 (m, 12H, CH2), 7.08�7.32 (m, 18H,
CHarom); 13C{1H} NMR (CDCl3) d 29.7, 33.0, and
35.6 (s, CH2), 125.7, 128.3, and 128.5 (s, CHarom),
139.7 and 142.2 (s, Carom); MS (EI 70 eV) m/z 432
(40%, M�), 328 (20), 224 (20), 120 (60), 91 (100). 5j:
White solid; 1H NMR (CDCl3) d 1.88�2.04 (m, 6H,
CH2), 2.57�2.71 (m, 12H, CH2), 7.08�7.32 (m, 18H,
CHarom); 13C{1H} NMR (CDCl3) d 31.8, 32.3, 32.9,
35.1, 35.5, 35.9, and 36.0 (s, CH2), 125.7, 125.9, 126.1,
128.3, 128.5, 129.1, and 129.3 (s, CHarom), 137.4, 139.9,
142.3, and 142.4 (s, Carom); MS (EI 70 eV) m/z 432
(60%, M�), 328 (10), 224 (20), 120 (20), 91 (100). 4k:
Yellow oil; 1H NMR (CDCl3) d 0.89�1.66 (m, 30H,
CH2), 2.01 (m, 3H, CH), 2.39 (m, 6H, CH2), 6.71 (s,
3H, CHarom); 13C{1H} NMR (CDCl3) d 26.5, 29.6,
33.4, and 44.0 (s, CH2), 39.4 (s, CH), 127.3 (s, CHarom),
140.5 (s, Carom); MS (EI 70 eV) m/z 366 (60%, M�),

284 (100), 201 (20), 119 (60). 5k: Yellow oil; 1H NMR
(CDCl3) d 0.89�1.66 (m, 30H, CH2), 2.19 (m, 3H, CH),
2.41 (m, 6H, CH2), 6.84 (s, 1H, CHarom), 6.86 and 6.71
(d, 1H each, 3JHH�7.3 Hz, CHarom); 13C{1H} NMR
(CDCl3) d 26.1, 26.3, 26.4, 32.6, 33.1, 40.3, 40.7, and
43.7 (s, CH2), 39.8 (br, CH), 126.0, 129.7, and 131.0 (s,
CHarom), 136.4, 137.9, and 138.8 (s, Carom); MS (EI 70
eV) m/z 366 (80%, M�), 284 (30), 201 (100), 119 (50).
4l (63): Yellow oil; 1H NMR (CDCl3) d 3.83 (s, 9H,
CH3), 8.72 (s, 3H, CHarom); 13C{1H} NMR (CDCl3) d
52.4 (s, CH3), 128.7 (s, CHarom), 131.0 (s, Carom), 165.1
(s, CO); MS (EI 70 eV) m/z 252 (5%, M�), 221 (100),
193 (10), 162 (15). 5l (63): Yellow oil; 1H NMR
(CDCl3) d 3.85 (s, 6H, CH3), 3.88 (s, 3H, CH3), 7.65
(d, 1H, 3JHH�8.2 Hz, CHarom), 8.09 (dd, 1H, 3JHH�
8.2 Hz, 4JHH�1.5 Hz, CHarom), 8.30 (d, 1H, 4JHH�1.5
Hz, CHarom); 13C{1H} NMR (CDCl3) d 52.6 and 52.7
(s, CH3), 103.0, 132.1, and 134.3 (s, CHarom), 131.4,
132.3, and 136.0 (s, Carom), 166.6 and 167.4 (s, CO);
MS (EI 70 eV)m/z 252 (15%, M�), 221 (100), 193 (15),
162(10). 4m (61):Yellow oil; 1H NMR (CDCl3) d 1.34
(t, 9H, 3JHH�7.4 Hz, CH3), 4.37 (q, 6H, 3JHH�7.4 Hz,
CH2), 8.77 (s, 3H, CHarom); 13C{1H} NMR (CDCl3) d
13.9 (s, CH3), 61.5 (s, CH2), 133.8 (s, CHarom), 136.1
(s, Carom), 164.9 (s, CO); MS (EI 70 eV) m/z 294 (5%,
M�), 249 (40), 221 (100), 193 (50), 176 (15), 148 (20).
5m (61): Yellow oil; 1H NMR (CDCl3) d 1.29 (m, 9H,
CH3), 4.12 (m, 6H, CH2), 7.69 (d, 1H, 3JHH�8.0 Hz,
CHarom), 8.12 (dd, 1H, 3JHH�8.0 Hz, 4JHH�1.7 Hz,
CHarom), 8.32 (d, 1H, 4JHH�1.7 Hz, CHarom); 13C{1H}
NMR (CDCl3) d 13.9, 14.1, and 14.2 (s, CH3), 61.5,
61.7, and 61.8 (s, CH2), 128.3, 129.5, and 131.4 (s,
CHarom), 131.3, 131.9, and 132.5 (s, Carom), 164.8,
166.4, and 166.9 (s, CO); MS (EI 70 eV)m/z 294 (10%,
M�), 266 (10), 249 (100), 221 (50), 193 (30), 176 (10),
148 (10). 4n (64): Colorless oil; 1H NMR (CDCl3) d
2.72 (s, 9H, CH3), 8.71 (s, 3H, CHarom); 13C{1H} NMR
(CDCl3) d 27.5 (s, CH3), 132.4 (s, CHarom), 138.6 (s,
Carom), 197.3 (s, CO); MS (EI 70 eV) m/z 204 (20%,
M�), 189 (100), 161 (10), 119 (15).

Conclusions

In summary, we have demonstrated that fast inter-
molecular [2�2�2] alkyne cyclotrimerization reac-
tions can be performed in aqueous media by
employing the commercially available [{RuCl(m-
Cl)(h3:h3-C10H16)}2] catalyst in conjunction with the
enhancing effects of MW irradiation. Several terminal
and internal alkynes were subjected to these unprece-
dented conditions delivering the corresponding arenes
in good to excellent yields and remarkable short
reaction times (B1 h). We believe that this new
synthetic protocol will be of interest to a wide range
of synthetic organic chemists, who may include its
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use in their future research programs, providing also
impetus for further developments in the scarcely
explored field of MW-assisted metal-catalyzed
reactions in environmentally benign aqueous media
(31�33).
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Notes

1. For a review on the preparation, reactivity, and catalytic

applications of dimer 1, see (45)
2. Application of complex 1 in the polycyclotrimerization

of diynes has also been recently described (47).
3. Non-metal-catalyzed intramolecular alkyne cyclotrimer-

ization reactions promoted by focused MW heating in
mixtures DMF/H2O have been reported (53).

4. The ability of ruthenium complexes to promote

Markovnikov hydrations of terminal alkynes is well-
documented (54,55).
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