
Tetrahedron Letters 48 (2007) 6425–6428
Palladium and rhodium-catalyzed intramolecular [2+2+2]
cycloisomerizations in molten tetrabutylammonium bromide
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Abstract—The cycloisomerization reaction of triacetylenic macrocycles 1 was carried out in molten n-Bu4NBr using either the Wil-
kinson’s catalyst RhCl(PPh3)3, or PdCl2 leading to good yields of the corresponding cycloisomerized compounds. It was possible to
recycle the catalytic system. When PdCl2/TBAB was used, palladium nanoparticles were identified by means of transmission elec-
tron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX).
� 2007 Elsevier Ltd. All rights reserved.
The [2+2+2] cyclotrimerization of alkynes catalyzed by
transition-metal-based systems to give benzene deriva-
tives is a field of considerable interest in organic synthesis
as three new carbon-carbon bonds are formed in only
one step and as polysubstituted benzene derivatives they
are important building blocks for the synthesis of biolog-
ical compounds and polymers.1 In recent years, Roglans
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et al.2 have been involved in the [2+2+2] cycloisomeriza-
tion processes of cyclic triynes of type 1 and enediynes of
type 2 promoted by transition-metal catalysts to afford
the corresponding cycloisomerized compounds 3 and 4,
respectively (Eqs. 1 and 2). Among the readily available
and familiar cyclotrimerization systems examined, the
Wilkinson complex, RhCl(PPh3)3, was found to be a
ð1Þ
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good catalyst while Pd(PPh3)4 was much less efficient and
stoichiometric amounts were required.

One important aspect of all processes involving transi-
tion-metal based catalysts is the recovery and the reuse
of the catalyst to fully exploit their potential. Among
the various approaches to address this issue, the use of
ionic liquids or molten salts as good immobilizing agents
for transition-metal catalysts has emerged as one of the
most important alternatives.3 The ability of the molten
salts to immobilize catalysts favors their recovery at
the end of the process. In addition, the substitution of
organic solvents for these non-conventional media is
environmentally and economically desirable. With re-
gards to the transition metal-catalyzed cycloisomeriza-
tion reactions, only one study, to the best of our
knowledge, reports the use of molten salts in alkyne
cyclotrimerization reactions and the dimerization pro-
cess proved to be predominant.4

Here, we present the use of molten tetra-n-butylammo-
nium bromide as an efficient solvent for the [2+2+2]
cycloisomerization of unsaturated azamacrocycles cata-
lyzed by rhodium and palladium complexes. In the case
of the use of palladium salts, palladium nanoparticles
have been identified and are probably the real catalytic
species.

Initial experimentation using ionic liquids such as
[BMIM]BF4 and [BMIM]PF6, and the Wilkinson com-
plex (0.05 equiv) as the catalyst did not lead to the cyclo-
isomerization of 1a (Ar = 2,4,6-triisopropylphenyl). In
contrast, this reaction occurred in molten tetra-n-butyl-
ammonium bromide. The best way to isolate the cyclo-
trimerized compound in a good yield was found to be
the addition of water to the crude mixture in order to
precipitate 3a (Ar = 2,4,6-triisopropylphenyl), followed
by its purification by column chromatography (method
Table 1. Cycloisomerization of unsaturated azamacrocycles 1a and 2a (Ar =

Entry SM Catalyst (mol %) React

1 1a RhCl(PPh3)3 (5) 7
2 1a Recycling 24
3 1a Recycling 24
4 1a RhCl(PPh3)3 (10) 3
5 1a Recycling 24
6 2a RhCl(PPh3)3 (5) 24
7 2a Recycling 24
8 1a PdCl2 (10) 24
9 1a Recycling 24

10 1a PdCl2 (10) 24
11 1a Recycling 24
12 1a PdCl2 (10) 24
13 1a PdCl2 (10) 48
14 1a Recycling 24
15 1a PdCl2 (10) 24
16 1a Recycling 24
17b 1a PdCl2 (10) 24 + 4
18 1a Pd(OAc)2 (10) 24
19 1a Recycling 24
20c 1a PdCl2 (10) 24

a Reaction carried out at 130 �C using 0.05 mmol of 1a or 2a (SM) and 1.0
b A second batch of 1a (0.05 mmol) was added after a reaction time of 24 h.
c Reaction carried out in refluxing toluene instead of n-Bu4NBr.
A). This procedure afforded 80% of 3a (Table 1, entry
1). The above aqueous phase was evaporated, and the
resulting catalyst/n-Bu4NBr mixture was dried under
vacuum but its reuse led to considerably reduced yields
(entries 2 and 3). With an increase in the initial amount
of catalyst to 10 mol %, the result of the first run (entry
4) was similar to that with 5 mol % but the recycling was
more efficient (compare entries 2 and 5). This increase in
yields with the initial amount of catalyst indicates that
some catalyst is lost during the work ups. One of the
problems of this reaction is the poor solubility of 3a in
the common organic solvents. For this reason, we
checked the cycloisomerization reaction of enediyne
azamacrocycle 2a (Ar = 2,4,6-triisopropylphenyl) as we
have previously demonstrated its high solubility in these
organic solvents.2b A different extraction method was
used (method B): (i) ethyl acetate was added to the reac-
tion mixture, (ii) after stirring at room temperature for
10 min, the liquid phase was decanted and the organic
solvent distilled off, (iii) the residue thus obtained was
purified by column chromatography. This procedure
led to the isolation of the cycloisomerized compound
4a (Ar = 2,4,6-triisopropylphenyl) in 57% yield (entry
6). Unexpectedly, the yield increased to 73% for the
recycling run (entry 7). This increase in yield could be
due to incomplete extraction of 4a in the first run, and
to the modification of the catalytic system during this
run by, for example, the exchange of ligand: diene, 4a
replacing PPh3.

Next we turn our attention to palladium catalysts. We
have previously demonstrated2 that equimolar amounts
of Pd(PPh3)4 were required to cyclize triacetylenic aza-
macrocycles 1 in fair yields. In addition, Muzart et al.
have reported the use of catalytic amounts of PdCl2 in
molten n-Bu4NBr as a recyclable system for the oxida-
tion of benzylic alcohols,5 for the Mizoroki-Heck reac-
tion6 and for the isomerization7 of allylic alcohols.
2,4,6-triisopropylphenyl) in molten tetra-n-butylammonium bromidea

ion time (h) Extraction method Yield (%)

A 3 (80)
A 3 (39)
A 3 (24)
A 3 (82)
A 3 (61)
B 4 (57)
B 4 (73)
A 3 (72)
A 3 (40)
B 3 (36)
B 3 (66)
C 3 (86)
C 3 (86)
C 3 (36)
D 3 (60)
D 3 (25)

8 C 3 (73)
C 3 (74)
C 3 (35)

3 (0)

g of n-Bu4NBr.
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More recently, this group has demonstrated that palla-
dium nanoparticles, prepared from a mixture of molten
n-Bu4NBr, n-Bu3N and PdCl2, are catalytically active
for the chemoselective hydrogenation of carbon-carbon
double bonds.8 Therefore, we decided to test the cata-
lytic system PdCl2/n-Bu4NBr in the cycloisomerization
of 1a using PdCl2 (0.1 equiv) at 130 �C for 24 h, and dif-
ferent extraction methods since the isolated yield and the
activity of the recovered catalytic system seem to be
highly dependent on the workup. Method A led to a
good yield (entry 8) but did not preserve the activity
of the catalyst (entry 9). With method B, 3a was isolated
in a lower yield in the first run (entry 10) but the catalyst
activity is more preserved (entry 11). Two other extrac-
tion methods have been used. Method C consisted in
Figure 1. TEM image and particle size histogram of Pd-nanoparticles befor

Figure 2. TEM image and particle size histogram of Pd-nanoparticles after
dissolving the crude mixture in CH2Cl2 and washing it
with water. While 3a remains in the organic phase, both
catalyst and n-Bu4NBr are extracted in the aqueous
phase and recovered after the evaporation of the water.
This procedure led to good results for the first run but
did not improve the recycling experiment (entries 12–
14). The use of a 1:1 mixture of CH2Cl2 and EtOAc
instead of CH2Cl2 (method D) was much less efficient
(entries 15 and 16). The above results show that the
PdCl2/n-Bu4NBr system is recyclable. This led us to per-
form a reaction where a second batch of 1a was added
after one day of reaction (entry 17). Under these partic-
ular conditions, 3a was isolated in 73% yield. Switching
from PdCl2 to Pd(OAc)2 as the catalyst led to the effec-
tive cycloisomerization of 1a (entry 18) but it was not
e catalysis.

catalysis.
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suitable for recycling experiments (entry 19). Having
noted the absence of cycloisomerization of 1a when
PdCl2 was used with toluene as solvent (entry 20), we
examined the PdCl2/n-Bu4NBr system by transmission
electron microscopy (TEM) and energy dispersive X-
ray spectroscopy (EDX).

After mixing 0.005 mmol of PdCl2 and 1 g of molten salt
at 130 �C for 15 min, an aliquot was withdrawn and
analyzed by TEM and EDX. The observed nanoparti-
cles presented near-spherical shapes and were gathered
as aggregates (Fig. 1). The diameter of nanoparticles
was determined as 6.4 ± 1.5 nm. Then, 0.050 mmol of
1a was added to the initial mixture. After stirring at
130 �C for 24 h and extraction using method C, the
recovered catalytic system was analyzed by TEM and
EDX (Fig. 2). More separated, smaller and more irreg-
ular nanoparticles were now observed. The average
diameter of 177 particles was found to be 2.8 ± 0.8 nm.

Taking into account the experiment in the absence of n-
Bu4NBr (entry 20), and the results of TEM analysis, we
can hypothesize that palladium nanoparticles stabilized
with n-Bu4NBr are the active catalytic species leading
to the cycloisomerization of 1a. The process using mol-
ten n-Bu4NBr as a medium is an improvement with re-
spect to the cycloisomerization process in conventional
organic solvents2 in that it is catalytic in palladium, gives
higher yields, and presents recycling possibilities.

In conclusion, molten n-Bu4NBr is a good medium for
rhodium and palladium-catalyzed cycloisomerization
reactions of triacetylenic azamacrocycles. When PdCl2
is the starting catalyst, TEM analysis has shown the for-
mation of nanoparticles, which, presumably, are the ac-
tive catalytic species. Work is currently in progress to
apply this process to other substrates.
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