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a b s t r a c t

Intermolecular [2+2+2] cycloaddition of propargyl halides with 1,6-diynes was achieved with air stable,
catalytic amount of Mo(CO)6 and the benzyl halide derivatives were isolated in good yields. The reaction
conditions were optimized and better yields were observed under microwave irradiation conditions
using acetonitrile as a solvent.

� 2015 Elsevier Ltd. All rights reserved.

Transition-metal complexes have emerged as indispensible
tools in synthetic organic chemistry where a large number of func-
tional groups are tolerated. These compounds enable either diffi-
cult or unusual chemical transformations which are not possible
by traditional methods. Cycloaddition reactions are powerful tools
in synthetic organic chemistry because these reactions allow mul-
tiple bond formation exhibiting a high degree of selectivity. In this
context, [2+2+2] cycloaddition is found to be an efficient protocol
for assembling aromatic compounds which can act as functional
materials. This protocol is an atom economic process leading to
the formation of unsaturated six-membered, highly substituted
carbo- and heterocycles such as benzenes, pyridines, pyridones,
and 1,3 cyclohexadienes etc., in a single operation involving cat-
alytic amounts of organometallic complexes of around 15 different
transition metals such as Rh,1 Ir,2 Ni,3 Ru,4 Co,5 Pd,6 Nb,7 Fe8 etc.,
(Fig. 1).9

Reppe pioneered the transition metal-catalyzed trimerization
reaction of acetylene in 1948,10 and later the [2+2+2] cycloaddition
reaction has expanded in several directions and found diverse appli-
cations in organic synthesis.11,12 Now, these protocols reached to a
high degree of sophistication where several complex natural prod-

ucts and unnatural compounds have been synthesized easily by uti-
lizing the [2+2+2] cycloaddition reaction as a key step.13–16

Althoughmany reports are available related to the [2+2+2] cycload-
dition reactions, only a limited number of examples are available
where propargyl halides17 are used as co-trimerization partners.

Synthesis of the dibromo compounds such as 9 from 1,6-diynes
has been demonstrated by the [2+2+2] cycloaddition reaction with
the diol 7a in the presence of Wilkinson’s catalyst followed by
bromination with PBr3 (Scheme 1).18 This two step strategy could
not be extended to sensitive substrates (e.g., peptides, ether link-
age containing compounds) and the starting materials/products
decompose during the bromination sequence. Hence, there is a
pressing need to develop a new strategy where the halo derivatives
such as 9 are assembled directly via a [2+2+2] cycloaddition reac-
tion as a key step without the involvement of the bromination step
(Scheme 1).

For this purpose, one of the alkyne partners must be a propargyl
halide, however, the products formed will be the benzyl halides,
which are good substrates in cross-coupling reactions. Moreover,
realization of [2+2+2] sequencewithout the involvement of the diol
intermediate amounts to the ‘step economy’.19 In this context, Kudi-
nov and co-workers attempted a [2+2+2] co-trimerization of 1,6-
diynes with various alkyne partners in the presence of naphthalene
cyclopentadienyl ruthenium complex and they were unsuccessful
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when the alkyne partner was propargyl bromide 7c.20a A perusal of
the literature indicated that Fujihara and co-workers have reported
the synthesis and the catalytic activity of dinuclear niobium(III)
complexes for the regioselective cyclotrimerizationof alkynes.Here,
they reported the synthesis of hexakis(chloromethyl)benzene by
the [2+2+2] cyclotrimerization of 1,4-dichloro-2-butyne 7f in the
presence of a catalytic amount of dinuclear niobium(III) complex.
This system tolerates the benzylic halides as the end products.17a

However, niobium(V) chloride is air as well as moisture sensitive
and hence its handling is not a trivial exercise. Sugihara and co-
workers observed that a [2+2+2] co-trimerization is feasible by
using Mo(CO)6 and Cr(CO)6 complexes than that of the
corresponding isonitrile complexes.20b Mori and co-workers have
also showed that the alkyne having an o-hydroxyphenyl group gave
the trimerization product, rather than alkyne metathetic product
under Mortreux catalytic conditions.20c

To expand the utility of [2+2+2] cycloaddition strategy in
organic synthesis, we examined the catalytic activity of Mo com-
plexes in [2+2+2] cycloaddition reaction21 with propargyl halides.
In this context we chose dipropargylated 1,3-indane dione 11 as
a model substrate. The commercially available 1,3-indane dione
10 was treated with propargyl bromide in the presence of K2CO3

as a base under PTC conditions in MeCN at rt to generate the
dipropargylated 1,3-indane dione 11.12c,f Later, the diyne 11 was
subjected to a [2+2+2] cycloaddition sequence with propargyl
bromide 7c in the presence of catalytic amount of Mo(CO)6
under THF refluxing conditions for 10 h. The desired [2+2+2]
cycloaddition product 12c was obtained (34%) along with self
dimerized product 14 (5%). We also observed the formation of a,
b-unsaturated aldehyde 13 (10%) which was confirmed by 1H,
13C, DEPT-135 NMR, and mass spectrometric analysis (Scheme 2).

Since Mo(CO)6 is not a typical catalyst for [2+2+2] cycloaddition
reactions as compared to other metal complexes, the mechanism
might involve molybdenapentadiene, which would react with the
alkyne partner to produce cyclotrimerized product.20c,21d

When the propargyl alcohol or propargyl tosylate was subjected
to a [2+2+2] co-trimerization with the diyne 11 in the presence of

Mo(CO)6, they were unreactive and the starting material was
recovered. However, when we used propargyl halides as co-trimer-
ization partners, the yield was low. To improve the yields of co-
trimerization products and to minimize the side products, the
reaction was carried out under different conditions (Fig. 2, Table 1).

Based on Sugihara and co-workers report,20b when we used Cr
(CO)6 catalyst for [2+2+2] cyclotrimerization, the reaction did not
happen and the startingmaterial was recovered. In view of the liter-
ature report,20c later we used theMortreux catalytic system by add-
ing phenol or p-Cl-phenol as an additive, however, no improvement
in the yield of the products. We thought changing the ligands may
improve the yields, hence, we prepared Mo(PPh3)2CO4 and Mo
(Py)3(CO)3 as reported in the literature22 and carried out the [2+2
+2] co-trimerization with propargyl bromide. When the catalyst
was Mo(Py)3(CO)3, the reaction did not proceed at all and the start-
ing material was recovered. When the catalyst was Mo(PPh3)2CO4,
the reaction was incomplete even after 10 h of reflux conditions.
At this point, we thought changing the solvent systemmay improve
the yields. Hence, we changed the solvent from THF to toluene and
later to dioxane, but the results were not encouraging (Table 1).

Recently, Roglans and co-workers reported the Rh catalyzed
fully intramolecular [2+2+2] cyclotrimerization of N-tosyl-, car-
bon-, and oxygen-tethered cyanodiynes to afford highly function-
alized pyridines and bipyridines. They claimed that the solvent
and the mode of thermal activation play a dramatic role on the out-
come of the reaction. Surprisingly, the self dimerized product was
observed under conventional heating conditions; whereas, micro-
wave (MW) irradiation conditions gave the co-trimerized prod-
uct.23a Hence, we performed the co-trimerization of the diyne 11
with propargyl bromide 7c under MW conditions in dry THF at
75 �C, but we didn’t observe much difference in the yield. However,
the reaction was completed within 2.5 h instead of 10 h. Further-
more, when we changed the solvent from THF to 1,4-dioxane
under MW conditions at 110 �C, the reaction was completed within
15 min and the yield was also improved to 45%. We felt this may be
the suitable conditions, hence the 1,4-dibromo-2-butyne 7b was
reacted with the diyne 11 under similar reaction conditions and
found that the dibromo derivative 12b was formed in 11% yield.
As chlorides are less reactive than bromides and we anticipated
improved yields. Hence, we performed the [2+2+2] co-trimeriza-
tion reaction of diyne 11 with propargyl chloride 7e and 1,4-
dichloro-2-butyne 7f in 1,4-dioxane under MW conditions and
the isolated yields of co-trimerized products were found to be
42% (12e) and 13% (12f), respectively (Scheme 3).

Figure 1. General representation of a [2+2+2] cycloaddition reaction.

Scheme 1. General strategy for the synthesis of dibromo derivative via [2+2+2]
cycloaddition.

Scheme 2. [2+2+2] co-trimerization with propargyl bromide.

Figure 2. List of alkyne partners studied in [2+2+2] cycloaddition reaction.
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