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ABSTRACT

A ruthenium(II) complex possessing a planar Cp* ligand, Cp*Ru(cod)Cl, effectively catalyzed the [2 + 2 + 2] cycloaddition of 1,6-diynes with
isocyanates to afford bicyclic pyridones in 58−87% yields.

Transition-metal-catalyzed cyclocotrimerization of two mol-
ecules of an alkyne and an isocyanate is an efficient method
to construct substituted 2-pyridone rings.1 Such a catalytic
pyridone formation has first been accomplished indepen-
dently by Yamazaki using Co catalysts2 and by Hoberg using
Ni catalysts.3

The cobalt catalysis has further been extended to partially
intramolecular versions utilizing isocyanatopentynes orR,ω-
diynes by Vollhardt and co-workers.4 The cycloadditions of
isocyanatoalkynes with several silylalkynes effectively gave
2,3-dihydro-5(1H)-indolizinones (Figure 1, Type I), and this
strategy was elegantly applied to the total synthesis of the
antitumor agent Camptothecin.4 In contrast, the related
cycloadditions ofR,ω-diynes with isocyanates (Figure 1,
Type II) have been less attractive, although a wide variety
of readily accessible diynes and isocyanates can be directly
used for this type of cycloaddition. Actually, the reactions
of 1,7-octadiyne with phenyl isocyanate or 1,6-heptadiyne

with â-phenethyl isocyanate were carried out in the presence
of 15 mol % CpCo(CO)2 by the same authors, but the
expected pyridones were obtained only in 16% and 31%
yields, respectively.4 Moreover, no pyridone was formed as
a result of the facile cyclotrimerization of the diyne substrate
when the reaction was conducted with Ni(cod)2 as the
catalyst.4

With these facts in mind, we developed more efficient
Type II cycloaddition using the ruthenium catalyst. Herein,
we wish to report our preliminary results of the ruthenium-
catalyzed cycloaddition of 1,6-diynes with isocyanates.

To search for a new catalytic system,5 we first attempted
the cycloaddition of a malonate-derived 1,6-diyne1a (X )
C(CO2Me)2) and phenyl isocyanate (2a) in the presence of
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Figure 1. Partially intramolecular [2+ 2 + 2] cyclocotrimeriza-
tions of alkynes and isocyanates.
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a catalytic amount of Cp*Ru(cod)Cl (Cp*) pentamethyl-
cyclopentadienyl, cod) 1,5-cyclooctadiene), which is the
excellent catalyst for the related cycloaddition of 1,6-diynes
with alkenes or monoalkynes.6 A 1,2-dichloroethane (DCE)
solution of1a was added to the solution of2a (2 equiv) and
10 mol % Cp*Ru(cod)Cl in DCE at room temperature, and
the resultant solution was then refluxed for 2 h to afford the
desired bicyclic pyridone3aaand the diyne dimer4a in 45%
and 18% yields, respectively (Scheme 1 and Table 1, run

1). The competitive formation of4a was effectively sup-
pressed by improving the procedure as follows: to a refluxed

solution of the catalyst and 2 equiv of2a in DCE was added
dropwise a solution of1aand another 2 equiv of2a in DCE.
As a result, the yield of3aa was raised to 89% (run 2).7

The yield was, however, considerably lowered in benzene
(run 3), and the reaction hardly proceeded in acetonitrile even
after 27 h (run 4).

We then examined other typical organoruthenium com-
plexes with various oxidation states and ligand fields. A
dinuclear ruthenium(III) complex having a Cp* ligand,

[Cp*RuCl2]2, also gave3aa, albeit in slightly lower yield
(run 5). The importance of the planar Cp* ligand was clearly
elucidated by the fact that a ruthenium(II) complex without
the Cp* ligand, Ru(cod)(AN)2Cl2, gave3aa only in 35%
yield along with an inseparable mixture of4a and unknown
byproducts (run 6). On the other hand, a ruthenium(0)
complex having a bulky planar hexamethylbenzene ligand,
C6Me6Ru(cod), was found totally ineffective for the present
cycloaddition (run 7). Finally, the catalyst amount was
optimized using the best catalyst. A lower catalyst load of 5
mol % Cp*Ru(cod)Cl gave3aa in similar high yield (run
8), although 2 mol % of the catalyst was not enough for the
completion of the reaction (run 9).

Having optimized the reaction conditions, other isocyan-
ates were subjected to the cycloaddition with the diyne1a
as summarized in Table 2. In the same manner with2a,

1-naphthyl isocyanate (2b) and 2-furyl isocyanate (2c)
underwent the cycloaddition with1a to afford the corre-
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Scheme 1

Table 1. Ru-Catalyzed Cycloaddition of 1,6-Heptadiyne1a
with Isocyanate2aa

run
catalyst
(mol %)

2a
(equiv) solventb

time
(h)

3aa yield
(%)c

1 Cp*Ru(cod)Cl (10) 2 DCE 2 45
2 Cp*Ru(cod)Cl (10) 2 + 2d DCE 1 89
3 Cp*Ru(cod)Cl (10) 2 + 2d C6H6 20 34
4 Cp*Ru(cod)Cl (10) 2 + 2d AN 27 7e

5 [Cp*RuCl2]2 (10) 2 + 2d DCE 1 74
6 Ru(cod)(AN)2Cl2 (10) 2 + 2d DCE 3 35
7 C6Me6Ru(cod) (10) 2 + 2d DCE 18 0
8 Cp*Ru(cod)Cl (5) 2 + 2d DCE 1 87
9 Cp*Ru(cod)Cl (2) 2 + 2d DCE 2 65

a To a solution of a catalyst and2a (2 equiv) was added a solution of
1a, and the solution was refluxed for the time indicated.b DCE ) 1,2-
dichloroethane; AN) acetonitrile.c Isolated yields.d To a refluxed solution
of a catalyst and 2 equiv of2a in DCE was added dropwise a solution of
1a and another 2 equiv of2a in DCE. e The diyne2a was recovered in
61% yield.

Table 2. Cp*Ru(cod)Cl-Catalyzed Cydoaddition of
1,6-Heptadiynes1a-d with Isocyanates2a-fa

a To a refluxing solution of 5 mol % Cp*Ru(cod)Cl and2 (2 equiv) in
DCE was added dropwise a solution of1 and2 (2 equiv) in DCE, and the
solution was refluxed for 1 h (2 h forruns 6 and 7).b Isolated yields.
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sponding products3ab and 3ac in 79% and 87% yields,
respectively (runs 1 and 2). In addition to the aryl isocyan-
ates, alkyl isocyanates can be employed in the present
protocol. Isocyanates2d and 2e, which possess a primary
or secondary alkyl group on their nitrogen atom, effectively
gave the desiredN-alkyl pyridones3ad and 3ae in high
yields. Exceptionally,tert-butyl isocyanate2f gave no
pyridone product under the same reaction conditions. This
is probably because the coordination of its CdN bond to
the ruthenium center was completely hindered by the bulky
tert-butyl group on the nitrogen atom. In this case, the diyne
cyclotrimerization products4a and5a were formed in 17%
and 71% yields, respectively.

The generality of the present ruthenium catalysis was
further examined with respect to the diyne substrate. Parent
1,6-heptadiyne (1b) and dipropargyl ether (1c), having no
tertiary center on the tether chain, also reacted with2a to
afford the expectedN-phenyl pyridones3baand3ca in 62%
and 58% yields, respectively (runs 5 and 6), although these
diynes were anticipated to be ineffective without the kinetic
Thorpe-Ingold effect.8 N,N-Dipropargyl p-toluenesulfon-
amide (1d) efficiently afforded a pyrroline-fused pyridone
3da in high yield with the aid of the proximity effect caused
by the bulkyp-tosyl group (run 7).

Scheme 2 shows a plausible mechanism of the Ru(II)-
catalyzed cycloaddition of 1,6-diynes1 with isocyanates2.

Yamazaki has proposed that a cobaltacyclopentadiene is
initially formed from the oxidative cyclization of two
molecules of an alkyne, and the subsequent reaction of the
cobaltacycle intermediate with an isocyanate affords a
pyridone. Such a metallacyclopentadiene mechanism was

supported by the fact that isolated cobaltacyclopentadienes
and isocyanates produced the corresponding pyridones.9 On
the other hand, an alternative mechanism, which starts with
the formation of an azanickelacyclopentenone from an alkyne
and an isocyanate, was proposed in Hoberg’s nickel-
catalyzed cyclocotrimerizations.10 According to these claims,
two mechanisms including ruthenacyclopentadiene interme-
diates11,125 or azaruthenacyclopentenones6 can be assumed
for our case. In either event, common intermediates7 is
consequently produced, and the reductive elimination of the
[Cp*RuCl] fragment from7 gives the bicyclic pyridones3.
The metallacyclopentadiene mechanism is, however, prefer-
able to the ruthenium-catalyzed cycloaddition using diynes
as alkyne components. Without exception, 1,6-diynes are
essential substrates for our previously reported ruthenium-
catalyzed [2+ 2 + 2] cycloadditions.6 This is also true of
the present pyridone annulation. A typical monoalkyne,
1-hexyne, did not undergo [2+ 2 + 2] cyclocotrimerization
with 2a under the same reaction conditions with the diyne
cycloaddition. This is probably because the ruthenacyclo-
pentadiene formation from a 1,6-diyne is entropically more
favorable than that from two molecules of a monoalkyne.
These facts supports the ruthenacyclopentadiene mechanism
(1 + 2 f 5 f 7 f 3).
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