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ABSTRACT

The dicobalt hexacarbonyl complex of 1-chloro-2-phenylacetylene decomposes in solution at room temperature affording similar amounts of
two new complexes, to which the structures of a dichloro tetracobalt decacarbonyl complex of 1,4-diphenyl-1,3-butadiyne and of a 1-chloro-
2-phenylacetylene acylcobalt complex have been tentatively assigned. The acyl complex can be efficiently trapped by amines, and the resulting
aminocarbonylation products submitted to Pauson−Khand reaction to yield cyclopentenones with the regiocontrolled formation of five new
bonds in a single synthetic operation.

Organometallic processes nowadays enjoy a prominent
position in synthetic organic chemistry. In particular, the
possibility of achieving intricate structures by forming several
bonds in a single synthetic step has made this chemistry
especially attractive. In this context, the chemistry of
hexacarbonyldicobalt complexes of acetylenes has elicited
considerable attention. Besides their use in the stabilization
of propargyl cations (Nicholas reaction),1 they can be
convergently assembled with alkenes to give cyclopenten-
ones, in the process commonly known as the Pauson-Khand
reaction (PKR).2 Over the past few years, much of our
research effort has been focused on the development of
efficient asymmetric versions of this useful reaction based
on the use of chiral auxiliaries covalently bonded to the

starting materials. Among chiral acetylenic substrates, the
use of alkoxyacetylenes,3 alkylthioacetylenes,4 alkynyl sul-
foxides,5 and 2-alkynoate derivatives6 has been successfully
exploited for this purpose. As a continuation of these efforts,
and bearing in mind the development of a catalytic enanti-
oselective version of the Pauson-Khand cycloaddition, the
unprecedented use of the labile haloacetylenes as substrates
for this process was planned, but the course of these studies
has evolved into the discovery of a new reaction. Herein we
report on how the dicobalt hexacarbonyl complexes of
haloacetylenes thermally evolve into new, presumably acyl-
cobalt complexes which can be trapped by amines to form
hexacarbonyldicobalt complexes of propynoyl amides, and
how this aminocarbonylation process can be coupled in a
tandem manner with both inter- and intramolecular Pauson-
Khand reactions, with the formation of five bonds in a single
synthetic operation. Moreover, the aminocarbonylation pro-
cess can be combined with previously developed methodol-
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ogy for stereocontrol in intermolecular Pauson-Khand
reaction for the completely diastereoselective synthesis of
cyclopentenone derivatives.

At the outset of this research, we studied the Pauson-
Khand reaction of 1-chloro-2-phenylacetylene1 with nor-
bornadiene (Scheme 1). The formation of the dicobalt

hexacarbonyl complex2 took place uneventfully at 0°C,
and treatment of this complex with norbornadiene (NBD)
andN-methylmorpholineN-oxide (NMO)7 at that tempera-
ture afforded the expectedâ-chlorocyclopentenone3 in 12%
yield. This is, in fact, the first example of the PKR of an
haloacetylene.8 However, when the thermally promoted
reaction was attempted, an abnormal behavior of complex2
was observed. When the reaction mixture was warmed to
room temperature, complex2 quickly disappeared and similar
amounts of two new complexes,4 (apolar) and5 (highly
polar), were formed. We subsequently found that the
decomposition of2 takes place readily in toluene without
the need for any added reagent and that, for synthetic
purposes, this mixture of complexes can be directly prepared
at room temperature.

A tentative structural assignment of4 and5 is based on
the following experimental observations.

Complex4 was readily isolated by column chromatogra-
phy (SiO2, hexanes), and FAB(+) analysis suggested the
presence of a PhCtCCtCPh‚Co4(CO)10 moiety (m/e)
718). The proposed structure of the organic ligand was
confirmed by oxidative decomplexation with NMO,9 which
yielded 1,4-diphenyl-1,3-butadiyne in 42% yield. That4 is
not the tetracobalt dodecacarbonyl complex of 1,4-diphenyl-
1,3-butadiyne10 was readily established by comparison of

spectroscopic data with an authentic sample. Finally, the
presence of two chorine atoms in its structure was confirmed
by elemental analysis. If the composition shown in Scheme
1 is assumed, the amount of4 formed in the reaction accounts
for a 55% of the initial1 in a highly reproducible manner.
Complex4 shows good stability under a CO atmosphere and
does not revert to2 nor interconvert with5 on heating.11

Complex5, in turn, is a polar, very labile compound which
could not be isolated. From a structural point of view,5
appears to be an acylcobalt complex (ν ) 1763 cm-1),12 and
in fact, it can very efficiently be trapped by nitrogen
nucleophiles to afford the amide complexes6 (see below).13

We have established by independent synthesis and reactivity
analysis that5 is not the dicobalt hexacarbonyl complex of
phenylpropynoyl chloride.14 Somewhat surprisingly,5 reacts
with NBD at 60 °C to afford cyclopentenone315 in 45%
yield (from 1). It is interesting to note that this process and
the one leading to6 involve carbonylation at the two different
carbons of the triple bond in1. Although the yield for the
formation of 5 cannot be directly measured, an estimated
value of 45% ensures the balance of matter from1 (combined
yield of 4 and5 is 100%) and fully accounts for the isolated
yields of 3 and6 (see below).

Our tentative structural proposal for5, being compatible
with the experimental observations reported here, also
appears to be viable from an energetic point of view as
indicated by single-point DFT calculations16 on PM3(tm)17-
optimized geometries of a model system (Figure 1).

The reaction of 5 with amines leading to6 is of
considerable interest. Whereas examples of reductive meth-
oxycarbonylation3 and aminocarbonylation18 with concomi-
tant deprotection of alkyne cobalt complexes under forcing
conditions are known, the present sequence is the first
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Scheme 1. Thermal Behavior of the Dicobalt Hexacarbonyl
Complex of 1-chloro-2-phenylacetylene (2)

Figure 1. Model DFT studies on the formation of5.
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example of aminocarbonylation of an alkyne dicobalt hexac-
arbonyl complex.19 Some examples of the aminocarbonyla-
tion reaction have been summarized in Table 1. The reaction

takes place in very high yield with both primary and
secondary amines (entries a and b). With less nucleophilic
nitrogen species, like Oppolzer’s 10,2-camphorsultam, the
aminocarbonylation does not take place. However, it can be
induced by the use of the corresponding lithium amide (entry
c).

Experiments aimed at determining the effect of substituents
of the starting alkyne on the aminocarbonylation process have
been performed. With respect to the halogen atom, the use
of bromoalkynes instead of chloroalkynes leads to highly
decreased yields of amide complexes (28 vs 100% for6a).
As for the other substituent of the triple bond, electron-
donating groups (RS-, R3Si-) stabilize the initial complex
2, preventing the formation of the putative acylcobalt
intermediate5. Probably in connection with this, the ami-
nocarbonylation of 1-alkoxy-2-chloroacetylenes occurs in
slightly diminished yields. On the other hand, 1-chloro-2-
alkylacetylenes are also convenient substrates for the reaction.

From an experimental point of view, the reaction is
performed by treating a mixture of complexes4 and 5,
generated from1, with a slight excess (relative to5) of amine
or lithium amide (1.07-1.33 equiv) and K2CO3 (2.2 equiv)
in toluene, the process being complete after 5 min at room
temperature. Simple column chromatography allows recovery
of the unreacted complex4 and the isolation of the new
complex 6.20 The use of soluble bases instead of K2CO3

(Hunig’s base, 48%6a) or more polar solvents (Et2O, 80%;
CH2Cl2, 44%; CH3CN, 0% 6a) has a deleterious effect on

the reaction. Somewhat surprisingly, the presence/absence
of a CO atmosphere has no effect on the course and yield of
the reaction.

With complexes6a-c in hand, their Pauson-Khand
reactivity was explored (Table 1). By working with the
isolated complexes, the reaction with NBD took place in
almost quantitative yield and, in the case of6c, with complete
diastereocontrol.6 Quite interestingly, the carbonylation and
Pauson-Khand reaction could be performed in a tandem
manner as a one-pot procedure without decrease in yield or
diastereoselectivity. In this way, five new bonds can be
created in a single process from complex5 with excellent
yield and, in some cases, complete stereocontrol.

In view of these results, we reasoned that the use of
allylamines in the aminocarbonylation process, in combina-
tion with a subsequent intramolecular Pauson-Khand reac-
tion, could allow the easy assembly of nitrogen containing
polycyclic systems. Results in this direction are summarized
in Table 2.

As can be seen, the interesting 3-azabicyclo[3.3.0]oct-1(8)-
ene-2,7-dione system21 is readily constructed through the
tandem process. Also in this case, the aminocarbonylation
and Pauson-Khand reactions can be performed in a one-
pot manner without decrease in the efficiency of the process.
The use of a chiral allylamine (entries b and c) allows for a
certain degree of stereochemical control; however, given the

Table 1. Tandem Aminocarbonylation/Pauson-Khand
Reactions

a From 5. b From isolated6a-c.

Table 2. Assembly of Azadi- and Azatriquinanes by Tandem
Aminocarbonylation/Pauson-Khand Reaction

a From 5. b A: 4 h, 45 °C. B: NMO, 20 min, 0°C. c Yields are based
on isolated8. Values in parentheses are yields for one-pot reaction.
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distance between the auxiliaries and the newly created
stereogenic center, more discriminating agents would be
required for achieving practical diastereoselectivities. As a
further demonstration of the synthetic potential of this
methodology, the straightforward and high-yield construction
of the angular triquinane system through the simple use of
a cyclic allylamine is illustrated in entry c.

In summary, the aminocarbonylation plus Pauson-Khand
reaction of chloroacetylenes, which involves the regiocon-
trolled formation of five new bonds in a single synthetic
operation, allows the immediate assembly of a variety of
polycyclic structures from readily available precursors. The
process may be amenable to complete stereocontrol by the
use of Oppolzer’s 10,2-camphorsultam, opening a new route
to enantiopure cyclopentenone systems and, due to the
diverse availability of synthetic precursors (chloroacetylenes
and amines) and easy operation, it holds promise as an
efficient method for the preparation of libraries of cylopen-
tenone products through parallel synthesis in solution.
Extension and application of this methodology, as well as
structural and mechanistic studies on the intermediate
complexes4 and5 are underway in our laboratories.
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