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a b s t r a c t

The development of a heterogeneous catalytic Pauson–Khand reaction and cobalt carbonyl-catalyzed
tandem carbonylative cycloaddition reaction of unsaturated hydrocarbons studied in our laboratory are
reviewed.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

The development of new processes that are simultaneously
conomically sustainable and environmentally responsible is a
hallenge for the twenty-first century [1]. In this respect, cataly-
is plays a central role in the development of environmentally safe
nd clean chemical processes. Thus, the design and development of
ew catalysts providing cleaner alternative synthetic pathways has
ttracted a lot of attention. The achievement of developing tran-
ition metal catalysts for the transformation of acyclic molecules
nto bicyclic carbocyclic species has been especially remarkable
2].

Cycloaddition reactions efficiently generate cyclic compounds
rom simple starting materials and carbonylation reactions intro-
uce a ketone group. Both reactions are very important in organic
hemistry. Each reaction can be used by itself or in combination.
representative combination reaction is the Pauson–Khand reac-

ion (PKR hereafter) [3]. When the PKR was first discovered [4],
t was considered to be a stoichiometric reaction and the alkene
ubstrate was limited to strained olefins such as norbornene, nor-
onadiene, cyclopropenes, and bicyclo[3.2.0]hep-6-enes. However,
ince the first discovery of the catalytic version [5], many new cat-
lytic versions [6] including many other types of metal catalysts
ased on Fe [7], Ni [8], Ti [9], Zr [10], Ru [11], Rh [12], and Ir [13] have
een discovered and reaction pathways with much milder condi-
ions have been developed [14]. Moreover, the scope of the olefin
ubstrates have been widened by finding alkene equivalents such
s dimethyl(pyridyl)(vinyl)silane [15], o-(dimethylamino)phenyl
inyl sulfoxide [16], and 2,3-disubstituted 1,3-butadiene [17]. It
as been widely accepted [18] that electron-deficient alkenes, such
s �,�-unsaturated aldehydes, ketones, esters and nitriles, are not
uitable substrates for PKRs. However, under certain circumstances
relatively broad variety of electron-deficient alkenes can also be

ppropriate substrates in PKRs [19].

At present the PKR is recognized as one of the most impor-

ant arsenal in synthesis of 5-membered compounds including
yclopentenones [6b,6c,20]. Cyclopentadienones can be easily gen-
rated by a reaction between two alkynes and carbon monoxide.
ompared to the huge developments in the chemistry of cyclopen-
tenones [6d,21], the chemistry of cyclopentadieneones remains
relatively undeveloped, partly due to the inherent instability of
free cyclopentadienones and their tendency to undergo dimeriza-
tion. However, if cyclopentadieneones were generated in situ in the
presence of another chemical species (and reacted subsequently
with another chemical species) [22], then we could develop a whole
chemistry of the unstable cyclopentadienes. This could be another
example of a tandem reaction that incorporates multiple cycload-
dition and carbonylation reactions and serves as the foundation for
novel approaches to the preparation of polycyclic substances. The
tandem reactions will provide the formation of multiple covalent
bonds in a single step and a process with time- and cost-saving,
atom economy, and environmental acceptability.

In this review, we will discuss the PKR and related reactions
and show how they have been used in the synthesis of polycyclic
compounds in a one-pot reaction. Reactions covered in our previous
review [23] will not be commented on again herein.

2. Development of heterogeneous catalysts for
Pauson–Khand reaction

Tremendous development has occurred in the field of homo-
geneous catalysis. Homogeneous catalysis may provide a high
reaction rate and high turnover numbers (TON) and often affords
high selectivity and yields. The properties of the catalysts can be
tuned by ligands. Proper ligand design leads catalysts to exhibit
higher TON and reaction rates, and to have improved lifetimes so
that they are stable enough to run the reactions without the exclu-
sion of water or air and to do so at lower temperatures. The structure
of the catalytic species is often known, and structure–activity rela-
tionships could allow the development of new catalytic systems.
On the other hand, homogeneous catalysis has a number of draw-
backs, including lack of recovery/reuse of the catalyst. This leads to
a loss of expensive metal and ligands and to impurities in the prod-

ucts and the need to remove residual metals [24]. These problems
have to be overcome for the application of homogeneous catalytic
reactions in industry and are still a challenge [25].

The heterogenization of homogeneous catalysts results in the
advantages of both the homogeneous and heterogeneous catalytic
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ig. 1. XRD-graphic of cobalt on mesoporous silica: line (a) Co on SBA-15; line (b)
o on MCM-41; line (c) cobalt oxide.

odes [26]. Many ingenious methods have been used to immobi-
ize such catalysts on the surface or within the interior structure of
olid supports. In heterogenizing homogeneous catalyst systems,
upports such as polymers [27], silica [28], and zeolites [29] have
eceived the most attention. Various mesoporous silicas [30] with
ore size ranging from 2 to 10 nm have been extensively applied
s supports for many catalytically active metals and homogeneous
atalysts, presumably due to their high surface areas.

While a wide range of homogeneous catalysts for the
auson–Khand reaction exist [9a,11,12a,31]. The first heteroge-
eous PK catalyst was developed by us in 2000 [32]. Since then,
ome useful variants have been reported [11], but it is still waiting
urther advances.

.1. Cobalt on mesoporous silica: [32,33] the first heterogeneous
atalytic PKR

Studies concerned with homogeneous catalysts for the PKR led
o the insight that, if a cobalt carbonyl species could be generated
uring a reaction, it could act as a catalyst. This led to the study
f some heterogeneous catalytic systems for the PKR. It was envi-
ioned that mesoporous silicas deposited with cobalt metal would
ct as catalysts under a carbon monoxide atmosphere. Due to the
igh surface area, high catalytic activity could be expected. Based
n this expectation, mesoporous silicas deposited by bulk cobalt
ere prepared and used as catalysts in the PKR.

Cobalt metal has been deposited with bulk cobalt on meso-
orous silica supports, SBA-15 and MCM-41, by decomposing
o2(CO)8 in a refluxing toluene solution or using the conventional

mpregnation method using cobalt nitrate as a cobalt source. Cobalt
oading was adjusted to 9–10 wt%. X-ray powder diffraction (XRD)
atterns (Fig. 1) of the supported catalysts revealed face centered

ubic (fcc) and hexagonal close packed (hcp) metallic cobalt peaks.
o cobalt oxide peak was observed in the XRD.

The following intramolecular PKR of enyne was investigated as
test reaction (Scheme 1).

Scheme 1.
Fig. 2. TEM image of Co on charcoal. Reproduced from Ref. [34] with permission.

When either the reaction temperature or CO pressure was low-
ered, the activity of the catalyst decreased significantly. Thus, to
keep a high level of catalytic activity, the reaction temperature and
CO pressure have to be at least 130 ◦C and 20 atm, respectively. The
catalyst system is metallic cobalt supported on mesoporous silica.
As expected, the catalyst is air-stable and reusable, and exhibits
an excellent catalytic performance for many intramolecular PKRs.
However, there was no promotion in the reaction conditions, i.e.
high temperatures and high pressures of CO.

2.2. Cobalt on charcoal [34]

Cobalt on a mesoporous material system [32] is a fairly effec-
tive catalyst for the intramolecular PKR, but displays low activity in
the intermolecular PKR. Moreover, mesoporous silica is not freely
available. In view of the drawbacks of cobalt on mesoporous mate-
rials, much work has focused on finding more suitable supports,
commercially available or easily synthesizable. Thus, a new catalyst
system based on cobalt on charcoal (Co/C) has been developed.

This catalytic system was prepared by the thermal decom-
position of [Co2(CO)8] in the presence of commercially available
charcoal bone in THF under reflux. The catalytic activity of Co/C
strongly depends on the amount of cobalt on the charcoal (wt%).
The optimum cobalt loading on charcoal was about 12 wt%. The
XRD patterns of the supported catalysts revealed peaks of hexag-
onal close packed (hcp) metallic cobalt, as in the bulk phase [35].
A TEM study (Fig. 2) shows that cobalt atoms are not distributed
homogeneously in the charcoal surface, but form metallic cobalt
particles (100–1000 nm).

The black Co/C shows ferromagnetism and is easily recovered by
filtration or by using a magnet. The catalytic system is stable and
can be reused at least 10 times without losing any catalytic activity.
This heterogeneous catalytic system exhibited an excellent cat-
alytic performance for intra- and intermolecular PKRs (Scheme 2).

When graphite and mesoporous carbon has also been screened
as a support, the catalytic activity of cobalt on graphite and meso-
porous carbon are almost the same as that of cobalt on charcoal.
They have different surface areas and structures, but the state of
their metallic cobalt is the same (Fig. 3).

Thus, it seems likely that the catalytic activity depends on the
state of the metallic cobalt on the support and not on the nature of

the carbon support. The reaction temperature and CO pressure have
to be at least 130 ◦C and 20 atm, respectively. Compared to those
of Co/SiO2, there is no improvement on the optimized reaction
conditions.
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This study shows that an entrapment is a useful alternative
Scheme 2.

.3. Entrapped rhodium catalysts [36]

Our previous studies [32,34] based on bulk cobalt on a sup-
ort fulfil the principle of atom economy. However, one of the
isadvantages of the cobalt-catalyzed reaction is its harsh reaction
onditions, i.e. high temperatures and high pressures of CO. When
hodium complexes were used as catalysts, the PKR was conducted
nder relatively mild reaction conditions [11,12b,13,37]. The use
f rhodium in the PKR can solve the drawback of this reaction
nd is now common. However, there have been no reports on the
ecovery and reuse of rhodium catalysts. The rhodium metals on
upports were not as active as the homogeneous rhodium com-
lexes. Thus, another immobilization method, an entrapment of
atalysts by sol–gel process, has been used, although entrapped or
ncapsulated catalysts have an inherent problem, that of the usu-
lly strong diffusion resistance due to the limited pore size [38].
owever, in some cases, the activities and selectivities of entrapped

atalysts have been found to be competitive with homogeneous
atalysts [39]. An entrapped rhodium catalyst was generated by the
ilica sol–gel entrapment of [Rh(cod)(�-Cl)]2 in THF solution. The
ntramolecular PKR of an enyne was investigated as a test reaction
Scheme 3).

Fig. 3. TEM images o
Scheme 4.

The entrapped rhodium complex is very active, with an isolated
product yield of 90% at 100 ◦C and a CO pressure of 5 atm. Thus, the
entrapped rhodium catalyst is more active than heterogeneous cat-
alysts (130 ◦C and 20 atm CO) based on metallic cobalt supported
on mesoporous silica or charcoal [32,34], but it has a slightly lower
catalytic activity than homogeneous rhodium catalysts [40]. The
catalytic system is ineffective for intermolecular PKR. The cata-
lyst maintained its high activity even after 10 cycles of recycling
and reuse. After five times recycling, an ICP-AES study showed that
0.278 ppm of rhodium, equal to leaching of 0.086% rhodium, was
in solution. Using entrapped rhodium complexes [Rh(cod)(�-Cl)]2
and [Rh(acac)(CO)2] and (R)-BINAP as chiral catalysts an asymmet-
ric PKR was studied (Scheme 4).

When 1 equiv. (R)-BINAP was used, the yield was 79–87% with
3–7% ee. An increase of the amount of (R)-BINAP to 2.5 equiv. led to
an increase in the ee values up to 13% with a lower yield of 43–65%.
Although this ee value is low it is not meaningless and give us hope
that future improvement in the levels of asymmetric induction may
be made.

The 31P NMR study of the entrapped catalyst in CDCl3 shows
phosphine–phosphine oxide as the sole species. Thus, it seems
that the poor ee value may be due to the presence of rhodium
phosphine–phosphine oxide as a catalyst instead of a rhodium
diphosphine complex.
method for immobilizations. Moreover, it also provides the pos-
sibility that reducing the formation of phosphine oxide may lead to
a much higher ee value. Entrapment can be used for other reactions
as well as the PKR.

f Co on carbon.
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catalytic activity was found to decrease significantly.
Fig. 4. TEM images of colloidal cobalt nanoparticle before the reaction (a) and

. Transition metal nanoparticle catalyst

The use of bulk cobalt metal as a catalyst was successful, but
nsuccessful from the view-point of improvement of reaction con-
itions. Thus, development of another catalytic system, having the
dvantages of heterogeneous catalysts with high catalytic activity
nder mild reaction conditions, was needed. Under these circum-
tances, transition metal nanoparticles attracted our attention [41].
hey are heterogeneous and have a characteristic high surface-
o-volume ratio. Consequently a large fraction of the metal atoms
re at the surface and hence are available for catalysis [42]. Many
olloidal transition metal nanoparticles, especially noble metals,
ave been used as catalysts for the hydrogenation of olefin [43],

or carbon–carbon coupling reactions, for other reactions [26b,44],
nd for oxidation [45]. However, colloidal nanoparticles of first-
ow transition metals have seldom been used as catalysts [46].
ransition metal nanoparticles would be effective catalysts under
ild reaction conditions provided their special properties could be

ully used in the catalytic reaction. With this expectation, transi-
ion metal nanoparticles were prepared and studied their use as
atalysts in the PKR and related reactions.

.1. Colloidal cobalt nanoparticles [47]

In the previous studies [33,34], the first heterogeneous cat-
lytic PKRs had been demonstrated using metallic cobalt supported
n either mesoporous silica or charcoal. Even though these het-
rogeneous metallic cobalt catalysts exhibit good performance
or many intramolecular and intermolecular PKRs, they require
xtreme reaction conditions of CO pressures >20 atm and tem-
eratures >130 ◦C. The development of recyclable heterogeneous
atalysts able to function in much milder conditions is desirable.
mong several synthetic methods, a recently developed synthetic

ethod was used to fabricate cobalt nanoparticles. This method

omprises the formation of seed particles at low temperature and
urther aging at high temperature.

For the synthesis of cobalt nanoparticles, Co2(CO)8 (2.04 g,
mmol), oleic acid (1.68 g, 6 mmol), trioctylphosphine (0.6 mL) and
running four reaction cycles (b). Reproduced from Ref. [47] with permission.

dioctyl ether (20 mL) were mixed with stirring at room temper-
ature. The mixture was heated slowly at reflux and the reflux
was maintained for 30 min, after which the reaction mixture was
allowed to cool to room temperature. A black precipitate was
obtained by adding 50 ml of ethanol followed by washing with
20 ml of acetone and drying in vacuo. A TEM image (Fig. 4a) con-
firmed that the particles are well separated and that they are nearly
monodisperse, having a mean diameter of 8 nm.

The intramolecular PKR of an enyne was investigated as a test
reaction (Scheme 5).

Colloidal cobalt is very active, with an isolated yield of product
of 97% at 130 ◦C and a CO pressure of 5 atm. The colloidal cobalt cat-
alyst is more active than heterogeneous catalysts based on metallic
cobalt supported on mesoporous silica or charcoal [32,34]. The
catalyst maintained its high activity even after five cycles of recy-
cling (yield: 97%, 94%, 94%, 94%, and 95%, respectively) and reuse.
A TEM image (Fig. 4b) of the catalyst after running four reaction
cycles showed that the particle size of the cobalt nanoparticles
was unchanged and confirmed that no particle agglomeration was
taking place. However, when either the reaction temperature was
decreased to 110 ◦C or the CO pressure was lowered to 3 atm, the
Scheme 5.
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bicyclic and tricyclic ketone frames derived from enynes. The struc-
tures shown in Scheme 8 appear as core skeletons in many natural
syntheses such as those of the linear and angularly fused triquinane
sesquiterpenes [54].
ig. 5. HRTEM images of cobalt nanoparticle on charcoal. Reproduced from Ref. [48]
ith permission.

.2. Cobalt nanoparticles on charcoal [48]

Although the cobalt nanoparticles are effective [47], they are
ore inconvenient to use than conventional heterogeneous cata-

ysts such as Co on charcoal and Co on silica [32,34]. To combine
he merits of conventional heterogeneous catalysts with the high
atalytic activity of cobalt nanoparticles, cobalt nanoparticles on
harcoal (CNC) were prepared.

.2.1. Synthesis of cobalt nanoparticles on charcoal (CNC)
Surfactant-stabilized nanoparticles of cobalt were prepared by

he thermal reduction of dicobalt octacarbonyl [49]. According to
he TEM image, the particles are well separated and are nearly
onodisperse, having a mean diameter of 12 nm. Heating the
ynthesized cobalt nanoparticles with dried charcoal in THF at
eflux yielded cobalt nanoparticles on charcoal (CNC). The HRTEM
tudy (Fig. 5) shows that the mean size of the nanoparticles is
2 nm, ranging from 7 to 18 nm. The crystal packing of CNC is
Scheme 6.

an epsilon mode [50]. CNC is very stable even in air for several
months.

3.2.2. The use of CNC in the Pauson–Khand reaction
Under 5 atm of CO, cobalt nanoparticles also gave product in an

almost quantitative yield (97%). When the same PKR was carried out
using CNC as a catalyst, 98% of the product was isolated (Scheme 6).

Thus, immobilization of cobalt nanoparticles did not retard their
catalytic activity. The catalyst maintained its high activity even
after being recycled five times (yield: 98%, 95%, 96%, 98%, and 98%,
respectively).

While the normal intramolecular PKRs proceeded smoothly
under 5 atm of CO, internal enyne and heteroatom-bridged enynes
required a higher CO pressure of 10 atm. CNC is also effective for
intermolecular PKR under 15 atm of CO. When the same reactions
were carried out using colloidal cobalt nanoparticles as catalysts,
the pressure of CO was 10 atm. Thus, the catalytic activity of CNC
is slightly lower than that of the colloidal cobalt nanoparticles for
the intermolecular PKR.

3.2.3. The use of CNC as bifunctional catalysts: the reductive
Pauson–Khand reaction in one pot

Complexes of cobalt are known to be hydrogenation catalysts
but are mostly selective for conjugated systems [51]. Co2(CO)8 and
its derivatives are known to be hydrogenation catalysts for alkenes
under specific conditions, although they are decomposed to metal
under a pure H2 atmosphere. Although the sequential reaction of
PKR and hydrogenation is a useful methodology for the synthesis of
natural products [52], the known reductive PKRs use stoichiometric
or substoichiometric amounts of cobalt complexes [53]. To use CNC
as a bifunctional catalyst in the PKR and hydrogenation in a one-
pot, tandem reaction, CNC had to satisfy the following conditions:
first, carbon monoxide or hydrogen should not interfere with the
catalytic activity of CNC in any reaction, and second, hydrogenation
of substrates should not take place before a PKR of the substrate
occurs. Fortunately, the CNC was effective for the reductive PKR
(Scheme 7).

Under these optimized reaction conditions, no hydrogenation
of enyne substrates was observed before the PKR occurred. This
sequential reaction provides a straightforward approach to the
Scheme 7.
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Scheme 8.

CNC has a high activity in PKRs and can be used as a bifunctional
atalyst in the PKR and hydrogenation in a one-pot reaction. CNC
s easily recovered and can be reused many times without losing
atalytic activity.

.3. Aqueous colloidal cobalt nanoparticles as catalysts [55]

In the previous studies, the transition nanoparticles catalysts
till require an organic solvent as a reaction medium. The possibility
f substituting conventional organic solvents for the supercriti-
al fluids CO2 and ethylene have been demonstrated [31e,56]. The
pplication of catalysts in aqueous solution and on liquid supports
as attracted a great deal of attention and been applied to many
atalytic reactions [57]. However, no catalytic systems that enable
he use of water as a solvent in the PKR had been developed until we
eported [55] the first PKR in water. Initially, the development of
queous colloidal cobalt nanoparticles [58] attracted our attention.

Aqueous colloidal cobalt nanoparticles were prepared by reduc-
ng an aqueous solution of cobalt acetate containing sodium
odecyl sulfate (SDS) surfactant [58b]. Aqueous colloidal cobalt
anoparticles are stable for a limited time (2–3 days) in air. How-
ver, in the absence of oxygen they are stable for a long time.

The optimum reaction conditions were 20 atm of CO at 130 ◦C,
he yield of the reaction was 92% (Scheme 9). By contrast, the yields
or Co2(CO)8 and cobalt on charcoal were 8% and 24%, respectively.

e hypothesize that the stabilizing SDS surfactant micelles act as
anoreactors to induce better solubilization of organic reactants
nd ultimately allow the reactants to interact more intimately with
he cobalt nanoparticles. The nonpolar alkyl chains remain in a non-
olar environment and the hydrocarbon chains can dissolve the
rganic substrates. Thus, there is no requirement to employ water-
oluble substrates. The solubilized CO molecules might react with
he outer surface of cobalt nanoparticles to generate in situ cobalt
arbonyl species, which can act as catalysts for the carbonylative
ycloaddition. Recovery and reusability of the catalytic system were
ested by carrying out consecutive cycles, with the same catalyst in
queous solution, carefully separated from the organic phase at the
nd of each run. The conversion yields were very high even at the
ourth run (yield: 92%, 95%, 91%, 96%, and 95%, respectively). The
elative invariance of the conversion yields means that the catalyst
ystem is stable during recycling.

Aqueous colloidal cobalt nanoparticles are effective for

ntramolecular PKR. However, unfortunately, they are ineffective
or intermolecular PKR. Thus, development of a new catalytic sys-
em that is effective for the intermolecular PKR in water is still
eeded.

Scheme 9.
Scheme 10.

3.4. Immobilized heterobimetallic Ru/Co nanoparticle [59]

Increasing environmental awareness has made the use of carbon
monoxide undesirable and prompted the search for an alterna-
tive process that utilizes a substitute [60]. In situ generated carbon
monoxide could be a good candidate, however, the synthetic uti-
lization of generated carbon monoxide has been largely ignored
[61]. The use of decarbonylated CO from formates or aldehydes
has been utilized in transition metal-catalyzed hydroxycarbony-
lation [62], the PKR [63], and hydroesterification [64]. Thus, the
research was focused on the design and development of a new
catalytic system consisting of immobilized transition nanoparticles
with formates as an alternative to carbon monoxide.

The metal ruthenium was chosen as a decarbonylation cata-
lyst, stimulated by examples of its recent use [60,63] and organic
substrates that could be easily decarbonylated by transition met-
als were screened. Aldehydes and formates are good candidates
for our purpose because they have been studied with this aim for
three decades [64,65]. Before using immobilized heterobimetallic
ruthenium/cobalt nanoparticles as catalysts in the PKR, the use of a
combination of Ru3(CO)12 and cobalt nanoparticles with pyridyl-
methyl formate instead of carbon monoxide was tested in the
Pauson–Khand reaction (Scheme 10).

The expected PKR product was obtained in a high yield
when pyridylmethyl formate was used with Ru3(CO)12 and cobalt
nanoparticles. When either ruthenium carbonyl or colloidal cobalt
nanoparticles were used as the catalyst in the presence of pyridyl-
methyl formate, no reaction product was obtained. The successful
initial result encouraged us to make heterobimetallic ruthe-
nium/cobalt nanoparticles immobilized on charcoal (RuCNC) and
use them as catalysts in the PKR. These were prepared and charac-
terized by TEM (Fig. 6).

The optimized reaction conditions were established as follows:
1.5 equiv. 2-pyridylmethyl formate, THF, 12 h, and 130 ◦C. The cat-
alyst system could be re-used five times (yield: 97%, 98%, 98%, 97%,
and 97%, respectively) without loss of activity. Elemental analysis
(by ICP-AES) of the reaction mixture after completion of the reac-
tion showed that less than 0.1 ppm of ruthenium and cobalt species
were bled.

In this study, a catalytic system based on the Ru/Co nanoparticles
on charcoal was developed as a highly effective catalyst for intra-
and intermolecular Pauson–Khand-type reactions in the presence
of pyridylmethyl formate instead of carbon monoxide.

3.5. Heterobimetallic Co/Rh nanoparticles [66]

Compared to dicobalt octacarbonyl, cobalt nanoparticles were

quite active. However, when cobalt nanoparticles were used as
a catalyst, the relatively high pressure (5 atm) of carbon monox-
ide was still an obstacle for use in an ordinary organic laboratory.
Therefore, it is still necessary to develop a heterogeneous catalytic
system for use under milder reaction conditions. The use of heter-
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Fig. 7. HRTEM image of Co2Rh2 nanoparticle on charcoal. Reproduced from Ref.
[66b] with permission.

When Co3Rh nanoparticles (derived from Co3Rh(CO)12) were
used, the expected product was obtained in 65% yield. The use of
Co2Rh2 nanoparticles (derived from Co2Rh2(CO)12) as a catalyst
gave 87% of the reaction product. Interestingly, when a mixture
ig. 6. TEM images of RuCNC. Reproduced from Ref. [59] with permission.

bimetallic nanoparticles as catalysts has attracted much attention
ecause their catalytic performance is generally superior to that of
single nanometal by itself [67]. Furthermore, when rhodium com-
lexes were used as catalysts for the PKR, the pressure was usually
1 atm [12,13,37b,68]. Therefore Co/Rh heterobimetallic nanopar-

icles were prepared, immobilized on charcoal, and their use in the
K-type reaction was studied.

.5.1. Synthesis and characterization of Co/Rh heterobimetallic
anoparticles and their immobilization

In order to create bimetallic nanoparticles with a fixed sto-
chiometry, the strategy of the decomposition of bimetallic
rganometallic cluster compounds was employed; it would appear
hat the use of molecular cluster compounds as precursors is one
f the most attractive methods available [69]. Ru/Pt, Ru/Sn, Ru/Pd,
u/Cu nanoparticles were prepared by decarbonylation of mixed-
etal carbonyl precursors.
The clusters Co2Rh2(CO)12 and Co3Rh(CO)12 were pre-

ared as previously reported [70]. A solution containing the
obalt–rhodium carbonyl compound was injected into a solution
f o-dichlorobenzene, oleic acid, and trioctylphosphine oxide at
80 ◦C. Heating the resulting solution at 180 ◦C for 2 h afforded a
lack solution. The heterobimetallic carbonyl compound was fully
ecomposed to heterobimetallic nanoparticles. After removal of all
he solvent, a black precipitates was obtained. The Co/Rh hetero-
imetallic nanoparticles were immobilized on charcoal by refluxing
he precipitate with flame-dried charcoal in THF for 12 h. Accord-
ng to ICP-AES data on the immobilized Co/Rh heterobimetallic
anoparticles derived from Co2Rh2(CO)12 and Co3Rh(CO)12, the
atios of Co:Rh were 1.09: 1 and 2.93: 1, respectively. Thus, the
ethod used in this study always gave fixed stoichiometric Co/Rh

imetallic nanoparticles. HR-TEM photographs of the immobi-
ized Co2Rh2 heterobimetallic nanoparticles and the corresponding
article size distribution histogram are shown in Figs. 7 and 8,
espectively.

HR-TEM shows that the diameter of the resulting well-
ispersed, isolated, and anchored bimetallic nanoparticles is
pproximately 2 nm.
.5.2. The Pauson–Khand-type reaction under 1 atm of CO
Investigation of the use of nanoparticles as catalysts in the

ntramolecular PKR of allyl propargyl ether was carried out
Scheme 11).
Fig. 8. Particle size distribution histogram of Co2Rh2 nanoparticle on charcoal.
Reproduced from Ref. [66b] with permission.
Scheme 11.



J.H. Park et al. / Coordination Chemistry Reviews 253 (2009) 2461–2480 2469

o
l
w
e
a
r
a
w
C
t
e
8

i
d
e
r
t

3
a

b
d
a
i

t
i
n
b
g
I
(
m
w
a
a
I
s
l

i
e
q
t
P
t

completion of the first run. Thus, the recovered (S,S)-BDPP can be
used in further reactions.
Scheme 12.

f colloidal cobalt and rhodium nanoparticles was used as a cata-
yst under the same reaction conditions, only 12% of the product

as obtained. Thus, it seems that there arose some synergistic
ffects between cobalt and rhodium nanoparticles in the Co2Rh2
nd Co3Rh nanoparticles. Using Co2Rh2 as a catalyst, the optimized
eaction conditions were established as 1 atm of CO, 130 ◦C, THF,
nd 18 h. When Co2Rh2 nanoparticles immobilized on charcoal
ere used as a catalyst, the yield was 88%. Thus, immobilization of
o2Rh2 nanoparticles did not retard their catalytic activity. When
he catalyst was recycled, it maintained its high level of activity
ven after being recycled five times (yield: 97%, 89%, 96%, 87%, and
7%, respectively).

The catalytic system is effective both for the inter- and
ntramolecular PKR. Many useful rhodium catalysts have been
eveloped under similar mild conditions. However, they are gen-
rally less effective for the intermolecular PKR [68a] and cannot be
eused. Therefore, the Co2Rh2 bimetallic nanoparticles overcome
he disadvantages of homogeneous rhodium catalysts.

.5.3. The Pauson–Khand-type reaction in the presence of
ldehydes

Aldehydes and formates are good candidates for our purpose
ecause they have been studied with this end in mind for three
ecades [65]. Using Co2Rh2 nanoparticles as the catalyst, aldehydes
nd formates were screened as a substitute for carbon monoxide
n an intramolecular PK-type reaction (Scheme 12).

Aldehydes proved to be effective in giving a carbonyla-
ive cycloaddition product, but 2-pyridylmethyl formate was
neffective. In particular, �,�-unsaturated aldehydes such as cin-
amaldehyde, crotonaldehyde, and acrolein produced good results
ut aryl aldehydes such as benzaldehyde and 1-naphthaldehyde
ave poor results. Crotonaldehyde was our choice as the CO source.
mmobilized Co2Rh2 (0.05 g), enyne (0.96 mmol), crotonaldehyde
2.4 mmol), THF, 130 ◦C, and 18 h were established as the opti-

ized reaction conditions. The reusability of the catalytic system
as tested for the intramolecular PK-type reaction of cinnamic

ldehyde with phenylacetylene by checking any leaching of cobalt
nd rhodium from the charcoal surface. Elemental analysis (by
CP-AES) of the reaction mixture after completion of the reaction
howed that less than 0.1 ppm of cobalt and rhodium species had
eached.

The catalytic system is effective for giving high yields of the
ntramolecular PKR products. The reaction needs no additives to
nhance or promote the catalytic reaction. Moreover, multi-gram
uantities of cyclopentenones were obtained without any difficul-

ies. The catalytic system is also effective in the intermolecular
K-type reaction although the yields were not high, partly due to
he trimerization of alkynes (yield: 17–70%).
Scheme 13.

3.5.4. Asymmetric catalytic Pauson–Khand-type reaction in the
presence of an aldehyde

As mentioned above, much attention has been paid to the prepa-
ration of transition metal nanoparticles and their use in catalysis.
However, much less attention has been paid to the combination
of optically active ligands with transition metal nanoparticles.
Recently, Fujihara and Tamura reported [71] the synthesis of chiral
bisphosphine BINAP-stabilized gold and palladium nanoparticles
and their use in a catalytic asymmetric hydrosilylation of styrene.

A number of catalytic asymmetric PKRs or PK-type reactions
have been described [9c,13,33a,40b,75], however, there have been
no reports on transition metal nanoparticle-catalyzed asymmet-
ric PKRs. To study an asymmetric catalytic PK-type reaction in the
presence of an aldehyde, various C2-symmetrical chiral diphos-
phine ligands were first of all screened (Scheme 13).

The presence of chiral ligands does not harm the yield of
the reaction, but the ee values are highly dependent upon the
chiral ligand itself. The use of (S)-(+)-2,2′-bis(diphenylphosphino)-
1,1′-binaphthyl [(S)-BINAP] as a ligand is the most effective in
cobalt-catalyzed reactions of 1,6-enynes [72d,73] while using
(R)-(+)-2,2′-bis(diphenylphosphino)-1,1′-binaphthyl [(R)-BINAP]
as a chiral ligand gave an ee value of 79%. Strangely, when
(2R,3R)-(−)-2,3-bis(diphenylphosphino)-bicyclo[2.2.1]hept-5-ene
[(R,R)-NORPHOS] was used, a racemate was obtained. How-
ever, surprisingly, the use of (2S,4S)-(−)-2,4-bis(diphenyl-
phosphino)pentane [(S,S)-BDPP] gave a high ee value of 84%.
Thus, (S,S)-BDPP was the best choice for the asymmetric
Pauson–Khand-type reaction.

Using (S,S)-BDPP as a chiral ligand, when other enyne sub-
strates were subjected to the PKR conditions, the yields were
high (75–94%) and the ee values were moderate to high (51–87%).
The best ee value was 87%. Interestingly, the ee values obtained
were comparable to those obtained in homogeneous catalysis using
rhodium catalysts derived from [RhCl(CO)2]2/(S)-BINAP and AgOTf
[40b]. In particular, the 84% ee value for enyne was greater than
that (74%) obtained with the homogeneous rhodium catalysis. The
reusability of the catalytic system was tested for the asymmetric
PK-type reaction. For the recyclization, the catalyst obtained by
filtration was reused and the insufficient chiral diphosphine was
supplemented by new chiral diphosphine. The yields and ee values
were retained over at least five runs. Elemental analysis (by ICP-
AES) of the reaction mixture after completion of the three runs
showed that 3.9 ppm of the cobalt and 0.3 ppm of the rhodium
species were detected.

In many cases [74], chiral diphosphine ligands were oxidized
to phosphine oxides during reaction or separation. However, (S,S)-
BDPP was recovered in 87% yield from the reaction mixture after
The ability of added Hg(0) to poison metal(0) heterogeneous cat-
alysts [75] by amalgamating the metal catalyst or adsorbing it onto
its surface is the single most widely used test of homogeneous ver-
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The product was found to be a cyclic enone bearing two phenyl
groups. Thus, the allenes formally serve both as an excellent alkene
and alkyne-type moiety in Co2Rh2-catalyzed [2 + 2 + 1] cycloaddi-
tion with carbon monoxide when compared to the classical PK
process. This was the first catalytic formation of cyclopentenones
Scheme 14.

us heterogeneous catalysis [76]. Thus, to obtain some evidence for
istinguishing between homogeneous versus heterogeneous catal-
sis, a mercury-poisoning experiment was carried out. The addition
f Hg(0) completely eliminated further catalysis. This result is con-
istent with and strongly supportive of heterogeneous metal(0)
atalysis [75,77]. Since the activity was completely poisoned,
he heterogeneous metal(0) catalyst is the only active species
resent.

This study demonstrated the usefulness of the combination of
obalt and rhodium nanoparticles in the intra- and intermolecular
KRs under mild conditions. Environmentally safe, clean, and sus-
ainable chemical processes for the asymmetric catalytic PKR have
een developed in this study.

.5.5. Olefinic aldehydes as an alkene and CO source [78]
The PKR is a carbonylative cycloaddition reaction involving the

elective incorporation of three different molecules, i.e., an alkyne,
n alkene, and carbon monoxide. Substitution of one of the reac-
ion components, carbon monoxide, by an aldehyde or a formate
ompletely changes the reaction process. By extrapolation, if a sub-
tance could be used instead of both carbon monoxide and an
lkene, a much simpler and cleaner process could be developed.
oreover, the application of cleaner heterogeneous catalysts with

eadily available starting materials would allow the minimization
f inorganic as well as organic waste production.

The previous study [66] gave us the novel idea to use unsat-
rated aldehydes as a source of CO and alkene. The release of
ydrocarbons and carbon monoxide from the reaction of aldehydes
n metal surfaces has been well documented [79]. Organic sub-
trates that could be easily decarbonylated by Co2Rh2, including
,�-unsaturated aldehydes, were screened (Scheme 14).

As expected, a PKR product was obtained in reasonable to high
ields. It is very interesting that electron-deficient alkenes such as
,�-unsaturated aldehydes, known as poor substrates for the PKR,
an be used as a source of CO and alkene. Acrolein, crotonaldehyde,
nd cinnamic aldehyde are good substrates. Thus, �,�-unsaturated
ldehydes have a dual function, slowly and continuously producing
oth olefin and CO in situ. Moreover, the reaction was regioselective
ith respect to alkenes and alkynes.

When the reusability of the catalytic system was tested for the
eaction between cinnamic aldehyde and phenylacetylene, the cat-
lytic activity of Co2Rh2 nanoparticles was retained for at least
ve runs (yield: 75%, 72%, 73%, 73%, and 70%, respectively); the
aximum reusability has not been tested. Elemental analysis (by

CP-AES) of the reaction mixture after completion of the reaction
howed that less than 0.1 ppm of cobalt and rhodium species were
resent.

Thus, this study provides the conceptual basis for a new

odel of catalytic intermolecular PKR: a new catalytic protocol

as been developed for the formal [2 + 2 + 1] cycloaddition reac-
ion of alkynes and �,�-unsaturated aldehydes to 2-substituted
yclopentenones. The procedure can be characterized as environ-
entally friendly because the transformation occurs in the absence
Scheme 15.

of additives except for the catalyst, and the catalyst can be reused
semi-permanently without losing catalytic activity.

3.5.6. Cobalt/rhodium heterobimetallic nanoparticle-catalyzed
allenic Pauson–Khand reaction [80]

The use of allenynes as substrates in the Co2Rh2-catalyzed
allenic PKR was studied. Using an 1,7-allenyne in the presence
of Co2Rh2 nanoparticles, the reaction condition was optimized
as follows: 2 atm of CO, 110 ◦C, and 6 h. The cyclization occurs
selectively with the distal double bond of the allene, to yield
bicyclo[4.3.0]nonenone. The best yield was 85% and the catalyst
maintained its high activity even after being recycled six times.
The catalytic system was effective for various allenyne substrates
(Scheme 15).

The reaction can be extended to a catalytic formation of
bicyclo[5.3.0]dec-1,7-dien-9-ones from allenynes (Scheme 16). The
same reaction using a homogeneous catalyst was reported by
Mukai’s and Brummond’s groups [68b,81].

The bicyclo[5.3.0] skeleton was constructed in acceptable yields
compared to those in previous works [81], and complete chemos-
electivity was observed in the formal [2 + 2 + 1]-cycloaddition,
leading to the exclusive construction of the bicyclo[5.3.0]dec-1,7-
dien-9-one framework.

This study demonstrated that the Co2Rh2-catalyzed PKR of
allenynes provides high yields of [5.6]- and [5.7]-bicyclic enones.
The cyclization occurs selectively with the distal double bond of
the allene. This is the first use of nanoparticles as catalysts in the
allenic PKR.

3.5.7. Cobalt/rhodium heterobimetallic nanoparticle-catalyzed
carbonylative [2 + 2 + 1] cycloaddition of allenes [82]

As an extension of the previous study [83], allenes were tested as
substrates in an intermolecular PKR. When phenylallene in toluene
was reacted with 2 atm of CO in the presence of a catalytic amount
(5 mol%) of Co2Rh2 at 130 ◦C for 6 h, two carbonylated products
were isolated in 68% and 12% yields, respectively.
Scheme 16.
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Scheme 17.

ia a [2 + 2 + 1] cycloaddition of two allenes and carbon monox-
de. Moreover, the regiochemistry observed was different from a
tandard intermolecular PK process. Under the optimized reaction
onditions, other allenes produced the corresponding cyclopen-
enones in high yields (Scheme 17).

The use of bis-allenes as substrates in a Co2Rh2-catalyzed car-
onylative cycloaddition reaction was also studied (Scheme 18).
ompared to the use of allenes as substrates, the use of bis-allenes

s rather uncommon, as seen from the fact that only a handful of
eactions have been reported [83].

Under optimum reaction conditions (5 mol% Co2Rh2, toluene,
atm CO, 100 ◦C, and 4 h), each bis-allene yielded the correspond-

ng intramolecular [2 + 2 + 1] cocyclization product in reasonable to
igh yield. The high regiocontrol observed is highly noteworthy.

This study demonstrated the first catalytic inter- and
ntramolecular [2 + 2 + 1] cocyclization of allenes and CO. This
rocess provides a rapid and atom-economical method for the syn-
hesis of a variety of cyclopentenones with an exocyclic double
ond, or [5.3]bicyclic enones in one step.

. Cobalt carbonyl-catalyzed carbonylative cycloaddition of
nyne, diynes, dienediynes, and triynes: tandem processes

Transition metal-catalyzed cycloaddition reactions of unsatu-
ated substrates have provided many important methods for the
onstruction of complex cyclic compounds [84]. Among them, the
2 + 2 + 1] cycloaddition [6d,85] provides a powerful tool for the
ssembly of five-membered rings containing polycyclic natural
roducts. In particular, the PK cycloaddition has attracted much
ttention in the preparation of a variety of cyclopentenone sys-
ems [6c,72a,86]. However, cyclopentadienones [22] have played
minor role in five-membered ring construction due to their high

eactivity in Diels–Alder reactions, even though some cyclopen-

adienone derivatives are known and are anticipated versatile
uilding blocks in synthetic organic chemistry due to the formal
ase with which a variety of functionalities at all positions on the
ing can be introduced [22b,22e,87].

Scheme 18.
Scheme 19.

Transition metal-mediated [2 + 2 + 1] cycloaddition of two
alkynes with CO can be a good way to generate and stabi-
lize cyclopentadienones. However, the application of this method
to organic synthesis has been hampered [88] by low yields,
the requirement for the presence of specific substituents [89],
and the necessity of a demetalation step [88d], even though
Fe(CO)5 [90] or CpCo(CO)2 [91] have successfully been employed
in some intramolecular carbonylative cycloaddition reactions. Fur-
thermore, all the reported reactions are stoichiometric. A few
examples of the use of cyclopentadienones in complex molecule
synthesis have been reported [21e,85i].

Cyclopentadieneones are promising versatile intermediates for
organic synthesis as long as their high reactivity can be controlled.
One of the potentially useful reactions is the Diels–Alder reaction.
The use of the high reactivity of cyclopentadienones will allow us
to make a variety of cyclic compounds from the in situ generated
cyclopentadieneones.

4.1. Cycloaddition of diynes

4.1.1. Cobalt carbonyl-catalyzed tandem [2 + 2 + 1]/[2 + 2 + 2]
cycloaddition reaction of diynes [92]

In studying the PKR, the cycloaddition reaction of hepta-
1,6-diynes employing cobalt carbonyl [Co2(CO)8] as catalyst
attracted our attention because no successful examples of cat-
alytic [2 + 2 + 1] cycloaddition reactions of �,�-diynes had been
reported. Moreover, it was expected that the Co2(CO)8-catalyzed
tandem [2 + 2 + 1]/[2 + 2 + 2] cycloaddition reactions of diynes under
CO would provide an easy construction pathway of unnatural novel
tetracyclic compounds.

The treatment of diethyl dipropargylmalonate 55 in CH2Cl2 in
the presence of 2.5 mol% Co2(CO)8 at 100 ◦C for 2 days under 20 atm
of CO gave a tandem [2 + 2 + 1]/[2 + 2 + 2] cycloaddition reaction
leading to production of the tetracyclic enone derivative 56 in 85%
yield as the sole product (Scheme 19). No isomerized products were
observed.

The reaction involves the formation of six carbon–carbon bonds.
As we expected, it provides a unique pathway to a tetracyclic
framework. All the terminal diynes except dipropargyl ether gave
high yields. For the disubstituted 1,6-diyne 57, a [4 + 2] cycload-
dition between [2 + 2 + 1] cycloadducts gave 58 in 19% yield with

the concomitant formation of unidentified polymeric materials
(Scheme 20).

Thus, the steric effect of substituents at the external terminus of
the diyne substrates is an important factor for the second [2 + 2 + 2]
cycloaddition to proceed.

Scheme 20.
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diynes is a prerequisite for the tandem cycloaddition of a diyne
and diene under carbon monoxide, eventually giving tetracyclic
compounds. The existence of two phenyl groups on the termi-
nal could limit the scope of diynes and diminishes the usefulness
Scheme 21.

These experimental results suggested that the [2 + 2 + 2]
ycloaddition reaction between diyne substrates does not occur
efore the [2 + 2 + 1] cycloaddition between CO and a substrate.

nitially a [2 + 2 + 1] cycloaddition between a diyne and carbon
onoxide catalyzed by Co2(CO)8 gives the corresponding bicyclic

yclopentadienone, and a subsequent [2 + 2 + 2] cycloaddition reac-
ion between the bicyclic cyclopentadienone and diyne catalyzed
y Co2(CO)8 leads to the tetracyclic cyclopentenone.

.1.2. Cobalt carbonyl-catalyzed tandem [2 + 2 + 1] and [2 + 2 + 2]
ycloaddition reaction of diynes with two phenylacetylenes [93]

As mentioned earlier, cyclopentadienone has played no role
n five-membered ring construction due to its inherent instabil-
ty and tendency to undergo dimerization. One of the potentially
seful reactions is the use of the high reactivity of cyclopen-
adienones: a transition metal catalyzed [2 + 2 + 2] cycloaddition
eaction of the olefinic double bond of cyclopentadienone with two
lkynes. However, it seems to be very difficult to control the regios-
lectivity. No successful examples of catalytic tandem [2 + 2 + 1]
nd [2 + 2 + 2] cycloaddition reaction of diyne with alkynes have
een reported, even though there has been much research in
he [2 + 2 + 2] cycloaddition reaction of a diyne with an alkyne or
lkene [84a,94]. Treatment of 55 and 2 equiv. phenylacetylene with
o2(CO)8 (5 mol%) at 130 ◦C under 30 atm CO for 18 h afforded a
ricyclic product 59 in 68% yield (Scheme 21).

Compound 6 was derived from the reaction of carbonylative
2 + 2 + 1] cycloaddition of a diyne followed by [2 + 2 + 2] cycload-
ition between the in situ generated bicyclic cyclopentadienone
nd two phenylacetylenes. Generally, intermolecular [2 + 2 + 2]
yclotrimerizations of alkynes encounter many difficulties [95].
hemo- and regioselectivity problems lead to complex mixtures
f products, which severely limit the utility of this reaction. How-
ver, in this reaction other isomers were not found, presumably due
o steric congestion. Thus, the cycloaddition reaction is regioselec-
ive and can provide a very useful synthetic procedure. This study
lso demonstrates that the judicious choice of diyne substrate and
n alkyne allows a cobalt carbonyl-catalyzed tandem [2 + 2 + 1] and
2 + 2 + 2] cycloaddition reaction giving tricyclic compounds.

.1.3. Cobalt carbonyl-catalyzed tandem [2 + 2 + 1]/[4 + 2]
ycloaddition reaction between diyne and diene [96]

There have been many studies [94a,94c,97] on the [2 + 2 + 2]

ycloaddition reaction of a diyne with an alkyne or alkene but no
uccessful examples of the catalytic tandem [2 + 2 + 1] and [4 + 2]
ycloaddition reaction of a diyne with a diene under CO have been
eported.

Scheme 22.
Scheme 23.

Treatment of 60 and 2,3-dimethyl-1,3-butadiene with Co2(CO)8
(5 mol%) in CH2Cl2 at 110 ◦C under 30 atm of CO for 18 h afforded
5.5.6 tricyclic enone 61 in 80% yield (Scheme 22).

Subjecting 1,3-cyclohexadiene to the same reaction condi-
tions provided the expected tetracyclic enone 62 in 87% yield
(Scheme 23).

The existence of phenyl groups at the external termini of the
diyne substrate is an important factor for the tandem cycloaddi-
tion to proceed and the dicobalt octacarbonyl-catalyzed tandem
[2 + 2 + 1] and [4 + 2] cycloaddition of diyne with diene is quite
unique to 1,7-diphenyl-1,6-heptadiynes.

4.1.4. Cobalt carbonyl-catalyzed cycloaddition of diyne with
cyclopentadiene [98]

Polyquinane natural products have aroused a great deal of
interest [99] because of their architecturally compact, complex
molecular framework, and wide range of biological activities exhib-
ited by some of their members. Numerous synthetic approaches
toward the total synthesis of polyquinanes have been reported.
However, most of the known synthetic methods involve multiple
steps including a time-consuming separation step [100].

The previous studies [92,93,96] have demonstrated the useful-
ness of the dicobalt octacarbonyl-catalyzed tandem cycloaddition
of triyne in the construction of complex molecular structures con-
taining multiple unsaturations.

Cleavage of the double bond in 63a leads to new synthetic
sequences that permit the synthesis of an angular triquinane skele-
ton. Treatment of 63a with NMO in the presence of a catalytic
amount of OsO4 led to the isolation of tetracyclic diol 64a, and
the subsequent oxidation of 64a with NaIO4 gave rise to tricyclic
dialdehyde 65a in 91% yield (Scheme 24).

Thus, an angular triquinane skeleton was easily obtained by a
three-step reaction starting from readily available basic organic
compounds and cyclopentadiene.

The presence of diphenyl groups at the terminal positions of
Scheme 24.
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Scheme 25.

f this synthetic method. However, this drawback can be over-
ome by using 1,7-dithiophenyl-1,6-heptadiyne as a substrate
hen the corresponding tetracyclic enone 65b was obtained in

1% yield. After the tandem cycloaddition, the SPh group can be
asily removed [101]. Cyclopentadiene and cyclohexadiene were
ood substrates. However, other cyclic dienes such as furan, cyclo-
eptadiene, cyclooctadiene and fulvalene were poor substrates for
his tandem cycloaddition.

.2. Cycloaddition of dienediynes

.2.1. Synthesis of fenestranes: cobalt carbonyl-catalyzed tandem
ycloaddition of diendiynes—catalytic one-pot synthesis of
5.5.5.6]fenestrane systems [102]

Most of the previous syntheses of fenestranes are based on the
KR [103], photocycloaddition [104], Pd-catalyzed carbonylative
yclization [105], aldolization [106] or cyclodehydration [107] as
he key step(s). They gave only small quantities of the desired
etracycles and suffered from low selectivity and tedious separa-
ion problems. The dicobalt octacarbonyl-catalyzed carbonylative
ycloaddition of a diene or triyne with/without diene or alkyne
an produce up to four new five-membered rings in one step
99,100,103,108]. This success encouraged us to analyze the ret-
osynthesis of fenestranes.

After many experimental trials, dienediyne was chosen as a pre-
ursor to fenestrane. The treatment of dienediyne (0.68 mmol) with
o2(CO)8 (5 mol%) in dichloromethane at 130 ◦C under 30 atm of CO

or 18 h yielded fenestrane derivatives in 51–84% yield (Scheme 25).
The reaction involves the formation of five carbon–carbon

onds. The dicobalt octacarbonyl-catalyzed carbonylative [2 + 2 + 1]
ycloaddition of a diyne with carbon monoxide followed by a sub-
equent intramolecular [4 + 2] cycloaddition provides fenestrane

erivative. The central triple bond acts as a double functionality
hat could be used in both cyclizations. Thus, a new catalytic route
o fenestrane derivatives via the dicobalt octacarbonyl-catalyzed
ycloaddition of dienediynes in a one-pot reaction was developed.

Scheme 26.
Fig. 9. X-ray structure of 73. Reproduced from Ref. [108] with permission.

4.2.2. Synthesis of tetracycle: cobalt carbonyl-catalyzed tandem
[2 + 2 + 1]/[4 + 2] cycloaddition of dienediyne to new tetracycles
[108]

In a continuation of the previous study [109], the tandem PKR
and Diels–Alder reaction of newly designed dienediyne substrates
was explored to generate new polycyclic compounds.

Treatment of dienediyne with dicobalt octacarbonyl in
dichloromethane at 130 ◦C under 30 atm of CO for 18 h yielded the
tetracyclic compounds in poor to high yield (19–73%) (Scheme 26).

The structural skeleton of the synthesized polycyclic com-
pounds is disclosed for the first time in this study, as far as
we are aware. There are four stereocenters in the molecule. The
crystal structure (Fig. 9) shows that the termini of the diene
of the dienediyne rotate in opposite directions and each pro-
ton on the 1- and 4-positions of diene moiety faces the same
direction.

Thus, the disrotatory mode is allowed, as expected from the
thermal Diels–Alder reaction. The yields were highly dependent
upon the substrate itself. When the substrate was a terminal alkyne,
the yield was rather poor, presumably due to side reactions, e.g.
oligomerization of the substrate. Internal alkynes gave a much
higher yield. Moreover, the introduction of a quaternary carbon
center instead of a methylene group also promoted the yield to
55%, presumably due to the steric hindrance of the substituents on
the quaternary carbon in the oligomerization.

4.3. Cycloaddition of triynes

4.3.1. Double carbonylative cycloaddition: Co2(CO)8-catalyzed
double carbonylative [2 + 2 + 1] cycloaddition or [2 + 2 + 2]
cycloaddition reaction of triynes [110]

As an extension of the previous study [92], a cobalt carbonyl-

catalyzed tandem [2 + 2 + 1]/[2 + 2 + 2] cycloaddition of triynes was
studied.

Treatment of 80 with Co2(CO)8 (5 mol%) in CH2Cl2 at 130 ◦C
for 18 h afforded a 4: 1 mixture of 81A and 81B in 90% yield
(Scheme 27). Compound 81A is a [2 + 2 + 2] cycloaddition product
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Scheme 28.

nd 81B is a new tetracyclic compound derived from a double [2 + 2
1] cycloaddition.

Encouraged by the formation of 81B, a variety of triynes was
creened (Scheme 28).

When two oxygen bridges were changed to two carbon bridges,
he ratio of A:B was completely reversed. The above results sug-
est that the oxygen atom of the ether linkage may play a key role
n the transition state for the [2 + 2 +2] cycloaddition, the oxygen
tom coordinating to the cobalt, thus positioning the triple bonds
o yield [2 + 2 + 2] cycloaddition products. Therefore, for substrates
ith (an) oxygen bridge(s), the [2 + 2 + 2] cycloaddition is prevalent.
similar coordinating role for the oxygen atom of an ether link-

ge has been reported [94c] in other cycloaddition reactions. In the
ase of substrates without the oxygen bridge, the double [2 + 2 + 1]
ycloaddition is more favored than the [2 + 2 + 2] cycloaddition.
hus, the reaction provides rapid access to tetracyclic skeletons of
-5-5-5 and/or tricyclic skeletons of 5-6-5 ring systems depending
pon the substrate used.

.3.2. Synthesis of tetracycles: cobalt carbonyl-catalyzed
arbonylated cycloaddition of triyne to functionalized tetracycle
111]

The synthesis of fenestranes [112] has attracted much attention

ue to the synthetic and theoretical points. For example, dienyne
r ene-diyne [103a,113] have been successfully used in the syn-
hesis of fenestrane derivatives. These studies suggest that triynes

ight be appropriate precursors for the construction of tetracycles

Scheme 29.
Fig. 10. X-ray structure of 93. Reproduced from Ref. [111] with permission.

possessing a fenestrane structure through two sequential [2 + 2 + 1]
cycloaddition reactions.

Treatment of triyne 23 with Co2(CO)8 (2.5 mol%) in CH2Cl2 at
130 ◦C for 1 day afforded the tetracyclic compound 24 in 75% yield
(Scheme 29).

Instead of a fenestrane derivative, a novel 5.5.5.6 tetracyclic
compound, which can be utilized as a versatile intermediate for
polyquinane synthesis, was obtained. It is of particular note that, in
one operation, six carbon-carbon bonds have been formed simul-
taneously, housing four rings in a single molecule. As expected, the
double bond of the cyclopentadienone from the first cyclization had
been used as an alkene part of the second PKR. However, as a result
of the steric effect of the TIPS group, the second reaction occurred in
the intermediate between the unsubstituted double bond and the
triple bond. The structural proof of the tetracyclic structure was
obtained through an X-ray study of 93 (Fig. 10).

Thus, the steric effect of the substituent in the inner triple
bond plays an important role in controlling the destiny of the
reaction path. Thus, the dicobalt octacarbonyl catalyzed dou-
ble [2 + 2 + 1] carbonylative cycloaddition of triyne is unique for
triynes in having a TIPS group in the inner triple bond. This study
shows that by designing triynes bearing a proper steric group,
a dicobalt octacarbonyl catalyzed double [2 + 2 + 1] carbonylative
cycloaddition reaction of triyne can be carried out to yield a novel
5.5.5.6-tetracyclic di-enone system.

5. Sequential action of two different catalysts in one-pot
reactions

Recent demands for environmentally friendly and economical
synthetic processes have promoted the development of sequential
transformations in one-pot reactions, in the presence of multi-
ple catalysts and multiple components, to provide the desired
products in the most efficient way [114]. They permit complex
molecules to be constructed in only a few steps, thereby con-
tributing to the protection of the environment. The understanding
and practice of this concept may be taken from nature. Nature
is highly selective and very efficient, employing sequential trans-
formations: cellular reactions can be considered as a prototype
[115]. Consequently, extensive studies have been conducted on
the preparation and utilization of multi-functional catalyst systems
in organic synthesis. However, in many instances, fundamentally

new reaction sequences must be developed. For example, cata-
lysts that contain both Lewis-acidic and -basic sites have been
elegantly utilized for the simultaneous activation of substrates and
reagents, making possible multiple cascade reactions in a one-
pot reaction [116]. The tandem use of homogeneous catalysts
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Scheme 30.

n a one-pot multistep transformation of substrates to products
as been reported [117]. Despite the significant developments
ecently achieved, the development of a tandem reaction related
o the PKR is relatively rare. The first demonstration was car-
ied out by Jeong’s group in 2000 [118]. They chose the following
ultiple C–C bond forming transformations for a demonstration

Scheme 30).
This transformation includes two reactions; the first allylation

enerates an enyne intermediate (III) via the Pd �-allyl complex
119] from a mixture of a propargyl compound (I) and allyl acetate
II). The following PKR of the resultant enyne yields a bicyclopen-
enone. They demonstrated a dual catalytic system that facilitated

one-pot palladium-catalyzed allylic alkylation followed by a
hodium-catalyzed PK annulation reaction. One year later, Evans
nd coworkers reported [37b] a single rhodium-catalyst to facilitate
oth transformations, allylic alkylation/PK annulation reaction, in a
andem sequence, using only the reaction temperature to modulate
he catalytic activity.

.1. A combination of Pd(II) and bulk Co on charcoal: catalytic
symmetric synthesis of cyclopentenones from propargyl
alonates and allylic acetate in a one-pot reaction [120]

Much success has been achieved in the field of the transition-
etal-mediated (or catalyzed) synthesis of cyclopentenones from

eadily available substrates [121]. However, demand for the
evelopment of a catalytic and enantioselective PK-type reac-
ion remains high. The tandem use of two kinds of homogeneous

atalyst in a one-pot multistep transformation of substrates to
roducts has been reported [37b,118,122]. In particular, the use
f a combination of Pd and Rh catalysts in the preparation of bicy-
lopentenones from propargyl malonates by Jeong’s group [118]
ed us to study the use of Pd-catalyzed asymmetric allylic alkyla-

Scheme 3
Reviews 253 (2009) 2461–2480 2475

tion [123] to generate enynes in an enantioselective sense. The use
of in situ generated enantiomerically enriched enynes as substrates
in the PKR has not been reported even though increasing efforts
are being devoted to the development of practical enantioselective
versions of the PKR [124]. As the reaction shows, it should be a
two-step one-pot reaction, the Pd(II)-catalyzed asymmetric allylic
alkylation and cobalt-catalyzed PKR (Scheme 31).

After much experimentation, phosphinooxazoline ligand was
chosen as the chiral ligand in the Pd-catalyzed asymmetric allylic
alkylation and Co on charcoal was used as the catalyst in the
PKR. Under these reaction conditions, bicyclic cyclopentenone was
obtained in 95% with 96% ee. However, when Co2(CO)8 (20 mol%)
instead of Co/C was used as a catalyst, only 2% of the product
was isolated. Thus, the success of this tandem catalytic reaction
is primarily due to the use of Co/C. In the Pd(II)-catalyzed allylic
alkylation reaction, acetic acid was generated. The acid would then
interact with the cobalt species in solution. However, the Co/C was
found to be insensitive to acid or base. Generally, for good enan-
tioinduction, low temperatures are required. However, our reaction
conditions in the second step seem to be harsh: nevertheless no
racemization occurred under these reaction conditions. When the
reaction was carried out stepwise, the ee value of the final prod-
uct was the same as that of the first. Thus, the ee value of the first
asymmetric allylic alkylation reaction was maintained during the
second cycloaddition reaction. This suggests that the first step is a
stereoselective reaction and the second a stereospecific one.

Thus, by using a combination of Pd(II) and cobalt on charcoal,
a ‘two-step one-pot’ highly enantioselective PK-type reaction has
been achieved. This was a rare example of the use of a combination
of a homogeneous catalyst and a heterogeneous catalyst in a one-
pot reaction.

5.2. Combination of cobalt nanoparticles and Pd(II) catalysts:
three-step one-pot synthesis of fenestranes [125]

In the previous study [120], the usefulness of a combination of
a homogeneous catalyst and a heterogeneous catalyst in the asym-
metric synthesis of cyclopentenones was demonstrated. Thus, it
was desirable to extend the same idea to the synthesis of fen-
estranes from readily available starting materials because most
of the known synthetic methods for fenestranes involve mul-

tiple steps and have been associated with separation problems
[112a,112b,113a,126]. The reaction should be a three-step one-pot
synthesis of fenestranes from an enyne and alkyne diesters; the first
step is a catalytic PKR, the second Pd(II)-catalyzed allylic alkylation,
and the third another catalytic PKR (Scheme 32).

1.
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Fig. 11. TEM and EDS study of PCNS. Reproduced from Ref. [127] with permission.
Scheme 32.

Treatment of 31 with 32 in the presence of cobalt nanoparticles
nd an allyl-Pd(II) complex led to the isolation of 33 in 84% yield
Scheme 33).

Two different catalysts, cobalt nanoparticles and allyl palladium
hloride, were capable of promoting three sequential but indepen-
ent catalytic cycles in the desired chronological order, thereby
llowing a new molecular queuing process to take place. However,
hen a combination of Pd(II) and cobalt on charcoal catalysts was
sed, the cobalt on charcoal was not effective in the third step. Thus,
his study demonstrated the usefulness of the combination of cobalt
anoparticles and Pd(II) catalysts in a three-step one-pot reaction

or the construction of tetracyclic compounds, fenestranes.

.3. Palladium and cobalt nanoparticles-immobilized on silica
127]

One of the challenging goals of synthetic chemistry is to dis-
over reactions and strategies that allow for the facile conversion
f simple compounds into complex molecules. In this regard, a
ariety of homogeneous catalysts have been used. The use of
imetallic catalysts (a combination of two catalysts) or bifunc-
ional single catalysts in one-pot reactions has been developed
37b,118,122a]. Bimetallic nanoparticles have come to be of spe-
ial interest [69i,128] because they may have great potential to
e tailored with respect to the activity, selectivity, and stability
f numerous possible combinations. The known combinations of
imetallic nanoparticles have been used as catalysts for specific
ingle reactions utilizing the synergistic effect between the dif-
erent metal atoms [69c,129] but not for a sequential reaction of
wo specific reactions corresponding to two different metals. It was
nvisioned that catalytic multistep one-pot reactions could be car-
ied out by the use of bi- or poly-metallic nanoparticles as catalysts.
hus, the use of immobilized-palladium and cobalt nanoparticles
n silica in the sequential allylic alkylation and Pauson–Khand reac-

ions was studied.

The palladium nanoparticles immobilized on silica (1 wt% of Pd)
ere prepared by the reaction of Pd(OAc)2 with colloidal silica in a
ixture solvent of ethanol and toluene (v/v, 6:94) [130].

Scheme 3
Scheme 34.

Although carbon–carbon bond formations catalyzed by pal-
ladium nanoparticles are well-known in Suzuki couplings [131]
and Heck reactions [132], as far as we are aware, this is the first
palladium nanoparticle catalyzed allylic alkylation. The reaction
conditions including the reaction medium, base, and reaction time
were screened for Pd-catalyzed allylic alkylation. The best yield
(89%) was obtained when the reaction was carried out in THF and
using NaH as a base for 6 h. When NaHCO3 was used as a base
in THF, the yield decreased slightly to 78%. Use of BSA as a base
afforded only 23% of the product. When K2CO3 was used as a base
in a mixture of THF and water (v/v, 5:1), no reaction was observed.

The palladium and cobalt nanoparticles immobilized on silica
(PCNS) (14.5 wt% of Co and 1 wt% of Pd) was prepared by heating
Pd on silica with colloidal cobalt in ethanol at reflux and was ana-
lyzed by TEM (and EDS) (Fig. 11). The HRTEM suggested that the

bimetallic nanoparticles are in a cluster-in-cluster structure.

Using PCNS as a catalyst under various reaction conditions,
the catalytic sequential allylic alkylation and PKR were studied
(Scheme 34).

3.
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Scheme 35.

The PCNS is very active with an isolated product yield of 88%
t 130 ◦C and a CO pressure of 10 atm. Thus, the PCNS catalyst
s more active than heterogeneous catalysts (130 ◦C and 20 atm
O) based on metallic cobalt supported on mesoporous silica or
harcoal [33,34]. However, when either the reaction temperature
as decreased to 110 ◦C or the CO pressure was lowered to 5 atm,

he catalytic activity decreases. Thus, to preserve a high catalytic
ctivity, the reaction temperature and CO pressure have to be main-
ained at a minimum of 130 ◦C and 10 atm of CO, respectively.

When the recyclability of PCNS catalyst was checked, the PCNS
atalyst sustained a degree of activity after three cycles (yield: 88%,
3%, and 49%, respectively). An ICPAES study shows that the per-
entages of cobalt and palladium bleed from PCNS after the first
atalytic run are 0.9% of the original cobalt and 36% of the original
alladium, respectively. Compared with the case of palladium, the

eaching of cobalt was negligible. Owing to the bleeding of Pd, the
eusability of the PCNS was greatly damaged. The catalytic reaction
as effective with substituted enynes and allylic acetate. Especially
hen cyclic allyl acetate was used, a tricyclic enone was obtained in

3% yield (Scheme 35). The heteroatom-tethered substrates were
ested to generate the corresponding products in high yields.

This study shows that bimetallic Pd/Co nanoparticles immo-
ilized on solid support can be used as multicomponent catalyst
ystems as well as multifunctional catalysts. This strategy provides
facile methodology for the construction of bicyclic enones from

asily available simple molecules. To the best of our knowledge, this
s the first report of the use of immobilized bimetallic nanoparti-
les in two conceptually different catalytic reactions in a one-pot
eaction.

. Conclusion

This review focuses on the development of the catalytic
auson–Khand reactions and related carbonylative cycloadditions
tudied in our laboratory. Many novel catalysts have been devel-
ped for the Pauson–Khand reactions. As can be seen, the catalytic
ystems for the Pauson–Khand reaction have now reached sig-
ificant maturity. In particular, the utilization of heterobimetallic
obalt–rhodium nanoparticles as catalysts has uncovered sev-
ral new novel reactions. The procedure can be characterized as
nvironmentally friendly because the transformation occurs in
he absence of additives except for the catalyst, and the catalyst
an be reused semi-permanently without losing catalytic activity.
n addition, a combination of two different metal nanoparticles,
.g. cobalt/palladium and cobalt/ruthenium, shows considerable
otentials for future research developments of a combination cat-
lyst, which may lead to new activities and other possibilities.
oreover, our results show that the combination of a homogeneous

atalyst and a heterogeneous catalyst, e.g. a palladium complex and
obalt metal, may be a very useful catalytic system in a tandem
eaction.

The cobalt carbonyl-catalyzed carbonylative cycloaddition of

nsaturated hydrocarbons, such as diynes, dienynes, and triynes
as been revealed to be a powerful synthetic tool in the con-
truction of unnatural polycyclic compounds. Undoubtedly, the
xamples presented above represent only a part of the exciting
nd fascinating possibilities of the cobalt carbonyl-catalyzed tan-
Reviews 253 (2009) 2461–2480 2477

dem reactions in the synthesis of polycyclic compounds. The study
of the cobalt carbonyl-catalyzed carbonylative cycloaddition reac-
tions is now open for systematic investigations and many issues
are still to be addressed.
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