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Low-valent ruthenium complexes often show intriguing and characteristic catalytic activity for novel organic
transformations with high atom efficiency. The design and synthesis of novel low-valent ruthenium complexes having a
variety of electron-donating and/or electron-withdrawing ligands is most promising strategy. Several ruthenium catalysts
achieved the construction of novel functional organic molecules through cleavage of carbon­carbon single bonds,
cocyclization of alkynes, alkenes, and/or carbon monoxide, and co-oligomerization of different alkenes without
formation of by-products, which meets green and sustainable requirements for organic synthesis in the 21st century. Note
that many findings in ruthenium catalysis have opened the door to a new field of rhodium-catalyzed synthetic organic
chemistry, represented by cocyclization of alkynes and heterocumulenes.

1. Introduction

Because of remarkable progress in the field of organic and
industrial chemistry, a lot of nonnatural organic compounds
represented by medicines, detergents, cosmetics, and plastics
can be supplied in bulk and inexpensively, which makes our
lifestyles more comfortable and convenient. However, we are
now facing serious environment and resource problems.
Internationally, resource/energy-consuming products and pro-
cesses will no longer be viable in the near future. The objective
is not to reduce the cost or satisfy legal regulations, and from a
long range outlook, chemistry plays a significant role in the
development of products and processes that satisfy both
environmental needs and economic growth by advanced
molecular transformations of carbon resources, which gives
only the desired and new materials with high atom efficiency
(without by-products) for the sustainable growth of society in
the 21st century.1

We believe transition-metal catalysts to be the key to solving
problems in traditional organic synthesis. Among organic
reactions, addition and rearrangement reactions are highly
atom-efficient, since in these reactions all the atoms of the
starting materials are incorporated into the products without
formation of wastes. On the other hand, substitution and
elimination reactions have serious drawbacks in atom efficien-
cy because the formation of an equimolar amount of by-
products is inevitable.

Our strategy based on an addition reaction is development
of new transformations of unsaturated compounds, such as
alkynes and alkenes, through ruthenium- and rhodium-cata-
lyzed cleavage and formation of carbon­carbon bonds. This is

a potentially useful and important protocol for construction of
novel organic molecules, since they are highly atom-econom-
ical, in contrast to cross-coupling reactions providing a
significant amount of undesirable metal salts.2

Here, we review the results of our recent study on new
catalytic capabilities of ruthenium and rhodium complexes
directed toward organic synthesis with high atom efficiency.

2. Chemistry of (©6-1,3,5-Cyclooctatriene)bis(©2-dimethyl
fumarate)ruthenium

A variety of synthetic organic reactions catalyzed by
ruthenium complexes have been rapidly developed over the
past three decades by taking advantage of their characteristic
reactivity.3,4 Zero-valent ruthenium complexes have an elec-
tron-rich metal center which is favorable for a metal-oxidation
step such as oxidative addition and cyclization reactions. Thus,
the design and synthesis of novel zero-valent ruthenium
complexes are attractive in terms of high reactivity and
catalytic activity, in which proper tuning and matching of the
ligands are critically important, since ruthenium has many
coordination sites compared to group 9 or 10 metals such as
rhodium and palladium. Extensive effort has been applied to
elucidate the reactivity of [Ru(©4-cod)(©6-cot)] (cod: 1,5-
cyclooctadiene, cot: 1,3,5-cyclooctatriene).5­10 Recently, we
found that the reaction of [Ru(©4-cod)(©6-cot)] with dimethyl
fumarate gave a novel and versatile zero-valent ruthenium
complex, [Ru(©6-cot)(©2-dmfm)2] (dmfm: dimethyl fumarate),
in high yield via ligand displacement between cod and 2
equivalents of dmfm,11 which prompted us to investigate the
reactivity of this complex toward phosphines, amines, arenes,
and p-quinones, as well as water. All ruthenium complexes
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synthesized by our research group (Scheme 1)12 can be
expected to be highly efficient catalysts for novel organic
transformations of unsaturated compounds such as alkynes,
alkenes, carbon monoxide, and heterocumulenes to meet green
and sustainable requirements in the 21st century.

3. Ruthenium- and Rhodium-Catalyzed Cleavage of
Carbon­Carbon Bonds Enables Reconstructive

Synthesis of Novel Functional Monomers

Cleavage of a carbon­carbon bond by transition-metal
complexes under homogeneous conditions has recently re-
ceived much scientific and technological interest, and has
opened the door to a new field of synthetic organic chemis-
try.4f,4h,13 Except for alkene and alkyne metatheses,14 most
catalytic carbon­carbon bond-cleaving reactions so far reported
have been classified as reactions due to ring strain,15 chelation
assistance,16 incipient aromatic stabilization,17 skeletal rear-
rangement,18,19 ¢-carbon elimination, or combinations of these
phenomena.20­22 In this part, we reviewed ruthenium- and
rhodium-catalyzed reconstructive synthesis of novel functional
organic molecules via cleavage of a carbon­carbon bond.

3.1 Ruthenium-Catalyzed Cleavage of a Carbon­Carbon
Bond in Homoallyl Alcohols: Deallylation and Allyl-Trans-
fer Reactions. In the course of our study of ©3-allylruthenium
chemistry,4e,23 a catalytic deallylation of tertiary homoallyl
alcohols 1 to ketones 2 and alkenes was found, in which the
key step of the present reaction is ¢-carbon elimination
(Scheme 2).24 The present reaction is the first example of the

transition-metal-complex-catalyzed cleavage of a carbon­car-
bon bond without ring strain. This reaction was applicable to
opening cyclic homoallyl alcohols to linear ketones, giving a
new strategy for the ring-opening reaction. More recently, we
developed a heterogeneous Ru/CeO2 catalyst which has high
catalytic activity for allyl-transfer from tertiary homoally
alcohols to aldehydes.25 This heterogeneous catalyst can be
easily recovered and reused, and in sharp contrast to the
homogeneous ruthenium catalyst,24 neither carbon monoxide
pressure nor allylic acetates are needed.

3.2 Ruthenium-Catalyzed Synthesis of Cyclopentenones
by Unusual Monodecarbonylative Coupling of Cyclo-
butenediones with Alkenes. Cyclobutenediones have been
recognized as versatile reagents for the construction of various
multicyclic compounds.26 The conversions of cyclobutene-
diones to quinones27 as well as 5-alkylidene-2-cyclopentene-
1,4-diones28 using a stoichiometric amount of transition-metal
complexes have been studied in detail, which proceed via
(maleoyl)metal species. However, neither transition-metal-
complex-catalyzed transformation of cyclobutenediones nor
the synthetic reaction via metallacyclopentenedione and/or
metallacyclobutenone complexes instead of (maleoyl)metal
complexes has been reported. During our study of the catalytic
synthesis of cyclopentenones,29 we found a novel ruthenium-
catalyzed reconstructive synthesis of cyclopentenones by
unusual monodecarbonylated coupling reaction of cyclobutene-
diones with alkenes involving cleavage of a carbon­carbon
bond at the C2­C3 bond selectively under the direction of a 3-
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Scheme 1. Novel ruthenium complexes derived from [Ru(©6-cot)(©2-dmfm)2].
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alkoxy substituent to give a ruthenacyclopentenedione inter-
mediate (Scheme 3).30 Appropriate carbon monoxide pressure
(3 atm) is needed to control selective mono-decarbonylation of
a ruthenacyclopentenedione to a ruthenacyclobutenone inter-
mediate, as well as to suppress complete decarbonylation to an
(alkoxy)alkyne and carbon monoxide.

3.3 Ruthenium-Catalyzed Carbonylative Dimerization of
Cyclopropenones and cross-Carbonylation of Cycloprope-
nones with Alkynes to Pyranopyrandiones. Several
stoichiometric reactions of cyclopropenones with transition-
metal complexes to give metallacyclobutenones,31 (maleoyl)-
metal complexes,32 and dinuclear complexes33 via cleavage of
a carbon­carbon bond have been reported, however few
transition-metal-complex-catalyzed reactions using cyclopro-
penones directed toward organic synthesis have been report-
ed.34 We have developed an unprecedented ruthenium-cata-
lyzed carbonylative dimerization of cyclopropenones 3
involving cleavage of a carbon­carbon bond, which gave a
novel functional monomer, pyranopyrandione 4, in high yield
(Scheme 4).35 In addition, unsymmetrically substituted pyr-
anopyrandiones were generally obtained in good to high yields
by ruthenium-catalyzed cross-carbonylation of cycloprope-
nones with internal alkynes.

On the basis of 13CO-labeled experiment, we postulated the
following mechanism. The initial step in the present reaction
might consist of oxidative addition of the carbon­carbon bond
between a carbonyl and the ¡-carbon in cyclopropenone to
an active ruthenium center to give a ruthenacyclobutenone
intermediate. Carbonylation of ruthenacyclobutenone (or car-
bonylative cyclization of alkynes on the ruthenium32,36) would

give a (maleoyl)ruthenium intermediate. Subsequent isomer-
ization of a (maleoyl)ruthenium intermediate produces an
active (©4-bisketene)ruthenium intermediate,37 which reacts
with another molecule of cyclopropenone by oxidative addition
and insertion reactions to give a (ketene)ruthenium intermedi-
ate. Rapid tautomerization would give a ruthenium carbene
intermediate, and insertion of carbon monoxide into a carbene­
ruthenium bond would give a new ketene intermediate.38

Finally, insertion of a carbonyl group of a ketene moiety into
an acyl­ruthenium bond and reductive elimination give the
desired pyranopyrandione.

3.4 Ruthenium- and Rhodium-Catalyzed Ring-Opening
Reactions of Cyclobutenones. Particular attention has been
focused on the thermal reactivity of cyclobutenones bearing
alkynyl, alkenyl, aryl, and allenyl substituents at the 4-position
because of their potential application to the synthesis of ring-
expanded compounds.39 However, 4-nonsubstituted cyclobute-
nones are relatively stable, and only the pioneering work by
Liebeskind and co-workers on the transition-metal-complex-
catalyzed synthesis of phenols from 4-nonsubstituted cyclo-
butenones and alkynes has been reported.20a,40,41 This method-
ology is quite attractive, since transition-metal vinylketene
complexes have been postulated to be important intermediates
in reactions leading to a variety of organic ring products, such
as phenols, naphthols, cyclohexadienones, cyclopentenones,
lactams, furans, ¡-pyrones, and 2-furanones.42 As for a
catalytic conversion of cyclobutenones, a novel stereoselective
synthesis of 2-pyranones 6 via ring-opening dimerization of
cyclobutenones 5 catalyzed by ruthenium ([RuCl2(CO)3]2) and
rhodium ([RhCl(CO)2]2) complexes has been developed
(Scheme 5).43
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In the presence of 2-norbornene, the highly exo-selective
coordination ability of 2-norbornene44 leads to the formation of
a rhodacyclopentenone intermediate,20a and subsequent stereo-
selective insertion of 2-norbornene into a rhodium­carbon
bond would give a rhodacycloheptenone intermediate. Under
an argon atmosphere, this rhodacycloheptenone is easily
decarbonylated to a rhodacyclohexene intermediate, followed
by reductive elimination giving the corresponding cyclopen-
tenes 7. On the other hand, under carbon monoxide pressure,
rapid reductive elimination from the stabilized rhodacyclohep-
tenone by carbon monoxide occurs to give the corresponding
cyclohexenones 8 (Scheme 6).

3.5 Rhodium-Catalyzed Direct Synthesis of Substituted
Phenols from Cyclobutenones and Electron-Deficient
Alkenes. Development of ruthenium- and rhodium-catalyzed
novel transformations of cyclobutenones43 prompted us to
examine the reaction of cyclobutenones with alkynes and/or
other alkenes to construct phenols. Although a pioneering study
by Liebeskind and co-workers revealed that rhodacyclopente-
nones obtained by the stoichiometric reaction of [RhCl(PPh3)3]
with cyclobutenones are unreactive toward alkynes and in no
case were any phenol products detected,20a,40a we found that an
appropriate choice of ligand enables the rhodium-catalyzed
ring-opening reaction of cyclobutenones with alkynes to
phenols.

However, since a nickel-catalyzed synthesis of phenols from
cyclobutenones and alkynes under mild reaction conditions has

already been reported,20a we investigated the reaction of
cyclobutenones with alkenes.45 Fortunately, we succeeded in
developing a direct method for the synthesis of 2-substituted
phenols 10 by the rhodium-catalyzed ring-opening reaction of
cyclobutenones 5 with electron-deficient alkenes 9 via cleavage
of a carbon­carbon bond, followed by dehydrogenation/
isomerization reactions (Scheme 7).46 No regioisomeric by-
product was obtained at all.

4. Ruthenium- and Rhodium-Catalyzed Cocyclization
of Alkynes with Heterocumulenes

4.1 Rhodium-Catalyzed Cocyclization of Alkynes with
Isocyanates to 2-Pyridones or Pyrimidine-2,4-diones.
Many naturally occurring and synthetic compounds containing
the 2-pyridone scaffold possess interesting pharmacological
properties.47 Recent interest in the 2-pyridone ring system has
led to several new procedures for its preparation.48 A highly
convergent and atom-economical approach is the transition-
metal-complex-catalyzed cocyclization of two alkynes with
an isocyanate.49 Since this methodology was first reported
independently by Yamazaki using cobalt catalysts50 and by
Hoberg using nickel catalysts,51 remarkable progress has been
made with these catalysts.52,53 On the other hand, Takahashi
and co-workers succeeded in preparing various 2-pyridones
from two different internal alkynes and an isocyanate via the
formation of an azazirconacyclopentenone intermediate, fol-
lowed by transmetallation with [Ni(PPh3)2Cl2], however this
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reaction requires stoichiometric amounts of both Ni and Zr
complexes.54 Recently, Itoh and Yamamoto developed the first
ruthenium-catalyzed synthesis of bicyclic 2-pyridones by the
partial intermolecular cycloaddition of diynes with isocya-
nates.55

To the best of our knowledge, the rhodium-complex-
catalyzed cocyclization of alkynes with isocyanates has thus
far been investigated by only two research groups. Flynn
reported that 1-(4-chlorophenyl)-3,5-methoxycarbonyl-4,6-di-
methylpyrid-2-one was obtained in only 13% yield when a
rhodacyclic complex was used as a neutral rhodium catalyst
for the cocyclization of methyl tetrolate with 4-chlorophenyl
isocyanate.56 Tanaka and co-workers reported the chemo-,
regio-, and enantioselective cycloaddition of diynes or terminal
alkynes with isocyanates to give 2-pyridones catalyzed by a
cationic rhodium complex, [Rh(cod)2]BF4, with H8-BINAP.57

Since various neutral rhodium complexes are highly effective
for cocyclization and related reactions of alkynes,58,59 we
reinvestigated the catalytic activities of several neutral rhodium
complexes combined with phosphine ligands in detail.

A neutral rhodium(I) complex, [RhCl(PPh3)2] generated by
the combination of [RhCl(C2H4)2]2 with a 4-fold amount of
PPh3, effectively catalyzed the cocyclization of alkynes with
isocyanates to give 2-pyridones and/or pyrimidine-2,4-diones,
selectively, by controlling the molar ratio of alkynes and
isocyanates.60

Both aromatic and aliphatic isocyanates 11 were readily
converted into the corresponding 2-pyridones 12 (Scheme 8).
No significant effect was observed for the electron-donating
(4-Me) and electron-withdrawing substituents (4-Cl) on a
phenyl ring in aromatic isocyanates. The reactions of n-hexyl
isocyanate and cyclohexyl isocyanate with 3-hexyne gave the
corresponding 2-pyridones, in isolated yields of 56% (12d) and
34% (12e), respectively, while more bulky aliphatic isocya-
nates, such as tert-butyl isocyanate and adamantyl isocyanate,
could not be used in the present reaction.

On the other hand, treatment of alkynes with a large excess
of isocyanate (11d, 20 equivalents) under the same catalytic
reaction conditions gave pyrimidine-2,4-diones 13 in high
yields, which were obtained by the cocyclization of two
isocyanates with an alkyne (Scheme 9). No 2-pyridone 12 was
obtained at all, as confirmed by careful GC-MS analysis.

The most plausible mechanism is as follows. An azarhoda-
cyclopentenone derived from the oxidative cyclization of an

alkyne and an isocyanate on an active neutral rhodium center is
the key intermediate for the present reaction.61 Since cocycli-
zation of 1,6-heptadiyne and phenyl isocyanate55a,55b did not
proceed at all by the present catalyst system, a mechanism
involving a rhodacyclopentadiene derived from the oxidative
cyclization of two alkynes can be ruled out. An azarhoda-
cycloheptadienone could be formed by the selective insertion
of an alkyne into the rhodium­carbon bond in an azarhoda-
cyclopentenone, and the subsequent reductive elimination
gives 2-pyridone. On the other hand, insertion of an isocyanate
in place of an alkyne into the rhodium­nitrogen bond rather
than the rhodium­carbon bond in an azarhodacyclopentenone
proceeded, when a large excess of isocyanates was used, to
give a diazarhodacycloheptenedione, and subsequent reductive
elimination gives pyrimidine-2,4-diones.

4.2 Ruthenium-Catalyzed [2 + 2 + 1] Cocyclization of
Alkynes, Isocyanates, and Carbon Monoxide. If hetero-
cumulenic compounds such as carbodiimides and/or isocya-
nates can be used in the catalytic [2 + 2 + 1] cocyclization
with alkynes and carbon monoxide, it could lead to a new
approach for the construction of novel heterocyclic com-
pounds, as a heteroatomic variant of the Pauson­Khand
reaction. However, such processes are strictly limited to very
recent examples of the [Mo(CO)6]-mediated62 and [Co2(CO)8]-
catalyzed63 intramolecular cocyclization of alkynecarbodi-
imides with carbon monoxide. Two other examples of the
intermolecular [2 + 2 + 1] cocyclization of isocyanates, al-
kynes and carbon monoxide have required stoichiometric
amounts of metal complexes such as [Ni(cod)2]51b and
[Fe(CO)5].64 At the outset of our study on ruthenium-catalyzed
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cocyclization reactions, we found a novel and rapid synthesis
of polysubstituted maleimides 15 by the ruthenium-catalyzed
intermolecular [2 + 2 + 1] cocyclization of alkynes 14, iso-
cyanates 11, and carbon monoxide (Scheme 10).65 A traditional
industrial process for manufacturing maleimides is the reaction
of amines with maleic anhydride obtained by the oxidation of
benzene or C4-hydrocarbons, which gives only unsubstituted
and/or symmetrically substituted maleimides.2b The present
reaction offers a highly efficient method for preparing novel
unsymmetrically polysubstituted maleimides in excellent yields
with high selectivity, which are important building blocks in
materials science66 and biological chemistry.67

4.3 Rhodium-Catalyzed Decarbonylative Coupling Re-
actions of Diphenylketene with Alkenes. Ketenes are
reactive and useful synthetic intermediates in traditional
organic chemistry.68 Much attention has been focused on
ketene-coordinated transition-metal complexes42b,69 with the
aim of developing new catalytic reactions using ketenes as a
starting material.70 Based on palladium-catalyzed transforma-
tions of heterocumulenic compounds developed by Mitsudo
and co-workers,71 we focused our attention on development of
novel rhodium-catalyzed decarbonylative coupling reactions of
diphenylketene with alkenes.72

The reaction of diphenylketene with 2-norbornene gave the
corresponding substituted cyclopropane via decarbonylation.
On the other hand, when the reaction of diphenylketene with
electron-deficient terminal alkenes such as methyl acrylate in
place of 2-norbornene was carried out in the presence of
[RhCl(CO)2]2 catalyst in toluene under the same reaction
conditions, a decarbonylative linear coupling product, methyl
4,4-diphenyl-3-butenoate, was obtained in an isolated yield of
76% without the formation of a cyclopropane derivative
(Scheme 11).

The initial step might consist of the concomitant coordina-
tion of diphenylketene and 2-norbornene to an active rhodium
center. Oxidative cyclization gives a rhodacyclopentanone
intermediate I, and subsequent decarbonylation of I would
give a rhodacyclobutane intermediate II. Although II has a ¢-
hydrogen, it takes a trans-position toward rhodium. Therefore,
reductive elimination from II occurred predominantly to give
the corresponding substituted cyclopropane without ¢-hydro-
gen elimination (Scheme 12).

Decarbonylative linear coupling reaction also proceeds via a
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Scheme 10. Ru-catalyzed [2 + 2 + 1] cocyclization of alkynes, isocyanates, and carbon monoxide.
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rapid ¢-hydrogen elimination proceeds to give a (hydrido)-
(allyl)rhodium intermediate V, which undergoes reductive
elimination to give linear coupling products (Scheme 13).

4.4 Rhodium-Catalyzed Linear Codimerization and
Cycloaddition of Ketenes with Alkynes. In general, ketenes
coordinate to transition-metal complexes in two ways:
1) coordination through a C=C bond in ketenes,73 and
2) coordination through a C=O bond in ketenes.74 If these
coordination modes can be controlled through the selection of
ketenes in transition-metal catalysis, completely different
methods for the construction of novel organic molecules could
be developed according to the structure and reactivity of
ketenes using the same transition-metal catalyst.

After many trials, we developed a novel [RhCl(PPh3)3]-
catalyzed linear codimerization of alkylphenylketenes with
internal alkynes and a novel synthesis of furans by the unusual
[RhCl(PPh3)3]-catalyzed cycloaddition of diarylketenes with
internal alkynes (Scheme 14).75 In these reactions, the catalyst

is the same but the products are completely different according
to the structure and reactivity of the starting ketenes.

5. Ruthenium-Catalyzed Cocyclization of Alkynes,
Alkenes, and Carbon Monoxide

5.1 Intramolecular Pauson­Khand Reaction of 1,6-
Enynes with Carbon Monoxide. Metal-mediated cocycliza-
tion of alkynes, alkenes, and carbon monoxide (the Pauson­
Khand reaction76) is becoming increasingly popular as a tool
for selective organic synthesis.77 This method provides an easy
way to prepare a cyclopentenone skeleton from simple starting
materials, i.e., alkynes, alkenes, and carbon monoxide, through
a formal [2 + 2 + 1] cocyclization, and has been used
successfully as the key step in the synthesis of several natural
products containing a cyclopentenone skeleton.78

We have reported the [2 + 2] cycloaddition of alkynes with
2-norbornene catalyzed by ruthenium complexes,4a,44b,79 in
which ruthenacyclopentene is a key intermediate. If carbon

toluene 2.0 mL
120 °C, 12 h

- CO

81%

76%

H
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Scheme 11. Rh-catalyzed decarbonylative coupling of diphenylketene with alkenes.

Ph Ph

O

+

Ph
Ph

O

[Rh]

[Rh]

O
Ph Ph

[Rh]

Ph Ph

H
H

H
H

I

II

H
H

Ph

Ph
[Rh]

CO

Scheme 12. A possible mechanism for cyclopropanation of 2-norbornene with diphenylketene.
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monoxide is inserted into this ruthenacyclopentene, a catalytic
version of the Pauson­Khand reaction can be achieved. In the
course of our continuous investigations of transition-metal-
complex-catalyzed cocyclization reactions, we found the first
ruthenium-catalyzed Pauson­Khand-type reaction of 1,6-
enynes 16 with carbon monoxide to bicyclic cyclopentenones
17 (Scheme 15).29a,80

5.2 Ruthenium-Catalyzed [2 + 2 + 1 + 1] Cocyclization
of 2-Norbornenes or Electron-Deficient Alkenes with
Alkynes to Hydroquinones. Having one more molecule of
carbon monoxide, the [2 + 2 + 1 + 1] cocyclization of an
alkyne, an alkene, and two molecules of carbon monoxide
would lead to substituted hydroquinones. In 1998, we first
developed [Ru3(CO)12]-catalyzed [2 + 2 + 1 + 1] cocycliza-
tion of 2-norbornene, alkynes, and two molecules of carbon
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Scheme 13. A possible mechanism for linear coupling reaction of electron-deficient alkenes with diphenylketene.
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monoxide leading to the corresponding hydroquinone deriva-
tives.81 Although this reaction is unique and industrially useful,
restrictions with regard to an alkene coupling partner should
be overcome. Collaborative study with Prof. Ryu and Dr.
Fukuyama found that the [2 + 2 + 1 + 1] cocyclization reac-
tion can be extended to electron-deficient alkenes such as ¡,¢-
unsaturated ketones, aldehydes, esters, amides, and nitriles, in
which [Cp*RuCl2]2 is the best catalyst (Scheme 16).82

In both reactions, the mechanism involving the formation of
a (maleoyl)ruthenium intermediate by the reaction of an alkyne
with two molecules of carbon monoxide, and the subsequent
insertion of alkenes to form a ruthenacycloheptenedione is
postulated.

6. Ruthenium-Catalyzed Highly Selective
Co-oligomerization of Alkynes and/or Alkenes

Alkynes and alkenes are key materials in the petrochemical
industry.2b They are easily available, cheap, reactive, and
readily converted into a range of valuable chemicals.83

Catalytic dimerization, codimerization, and co-oligomerization
of alkynes and/or alkenes are important methodologies in
organic synthesis directed toward a green and sustainable
chemistry, since in these reactions all the atoms of the starting
materials are incorporated into the products without generation
of wastes (100% atom-economy).1,2a Dimerization and codi-
merization have been widely used on an industrial scale, and
provide a variety of biodegradable detergents, new kinds of
polymers, lubricants, and many other industrially useful
chemicals.84

Here, discussion will be focused on the recent progress of
ruthenium-catalyzed codimerization and cotrimerization of
different alkenes, developed mainly by the present authors.

6.1 Synthesis of Benzenepolycarboxylates by cross-Benz-
annulation of Allylic Compounds with Acetylenedicarbox-
ylates. The transition-metal-complex-catalyzed cyclotrimeri-
zation of alkynes has been extensively studied as a feasible
method for constructing substituted aromatic nuclei.85 The
related cocyclization of two alkyne molecules with an alkene
molecule can also be catalyzed by transition metals to generally
give 1,3-cyclohexadiene derivatives.86 Both processes can be
rationalized by assuming metallacyclopentadiene intermedi-
ates87 via the oxidative cyclization of two alkyne molecules
on low-valent transition-metal catalysts, followed by insertion
of an alkyne and/or an alkene; eg., cobalt,85a,86a­86e tita-
nium,86f,86g,88 palladium,89 ruthenium,86h­86j,90 and rho-
dium86k­86m catalysts. Although consecutive syntheses of
benzene derivatives via 1,3-cyclohexadienes by a combination
of the cocyclization reaction with dehydrogenation,91 retro-
Diels­Alder reaction92 or base-assisted oxidation93 have been

developed, methods for the direct synthesis of polysubstituted
benzenes by the cocyclization of alkynes with alkenes, so-
called cross-benzannulation, are quite limited.

We attempted the reaction of alkynes with functionalized
alkenes such as allylic compounds in the presence of a
ruthenium catalyst. Fortunately, a novel ruthenium-catalyzed
[2 + 2 + 2] cross-benzannulation of acetylenedicarboxylates
with allylic compounds 18 proceeded to give benzenetetra-
carboxylates 19 directly in high yields instead of a normal
cycloadduct of 1,3-cyclohexadienes (Scheme 17).94 The pres-
ent reaction may complement a previously reported palladium-
catalyzed similar reaction,95 and may be more synthetically
useful since allylic alcohols can be used directly.

A mechanism involving a (©3-allyl)ruthenium intermediate
can be ruled out, since 3-buten-2-ol was suitable for the present
reaction, while no reaction occurred with ¢-methallyl alcohol
and trans-crotyl alcohol. When the partially intramolecular
cocyclization of diynes such as 1,6-heptadiyne with allyl
alcohol was examined, the product was the normal 1,3-
cyclohexadiene derivative, not a benzene derivative, which
clearly indicated that the present reaction does not involve
a ruthenacyclopentadiene intermediate. Accordingly, we now
believe that a ruthenacyclopentene, which is generated by
oxidative cyclization of dimethyl acetylenedicarboxylate and
allylic alcohols on an active ruthenium center, is a key
intermediate in the present reaction. The alkoxycarbonyl
group (an electron-withdrawing group) decreased the electron
density of the ruthenium center. This facilitates the intra-
molecular coordination of the hydroxy group to ruthenium,
which results in ¢-hydroxy elimination to form the intermedi-
ate.96 Subsequent insertion of another molecule of dimethyl
acetylenedicarboxylate, intramolecular insertion of a C=C
bond into an alkenyl­ruthenium bond, and successive ¢-
hydride elimination/isomerization would give the correspond-
ing benzenepolycarboxylates in good yield with high selectiv-
ity.

6.2 Ruthenium-Catalyzed [2 + 2 + 2] Cocyclization of
Three Different Alkynes. Although intensive studies have
been done to date, there are few reports of the selective
[2 + 2 + 2] cycloaddition of three different alkynes, due to
difficult control of the chemo- and regioselectivity.85b Early
transition metals such as zirconium97 and titanium98 are known
to mediate the selective cycloaddition, in which the chemo-
selectivity is well regulated by stepwise addition of the
different alkynes. As for catalytic reactions using late transition
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140 oC, 20 h20 atm
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R

OH
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up to 79%

E
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Scheme 16. [Cp*RuCl2]2-catalyzed cross-carbonylation of
alkynes with electron-deficient alkenes to hydroquinones.
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metals, a palladium-catalyzed unique aromatic ring construc-
tion from two different alkynes and a diyne has been reported
by Yamamoto and co-workers, of which the mechanism is
actually not simple [2 + 2 + 2] cocyclization but dimerization
of the alkynes and successive [4 + 2] benzannulation with the
diyne.99 A nickel(0)­zinc(II) phenoxide system is reported to
be effective for catalytic [2 + 2 + 2] cocyclization proceeding
under mild reaction conditions, while the chemo- and regio-
selectivity are still unsatisfactory and problematic.100 Recently,
a ruthenium-catalyzed reaction has also been reported, where in
situ generation of diynes from alkynylboronates and propargyl
alcohol is elegantly applied.101

We have recently reported the ruthenium-catalyzed highly
chemoselective intermolecular [2 + 2 + 2] cocyclization of 2
equiv of terminal alkynes with dimethyl acetylenedicarboxylate
to afford the corresponding o-phthalates in good yield.102 In the
course of our continuous investigations, we found the same
ruthenium catalyst, [Cp*RuCl(cod)], could be applied to the
three-component coupling reaction and successfully achieved
the chemoselective [2 + 2 + 2] cocyclization of three different
alkynes, by controlling the molar ratio of the substrates.103

The reaction of dimethyl acetylenedicarboxylate (1.0 equiv-
alent), 1-decyne (20b, 6.0 equivalents), and 3-hexyne (40
equivalents) was carried out in toluene under reflux for 24 h in
the presence of a catalytic amount (5.0mol%) of [Cp*RuCl-
(cod)] to give a single regioisomer of three-component
coupling products, dimethyl 3,4-diethyl-5-octylphthalate (21b)
in 57% yield, together with the formation of by-products
represented by tetramethyl 5,6-diethyl-1,2,3,4-benzenetetra-
carboxylate (>20%) (Scheme 18). The structure of dimethyl
3,4-diethyl-5-octylphthalate was confirmed by 13C inadequate
measurement, in addition to general spectroscopic analysis.

As for the mechanism, dimethyl acetylenedicarboxylate and
3-hexyne coordinate to an active ruthenium species, and
oxidatively cyclize to a ruthenacyclopentadiene. There are
two directions of a and b, from which the terminal alkyne can
insert a ruthenium carbon bond in the ruthenacyclopentadiene.
Insertion from the direction of a seems to be more favorable,
since the ruthenium­carbon bond bearing an ester group is
made stronger by ³-back donation from ruthenium to the ³*
orbital of ¡-carbon. A ruthenacycloheptatriene is predomi-
nantly formed depending on the steric hindrance between R
and Et groups. Reductive elimination gives the trialkylated
o-phthalates along with the regeneration of the catalytically
active species (Scheme 19).

6.3 Ruthenium-Catalyzed Unusual Head-to-Head Dimer-
ization of Styrenes and Linear Codimerization of Styrenes
with Ethylene. The first transition-metal complexes that were
shown to catalyze the homodimerization of styrenes were based
on palladium.104 Later, nickel-105 and zirconium-based cata-
lysts106 were shown to be effective for this dimerization
reaction, and these generally gave a head-to-tail dimer, (E)-
1,3-diaryl-1-butenes. There has been only one previous example
of head-to-head dimerization to give (E)-1,4-diaryl-1-butene,
by Kretschmer and co-workers107 using a bis(indenyl)yttrium
hydride as a catalyst. However, their catalyst system is un-
wieldy because of the instability of the catalyst toward air and
moisture.

The codimerization of styrenes with ethylene has also been
extensively studied since it was first reported in 1965.108 Many
transition-metal complexes are active in this process,109,110 and
catalysts containing nickel are the most active.111,112 The
products are head-to-tail dimers, 3-aryl-1-butenes, and an
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Scheme 18. Ru-catalyzed [2 + 2 + 2] cocyclization of three different alkynes.
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enantioselective version of the codimerization (hydrovinyla-
tion) of styrenes with ethylene has recently been devel-
oped.112,113

On the basis of our continuous study of the catalytic activity
of a zero-valent ruthenium complex, [Ru(©6-cot)(©2-dmfm)2],
we found that it catalyzed an unusual head-to-head dimerization
of styrenes 22 to (E)-1,4-diaryl-1-butenes 23114,115 in the
presence of primary alcohols (Scheme 20).116 No significant
effect was observed for the substituents on the phenyl ring in
styrenes.

In addition, the present catalyst system is effective for the
regio- and stereoselective linear codimerization of styrenes
with ethylene. As described previously, transition-metal-com-
plex-catalyzed codimerization of styrenes with ethylene gen-
erally gave 3-aryl-1-butenes (hydrovinylation), while unusual
codimers, (E)-1-aryl-1-butenes 24, were obtained by the
present catalyst system in good yields with high selectivity
(Scheme 21).

We believe that both reactions involve the ruthenacyclopen-
tane intermediate.117 The ring opening of a ruthenacyclopen-
tane by direct ¢-hydrogen elimination is not a favored process,
but this could be facilitated by protonation or ·-bond meta-
thesis118 with the primary alcohol, which plays an important
role of cocatalyst. Then, the stereoselective ¢-hydrogen
elimination could occur to give the dimer with regeneration
of the Ru(0) species and the primary alcohol cocatalyst.

6.4 Regio- and Stereoselective Synthesis of Enamides by
Ruthenium-Catalyzed Co-oligomerization of N-Vinyl-
amides with Alkenes. Enamides are contained in many
natural products such as salicylihalamide119a and lobat-
amide,119b and have recently been synthesized using transi-
tion-metal catalysts, as represented by (a) the vinylation of
amides,120 (b) the chelation-assisted coupling reaction of N-

vinylamides with 1,3-butadiene,121 (c) the addition of amides to
alkynes,122 (d) the oxidative amidation of alkenes,123 and (e)
the isomerization of N-allylamides.124

In considering potential new methods for the synthesis of
enamides, we have focused our efforts on ruthenium-catalyzed
regio- and stereoselective co-oligomerization reactions. Many
examples of transition-metal-complex-catalyzed codimeriza-
tion reactions of alkenes with alkynes have been reported.84,125

In sharp contrast, codimerization as well as co-oligomerization
reactions of different alkenes are still quite difficult except for
hydrovinylation of styrenes,108­113 and a challenging subject in
modern organic and organometallic chemistry.116

We report here zero-valent ruthenium-complex-catalyzed
codimerization reaction of different alkenes; i.e., a codimeriza-
tion reaction of N-vinylamides with alkenes as well as a co-
oligomerization reaction of N-vinylamides, acrylates, and
ethylene, which offer novel and atom-economical methods
for synthesis of enamides with high regio- and stereoselectivity
in one step (Scheme 22).126,127

N-Vinylamides with a large excess of alkenes under the
same catalytic reaction conditions followed by hydrogenation
gave 1:2 co-oligomers in up to 63% yield. This means that
double C­C bond-formation proceeded selectively at the ¢-
position of a vinyl group in N-vinylamides. In addition,
codimerization of the isolated enamide with ethyl acrylate
proceeded by the present catalyst system to give the corre-
sponding codimer in an isolated yield of 56% after hydro-
genation. This strongly suggests that the present co-oligo-
merization proceeds stepwise and substituted N-vinylamides
would be generally applicable to the present reaction.

We then attempted to develop a three-component coupling
reaction of different alkenes. After many trials, we realized this
reaction through the combination of N-vinylamides, ethyl
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Scheme 20. Ru-catalyzed head-to-head dimerization of styrenes.
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T. Kondo Bull. Chem. Soc. Jpn. Vol. 84, No. 5 (2011) 451



acrylate, and ethylene (40 atm). Hydrogenation of the generated
isomeric cotrimers gave a single product in up to 66% yield
(27a, Scheme 23). To the best of our knowledge, the selective
cotrimerization reaction of two or three different alkenes had
never been accomplished before.

A stoichiometric reaction of [Ru(©6-cot)(©2-dmfm)2] with N-
vinylcaprolactam in 1,2-dichloroethane (DCE) at 90 °C for 3 h
under an argon atmosphere gave a new complex in 27%
isolated yield which could be obtained by a ligand-exchange
reaction of one molecule of dmfm with N-vinylcaprolactam,
followed by oxidative cyclization between a cot ligand with a
vinyl group of N-vinylcaprolactam (Scheme 24). This complex
also showed good catalytic activity for the present codimeriza-
tion reaction of N-vinylacetamides with ethyl acrylate to give
the codimer in 56% yield.

The reaction starts with the removal of a cot ligand in
[Ru(©6-cot)(©2-dmfm)2] by N-vinylamides via metallacycle
formation and reductive elimination128 to give coordinatively
unsaturated zero-valent ruthenium species, which is effective
for the formation of a ruthenium hydride species via activation
of sp2 C­H bonds in alkenes or a dmfm ligand.129 Alkenes are
then inserted into a Ru­H bond, followed by the successive
chelation-assisted insertion of N-vinylamides into a Ru­C
bond. Subsequent ¢-hydrogen elimination gives the codimer
with regeneration of an active ruthenium hydride species. At
this stage, a mechanism that involves oxidative cyclization
of N-vinylamides with alkenes to give a ruthenacyclopen-
tane intermediate could not be completely excluded, however
the result of deuterium-scrambling in the reaction of N-
vinylacetamide with diethyl acrylate-d2 can be reasonably
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explained by a mechanism involving a ruthenium hydride
species.

Conclusion

In spite of the inertness of the carbon­carbon bonds in
organic molecules, there have been growing interests in
catalytic cleavage of carbon­carbon bonds which realizes rapid
and reconstructive synthesis of new functional organic mole-
cules. In this review, some of our strategies for achieving
ruthenium- and rhodium-catalyzed cleavage of carbon­carbon
bonds were disclosed. Note that low-valent ruthenium com-
plexes also catalyze highly regio- and stereoselective co-
oligomerization of alkenes as well as cocyclization of them
with carbon monoxide and/or heterocumulenic compounds.
We hope these new findings will offer new methods for
synthetic organic chemistry.

On the other hand, it is high time to consider the future
potential of organometallic chemistry. As one direction, we
suggest the application of organometallic methodology to
synthesis of new molecular probes such as MRI contrast
agents. A preliminary result of the synthesis of novel chiral
dendrimer amine-coordinated Gd complexes has been describ-
ed in a patent.130 The detailed functional evaluation of this new
complex as a highly effective MRI contrast agent will be
disclosed soon.

I would like to express to all of my co-workers my deep
appreciation for their productive, energetic, and hard work.
I also thank Prof. Take-aki Mitsudo for his guidance and
encouragement. These studies were supported by MEXT, JSPS,
and many other foundations which were acknowledged in the
original paper.
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