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I. Introduction

Metal-catalyzed reactions have made a great con-
tribution to the recent growth of organic synthesis,
and a variety of synthetic methods have been re-
ported using mainly group 8 transition metal com-
plexes in stoichiometric or catalytic amounts.1 In
particular, useful transformations bearing high chemo-
and stereoselectivities have been discovered in the
field of palladium chemistry.2 Since ruthenium has
4d75s1 electron configuration, it has the widest scope
of oxidation states (from -2 valent in Ru(CO)4

2- to
octavalent in RuO4) of all elements of the periodic
table,3 and various coordination geometries in each
electron configuration, which is in contrast to the
narrow scope of oxidation states and simple square
planar structure of palladium. For instance, in the
principal lower oxidation states of 0, II, and III,
ruthenium complexes normally prefer trigonal-bipy-
ramidal and octahedral structures, respectively.3c

Such a variety of ruthenium complexes has great
potential for the exploitation of novel catalytic reac-
tions and synthetic methods; however, as a conse-
quence of the difficulties of matching the catalysts
and substrates, ruthenium chemistry has lagged
behind that of palladium by almost a quarter century.
Indeed, until 1980s the reported useful synthetic
methods using ruthenium reagents and catalysts
were limited to a few reactions which include oxida-
tions with RuO4,4 hydrogenation reactions,5,6 and
hydrogen transfer reactions.6 As the coordination
chemistry of ruthenium complexes has progressed,
specific characters of ruthenium, in comparison with
palladium have been made clear.

A great variety of ruthenium complexes have been
prepared. The methods for preparation of represen-
tative ruthenium complexes are shown in Scheme 1.
These can be roughly divided into five groups accord-
ing to their supporting ligands:3a,7 oxo, carbonyl, ter-
tiary phosphines, cyclopentadienyl, and arenes and
dienes. These ligands have proven to serve ef-
fectively as the activating factors such as in hydrogen
abstraction, generation of coordinatively unsaturated
species by the liberation of ligands, and stabilization
of reactive intermediates. It has been understood
that the precise control of coordination sites and
redox sequences of the intermediacies are especially
important in the case of ruthenium to design specific
organic transformations, and also that ruthenium
complexes have a variety of useful characteristics
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including high electron transfer ability, high Lewis
acidity, low redox potentials, and stabilities of reac-
tive metallic species such as oxometals, metallacycles,
and metal carbene complexes. Thus, a large number
of novel, useful reactions have begun to be developed
using both stoichiometric and catalytic amounts of
ruthenium complexes.

RuCl3‚nH2O is frequently used as starting material
for the preparation of most of these ruthenium
complexes, and many ruthenium complexes are de-
rived from it under ambient conditions. In addition
to the higher economy of ruthenium compared to the
other group 8 transition metals such as rhodium and
palladium, there is a larger availability of reactive

ruthenium complexes which have proven to serve as
highly efficient reagents and catalysts for a variety
of organic transformations. The great influence of
ruthenium chemistry on organic synthesis in recent
years has now elevated its importance to the same
level as palladium. In this article, organic syntheses
promoted by ruthenium catalysts are reviewed with
an emphasis on recent progress. Although several
organic reactions using ruthenium catalysts have
been reviewed separately,4,6a,22-34 comprehensive re-
views of this field are rare.35 The present article
surveys a range of fields of organic syntheses which
involve reduction, oxidation, isomerization, carbon-
carbon bond formation, and miscellaneous nucleo-
philic and electrophilic reactions.

II. Hydrogenation

A. Hydrogenation with Molecular Hydrogen

a. Chemoselective Hydrogenations

A number of homogeneous and heterogeneous
ruthenium complexes catalyze hydrogenation of vari-
ous substrates including functionalized olefins, al-
dehydes, ketones, other carbonyl compounds, and
nitro compounds.5,6 Compared to other metal com-
plexes of rhodium, iridium, and cobalt, ruthenium
complexes generally have less effective catalytic
activities for hydrogenation of simple and function-
alized alkenes.36 Mild reactivities of ruthenium
complex are often used for chemoselective hydroge-
nation of polyolefins. Terminal conjugated dienes37

and 3-oxo-1,4-diene steroidal compounds38 undergo
selective hydrogenation with RuHCl(PPh3)3 and RuCl2-
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(PPh3)3 catalysts, respectively (eqs 1 and 2). Selective
hydrogenation of cyclic trienes to the corresponding
cyclic monoolefins have been studied using RuCl2-
(CO)(PPh3)3 (eq 3),39 RuCl2(PPh3)3,40 and Ru(cod)-
(cot)41 catalysts.

Regioselective hydrogenation of aromatic hydro-
carbons are of importance not only from industrial
viewpoints but also as a potential route to a variety
of fused ring systems. Conversion of benzene to
cyclohexene by partial catalytic hydrogenation is of
special importance from industrial aspect, since the
method provides a new industrial route to cyclohex-
anol, an important precursor of nylons, by combina-
tion with hydration of cyclohexene. Asahi Chemical
Co., Japan, developed the selective bilayer catalytic
system including ruthenium metal catalyst, ZrO2,
and ZnSO4 under 50 atm of H2 pressure (eq 4). The

process affords the olefin with up to 60% selectivity

after 90% conversion of benzene, and presently it
produces 50 000 tons per year of the olefin, which are
converted into 60 000 tons per year of cyclohexanol.42

Selective hydrogenation of polycyclic aromatic com-
pounds can be performed by multimetallic coordina-
tion of aromatic compounds to ruthenium clusters.43

Triruthenium carbonyl cluster 1 bearing acenaph-
thylene as a face ligand, which was readily prepared
by the reaction of acenaphthylene with Ru3(CO)12,
was hydrogenated to give complex 2. Treatment of
2 with CO gives 4,5-dihydroacenaphthylene (3) se-
lectively (eq 5). This is quite rare regioselectivity,

since usual hydrogenation of acenaphthylene reduces
at 1,2-position and the alkali metal reduction affords
1,5-dihydroacenaphthylene.

Due to the strong affinity of ruthenium toward
heteroatom compounds, low-valent ruthenium com-
plexes act as efficient catalysts for reduction of a
variety of carbonyl compounds. Aldehydes,44 ke-
tones,45 carboxylic acids,45i,j esters,45i,46 and carboxylic
anhydrides45j,47 can be converted into the correspond-
ing alcohols with various ruthenium complexes under
hydrogen pressure (eqs 6-9). Unsymmetrical car-
boxylic anhydrides bearing bulky substituents are
reduced with high chemoselectivity at the less hin-
dered position (eq 10).47b,c The reaction can be

Scheme 1
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applied to the regioselective synthesis of arylnaph-
thalene ligands (eq 11).48

The reduction of nitro compounds to the corre-
sponding amines is also of considerable importance
from industrial viewpoints. Aliphatic49 and aroma-
tic50 nitro compounds can be converted efficiently into
the corresponding primary amines under H2 pressure
with ruthenium catalyst. Selective hydrogenation of
aromatic nitro compounds can be performed in the
presence of carbonyl50b and acetylene moieties51 by
using RuCl2(PPh3)3 and Ru-alumina catalysts, respec-
tively (eqs 12 and 13). Nitriles are reduced with an-

ionic ruthenium hydride complex catalyst K+[(Ph3P)2-
Ph2P(C6H4)RuH2]-‚C10H8‚(C2H5)2O or K2

+[(Ph3P)3-
(Ph2P)Ru2H4]2-‚2C6H14O3 to afford the corresponding
primary amines with 99% selectivity (eq 14).45i

b. Enantioselective Hydrogenations
Great progress has been made on the asymmetric

hydrogenations with homogeneous ruthenium com-
plexes bearing chiral phosphine ligands. Compre-
hensive reviews22 of this field are available for further
exploration. By using ruthenium binaphthyl diphos-
phine complex bearing axial chirality [BINAP (4)],
practical asymmetric hydrogenations have been per-
formed from a variety of prochiral olefin substrates
such as R,â-unsaturated carboxylic acids (eq 15),52

diketene (eq 16),53 carbonates (eq 17),54 enamides (eq
18),55 and allyl alcohols.56 The reaction provides a

practical method for enantioselective synthesis of the
biological antiinflammatory compounds, naproxen (5)
and isoquinoline alkaloid family such as (R)-laudan-
osine (6).
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As a result of careful study of the deuteriation of
(E)-CH3CHdC(CH3)CO2H, it was found that the
deuterium at the R-position was derived from mo-
lecular deuterium, while that at the â-position is
coming from MeOD solvent.57 As the hydrogen
pressure was increased, more of the added atom at
the â-position was derived from molecular deuterium.
These facts strongly suggest a monohydride mecha-
nism. The proposed mechanism for the hydrogen-
ation of R,â-unsaturated acids is shown in Scheme
2.

The use of supercritical CO2 as reaction media is
of importance because of its nontoxicity, nonflamma-
bility, and low cost. The BINAP-Ru-catalyzed asym-
metric hydrogenation reaction of R,â-unsaturated
carboxylic acids can be performed practically in
supercritical CO2. The enantioselectivity of the
hydrogenation of tiglic acid (81% ee) is comparable
with those performed in organic solvents such as
methanol (82% ee) and hexane (73% ee) (eq 19).58

A wide range of functionalized ketones can be
reduced with high enantioselectivities by using ru-
thenium BINAP catalysts. â-Hydroxy (eq 20),59a,b

â-amino (eq 21),59b and â-alkoxy ketones (eq 22),60

1,3-diketones (eq 23),59 â-keto esters (eq 24),61 â-keto
phosphonates (eq 25),62 and phenylthio ketones63

can be converted into the corresponding function-
alized hydroxy compounds under similar conditions
with high enantioselectivities. N-Tosylimines can be
also reduced enantioselectively with Ru-BINAP cata-
lyst to afford the corresponding N-tosylamines (eq
26).64

High enantioselectivities in the hydrogenation of
â-keto esters with RuHCl[(R)-BINAP] catalyst can
be rationalized by assuming the transition states 7

and 8, where a â-keto ester acts as a bidentate
σ-donor ligand (Scheme 3). The characteristic chiral
feature of the BINAP ligand makes the difference in
energetically favorableness between 7 and 8.

When racemic 2-substituted â-keto esters are em-
ployed as substrates, there exists the opportunity for
dynamic kinetic resolution, if their equilibration is
faster than hydrogenation (Scheme 4). Indeed, hy-
drogenation of equilibration system 9 and 10 with
the Ru-BINAP catalyst proceeds with highly enantio-
and diastereoselectivities.65 Syn-optically active hy-
droxy esters can be obtained from the corresponding
acyclic keto esters such as 11, while anti-products

Scheme 3

Scheme 2

Ru-Catalyzed Reactions for Organic Synthesis Chemical Reviews, 1998, Vol. 98, No. 7 2603



are formed by the reduction of cyclic ones such as 12
(eqs 27 and 28). The remarkable high antiselection

observed with 12 is rationalized in terms of the
sterically constrained tricyclic transition state 13,
while syn selection directed by amide substrate 11
is arising from 14, which is stabilized by hydrogen
bonding between CONH and the ester OR (Scheme
5). This method provides a useful synthesis of

L-threonine from methyl 2-acetamido-3-oxobutano-
ate.65a Similar resolution can be observed in the
reduction of 4-substituted â-keto esters such as
4-chloro61b,h and 4-carbamoyl ones (eqs 29 and 30).66

Kinetic resolution of chiral substrates with excellent
enantiomer recognition can be achieved, when a com-
bination of substrates and catalyst is matching prop-
erly. A mathematical treatment of the reaction has
been described and applied to a range of case stud-
ies.67

Racemic secondary alcohols can be also converted
into the corresponding saturated alcohols enantiose-

lectively along with unreacted optically active start-
ing material.68 When racemic 3-methyl-2-cyclohex-
enol is hydrogenated by using (S)-BINAP-Ru catalyst
at 4 atm of H2, trans- and cis-3-methylcyclohexanols
are produced in a 300:1 ratio. The reaction with the
(R)-BINAP complex affords the saturated (1R,3R)
trans alcohol in 95% ee in 46% yield and unreacted
S allylic alcohol in 80% ee with 54% recovery (eq 31).

The S enantiomer in >99% ee was obtained at 54%
conversion. Calculated kf/ks ratio for kinetic enan-
tiomer selection69 is up to 74-76. Similar kinetic
resolution of racemic secondary allylic alcohols can
be also performed using “chiral poisoning” where one
enantiomer of racemic catalyst is deactivated by
chiral amines. Using a racemic Ru-BINAP catalyst
with (-)-(1R,2S)-ephedrine as a chiral poison, race-
mic 2-cyclohexenol is hydrogenated under 10 atm of
H2 to afford the remaining cyclohexanol and (R)-2-
cyclohexenol in >95% ee after 77% conversion, where
kf/ks ratio is 6.4 (eq 32).70

Ruthenium complexes bearing similar optically
active diphosphine ligands such as H8-BINAP (15),71

2,2′-dimethyl-6,6′-bis(diphenylphosphino)biphenyl (16,
BIPHEMP),56c,72,73 and bis-steroidal phosphine (17)74

Scheme 4

Scheme 5
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also afford practically high enantioselectivities for the
catalytic hydrogenation reactions (eq 33). Electron-
rich diphosphine, 1,2-bis(trans-2,5-diisopropylphos-
pholano)ethane (18, i-Pr-BPE) is an effective ligand
for the enantioselective hydrogenation of â-keto
esters. By using RuBr2[(R,R)-i-Pr-BPE)] catalyst
practical enantioselective hydrogenation of â-keto
esters can be carried out under milder reaction
conditions (H2 4 atm, 35 °C) (eq 34).75 Simple
optically active diphosphine, 1,3-dimethyl-1,3-bis-
(diphenylphosphino)propane (19, skewphos) is also
effective for the hydrogenation of â-keto esters, â-keto
phosphates, and phenylthio sulfides.76

Even some aromatic ketones can be hydrogenated
with high enantioselectivity under the similar reac-
tion conditions.59a,77 Addition of ethylenediamine and
KOH has proven to remarkably enhance the catalytic
activity of ruthenium complexes.78 Typically, in the
hydrogenation of acetophenone, turnover frequency
(TOF) of RuCl2(PPh3)3 alone was less than 5, while
the use of these organic and inorganic bases together
led to a TOF of 6700. This catalytic system can be
also applied to the diastereoselective reduction of 2-,
3-, and 4-substituted cyclohexanone affording the
corresponding cis-, trans-, and cis-substituted cyclo-
hexanol, respectively.79 These findings led to the
development of practical method for asymmetric
hydrogenation of simple aromatic ketones. A variety
of aromatic ketones can be hydrogenated enantiose-
lectively with a combined use of Ru-BINAP catalyst-
KOH-chiral 1,2-diamines such as 20-23 (eq 35).78

The extent of the enantioselectivity appears to be
delicately influenced by the structure of the diamine
auxiliaries. Use of (S)-BINAP and S diamine affords
the R-configurated alcohol products, whereas the
R-R configurational combination gives the S-en-
riched alcohols. The present Ru(II)-1,2-diamine-
KOH ternary catalytic system is found to function
specifically to the hydrogenation of carbonyl groups
not to that of olefins. Normally, catalytic hydrogena-
tion of olefins proceeds much faster than carbonyl
compounds. In fact, a competitive reaction of hep-
tanal and 1-octene with RuCl2(PPh3)3 catalyst under
H2 pressure reveals that the terminal olefin is satu-
rated 250 times faster than the aldehyde. Addition
of H2N(CH2)2NH2 and KOH changes the reactivity
drastically leading the reaction of heptanal 1500
times faster than 1-octene. This selective hydroge-

nation can be applied to chemo- and enantioselective
hydrogenation of a variety of conjugated and uncon-
jugated optically active enals and enones when using
amines such as 23 as chiral auxiliaries (eq 36).80

B. Hydrogen Transfer Reaction
Alternative method for hydrogenation of organic

substrates is hydrogen transfer reactions from an
organic hydrogen source, where the hydrogen is
supplied by a donor molecule, DH2, which itself
undergoes dehydrogenation during the course of the
reaction (eq 37). The basic concept of the catalytic

hydrogen transfer reaction from alcohols is shown in
Scheme 6. Oxidative addition of alcohols to low-

valent metal complexes and the subsequent â-hydro-
gen elimination gives carbonyl compounds and metal
dihydrides. The metal dihydrides react with a hy-
drogen acceptor (A) to afford hydrogenation products
(AH2) and metal complexes to complete the catalytic
cycle.81 Low-valent ruthenium complexes are excel-
lent catalysts for the hydrogen transfer reactions6a

because of their low redox potential and higher
affinity toward heteroatom compounds. The repre-
sentative results for the hydrogen transfer reactions
are listed in Table 1. A variety of substrates such
as olefins,82 R,â-unsaturated ketones,83 aldehydes,84

ketones,85 imines,86 quinolines,87 and halogenated
compounds88 undergo hydrogen transfer from alco-
hols in the presence of low-valent ruthenium complex
catalysts. Unsaturated alcohols such as allyl alco-
hols89 and propargyl alcohols90 undergo intramolecu-
lar hydrogen transfer reactions to afford the corre-
sponding saturated and R,â-unsaturated carbonyl
compounds, respectively (eqs 38 and 39). Formic acid

acts as an alternative hydrogen donor for hydrogen
transfer reaction of R,â-unsaturated carbonyl com-

Scheme 6
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pounds,83 aldehydes,84 ketones,85 nitro compounds,87

and quinolines.87 The reactions also initiate the
formation of ruthenium hydride complex by the
reaction of low-valent ruthenium complex with formic
acid via elimination of carbon dioxide. Tetrahydro-
furan and tetrahydronaphthalene also undergo hy-
drogen transfer reaction to carbonyl compounds to
afford alcohols along with the corresponding aromatic
compounds.85a The formation of dihydride ruthenium
intermediate from hydrocarbon can be explained by
the formation of ruthenium dihydride complex via
oxidative addition of the C-H bond to ruthenium and
subsequent â-hydride elimination.

Asymmetric hydrogen transfer reactions to olefins
and ketones are potentially powerful alternatives to
asymmetric catalytic hydrogenation with molecular
hydrogen because of their simple operations; however,
they have remained at a low level of synthetic prac-
tical use. Various ruthenium complex catalysts bear-
ing optically active phosphine ligands have been in-
vestigated.91 Recently, it has been found that practi-
cally high enantioselectivity can be achieved by using
some chiral low-valent ruthenium complex catalysts.

Ru-BINAP complexes serve as efficient catalysts
for the asymmetric hydrogen transfer reactions of
R,â-unsaturated carboxylic acids with formic acid (eq
40).92 Combined use of ruthenium complexes with
chiral amine ligands are proven to be highly effective

for this purpose.23 Simple aromatic ketones undergo
enantioselective hydrogen transfer from 2-propanol
(eq 41)93a,94-101 and formic acid93b using a combination

of divalent ruthenium complex catalysts with chiral
ligands such as diamine 24,93 25,94 and 26,95 amino
alcohols 2796 and 28,97 aminophosphine 2998 and 30,99

bis(oxazolinyl) phosphine 31,100 or using chiral com-
plex 32.101 The representative results of enantiose-
lective transfer hydrogenation of acetophenone with
2-propanol are summarized in Table 2.

Similarly, R,â-acetylenic ketones102 and cyclic R,â-
unsaturated ketones103 can be transformed into the
corresponding optically active alcohols with high

Table 1. Hydrogen Transfer Reaction
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enantioselectivity using 2-propanol and chiral di-
amine-ruthenium complex catalysts 33 and 34 (eqs
42 and 43). As the reactive intermediate of the

asymmetric transfer hydrogenations with a catalytic
system of [RuCl2(arene)]2 and 24, hydrido complex

35 has been isolated and the structure was confirmed
by single-crystal X-ray analysis.104

Under similar reaction conditions, kinetic resolu-
tion of racemic secondary alcohols can be performed
with high enantioselectivity.105 Typically, when a
solution of racemic 1-phenylethanol in acetone con-
taining 33a catalyst was left at 28 °C for 30 h, a 97:3
mixture of (R) and (S) substrates (94% ee) was re-
covered in 51% yield in addition to the acetophenone
in 49% yield, where kf/ks ratio is over 100 (eq 44).

The chiral diamine-ruthenium complexes also
catalyze asymmetric reduction of imines with a
formic acid-triethylamine mixture. This method is
useful for asymmetric reduction of cyclic imines,
providing a general and convenient route to a various
indole alkaloids (eq 45).106 Hydrosilylation of ni-

trones can be performed enantioselectively with
diphenylsilane in the presence of Ru-BINAP catalyst
to afford optically active hydroxylamines (eq 46).107

III. Oxidation

A. Hydrogen Transfer Reactions
The principle of the hydrogen transfer reactions

(section II.B) has been applied to a variety of oxida-

Table 2. Ruthenium-Catalyzed Enantioselective
Transfer Hydrogenation of Acetophenone with
2-Propanol

Ru-Catalyzed Reactions for Organic Synthesis Chemical Reviews, 1998, Vol. 98, No. 7 2607



tive transformations of alcohols with low-valent
ruthenium complex catalysts.28 One of the typical
reactions is the transformation of primary alcohols
to the corresponding esters. The reaction is simply
formulated as shown in Scheme 7. When primary

alcohols are allowed to react with low-valent ruthe-
nium catalyst, a similar dehydrogenation reaction
occurs to give aldehyde 36 and ruthenium dihydride
(RuH2). The aldehyde intermediate 36 is trapped
with the second molecule of primary alcohol to give
hemiacetal 37. Further dehydrogenation of 37 with
ruthenium gives the corresponding ester. The low-
valent ruthenium complex is regenerated by the hy-
drogen transfer reaction of ruthenium dihydride to
hydrogen acceptor (A) to complete the catalytic cycle.
Without hydrogen acceptor, generation of molecular
hydrogen occurs via reductive elimination from ru-
thenium dihydride. Thus, the reaction of primary
alcohols with RuH2(PPh3)4 catalyst gives the corre-
sponding esters with evolution of molecular hydrogen
(eq 47).108 Ru(CO)3(η4-tetracyclone)109 also catalyzes

the reaction without hydrogen acceptors (eq 48),

while Ru3(CO)12 requires a stoichiometric amount of
diphenylacetylene (eq 49).110 The reaction is applied

to lactone synthesis from 1,4- and 1,5-diols, where
acetone,108 benzylidenacetone,108,109 and diphenylacetyl-
ene108,110b are used as an effective hydrogen acceptor
for completion of the reaction (eqs 50 and 51).

Acetone was the most convenient hydrogen accep-
tor.108 Similar treatment of R,ω-diols except 1,4- and
1,5-diols affords the corresponding polyesters (eq
52).110b

These reactions are initiated by the oxidative
addition of O-H bond of alcohols to low-valent
ruthenium complexes and the subsequent â-hydrogen
elimination as shown in Scheme 7. Compared to the
conventional oxidations with stoichiometric oxidants,
which involve initial abstraction of an R-hydrogen of
alcohols in a radical manner, these dehydrogenation
processes are considerably affected by the steric
bulkiness around the reaction sites. Thus, very rare
chemoselectivity can be observed in the dehydroge-
nation reactions of alcohols. Whereas the conven-
tional methods generally favor oxidation of secondary
hydroxy groups rather than primary ones, primary
hydroxy groups are oxidized with extremely high
chemoselectivity in the present dehydrogenation
processes. Stoichiometric reaction of RuCl2(PPh3)3
with primary alcohols gives the corresponding alde-
hydes under mild conditions. When a mixture of
1-dodecanol and 4-dodecanol is allowed to react with
a stoichiometric amount of RuCl2(PPh3)3, 1-dodecanol
is oxidized 50 times faster than 4-dodecanol to afford
dodecanal chemoselectively (eq 53).111 The above

rare chemoselectivity has also been observed in the
lactonization of diols. The reaction of 1,4-octanediol
(38) and trans-2-(2-hydroxyethyl)cyclohexanol (40)
with RuH2(PPh3)4 catalyst in the presence of acetone
as a hydrogen acceptor gives γ-octanolactone (39) and
trans-hexahydro-2-benzofuranone (41), respectively
without formation of the corresponding keto alcohols
(eqs 54 and 55).108

The unsymmetrical primary, primary diols bearing
bulky substituents are oxidized at the sterically less

Scheme 7
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hindered position. 2,2-Dimethyl-1,4-butanediol (42)
is converted into dihydro-4,4-dimethyl-2(3H)furanone
(43) and dihydro-3,3-dimethyl-2(3H)-furanone (44) in
a ratio of 99.6/0.4 in the presence of benzylideneac-
etone and RuH2(PPh3)4 catalyst (eq 56).112 Similar

treatment of R-substituted diol 46, derived from
lactones 45, affords lactone 47 in a ratio of 97/3 (eq
57).108b Since the starting unsymmetrical diols can

be readily prepared by the R-substitution of lactones
followed by reduction, the present reactions provide
an efficient method for the preparation of â-substi-
tuted γ-butyrolactones from R-substituted γ-butyro-
lactones. This method is applied to the regioselective
synthesis of arylnaphthalene ligands such as ret-
ronecine (48), justicidin A (49) (eq 58),113 and L-lyxose

derivatives (50) (eq 59).114 Asymmetric lactonization
of prochiral diols has been performed with chiral
phosphine complex catalysts, where enantiomer ex-
cess of the products are up to 23% ee (eq 60).115

The hydrogenation transfer reactions can be also
applied to oxidation of alcohols to aldehydes and
ketones. Various aliphatic and alicyclic secondary
alcohols are converted into the corresponding ketones
upon heating with low-valent ruthenium catalysts
and hydrogen acceptors such as benzylideneace-
tone116 and acetone (eqs 61-63).117 The reaction
proceeds under mild conditions when inorganic bases
such as K2CO3 are used.

The present hydrogen transfer reaction can be
extended to the aerobic oxidation of alcohols. Thus,
the oxidation of alcohols can be performed with a
catalytic amount of hydrogen acceptor under O2
atmosphere by a multistep electron-transfer process.
As shown in Scheme 8, ruthenium dihydrides formed

during the hydrogen transfer can be regenerated by
a multistep electron-transfer process including hy-
droquinone, metal complexes, and molecular oxygen.
Thus, low-valent ruthenium complex 51 with alcohol
gives ruthenium dihydride 52, which undergoes
hydrogen transfer from quinone to give hydroquinone

Scheme 8
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and 51. The reaction of hydroquinone with second
catalyst (MLm)ox (53) affords quinone and MLm (54)
which regenerates 53 with molecular oxygen to
complete catalytic cycle. On the basis of this process,
aerobic oxidation of alcohols to aldehydes and ketones
can be performed at ambient pressure of O2 in the
presence of ruthenium-cobalt bimetallic catalyst and
hydroquinone.118,119 Typically, benzyl alcohol is oxi-
dized to benzaldehyde selectively at 20 °C under O2
atmosphere with a catalytic system consisting of
RuCl(OAc)(PPh3)3, Co(salophen)(PPh3), and hydro-
quinone (eq 64).118 A similar type of multistep

electron-transfer process for oxidation of alcohols can
be performed in combination with [RuCl2(p-cymene)]2
catalyst, MnO2, and 2,6-di-tert-butylbenzoquinone in
the presence of inorganic base (eq 65).119

Trapping the carbonyl intermediate 40 in Scheme
8 with various nucleophiles provides other catalytic
oxidative transformations of alcohols. When primary
or secondary amine is employed as a nucleophile,
intermediate 55 undergoes nucleophilic reaction with
amine to give iminium ion complex 56 along with
water. Intramolecular hydride transfer of 56 gives
the corresponding N-alkylated amine 57 with regen-

eration of ruthenium active species (Scheme 9, eq
66).28 Representative results for N-alkylation of

amines with alcohols are summarized in Table 3. The
reaction with aliphatic amines proceeds efficiently
with RuH2(PPh3)4 catalyst (entry 1),120 while RuCl2-
(PPh3)3 (entry 2)121,122 and RuCl3-PR3 (entries 3-5)123

are good catalysts for the reactions with aromatic
amines. Selective N-monoalkylation of heteroaro-

Table 3. N-Alkylation of Amines with Alcohols

Scheme 9
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matic primary amines can be performed when Ru-
(cod)(cot) is used as a catalyst (entry 6),124 while
similar treatment with RuCl2(PPh3)3, or RuCl3-PR3
catalyst gives the corresponding N,N-dialkylated
amines.121a,123 Intramolecular version of this reaction
provides a novel method for synthesis of cyclic amines
(Scheme 10). Amino alcohols 58 undergo condensa-

tion to give secondary cyclic amines 59 (entry 7).120

Tertiary cyclic amines 61 can be prepared either by
the reaction of 58 with primary alcohols or the
reaction of diols 60 with primary amines (entries 8
and 9).120,125 It is noteworthy that seven-membered
ring formation can be readily performed due to the
template effect of ruthenium complexes to the di-
functional substrates (entry 8).120 2-Aminophenols,126

2-aminopyridines,127 and 2-aminophenethyl alco-
hols128 undergo the N-alkylation reaction and the
subsequent dehydrogenation reactions under the
similar reaction conditions to afford benzoazoles,
benzimidazoles, imidazo[1,2-a]pyridines, and indoles,
respectively (entries 10-12).

N-Alkylation and subsequent aromatic ring closure
can be performed when aromatic amines are allowed
to react with allylic alcohols129 and 1,2-130 and 1,3-
diols131 under similar reaction conditions to afford the
corresponding quinoline and indole derivatives (eqs
67-69).

When the RuH2(PPh3)4-catalyzed reaction of amino
alcohols is carried out in the presence of a hydrogen
acceptor, the dehydrogenation reaction takes place
exclusively to afford the corresponding lactams (eq
70).132 This is principally similar to the ruthenium-
catalyzed lactonization of diols,112 and contrasts with

the fact that the similar cyclization reaction without
a hydrogen acceptor affords cyclic amines (eq 71).120

This drastic change can be rationalized by assuming
the mechanism shown in Scheme 11. The oxidative

addition of low-valent ruthenium complex to the
O-H bond of an amino alcohol 62 followed by elimi-
nation of (RuH2) species gives amino aldehyde 63,
which undergoes condensation to give intermediate
64. Further dehydrogenation of 64 in the presence
of a hydrogen acceptor gives lactams 65. In contrast,
the reaction without hydrogen acceptor leads to
dehydration of 64, giving imine 66 which undergoes
hydrogenation with (RuH2) to afford amine 67.

Catalytic alkylation with alcohols can be performed
by using other nucleophiles. Primary amides under-
go N-alkylation by the RuCl2(PPh3)3-catalyzed reac-
tion with alcohols (eq 72).133 Similar treatment of
N,N-disubstituted ureas with 1,2-diols gives 2,3-di-
hydroimidazol-2-ones (eq 73) via the similar alkyla-
tion reaction and subsequent dehydration reaction.134

RuH2(PPh3)4-catalyzed reaction of phenylacetonitrile
with ethanol proceeds in the presence of inorganic
base to give the corresponding R-ethylated product
(eq 74).135

The present principle of the dehydrogenation of
alcohols can be applied to catalytic transformations

Scheme 10

Scheme 11
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of aldehydes. Esters can be obtained from the reac-
tions of aldehydes with alcohols using RuH2(PPh3)4
catalyst (eq 75)112b or a combination of Ru3(CO)12
catalyst and diphenylacetylene (eq 76).114a Canniz-

zaro-type reaction occurs upon treatment of alde-
hydes with water to give carboxylic acids and alcohols
(eq 77)136 or the corresponding esters (eq 78).112b,114a

In contrast, similar reactions in the presence of a
hydrogen acceptor such as benzylideneacetone affords
carboxylic acid selectively (eq 79).112b Similar dehy-

drogenative condensation of formamides with pri-
mary amines can be performed with RuCl2(PPh3)3
catalyst to give the corresponding ureas.137

Production of molecular hydrogen by means of the
catalytic dehydrogenation of alcohols is of importance
in view of its industrial aspects, and has been studied
using various low-valent ruthenium complex cata-
lysts such as Ru(OCOCF3)2(CO)(dppe),138 [Ru2(OAc)4-
Cl]-PEtPh2,139 and RuH2(N2)(PPh3)3

140 (eqs 80-82).

B. RuO4-Promoted Oxidation
RuO4 (68) has been widely used as a powerful oxi-

dant for oxidative transformations of various organic
compounds since the discovery by Djerassi in 1953.4
RuO4 shows specific power of oxygenation and hy-
drogen abstraction toward a variety of organic com-
pounds. Typical reactivity of RuO4 is shown in-

Scheme 12. Hydroxy compounds undergo abstraction
of activated R-hydrogen atom followed by electron
transfer to afford the corresponding carbonyl com-
pounds and RuO2. The reaction with olefins gives
cyclic ruthenium(VI) diesters 69 which are converted
into carbonyl compounds via oxidative cleavage of
the carbon-carbon double bonds. Substrates bear-
ing unactivated C-H bonds such as alkanes and
amides undergo hydrogen abstraction and the sub-
sequent oxygen rebound to afford the correspond-
ing hydroxy compounds which are normally con-
verted into the carbonyl compounds by second oxida-
tion. Although a stoichiometric amount of RuO4,
prepared readily by the reaction of RuCl3 or RuO2
with NaIO4, has been used for the oxidations, the
reactions can be performed conveniently in a bi-
phasic system (Scheme 13) using a catalytic amount
of RuCl3 or RuO2 with a combined use of oxidants
such as NaIO4,141a,b,142b-f,143a-d,146-148,149-155 HIO4,143f

NaOCl,142g,h,143e,154,156 and NaBrO3,141c-e or under elec-
trooxidation conditions.141f,144

The problems such as very slow and incomplete
reactions have been often encountered in the oxida-
tions with RuO4. These sluggish reactions are due
to inactivation of ruthenium catalysts with carboxylic
acids by forming low-valent ruthenium carboxylate
complexes. The inactivation can be prevented by
addition of CH3CN. Thus, various oxidations with
RuO4 were remarkably improved by employing a
solvent system consisting of CCl4-H2O-CH3CN (2:
3:2).141a Typically, oxidative cleavage of (E)-5-decene
(70) with RuO4 in conventional CCl4-H2O (1:1) gave
pentanal (71, 17%) along with 80% of recovered 70

Scheme 12

Scheme 13
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after 2 h, while pentanoic acid (72, 88%) can be
obtained in a CCl4-CH3CN-H2O (2:3:2) system
under similar conditions (eqs 83 and 84).

Primary and secondary alcohols are oxidized to the
corresponding carboxylic acids and ketones, respec-
tively (eqs 85 and 86).141 Olefins undergo oxidative

cleavage to afford the carbonyl compounds (eqs 87
and 88),142 while cis-dihydroxylation occurs selec-

tively when the reaction is carried out in a short time
(0.5 min) at 0 °C in EtOAc-CH3CN-H2O (eq 89).142f

Epoxidation of olefins can be performed with RuO4
modified by coordination of nitrogen ligands. A
combination of RuCl3 and nitrogen ligand such as
bipyridines or phenanthroline is efficient for epoxi-
dation of olefins with NaIO4 (eq 90).157 Dioxoruthe-

nium(IV) complex [RuO2(bpy){IO3(OH)3}]‚1.5H2O was
isolated by reaction of RuO4 with bipyridyl in the
presence of NaIO4, and the complex acts as an
efficient epoxidation catalyst as the three-component
mixture under similar conditions (eq 91).158

Aromatic rings are smoothly degraded to carboxylic
acids (eqs 92 and 93).143 Terminal alkynes undergo

the similar oxidative cleavage to afford carboxylic
acids, while internal alkynes are converted to R-dike-
tones (eqs 94 and 95).144 The oxidation of allenes

gives R,R-dihydroxy ketones (eq 96).145

Various heteroatom-containing compounds un-
dergo oxidation of methylene groups at the R-position.
Ethers are converted into esters and lactones (eqs 97
and 98).141a,146 Tertiary amines147 and amides148

undergo similar oxygenation reactions at the R-posi-
tion of nitrogen to afford the corresponding amides
and imides, respectively (eq 99). The carbon-carbon

side-chain fragmentation occurs when N,C-protected
serine and threonine are subjected to oxidation. The
method is successfully applied to effective N-C bond
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scission of peptides at serine or threonine residue (eqs
100 and 101).149

Unactivated alkanes can be also oxidized with
RuO4. Tertiary carbon-hydrogen bonds undergo
chemoselective hydroxylation to afford the corre-
sponding tertiary alcohols (eqs 102 and 103).150

Bridgehead carbons of adamantane,151 pinane,152 and
fused norbornanes153 undergo selective hydroxylation
under similar reaction conditions. Methylene groups
of alkanes undergo hydroxylation and the subsequent
oxidation to afford the corresponding ketones.154

Methylene groups bearing a cyclopropane ring at an
adjacent position undergo chemoselective oxidation
to afford the corresponding cyclopropyl ketones (eq
104).155 Generally methyl groups of alkanes do not

react with RuO4, while activated methyl groups such
as that in toluene can be converted into the corre-
sponding carboxylic acids (eq 105).156

Cyclic sulfites, derived from cis-vicinal diol and
SOCl2, can be converted efficiently with RuO4 to
afford the corresponding cyclic sulfates. This reaction

provides a versatile method for the preparation of
trans-R-functionalyzed alcohols upon treatment of the
sulfate with a variety of electrophiles (eq 106).159

C. Oxidation with Ruthenium Complex Catalysts
and Oxidants
a. Oxidation of Alcohols

Many methods for specific catalytic oxidations of
various organic substrates such as alcohols, amines,
amides, and hydrocarbons have been studied exten-
sively using low-valent ruthenium complex cata-
lysts,25-27,160 since the systems often exhibit specific
characteristics which differ from those arising from
usual RuO4 oxidations. Low-valent ruthenium com-
plexes catalyze the oxidation of alcohols and the
related hydroxy compounds in combination with
various oxidants such as t-BuOOH (eq 107),28a,161,189

AcOOH (eq 108),162 H2O2 (eq 110),163 Me3SiOOSiMe3
(eq 111),164 PhIO (eq 109),165 N-methylmorpholine
N-oxide,166 and pyridine N-oxide (eq 112).167 Second-
ary alcohols are converted into the corresponding
ketones (eqs 107-109).

Primary alcohols are normally oxidized to carbox-
ylic acids,162,163 while selective oxidation of benzyl
alcohols to benzaldehyde with H2O2 can be performed
by shortening the reaction time (eq 110).163 By using
RuCl2(PPh3)3 catalyst and Me3SiOOSiMe3, primary
allyl alcohols are chemoselectively oxidized into enals
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in the presence of aliphatic secondary ones (eq
111).164 Aliphatic alcohols and aromatic allyl alcohols

can be converted selectively into the corresponding
aldehydes in the presence of ruthenium catalysts and
amine N-oxides such as N-methylmorpholine N-
oxide166 and pyridine N-oxide (eq 112).167 By using

a combination of RuCl2(PPh3)3 catalyst with
4-(benzoyloxy)-2,2,6,6-tetramethylpiperidine-1-oxyl (4-
BzOTEMPO), R-oxygenated aldehydes are obtained
by the oxidation of primary alcohols and subsequent
radical coupling reaction of the corresponding alde-
hydes with 4-BzOTEMPO.168

Upon treatment with RuCl2(PPh3)3 catalyst and t-
BuOOH, cyanohydrins can be converted into the cor-
responding acyl cyanides which are highly useful re-
agents for selective acylation of amine compounds.161a,b

Utility of the reaction has been illustrated by the
short-step synthesis of maytenine (73) (eq 113).161b

Although the catalytically active species of these
reactions still remains unclear, the most plausible
pathway is that of including the oxoruthenium spe-
cies Run+2dO which would be formed from the
reaction of low-valent ruthenium complex Run with
oxidants. Abstraction of a hydrogen and subsequent
electron transfer would give intermediate [R1R2Cd

OH+ Ru(OH)], which collapses to give Run, carbonyl
compounds, and water to complete the catalytic cycle.
The reactivity of oxoruthenium complex RuIV(trpy)-
(bpy)O2+,169 RuIV(bpy)2(py)O2+,170 RuIV(TMP)2(py)-
O2+,171a cis-[RuIV(Tet-Me6)O2]2+,171b and RuIV(tpp)-
(NTs)2

171c toward oxidation of alcohols has been
investigated.

The catalytic system of ruthenium complexes with
N-oxides has been developed to the highly useful
synthetic tool by elegant modification of catalyst. The
salts of perruthenium ion [RuIVO4]- with quarternary
ammonium salts, which are soluble in a variety of
organic solvents, show far milder oxidizing properties
than RuO4, and act as efficient catalysts for selective
oxidation of primary alcohols with a combined use
of stoichiometric amount of N-methylmorpholine
N-oxide.8,172,173 The method is widely accepted in
organic synthesis, and many examples show that it
has advantages over conventional practical methods
for oxidative transformation of primary alcohols to
aldehyde. Typical examples are shown in eqs 114-
116. One of the key features of this method is its

ability to tolerate other potentially reactive functional
groups. For example, olefins, polyenes, enones, hal-
ides, cyclopropanes, epoxides, acetals, esters, amides,
lactones, and amines remain intact during the oxida-
tion. Protecting groups such as SEM, MOM, BOM,
MEM, TEOC, THP, trityl, silyl, and benzyl are stable
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to the reaction conditions. This system also provides
a useful method for conversion of secondary alcohols
to ketones (eq 117)174 and diols to lactones (eq 118).175

Similar selective oxidation to aldehydes can be also
performed with other modified RuO4 systems such
as [RuO2(bipy){IO3(OH)3}]‚1.5H2O-NaIO4.158

Aerobic oxidations of alcohols with metal catalysts
is an attractive method for economical and environ-
mental reasons. Arduous search for suitable cata-
lysts has been continued mainly on group 8 metal
complexes. By using RuCl3, RuCl2(PPh3)3, and RuO2
catalysts, activated alcohols such as allyl alcohols (eq
119)176 and R-ketols (eq 120)177 can be oxidized

aerobically under mild and ambient conditions. Simi-
lar treatment of aliphatic alcohols also gives the
aliphatic carbonyl compounds with relatively low
conversions and low selectivities of the products (eq
121).178 Trinuclear ruthenium carboxylates, Ru3O(O2-

CR)6Ln (L ) H2O, PPh3) are effective catalysts for
aerobic oxidation of aliphatic alcohols (eq 122).179

Catalytic activities of these complexes are approxi-
mately 10 times higher than those of RuCl3 and

RuCl2(PPh3)3. (n-Pr4N)(RuO4) has been used for se-
lective oxidation of alcohols with tertiary amine
N-oxide;8 however, the same catalyst was found to
be a highly efficient catalyst for the aerobic oxidation
of alcohols.180 A variety of primary and secondary
alcohols such as aliphatic, allylic, benzylic, and keto
alcohols can be oxidized at 70-80 °C under an O2
atmosphere (eq 123). Vicinal diols undergo rare

aerobic oxidative cleavage when heated with mixed
ruthenium metal oxide catalyst [A2+xRu2-xO7-y (A )
Pb, Bi; 0 < x < 1; 0 < y e 0.5)] under high pressure
of O2 (eq 124).181

Peracetic acid, one of the efficient oxidants for the
ruthenium-catalyzed oxidations of alcohols,162 is pre-
pared by treatment of acetaldehyde with molecular
oxygen in the presence of cobalt salts.182 The genera-
tion of peracetic acid in situ provides an efficient
method for aerobic oxidation of alcohols. The oxida-
tion of various aliphatic and aromatic alcohols can
be performed at room temperature with molecular
oxygen (1 atm) in the presence of an aldehyde and
RuCl3-Co(OAc)2 bimetallic catalyst (eq 125).183 This

method is advantageous over the previous methods
for aerobic oxidation of alcohols because of its high
efficiency, mild reaction conditions, simple operation,
and generality of applicable substrates. The reaction
can be rationalized by assuming the following two
sequential pathways: (i) formation of peracetic acid
by a cobalt-mediated radical chain reaction of acetal-
dehyde with molecular oxygen (eqs 126-128),182 and
(ii) ruthenium-catalyzed oxidation of alcohols with
peracetic acid162 via oxoruthenium intermediates (eqs
129-131).

Alternative representative methods for catalytic
oxidation of alcohols with the low-valent ruthenium
catalysts are hydrogen transfer reactions of alcohols
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with hydrogen acceptors such as olefins and ketones
which we discussed previously in section III.A. As
miscellaneous methods for oxidation of alcohols,
oxidation with allyl methyl carbonate via π-allylru-
thenium184 and electrooxidation with [RuO(trpy)-
(bpy)]2+ catalyst185 have been reported.

b. Oxidation of Phenols
Oxidative transformation of phenols is of impor-

tance in view of biological and synthetic aspects.
However, the oxidation of phenols generally lacks
selectivity because the initially formed phenoxy radi-
cal intermediate causes various unpleasant coupling
reactions. Thus, metal-catalyzed oxidation of phenols
generally proceeds with nonselectivity, giving a va-
riety of side products such as radical coupling prod-
ucts and over oxidation products.186,187 Due to the
strong ability of electron transfer of ruthenium,
various modes of radical coupling reactions of phe-
noxy radical intermediate have been found to be
prevented when using ruthenium complex catalysts.
Thus, phenols bearing para-substituents undergo
selective oxidation by t-BuOOH in the presence of
RuCl2(PPh3)3 catalyst to afford the corresponding
4-(tert-butyldioxy)cyclohexadienones (eq 132) which

are versatile synthetic intermediates.188 The ef-
ficiency of the reaction has been illustrated by an
unusual migration reaction of the product peroxides
with Lewis acid affording the corresponding 2-sub-
stituted quinones or hydroquinone derivatives (eq
133).188 The synthetic utility of this method has been

demonstrated by the preparation of rare steroid
compound 74 (eq 134). Under the similar reaction

conditions catechols189 and para-unsubstituted phe-

nols190 are converted into the corresponding o- and
p-benzoquinones, respectively.

Oxidative coupling reactions of phenols and related
compounds are useful synthetic tool for construction
of carbon skeletons of various biologically active natu-
rally occurring compounds. A combination of RuO2
and Lewis acids in fluoro acid media has proven to
be the most efficient reagents for oxidative biaryl cou-
pling of aromatic rings, although various organome-
tallic reagents such as vanadium(V) oxyhalides and
thallium(III) tris(trifluoroacetate) have been used for
this purpose.191 Intramolecular oxidative biaryl cou-
pling reactions of phenols192 and aromatic rings
bearing electron-donating groups193,194 can be per-
formed efficiently under mild conditions by a com-
bined use of RuO2 and BF3‚Et2O in a mixture of
trifluoroacetic acid and trifluoroacetic acid anhydride
or triflic acid and triflic acid anhydride (eqs 135 and
136). The reactions provide versatile methods for the

construction of biaryl lignans192,193b and isoquinoline
alkaloids.194

Aerobic oxidation of catechols can be performed
with RuCl2(PPh3)3 catalyst under ambient pressure
of O2 to give muconic acid anhydrides and 2H-pyran-
2-ones (eq 137).195
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c. Oxidation of Amines and Amides
Catalytic systems of low-valent ruthenium com-

plexes with peroxides exhibit specific reactivity to-
ward oxidations of nitrogen compounds,25,26,160,196

sharply differing from those with RuO4 that simply
converts amides to the corresponding imides.148 Cy-
tochrome P450 type oxidation of tertiary amines can
be performed with a combination of non-porphyrin
ruthenium complex catalysts and peroxides.25 RuCl2-
(PPh3)3-catalyzed oxidation of tertiary amines with
tert-butyl hydroperoxide gives the corresponding
R-(tert-butyldioxy)alkylamines efficiently (eq 138).197

Similarly, R-methoxylation of tertiary amines can be
carried out with hydrogen peroxide in the presence
of RuCl3 catalyst in MeOH.198 In these reactions
N-methyl groups are oxidized chemoselectively in the
presence of other alkyl groups. Therefore, the reac-
tion provides the first practical synthetic method for
selective N-demethylation of tertiary methylamines
by the oxidation and the subsequent hydrolysis of the
peroxide with an aqueous HCl solution (eq 139). The

oxidation reaction also provides a novel, biomimetic
construction of azacyclic skeletons, since the perox-
ides can be readily converted into the corresponding
iminium ion intermediates (eq 140). The oxidation

of N-methylhomoallylamines 75 and the subsequent
treatment with acids gives substituted piperidines 76
via olefin-iminium ion cyclization.197 Thus, the
reaction of homoallylamine with 2 N HCl gives
4-chloropiperidine (76a), while similar treatment
with aqueous CF3CO2H solution gives 4-hydroxypi-
peridine (76b). Cyclization of the peroxides bearing
a substituted 3-butenyl group gives trans-3,4-disub-
stituted piperidines (76c) stereoselectively.

The iminium ion intermediate thus obtained can
be trapped with external nucleophiles. Lewis acid-
promoted reaction of olefins with N-(tert-butyldioxym-
ethyl)arylamines obtained from tertiary N-methy-
larylamines gives the corresponding substituted
tetrahydroquinolines (eq 141).199

Secondary amines can be converted into the cor-
responding imines under the similar reaction condi-
tions (eq 142).200 Typically, tetrahydroisoquinoline

77 can be converted into the corresponding dihy-
droisoquinoline 78 which is a versatile synthetic
intermediate for various isoquinoline alkaloids (eq
143). This is the first practical catalytic transforma-

tion of secondary amines to the corresponding imines.
The catalytic system consisting of (n-Pr4N)(RuO4)

and N-methylmorpholine N-oxide8 can be used for
oxidative transformations of secondary amines to
imines (eq 144)201 and hydroxylamines to nitrones.202

Biomimetic catalytic oxidation of amides can be
performed by using a similar catalytic system, al-
though they are very rare because of lower reactivi-
ties. The RuCl2(PPh3)3-catalyzed oxidation of amides
with t-BuOOH proceeds under mild conditions to give
the corresponding R-(tert-butyldioxy)amides highly
efficiently.203 Since the Lewis acid-promoted reac-
tions with nucleophiles give the corresponding N-acyl-
R-substituted amines efficiently, the present reactions
provide versatile methods for selective carbon-car-
bon bond formation at the R-position of amines.203,204

Typically, R-tert-butyldioxyamide 79 derived from
N-methoxycarbonylpyrrolidine can be converted into
R-allylated compound 80 upon treatment of 79 with
allyltrimethylsilane in the presence of TiCl4 (eq 145).
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Similarly, the reaction of tert-butyldioxypyridoindole
81 with isobutylmagnesium bromide gave pyridoin-
dole 82,204 which is a protected form of a â-carboline
alkaloid isolated from Elaeagnus commutata (eq 146).

As shown in Scheme 14, these catalytic oxidation
reactions can be rationalized by assuming the forma-
tion of oxoruthenium species by the reaction of low-
valent ruthenium complexes with peroxides. R-Hy-

drogen abstraction from amines or amides and the
subsequent electron transfer gives iminium ion hy-
droxy ruthenium complex 83. Trapping 83 with
t-BuOOH would afford the corresponding R-tert-
butylhydroxyamines or amides, water, and low-
valent ruthenium complexes to complete the catalytic
cycle.

Modification of the present catalytic systems can
achieve the direct acetoxylation reaction of â-lactams,
which are quite difficult to oxidize because of their
higher ring strains. The treatment of â-lactams with
peracetic acid in acetic acid in the presence of low-
valent ruthenium catalysts and sodium acetate gives
the corresponding 4-acetoxy â-lactams highly ef-
ficiently (eq 147).203,205 Importantly, (1R′,3S)-3-[1′-

(tert-butyldimethylsilyloxy)ethyl]azetidin-2-one (84)
can be converted with high diastereoselectivity into

the corresponding 4-acetoxyazetidinone 85, which is
a versatile and key intermediate for the synthesis of
thienamycin and other biologically active â-lactams
(eq 148). â-Carboxy â-lactams undergo decarboxyl-

ation and subsequent acetoxylation to give â-acetoxy
â-lactams (eq 149).203 These oxidation reactions can

be rationalized by the formation of highly reactive
four-membered acyliminium ion intermediates
through hydrogen abstraction by oxoruthenium spe-
cies and the subsequent electron transfer. Trapping
the intermediate by external nucleophiles of acetic
acid affords the 4-acetoxy â-lactams. The nucleo-
philic attack of acetic acid dominates because it is
much more nucleophilic than AcOOH. Acetoxylation
of â-lactams can be performed with molecular oxygen
(1 atm) in the presence of an aldehyde (eq 150).206

The reaction provides a powerful strategy for the
preparation of optically active â-lactam 85.

Aerobic oxidation of primary amines can be also
performed with RuCl3 catalyst under O2 pressure (3
atm) at 100 °C, giving the corresponding nitriles.178

Recently, dioxoporphyrin ruthenium Ru(TMP)(O)2
(TMP ) 5,10,15,20-tetramesitylporphyrinato) has
proven to be an efficient catalyst for the aerobic
oxidation of primary benzylic amines to the corre-
sponding nitriles under air at 50 °C.207

d. Oxidation of Alkenes
Epoxidation of alkenes is one of the typical reac-

tions of cytochrome P450. The model studies have
been carried out using a variety of iron, manganese,
and chromium metalloporphyrins.208 Thus, oxomet-
alloporphyrin complex 86 undergoes oxygen transfer
to olefins to afford the corresponding epoxides along
with metalloporphyrin 87. The reaction with oxi-
dants such as PhIO, tertiary amine N-oxides, and
peroxides regenerates 86 to complete the catalytic cy-
cle (Scheme 15). As well as various iron and manga-
nese porphyrins, the reactivity of Ru(OEP)(PPh3)Br
has also been examined for the catalytic oxidation of
styrene with PhIO.209 A combination of dioxoruthe-
nium porphyrin complexes such as Ru(TMP)(O)2

167,210

and Ru(T2,6diFPP)(O)2 (T2,6diFPP ) 5,10,15,20-tet-

Scheme 14
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rakis(2,6-difluorophenyl)porphyrinato)210 or Ru(TPF-
PP)(CO) (TPFPP ) 5,10,15,20-tetrakis(pentafluoro-
phenyl)porphyrinato)211 with bulky amine N-oxide (eq
151) has proven to be a highly efficient catalytic
system for the epoxidation of alkenes. Ruthenium
tetrakis(4-chlorophenyl)porphyrin encapsulated in

mesoporous molecular sieve MCM-41 modified with
(3-aminopropyl)triethoxysilane shows high catalytic
activity for epoxidation of olefins with t-BuOOH.212

Table 4 summarizes the representative results for the
ruthenium porphyrin catalyzed epoxidation of olefins.

Table 4. Oxidation of Alkenes with Ruthenium Complex Catalysts

Scheme 15
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The use of oxoruthenium complexes bearing opti-
cally active nitrogen ligands such as 88 provides
enantioselective catalytic epoxidation of unfunction-
alized olefins (eq 152).213 Catalytic asymmetric epox-

idation of styrene has been performed using a com-
bination of chiral ruthenium porphyrin catalyst 89
with 2,6-dichloropyridine N-oxide to afford styrene
oxide in 57% ee.214

Non-porphyrin oxoruthenium complexes also act as
an efficient catalyst for the epoxidation with a help
of oxidants such as t-BuOOH215 and PhIO.215,216

Ruthenium complex 90 bearing chiral bis(oxazolinyl)-
pyridine ligand exhibits enentioselectivity in the
epoxidation of trans-stilbene (74% ee) in combination
with [bis(acetoxy)iodo]benzene (eq 153).217

It has been found that the aerobic epoxidation of
olefins can be performed efficiently with aldehydes
and various transition metal catalysts.218,219 Using
a combination of ruthenium(II) perfluorinated 1,3-
diketone complex catalyst 91 and perfluorinated
solvents which have high solvility toward a range of
gases, olefins can be epoxidized efficiently under
similar conditions.220 Only disubstituted olefins are
chemoselectively converted into the corresponding
epoxide (eq 154).

Direct aerobic epoxidation of olefins, which has
never been reported using other transition metal

catalysts, can be carried out at ambient pressure of
O2 using ruthenium porphyrin catalyst, such as Ru-
(TMP)(O)2,221 Ru(TMP)(OH)2,222 although the ap-
plicable substrate is limited to reactive olefins such

as norbornene (eq 155). The reaction can be ratio-
nalized by assuming Scheme 16.221 The active spe-

cies Ru(TMP)(O)2 would react with the olefin to afford
oxoruthenium(IV) species 92. Rapid disproportion-
ation would give Ru(TMP)(O)2 and ruthenium (II)
complex 93, which is reactive toward dioxygen and
regenerate 92 to complete the catalytic cycle.

Aerobic epoxidation can be also performed under
O2 with sterically hindered Ru-containing polyoxo-
metalate {[WZnRu2(OH)(H2O)](ZnW9O34)2}11- (eq
156),223 Ru(dmp)2(CH3CN)2](PF6)2,

224 andRu(O)2(dmp)2]-

(PF6)2
225 (dmp ) 2,9-dimethyl-1,10-phenanthroline).

One of the proposed mechanisms for activation of
molecular oxygen involves the formation of µ-peroxo
species 94, which undergoes the subsequent decom-
position to oxoruthenium 95 (Scheme 17).223

Another mechanism for the initiation of the aerobic
epoxidation has been proposed as shown in Scheme
18.224 The reaction of norbornene, dioxygen, and

Scheme 16

Scheme 17

Scheme 18
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ruthenium(II) complex gives a metal peroxo nor-
bornyl radical 96. Decomposition of the intermediate
96 affords 95 along with norbornene oxide.

Oxidative transformation of olefins to R-ketols can
be performed selectively, when the RuCl3-catalyzed
oxidation of alkenes with peracetic acid is carried out
in an aqueous solution.226 Typically, allylic acetates
and azides are oxidized to the corresponding acetoxy
and azido R-ketols with high chemo- and stereose-
lectivities (eq 157). The difference of the present

oxidation from that with RuO4 has been clearly
shown by the oxidation reactions of 1-cyclohexene.
Thus, the RuCl3-catalyzed oxidation with peracetic
acid gives 2-hydroxy-2-methylcyclohexene (67%), while
the oxidation of the same substrate under the condi-
tions, in which RuO4 is generated catalytically, gives
6-oxoheptanoic acid (91%) (eqs 158 and 159).

The reactions can be explained by the formation
of cationic intermediate 97 by electrophilic attack of
oxoruthenium species to olefins as shown in Scheme
19. Trapping the intermediate 97 with water fol-

lowed by â-elimination of M-H species leads to
R-ketols,226 while intermediate 97 usually undergoes
ring closure in the absence of nucleophiles to afford
the corresponding epoxides.

Oxidation of aromatic rings is performed efficiently
under the similar reaction conditions. The catalytic
system including Ru(TPP)(CO) (TPP ) 5,10,15,20-
tetraphenylporphyrinato) and pyridine N-oxide can
be applied to the selective oxidation of aromatic rings
to the corresponding p-quinones (eq 160).227 The 18O-
labeling experiments showed that the reaction pro-
ceeds via selective hydroxylation of the aromatic ring
by oxoruthenium porphyrins to afford phenol deriva-

tives, which undergo the subsequent oxidation to
afford the corresponding quinones as shown in Scheme
20.

e. Oxidation of Alkanes
Direct oxidation of saturated hydrocarbons is one

of the typical functions of cytochrome P450. Combi-
nation of metalloporphyrins with oxidants, that
generates oxometal porphyrins, has proven to be
highly effective for catalytic oxidation of alkanes.
Aliphatic and alicyclic hydrocarbons can be converted
into the corresponding alcohols and ketones with
oxidants such as iodosyl benzene, amine N-oxides,
alkyl hydroperoxides, and H2O2 in the presence of
various iron and manganese porphyrin catalysts.208

Ruthenium porphyrin complexes such as Ru(OEP)-
(PPh3)Br also showed the catalytic activity by com-
bination with iodosylbenzene.209b Extremely high
catalytic activities for alkane hydroxylation were
achieved using a combination of ruthenium porphyrin
catalysts and 2,4-dichloropyridine N-oxide. Typi-
cally, adamantane can be converted into 1-adaman-
tanol, 1,3-adamantanediol, and 2-adamantanone in
61, 13, and 4% yield (based on the starting adaman-
tane) upon treatment with Ru(TDCPP)(O)2 catalyst
[TDCPP ) 5,10,15,20-tetrakis(2,6-dichlorophenyl)-
porphyrinato], 2,6-dichloropyridine N-oxide, and HBr.
The turnover numbers of 1-adamantanol reach 12 300
(eq 161).27,228 Dichloroporphyrinruthenium derived

from dioxoporphyrin ruthenium with HX has proven
to be an active species for this efficient catalytic
system, although the precise mechanism must wait

Scheme 19

Scheme 20
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for further investigation. Using ruthenium penta-
fluorophenylporphyrin catalyst Ru(TPFPP)(CO) and
2,6-dichloropyridine N-oxide similar oxidation can be
performed in aprotic media (eq 162) with high ef-

ficiency and high rates (64 turnovers/min).211 This
catalytic system has been applied to the regioselective
oxidation of steroidal substrates (eq 163).229

Many methods for catalytic oxidations with non-
porphyrin metal catalysts have been investigated
extensively because of their particular importance in
view of synthetic, mechanistic, and industrial as-
pects.230 As well as a family of iron-catalyzed oxida-
tion of alkanes (Fe catalyst-pyridine and Fe catalyst-
O2-reductant) called Gif system,231 a number of

ruthenium-catalyzed reactions have been extensively
investigated. The catalytic systems of low-valent ru-
thenium complexes with oxidants such as PhIO,215,232

H2O2,224,233 t-BuOOH,25,234,235 AcOOH,236 and KH-
SO5

237 are effective for the oxidation of various linear
and cyclic alkanes affording the corresponding alco-
hols and ketones. The representative results for the
oxidation of alkanes with non-porphyrin ruthenium
complex catalysts are summarized in Table 5.

The reactions can be applied to introduction of
substituents into unactivated alkanes. Direct tri-
fluoroacetoxylation of alkanes can be performed
chemoselectively by the ruthenium-catalyzed reaction
with peracetic acid in trifluoroacetic acid.236 Typi-
cally, RuCl3-catalyzed oxidation of cyclohexane with
30% peracetic acid in ethyl acetate in a mixture of
trifluoroacetic acid and CH2Cl2 (5:1) at room temper-
ature gave cyclohexyl trifluoroacetate in 69% yield
(eq 164).

Although precise mechanistic information of these
catalytic reactions remains to be explored, most of
the reactions are explained by the formation of
oxoruthenium intermediates Ru(n+2)+dO by the reac-
tion of low-valent ruthenium Run+Ln with oxidants.
Hydrogen abstraction from alkanes would give metal-
caged radical intermediate, [R1R2R3C‚Run+(OH)Ln],
which undergoes one electron transfer and the sub-
sequent hydroxy ligand transfer or direct collision

Table 5. Oxidation of Alkanes with Non-porphyrin Ruthenium Complex Catalysts
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from radical intermediate to afford the corresponding
alcohols and Run+Ln to complete the catalytic cycle.
High reactivity of oxoruthenium species toward al-
kane oxidation has been confirmed in the stoichio-
metric reactions of various oxoruthenium complexes
such as Ru(trpy)(bpy)(O)2

+,238a Ru(TMC)(O)2
+,238b cis-

[Ru(Tet-Me6)O2]2+,171b BaRu(O)2(OH)3,232,238c and Ru-
(Me3tacn)(O)2(CF3CO2)+ClO4

- 215 with alkanes (TMC
) 1,4,8,11-tetramethyl-1,4,8,11-teraazacyclotetrade-
cane, Tet-Me6 ) N,N,N′,N′-tetramethyl-3,6-diazaoc-
tane-1,8-diamine). These oxidations normally show
a relatively large isotope effect (kH/kD) for the oxida-
tion of cyclohexane and tertiary C-H selectivities for
that of adamantane. These facts have been generally
interpreted to be arising from radical character of
hydrogen abstraction by oxoruthenium intermedi-
ates, since stoichiometric reaction of oxometals with
alkane often shows similar reactivities.

Aerobic oxidation of alkanes are a particularly
important subject for the industrial process such as
oxidative transformation of cyclohexane to cyclohex-
anone. The method employed in the oxidation of
alcohols183 and â-lactams206 as mentioned above can
be applied to aerobic oxidation of alkanes under am-
bient pressure of O2 (1 atm). Thus, RuCl3-239 or Ru-
(TPFPP)(CO)240-catalyzed reactions of alkanes with
molecular oxygen (1 atm) proceed under mild condi-
tions in the presence of acetaldehyde to give the cor-
responding alcohols and ketones (eq 165). Extremely

high turnover number (14 100) for the oxidation of
cyclohexane can be achieved under mild reaction
conditions using Ru(TPFPP)(CO) catalyst.240 The
reaction provides a powerful industrial strategy for
the synthesis of cyclohexanone from cyclohexane, by
combination of Wacker oxidation of ethylene with the
present catalytic oxidation as shown in Scheme 21.

The method is of importance as a forward-looking
process that fulfills future requirements toward atom
economy.

Direct use of molecular oxygen without photoexci-
tation or reducing agents are the most desirable
methods for aerobic oxidation of alkanes. Very few
methods for direct aerobic oxidation of alkanes have
been reported using ruthenium cluster catalyst

[Ru3O(OCOCF2CF2CF3)6(Et2O)3]+ 241 and ruthenium-
substituted polyoxometalate [WZnRu2(OH)(H2O)-
(ZnW9O34)2]11- 242 (eq 166).

IV. Isomerization
Various low-valent ruthenium complexes act as

efficient catalysts for isomerization of â,γ-unsatur-
ated oxygen and nitrogen containing compounds,
since ruthenium hydride intermediates have a strong
affinity to promote hydrometalation of olefins and
â-elimination of ruthenium hydride as shown in
Scheme 22. The representative examples of the

isomerization reaction of olefins with hydridoruthe-
nium catalysts are shown below. Diallyl ethers are
converted into allyl vinyl ethers which undergo the
subsequent Claisen rearrangement to give the cor-
responding γ,δ-unsaturated aldehydes (eq 167).243

Other allylic compounds such as allylbenzenes (eq
168),244 N-allylamides (eq 169),245 and allyl silyl
ethers (eq 170)246 undergo selective isomerization

with hydridoruthenium catalysts to afford the cor-
responding vinylbenzenes, enamides, and silyl enol
ethers, respectively. Similar treatment of alkyl allyl
acetals gives the corresponding alkyl alkenyl acetals
which can be converted into aldehydes247 and

Scheme 21

Scheme 22

2624 Chemical Reviews, 1998, Vol. 98, No. 7 Naota et al.



esters248 via Lewis acid-promoted O- to C-migration
(eqs 171 and 172). The reaction has been applied to
the asymmetric reactions using Ru2Cl4(diop)3 catalyst
(eq 173).249 Alkynes such as propargyl silyl ethers

(eq 174),250 R,â-ynones (eq 175),251 and 2-ynoic esters
(eq 176)252 are converted into the corresponding

dienyl compounds. Similar treatment of unsaturated
alcohols such as allyl alcohols89 and propargyl alco-

hols90 gives rise to isomerization to the corresponding
carbonyl compounds via intermolecular hydrogen
transfer.

When homoallyl alcohols are heated in water under
the similar reaction conditions, reshuffling of both
hydroxy group and the olefin occurred via the similar
isomerization to afford the corresponding allyl alco-
hols (eq 177).253 A possible mechanistic explanation

for this selective reshuffling of hydroxy group is
shown in Scheme 23. Hydroruthenation and â-hy-

dride elimination give the allyl alcohol hydrido
complex 98. π-Allyl ruthenium complex 99 is formed
through carbon-oxygen bond cleavage of the allyl
alcohol. Nucleophilic attack of water at less hindered
side of 99 affords the stable complex 100 which gives
the product and ruthenium hydride to complete the
catalytic cycle.

Allylamines react with acrylic compounds in the
presence of Ru(cod)(cod) catalyst to give cyclobutane-
â-amino acid derivatives (eq 178).254 The reaction can

be rationalized by the formation of the enamines by
the ruthenium-catalyzed isomerization and subse-
quent cycloaddition reaction with acrylic compounds.

Rearrangement of tetracyclic diterpenoids such as
5,16-epoxybeyeranes 101 to kaur-15-enes 102 was

Scheme 23

Scheme 24
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usually carried out by treatment with Lewis acid
(Scheme 24). The moderate Lewis acidity of ruthe-
nium complexes has proven to be suitable to perform
these isomerization reactions catalytically. Typically,
treatment of ent-18-acetoxy-15R,16R-epoxybeyerane
(103) with Ru(acac)3 catalyst at 140 °C gives ent-18-
acetoxy-14R-hydroxy-(16R)-kauran-15-one (104) as a
sole product (eq 179).255

V. Nucleophilic Addition to Carbon−Carbon and
Carbon−Heteroatom Multiple Bonds

Since some ruthenium complexes bearing hydrido,
olefin, and arene ligands easily dissociate their
ligands to generate coordinatively unsaturated spe-
cies, they can activate the carbon-carbon triple bond
of various alkynes and carbon-nitrogen triple bonds
of nitriles upon coordination. Attack of various
nucleophiles to these activated substrates provides
various catalytic transformations of alkynes and
nitriles.

A. Nucleophilic Addition to Alkynes
Terminal alkynes undergo regioselective nucleo-

philic addition of carboxylic acids upon heating with
various low-valent ruthenium complex catalysts such
as RuCl3,256 Ru(cod)2,257-259 RuCl2(arene),260-264 and
Ru3(CO)12

265 to give the corresponding enols (eq
180).29 The representative results are listed in Table

6. Generally, the nucleophilic attack of carboxylic
acids occurs at the C2 position of alkynes to afford
enol esters bearing exo-olefins, regioselectively. When
formic acid was used as a nucleophile, the corre-
sponding saturated ketones could be obtained via

hydrolysis of the enol esters (eq 181).266 Propargyl

alcohols can be converted into the corresponding
R-acetoxy ketones via regioselective addition of car-
boxylic acid and subsequent transesterification reac-
tion with the hydroxy group (eq 182).267

The reaction can be simply rationalized by assum-
ing the mechanism shown in Scheme 25. Nucleo-

philic attack of carboxylic acid to the coordinated
alkyne of complex 105 gives acyloxyvinyl ruthenium
complex 106. Protonation of 106 produces the prod-
uct enol esters and low-valent ruthenium complex to
complete the catalytic cycle. To explain the regiose-
lective attack of carboxylic acids at C2 position of
alkynes, the resonance structures 107 and 108, which

are corresponding to 105, have been postulated as
reactive intermediate.29b,260,263 Alternatively, a mech-
anism involving oxidative insertion of ruthenium into
the O-H bond of carboxylic acid has been postulated.
The resulting hydridoacyloxy ruthenium reacts with
alkynes to afford an acyloxyvinyl ruthenium complex

Table 6. Addition of Carboxylic Acids to Alkynes

Scheme 25
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which undergoes reductive elimination to complete
the catalytic cycle.257

It is in contrast to the fact that some π-allyl ru-
thenium complexes bearing alkyldiphosphine ligands
catalyze regioselective attack of carboxylic acids to
C1 position of alkynes. (Z)-Enol esters can be ob-
tained with high regio- and stereoselectivities upon
treatment of terminal alkynes with various carboxylic
acids in the presence of Ru(dppb)(η3-CH2CMedCH2)2
catalyst (eq 183).268 Since the diphosphine ligand

bearing the longer chain such as dppb affords better
chemoselectivity, steric factors rather than electronic
effects could be responsible for the external attack
of carboxylic acids to 107 or 108.

When propargylic alcohols are allowed to react with
benzoic acid under the similar reaction conditions,
isomerization reaction takes place selectively to af-
ford the corresponding R,â-unsaturated aldehydes (eq
184).269 The reaction can be explained by the forma-

tion of the corresponding enol esters and cyclic
intermediate 109. Thermal elimination of benzoic
acid gives the product.

Amides also act as nucleophiles toward addition to
terminal alkynes under the similar reaction condi-
tions. Ru3(CO)12-catalyzed addition of N-aryl amides
to terminal alkynes proceed regioselectively at C1
position to afford the corresponding (E)-enamides (eq
185).270 Redox mechanism including oxidative addi-

tion of N-H bond of amides to ruthenium followed
by insertion of triple bond, and reductive elimination
has been postulated for this reaction.

A similar type of nucleophilic addition to terminal
alkynes can be performed with a combined use of
secondary amines and CO2. Thus, using ruthenium

catalysts such as RuCl3,271 RuCl2(PR3)(arene) (eq
186),271c Ru(Ph2P(CH2)nPPh2)(η3-CH2CMedCH2)2 (eq

187),272 and Ru3(CO)12,271c,273 terminal alkynes can be

converted into the corresponding vinyl carbamates
under CO2 pressure. An intramolecular version of
these reactions using propargylamines afford cyclic
enol carbamates (eq 188),274 while similar treatment

of propargyl alcohols affords the corresponding â-oxo
alkylcarbamates via R-methylene cyclic carbonate
and subsequent nucleophilic addition of amines (eq
189).275 Employing primary amines instead of sec-

ondary ones gives rise to the subsequent nucleophilic
reaction of primary amines with the product vinyl
carbamates to afford the corresponding N,N′-dialkyl-
ureas (eq 190).276 These are very rare successful
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cases for utilization of CO2 in organic synthesis. The
regioselectivity of the reactions is opposite that
observed for the addition of carboxylic acids to the
same alkynes. Considering the opposite regioselec-
tivity and the fact that reaction occurs only with
terminal alkynes, it has been postulated that the
reaction proceeds via the formation of vinylidene
ruthenium intermediate 110 as shown in Scheme
26. Thus, the reaction of terminal alkynes with low-

valent ruthenium complex gives 110 via 1,2-hydrogen
shift.277 The reaction of CO2 with a secondary amine
gives ammonium carbamate, which undertakes re-
gioselective nucleophilic attack to 110 to afford
complex 111. Protonation of 111 affords products
and regenerates the low-valent ruthenium com-
plex.

Intramolecular addition of O-H to a terminal
carbon-carbon bond of alkyne has been performed
under the similar conditions using hydroxy enynes
as a substrate.278 Typically, the reaction of (Z)-3-
methylpent-2-en-4-yn-1-ol with RuCl2(PPh3)(p-cymene)
catalyst at 60 °C gives 2,3-dimethylfuran (eq 191).

When a mixture of terminal alkynes, water, and
alkyl vinyl ketones is allowed to react with a catalytic
system consisting of RuClCp(cod), NH4PF6, and
In(OSO2CF3)3, the corresponding 1,5-diketones can
be obtained selectively (eq 192).279 Although precise

mechanism remains to be clarified, the reaction can
be rationalized by assuming the ruthenium-catalyzed
nucleophilic addition of water to alkynes as similar
to the addition of carboxylic acids. Isomerization
gives the ruthenium enolate intermediate 112, which
undergoes conjugate addition with alkyl vinyl ke-
tones and the subsequent protonation to give the
product (Scheme 27). Similar conjugate addition of
propargyl alcohols to methyl vinyl ketones can be

performed with the same catalytic system to give the
corresponding enediones (eq 193).280

Hydrosilanes can act as nucleophiles toward alkynes
and alkenes in the presence of ruthenium catalyst.
The RuHCl(CO)(P-i-Pr3)2-catalyzed hydrosilylation of
phenylacetylene affords cis-PhCHdCHSiEt3 with
high regio- and stereoselectivities (eq 194),281 while
reductive hydrosilylation occurs upon similar treat-
ment with styrenes in the presence of Ru3(CO)12
catalyst to give the corresponding trans-vinylsilanes
(eq 195).282

B. Nucleophilic Addition to CN Triple Bonds of
Nitriles

Transformations of cyano functionality with nu-
cleophiles have been useful synthetic methods for the
preparation of a variety of carbonyl compounds;
however, the method often encounters the limitation
of acidic conditions that are required to activate
rather stable CN triple bonds. Low-valent ruthe-
nium complexes have proven to show remarkable
Lewis acidity, and high efficiency for the activation
of CN triple bond of nitriles. Capture of intermediate
113 with nucleophiles provides a variety of catalytic
transformations of nitriles under neutral conditions
(Scheme 28).30,31

When only 1-2 equiv of water are used as nucleo-
phile, hydration of nitriles proceeds smoothly upon

Scheme 26

Scheme 27

Scheme 28
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treatment with RuH2(PPh3)4 catalyst under neutral
conditions to give the corresponding amides (eq
196).283 Similar treatment with δ-ketonitriles, ob-

tained readily by cyanoethylation of ketones, pro-
ceeds efficiently to give the corresponding ene-
lactams, which are versatile synthetic intermediates
for various nitrogen-containing biologically active
compounds such as (-)-pumiliotoxin C (114), an
interesting toxic skin alkaloid produced by Central
American frogs (eq 197).283 By carrying out the

nucleophilic attack with alcohols instead of water, the
catalytic condensation of nitriles with alcohols can
be performed under neutral conditions to give the
corresponding esters with evolution of ammonia gas
(eq 198).284 The intramolecular version of the present

reaction provides an efficient method for synthesis
of lactones (eq 199). When employing primary or

secondary amines as a nucleophile, a novel synthesis
of amides from nitriles under neutral conditions has
been performed with RuH2(PPh3)4 catalyst.285 The
primary amino groups of polyamines are acylated
chemoselectively with nitriles in the presence of
secondary amino groups (eq 200). The present cata-

lytic condensation can be applied to industrially
important polyamide synthesis from either dinitriles
and diamines or aminonitrile.285 Typically, the reac-
tion of adiponitrile with hexamethylenediamine and
2 equiv of water affords nylon-6,6 (115) under neutral
conditions with practical molecular weight (eq 201).

Moderate Lewis acidity of ruthenium complexes
has been used for catalytic reactions of other Lewis
acid-promoted reactions. Asymmetric aldol reaction
of p-nitrobenzaldehyde with acetone has been per-
formed with a combination of RuCl3 catalyst and
L-tyrosine ethyl ester to afford the corresponding
optically active â-hydroxy ketone.286 The ruthenium
salen complex trans-[Ru(salen)(NO)(H2O)]SbF6 shows
catalytic activity for Diels-Alder reactions.287 Ru-
thenium complexes also act as catalysts for tetrahy-
dropyranylation of alcohols288 and acetalization of
aldehydes.289 Hetero Diels-Alder cycloaddition of
benzaldehyde to 1-methoxy-3-[(trimethylsilyl)oxy]-
1,3-butadiene can be carried out at room temperature
in the presence of the cationic ruthenium catalyst
[RuCp(PPh3)2(CH2dCH2)]PF6 (eq 202).290 The asym-

metric reaction has been performed with chiral ru-
thenium complex catalysts such as [RuCp((S,S)-chira-
phos)(CH2dCH2)]PF6,290 RuCl(L)(η6-1,3,5-trimethyl-
benzene)]+ (L ) 4-isopropyl-2-(2-pyridyl)-1,3-oxazo-
line),291 and (RRu,SRu)-[(η6-p- cymene)Ru(PN)(H2O)]-
(SbF6)2 {PN ) (3aS,8aR)-2-[2-(diphenylphosphino)-
phenyl]-3a,8a-dihydroindan[1,2-d]oxazole}.292

VI. Carbon−Carbon Bond Formation

A. Carbon−Carbon Bond Formation Initiated by
Oxidative Addition to Low-Valent Ruthenium
Complexes

a. Reactions via Oxidative Addition of C−X Bonds

The ability of ruthenium complexes to form low-
valent coordinatively unsaturated species leads to a
variety of catalytic transformations initiated by
oxidative addition of carbon-halogen and carbon-
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hydrogen bonds. As well as zerovalent palladium
complexes2,293 low-valent ruthenium complexes readily
insert into sp2-carbon-halogen bonds of vinyl halides
to give vinylruthenium complex 116, which can be
trapped with various nucleophiles, providing new
carbon-carbon bonds (Scheme 29). The RuCl2(PPh3)3-

catalyzed reaction of alkenyl halides with various
nucleophiles such as organolithium compounds, Grig-
nard reagents, and thiolates affords the correspond-
ing alkenes and alkenyl sulfides with high stereospec-
ificity (eq 203).293 Heck-type reactions of vinyl halides

with electron-deficient olefins can be performed with
Ru(cod)(cot) catalyst (eq 204).294

b. Reactions via sp-C−H Activation
The sp-C-H bond of terminal alkynes undergoes

oxidative addition to transition metal complexes to
afford reactive hydrido alkynyl complexes. Capture
of the intermediate with carbon electrophiles provides
catalytic carbon-carbon bond formations. Dimer-
ization of terminal alkynes is one of the typical
reactions in this field. Thus, the conjugated enyne
synthesis has been studied with various transition
metal catalysts such as Ti, Pd, and Rh,295 where most
of the reactions afford head-to-tail coupling products
117 preferentially (eq 205). Hydridoruthenium(II)
complexes bearing tetradentate phosphine ligands,
[RuH(H2)P(CH2CH2PPh2)3]BPh4 or [RuH(N2)P(CH2-

CH2PPh2)3]BPh4 catalyze selective tail-to-tail cou-
pling reaction of terminal alkynes affording (Z)-1,4-
disubstituted enynes 118 (eq 206).296 RuH3Cp*L

complexes are also effective catalysts for the selective
tail-to-tail dimerization of terminal alkynes,297 where
ligand environment of the metal catalysts plays an
important role to the stereoselectivity of the product
(eq 207). Similar treatment of tert-butylacetylene

with RuH2(CO)(PPh3)3 or Ru(cod)(cot) catalyst gives
the corresponding cumulene compound, (Z)-1,4-di-
tert-butylbutatriene (eq 208).298

The mechanistic aspect of the dimerization of
terminal alkynes has been studied extensively.298b

The reactions can be rationalized by the formation
of alkynyl ruthenium complex 119 which is derived
from the reaction of dihydridoruthenium with ter-
minal alkynes via sp-C-H activation (Scheme 30).
Coordination of the second alkyne followed by 1,2-

Scheme 29

Scheme 30
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hydrogen shift affords alkynyl vinylidene complex
120.277 Migration of the alkynyl group to the R-posi-
tion of the vinylidene group gives vinyl complex 121.
Protonation of 121 with alkynes would give the 1,3-
enyne and complex 119 to complete the catalytic
cycle.298 Selective tail-to-tail dimerization observed
specifically with ruthenium catalysts would be as-
cribed to the formation of 121 and 122. In the
particular case of tert-butylacetylene, the 1,3-shift of
ruthenium metal of 121 would occur fast to give
allenylidenyl complex 122, which can be converted
into cumulene and 119.298

When activated alkynes are trapped with other
electrophiles such as 1,3-dienes or allenes, a selective
cross-coupling reaction can be performed with ruthe-
nium catalysts. The reaction of terminal alkynes
with 1,3-dienes in the presence of RuH2(CO)(PBu3)3
or RuH2(PBu3)4 catalyst affords the corresponding
linear conjugated enyne with high regioselectivity (eq
209).299 The reaction of deuterium-labeled phenyl-

acetylene with methyl (E,E)-2,4-hexadienoate gives
erythro-4-deuterated isomer 123 as a sole product (eq
210). By using hydroxy allenes as an electrophile,

exo-enynes can be prepared upon treatment with a
catalytic amount of RuH2(PPh3)4 and ferrocenylphos-
phine.300 The reaction of deuterium-labeled phenyl-
acetylene with hydroxy allene 124 also gives the
corresponding R-deuterated enyne 125 exclusively (eq
211). The deuterium incorporation as depicted in eqs

210 and 211 strongly suggests that the reactions are
initiated by sp-C-H activation of terminal alkynes.

c. Reactions via sp2-C−H Activation
The sp2-C-H bond of alkenes also undergoes

oxidative addition to low-valent ruthenium complexes

to afford reactive hydridoalkenyl complex 126.301

Capture of these intermediates with carbon electro-
philes provides a variety of catalytic carbon-carbon
bond formations (Scheme 31). Attack of 126 to the
second olefins provides catalytic dimerization of
olefins. The selective tail-to-tail dimerization of
acrylates and acrylonitrile is attractive as an alterna-
tive to the currently practiced cyclohexane oxidation
in the synthesis of adipic acid, an important nylon
intermediate, and as an intermediate in fine chemical
synthesis.302,303 Ruthenium complexes such as RuCl3
are effective catalysts for the selective tail-to-tail
dimerization of methyl acrylate to give dimethyl
hexenedioate (eq 212).304 The reactions can be per-

formed efficiently under milder reaction conditions
in the presence of molecular hydrogen pressure (eq
214).305 After these reports, several efficient catalytic
systems such as (η6-C6H6)(maleic anhydride)2Ru/
sodium naphthalenide,306 RuCl3/Zn/MeOH (eq 213),307

Ru3(CO)12,308 RuH2(CO)(PPh3)3/CF3SO3H,309 and Ru-
(η6-naphthalene)(η4-cod),310 and RuCl2(dmso)4/CH3-
CH2CO2Na/DMSO/carboxylic acid (eq 215)311 have
been reported. Selective tail-to-tail dimerization of

reactive acrolein can be also performed with Ru(cod)-
(arene) catalyst, although the turnover number is
rather low (eq 216).312

Scheme 31
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Chemoselective carbon-carbon bond formation at
the ortho positions of aromatic carbonyl compounds
can be performed by sp2-C-H bond activation with
ruthenium dihydride complexes. As shown in Scheme
32, oxidative addition to coordinatively unsaturated

low-valent ruthenium complex of ortho C-H bonds
proceeds regioselectively by assistance of chelation
with carbonyl groups to afford hydridophenyl ruthe-
nium complex 127. Hydrometalation of 127 with
olefin gives alkylphenylruthenium 128 which un-
dergo reductive elimination of ruthenium to afford
the o-alkylated aromatic carbonyl compound. The
alternative pathway is the carbometalation of 127 to
afford hydridoalkyl complex 129 which undergoes
reductive elimination to give the coupling product.
The latter mechanism seems unlikely since interme-
diate 129, if formed, should give the corresponding
olefins by fast â-hydrogen elimination. The reaction
of aromatic and heteroaromatic ketones with various
olefins such as ethylenes, styrenes, norbornenes,
vinylsilanes, and allylsilanes in the presence of RuH2-
(CO)(PPh3)3 gives the corresponding ortho-alkylated
aromatic ketones with high regioselectivity (eqs 217-
219).313 Acetophenones bearing meta substituents

such as methyl, trifluoromethyl, and N,N-dimethyl-
amino groups undergo regioselective alkylation at the
6-position (eq 220).314 The method has been applied

to the regioselective introduction of side chain to
tricyclic terpenoid (eq 221).315 The reaction also can

be applied to the copolymerization of various terminal
dienes with acetophenone (eq 222).316 Intermolec-

ular version of the reaction provides a method for
the preparation of hyperbranched poly(4-acetylsty-
rene).317

The coupling reaction of aromatic ketones with
alkynes can be performed by trapping the intermedi-
ate 127 in Scheme 32. Only in the case of reactive
substrates such as R-tetralone and heteroaromatic
ketones, does the coupling reaction occur to give the
corresponding R-divinyl compounds (eqs 223 and
224).318

Scheme 32
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Similar treatment of aromatic esters also gives
alkylated products at the ortho position,319 although
these substrates generally require CF3 or F groups
at the aromatic rings for completion of the reaction
(eq 225). In the case of aromatic imines, the reaction

is contaminated by the dehydrogenated coupling
product 131, while use of Ru3(CO)12 catalyst greatly
increases the yield of coupling product 130 (eq 226).320

When a similar reaction was carried out under CO
pressure in the presence of ethylene, propionylation
at the ortho position, and the subsequent cyclization
to give the corresponding aminoindanone 132. Com-
pound 132 can be converted into the corresponding
indenones upon treatment with silica gel under mild
conditions (eq 227).321

Catalytic carbon-carbon bond formation of R,â-
unsaturated carbonyl compounds can be performed.
Thus, treatment of R,â-unsaturated ketones and
esters with olefins322,323 and acetylenes322 gives rise
to similar regioselective coupling reactions at â-posi-
tion (eqs 228 and 229).

Chemoselective activation of sp2-C-H bonds of
aromatic ketones and R,â-unsaturated esters has
been confirmed by the stoichiometric reaction of low-
valent dihydridoruthenium complex with these sub-

strates. The reaction of benzophenone with RuH2-
(PPh3)4

45c or RuH4(PPh3)3
324 gives the corresponding

ortho-metalated ruthenium hydride complex (eq 230).

Similar chemoselective C-H bond cleavage was also
observed in the reactions of acetophenone with Ru-
Cl(OAc)(CO)(PPh3)2

325 and alkyl methacrylates with
RuH2(PPh3)4 (eq 231)301 to afford the corresponding
arenyl and alkenyl ruthenium(II) hydride complexes.

Heteroaromatic compounds such as pyridine, imid-
azole, furan, and thiophene undergo oxidative addi-
tion of metals at adjacent position of heteroatom.
Ru3(CO)12 is reported to selectively activate the ortho
position of nitrogen-containing aromatic heterocycles
to form ortho-metalated species (eq 232).326,327 In a

similar way, trapping the intermediate with electro-
phile provides chemoselective coupling reactions at
the adjacent position of heteroaromatic compounds.
Thus, catalytic carbonylative alkylation of pyridine328

and 1,2-dimethylimidazole329 can be performed upon
treatment with terminal olefins in the presence of
Ru3(CO)12 catalyst under CO pressure affording the
corresponding 2-acylpyridines and 4-acylimidazole,
respectively (eqs 233 and 234). Similar treatment
of pyridylbenzenes with ethylene results in propio-
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nylation at o-C-H bonds in the benzene ring (eq
235).330 It is noteworthy that the assistance of

o-acetyl group toward the sp2-C-H activation acts
more effectively than that of nitrogen of pyridine.
Thus, the reaction of 4-acetylpyridine with alkenes
in the presence of RuH2(CO)(PPh3)3 catalyst affords
a mixture of the corresponding 3-alkylated and 3,5-
dialkylpyridines without contamination of 2-alkylpy-
ridines.331

The reaction of furan or thiophene with alcohols
in the pressure of RuCl3 catalyst gives the corre-
sponding R-alkylated dimers and trimers of furan and
thiophene via similar C-H activation (eq 236).332

Recently, it was found that the cooperative action
of the multinuclear center of ruthenium clusters
plays an important role to selective activation of a
sp2-C-H bond of olefins. Treatment of tetrahydride-
bridged ruthenium complex [(η5-C5Me5)Ru]2(µ-H)4
(133) in toluene with an atmospheric pressure of
ethylene gives the corresponding divinyl complex 134
via bimetallic cooperative interaction (eq 237).333

Similar selective C-H activation arising from mul-
timetal cooperative interaction has been observed
in the reaction of trinuclear pentahydride-bridged

ruthenium complex [(η5-C5Me5)Ru]3(µ-H)3(µ3-H)2 (135)
with butadiene to afford 136 (eq 238).334 These new

principles will open a new chemistry for selective
catalytic carbon-carbon bond formations initiated by
C-H activation.

The sp2-C-H bond of aldehydes or formate esters335

undergoes oxidative addition to various transition
metals to afford hydrido acyl complex 137. Upon
treatment with olefins, insertion reaction occurs to
give the corresponding alkyl acyl complex 138 which
undergoes subsequent reductive elimination to afford
the corresponding carbonyl compound (Scheme 33).

This type of catalytic hydroacylation reaction and
hydroesterification reaction has been performed specif-
ically using ruthenium complexes, while with other
transition metals such as rhodium decarbonylation
of 137 predominates.

Low-valent ruthenium complexes such as Ru3-
(CO)12, Ru(cod)(cot), and Ru(cod)2 show high cata-
lytic activity for the hydroacylation of olefins with
various aromatic and heteroaromatic aldehydes at
180-200 °C under CO pressure to give unsymmetri-
cal ketones (eq 239).336 The pressure of CO is essen-

tial for efficient formation of ketones in order to avoid
consumption of the starting aldehyde by decarbon-
ylation reaction. Similarly, methyl formate can be
converted into methyl propanoate with high selectiv-
ity upon treatment with ethylene and ruthenium

Scheme 33
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catalysts such as RuCl2(PPh3)3,337 RuH2(PPh3)4,338

[Ru3(CO)10Cl][PPN] (PPN ) bis(triphenylphosphor-
anylidene)ammonium),339 RuCl3/2Et4NI,340 and Ru3-
(CO)12/[PPN]Cl (eq 240).341

Tischenko-type reactions, where two molecules of
aldehydes are converted into the corresponding esters
without water, can be performed with RuH2(PPh3)4
catalyst under reduced pressure (eq 241).342 The

reaction can be rationalized by the oxidative addition
of ruthenium into C-H bond of aldehyde, hydro-
metalation of the second aldehyde, and reductive
elimination of ruthenium (Scheme 34).

d. Reactions via sp3-C−H Activation

Although sp3-C-H activation is a challenging
problem and lies even at the level of stoichiometric
reactions, several catalytic transformations initiated
by sp3-C-H activation have been reported by using
ruthenium catalysts. Catalytic reactions via sp3-
C-H activation of benzylic positions can be per-
formed with low-valent ruthenium complexes. Upon
treatment with RuH2(dmpe)2 or RuH(2-naphthyl)-
(dmpe)2 catalyst at elevated temperature, 2,6-xylyl
isocyanides undergo C-H activation at benzylic
positions and the subsequent cyclization to afford
7-methylindoles selectively (eq 242).343 The reaction

can be rationalized by the mechanism as shown in
Scheme 35. Formation of coordinatively unsaturated
Ru(dmpe)2 species by reductive elimination followed
by coordination of isocyanide affords complex 139.
Dissociation of one phosphine atom and intramolecu-
lar C-H insertion to the methyl group gives hydri-
dobenzyl complex 140. Migration of the methylene
group to the isocyanide gives complex 141, which
undergoes isomerization to afford hydrido 2-indolyl
complex 142. Reductive elimination and dissociation
of indole gives Ru(dmpe)2 to complete catalytic cycles.
This mechanism has been confirmed by the kinetic
and the isotope labeling experiments and isolation
of trans-RuH(dmpe)2[2-(7-methylindole)] (143), which
is formed from stoichiometric reaction of 2,6-xylyl

isocyanide with RuH2(dmpe)2 or RuH(2-naphthyl)-
(dmpe)2 at 60 °C (eq 243).343

Allylic position of simple olefins has been function-
alized by the low-valent ruthenium complex cata-
lysts. In the presence of a catalytic amount of
Ru3(CO)12 and diimino compound 144, allylic ami-
nation of cyclohexene can be performed with aromatic
nitro compounds under CO pressure to afford the
corresponding industrially important allylamine de-
rivatives (eq 244).344 The reaction can be explained

by the reduction of nitro compounds with CO, which
we will discuss in section VII, and the subsequent
amination reaction via selective C-H activation of
allylic position.

Scheme 35

Scheme 34
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The sp3-C-H activation of R-position of heteroatom
compounds occurs selectively by the assitance of
coordination of heteroatoms with metal complexes.
The activation of R-C-H bond of tertiary amines with
low-valent metal proceeds efficiently by R-heteroatom
effect (Scheme 36). Coordination of the nitrogen of

amines to metal, followed by oxidative addition of the
R-C-H bond gives hydrido alkylmetal complex 145,
which is converted into hydrido iminium ion metal
complex 146. Trapping with nucleophiles such as
amines and water provides novel catalytic reactions
of tertiary amines. Transalkylation reaction345 and
hydrolysis reaction346 of tertiary amines can be
performed with zerovalent palladium catalysts. Simi-
lar reactions have been reported to proceed with
ruthenium carbonyl cluster or RuCl3 catalyst (eq
245).347,348 Oxidative addition of the R-C-H bond of

tertiary amines to ruthenium carbonyl cluster has
been confirmed by the isolation and X-ray analysis
of (µ-H)(µ3-η2-CH3CdNCH2CH3)Ru3(CO)9 and the
related complexes (eq 246).349

The concept leads to the new methodology for the
activation of nitriles under neutral conditions. Oxi-
dative insertion of coordinatively unsaturated ruthe-
nium into R-C-H bond of nitriles occurred selectively
to afford hydrido R-cyanoalkyl complex 147 (Scheme
37).350 Trapping the intermediate with electrophiles

provide catalytic carbon-carbon bond formation at
the R-position of nitriles under neutral conditions.
Thus, aldol reaction of nitriles with carbonyl com-
pounds proceeds with RuH2(PPh3)4 catalyst under
mild and neutral conditions to give R,â-unsaturated
nitriles (eq 247).351 Under similar reaction condi-
tions, nitriles react with olefins bearing electron-
withdrawing groups to give the corresponding Michael
adducts (eq 248).351 Acetylenic compounds bearing
electron-withdrawing groups undergo conjugate ad-

dition with nitriles to give the corresponding olefinic
compounds (eq 249).351 An important feature of the

reaction is the chemoselective aldol and Michael
reactions of nitriles in the presence of other active
methylene compounds. Typically, the RuH2(PPh3)4-
catalyzed reaction of benzaldehyde with an equimolar
mixture of ethyl cyanoacetate and 2,4-pentanedione,
both pronucleophiles have similar pKa values (pKa )
9.0), gave (E)-ethyl 2-cyano-3-phenyl-2-propenoate
(148) exclusively (eq 250). In contrast, the same

reaction in the presence of a catalytic amount of a
conventional base such as AcONH4 or KOH gave a
mixture of 148 and 3-benzylidene-2,4-pentanedione
(75:25). When the reactions are carried out in
acetonitrile, various active methylene compounds
such as 1,3-diketones, â-keto esters, dialkyl mal-
onates, and nitroalkanes react with carbonyl com-
pounds and Michael acceptors under the similar
reaction conditions (eq 251).352 The present methods

can be applied to the reactions of nitriles with other

Scheme 36

Scheme 37
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electrophiles. Reactive imines such as 4-(methoxy-
carbonyl)-N-(4-methylbenzylidene)aniline (149) react
with nitriles under similar reaction conditions to
afford the corresponding cyano amine 150 (eq 252).351

As key intermediates and active catalysts of these
reactions, the oxidative addition products of alkyl
cyanoacetate have been isolated. Thus, stoichiomet-
ric reaction of RuH2(PPh3)4 or RuH(C2H4)(PPh3)2-
(PPh2C6H4) with alkyl cyanoacetates gave hydrido(N-
bonded enolato)ruthenium(II) complexes, mer-RuH-
(NCCHCO2R)(PPh3)3 (151), which are active catalysts
for the aldol and Michael reactions of nitriles (eq
253).351b,353

From various kinetic experiments, the catalytically
active species seems to be zerovalent complex 152,
which is formed by coordination of nitrile to dihy-
dridorutheium complex and subsequent reductive
elimination of molecular hydrogen (Scheme 38).351b

Oxidative addition of the R-C-H bond of the nitrile
to the ruthenium affords a hydrido R-cyanoalkyl-

ruthenium complex, which is converted into hydrido-
(enolato)ruthenium complex 153. Direct interaction
of the enolato ligand with an aldehyde takes place
to give hydrido(aldolato)ruthenium intermediate
154, which undergoes elimination of aldol product
156 to give a coordinatively unsaturated ruthenium
complex 155. Coordination of the nitrile to 155 re-
generates 152 to complete the catalytic cycle. De-
hydration of 156 may proceed under the reaction
conditions.

When isocyanoacetate was allowed to react with
N-sulfonylimines in the presence of RuH2(PPh3)4
catalyst, the carbon-carbon bond formation at the
R-position of isocyanide and the subsequent cycliza-
tion occurred under mild conditions to afford the
corresponding trans-2-imidazolines stereoselectively
(eq 254).354 The reaction can be rationalized by

assuming the similar redox mechanism which in-
volves R-C-H activation of isocyanides and the
subsequent reaction with imines.

The principle of the reactions has been applied to
various transition metal-catalyzed carbon-carbon
bond-forming reactions31 including aldol reactions of
nitriles with aldehydes355-357 and imines,358 Michael
reactions of nitriles,359,360 and the reactions of active
methylene compounds with allenes.361

The intermediate (Ru(bpy)3
2+)* generated by ir-

radiation of Ru(bpy)3
2+ complex has proven to acti-

vate R-C-H bond of heteroatom compounds such as
tertiary amines and acetals by electron-transfer
reactions. Photoinduced reactions such as dealkyl-
ation362 and hydrolysis363 of tertiary amines and
transacetalization reaction364 have been performed
using Ru(bpy)3

2+ catalyst.

B. Carbon−Carbon Bond Formation Initiated by
Ruthenium Carbene Complexes

a. Olefin Metathesis and Related Reactions

The olefin metathesis, the metal-catalyzed ex-
change of the alkylidene groups of two olefins are
representative catalytic reactions initiated by metal
carbene intermediates. It has been used in the
polymer chemistry mainly using early transition
metal complex catalysts.34,365 Although certain metal
carbene-based metathesis catalysts can polymerize
strained cyclic olefins, their sensitivity to air and
protic media severely limits their application as living
ring opening metathesis polymerization (ROMP)

Scheme 38
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catalysts (eq 255). It has been known that RuCl3‚

nH2O catalyzes the polymerization of cycloolefins
such as cyclobutene,366 norbornene,367 and 7-oxanor-
bornene.368 RuCl3‚nH2O has proven to be effective
ROMP catalyst in protic media such as water.369

Polymerization of 7-oxanorbornene derivatives pro-
ceeds rapidly in water alone to produce the ROMP
polymer in nearly quantitative yields with narrow
polydispersity (eq 256).

Although it was reasonably assumed that the
active species are ruthenium-carbene complexes, the
intermediate had remained unclear for a long time.
Stable ruthenium alkenylidene phosphine complexes
157370 were found to be readily obtained by the
reaction of RuCl2(PPh3)3 with diphenylcyclopropene
(eq 257), and complexes 157 have proven to be

effective catalysts for ring-opening polymerization of
olefinic substrates. Norbornene and 7-oxanorbornenes
undergo the polymerization even in protic media such
as alcohols and water to afford the corresponding
polymers with narrow polydispersity (eq 259) (Mw/
Mn ) 1.25).370 The linear relationship between
molecular weight and monomer/catalyst ratios and
the absence of chain-transfer and termination pro-
cesses indicated that these systems are living.370b Air-
stable alkylidene phosphine complexes 158, which
can be obtained by the reaction of RuCl2(PPh3)3 with
aryl diazomethane (eq 258),14 or the reaction of RuH2-

(H2)2(PCy3)2 with PhCHCl2 and cyclohexene,371 have
proven to be more effective ROMP catalyst. With
158a catalyst ROMP polymerization of norbornene
proceeded 1000 times faster and with higher poly-
dispersity (Mw/Mn ) 1.04) than those with 157a cata-
lyst (eq 259).14 Other ruthenium complex catalysts

such as RuCl2(p-cymene)PCy3
372 and a combination

of allyl ruthenium complex 159 with ethyl diazoac-

etate373 have also proven to be highly efficient ROMP
catalysts. These are quite rare examples of living
polymerization which can be performed in water
media. This method has been applied to the prepa-
ration of ferroelectric liquid crystal 161 by 157b-
catalyzed oligomerization of mesogenic diene 160 (eq
260).374

The intramolecular version of the principle of olefin
metathesis provides a selective and versatile method
for ring closure of olefinic compounds as shown in
Scheme 39.34e,f,375 The reaction of R,ω-dienes with

ruthenium carbene complex gives ruthenacyclobu-
tane 162, which undergoes dissociation of ethylene
to afford the second carbene complex 163. Subse-
quent formation of the other ruthenacyclobutane 164
followed by elimination of the carbene complex af-
fords the cyclic olefin catalytically. The catalytic
activity of several ruthenium catalysts of the formula
(PR3)2X2RudCHCHCPh2 have been examined for the
conversion of diethyl diallylmalonate to the corre-
sponding cyclopentene, and the following order of

Scheme 39
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increasing activity was determined: X ) I < Br <
Cl and PR3 ) PPh3 , P-i-Pr2Ph < PCy2Ph < P(i-Pr)3
< PCy3.376

Ruthenium-carbene complex-catalyzed reactions
of various functionalized 1,6-, 1,7-, and 1,8-dienes
give the corresponding five-, six-, and seven-mem-
bered cyclic olefins (eqs 261 and 262).377 Various

amines, amides (eqs 263 and 264),377-379 ureas,380

ethers (eq 265),377,381 and siloxanes382 can be cyclized

efficiently to afford the corresponding heterocyclic
compounds. Diastereocontrolled cyclization can be
performed from optically active R,R′-disubstituted
diallylamine derivatives to afford the corresponding
pyrrolidines (eq 264).379 It is noteworthy that various
modes of macrocyclizations can be performed with
these catalysts. Macrocyclic compounds such as
eight-membered cyclic amino compounds (eq 266),383

14-384 and even 38-membered385 macrocyclic peptides
(eqs 267 and 268), 21-membered macrolides (eqs
269),386 crown ethers,387 and bridged calixarenes388

can be prepared directly from the corresponding
dienes without a high-dilution technique. This method
has been utilized for the key step of the syntheses of
various biologically active ring compounds such as
epothilone A (eq 270),389 manzamine A,390 coronafacic
acid,391 lasiodiplodin,392 bicyclic â-lactams,393 castano-
spermine,394 scalemic azocines,395 and (+)-ricinelaidic
acid lactone.396 Atactic 1,2-polybutadienes also un-
dergo similar ring-closing cyclization of neighboring
vinyl substituents upon treatment with 158c catalyst

to give the polymer bearing methylene-cyclopentene
unit (eq 271).397 The method can be applied to the
preparation of crown ethers,398 [2]catenanes (eq
272),399 and copper(I)-complexed 82-membered knot-
ted ring400 by utilizing template effect of alkali and
transition metals.
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When strained olefins such as fused cyclobutenes
are allowed to react with olefins in the presence of

157b catalyst, ring-opening cross metathesis takes
place selectively rather than ring-opening metathesis
polymerization of the cyclobutene to give vicinal
divinyl compounds (eq 273).401 This ring-opening

cross metathesis can be rationalized by assuming the
mechanism as shown in Scheme 40. Alkylidene ru-

thenium complex 165 reacts selectively with more
reactive strained olefin 166 to afford the correspond-
ing alkylidene ruthenium complex 167. Reaction of
165 with terminal olefins gives the product chemose-
lectively instead of ROMP product, since complex 165
bearing bulky substituted alkylidene moiety does not
react with bulky olefin 167.

Similar treatment of cyclobutene substrate 168
with ethylene gives divinyl compound 169 with high
regio- and stereoselectivities.402 This method pro-
vides a facile and convenient route to functionalized
bicyclo[6.3.0] ring systems by pyrrolysis of the prod-
ucts (eq 274).

Bis(allyl) ethers of cycloolefin diols undergo tandem
ring-opening-ring-closing metathesis under the simi-
lar reaction conditions to afford the corresponding
cyclic ethers (eq 275).403 The conversion would

involve acyclic metathesis of the olefin followed by
the formation and ring-opening of an intermediate
metallacyclobutene 170. A second ring-closing me-
tathesis via carbene complex 171 gives the product
and regenerates catalyst (Scheme 41).

Scheme 40
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Enynes also undergo similar ring-closing metath-
esis reactions with these ruthenium carbene complex
catalysts to afford the corresponding cycloalkenes
bearing conjugate olefin moiety. Five-, six-, and
seven-membered cyclic amine derivatives have been
synthesized from the corresponding N-tosyl-N-alke-
nylpropargylamines highly efficiently (eqs 276 and
277).404 The reaction can be explained by the chemose-

lective formation of ruthenacyclobutene intermediate
172, which undergoes similar sequence of ring cleav-
age and formation of ruthenacycles to afford the
product (Scheme 42). The method has been applied

to total synthesis of (-)-stemoamide (eq 278)405 and
the preparation of bicyclic â-lactams.406 Treatment
of the 1,6- and 1,7-enynes with [RuCl2(CO)3]2 catalyst

under CO atmosphere gives the conjugated vinylcy-
cloalkenes (eq 279).407 They are in contrast to the

well-documented cycloisomerization of enynes with
palladium catalysts producing 1,2-bis(ethylene)cy-
cloalkanes.408

Dienynes, in which the alkyne moiety is located on
the intervening position between two olefins, undergo
the ring-closing sequential metathesis giving the
corresponding fused bicyclic ring systems.409 Sym-
metrical dienyne 173 can be converted into the fused
bicyclo[4.3.0] ring (eq 280). Similar treatment of
dienes such as 174 and 175 bearing sterically dif-
ferentiated olefins produce only the bicyclo[4.4.0] and
bicyclo[5.3.0] compounds, respectively (eqs 281 and
282). In these reactions, enyne metathesis starting

from ruthenium carbene such as 176 would generate
the first ring to regenerate carbene 177. Ring-closing
metathesis with a second diene produces the fused
ring (Scheme 43). The high regiochemical control in
eqs 281 and 282 is ascribed to the facility of initial
acyclic metathesis reaction of sterically less bulky
olefinic moiety.

Scheme 41

Scheme 42
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Intramolecular enyne metathesis of disubstituted
alkynes with ethylene gas gives the corresponding
1,3-dienes (eq 283).410 Triynes undergo a cascade of

four metathesis reactions to give the corresponding
benzene derivatives (eq 284).411

Specific cleavage and recombination of carbon
skeletons have been observed in the Ru(cod)(cot)-
catalyzed dimerization of norbornadiene, giving pen-
tacyclo[5.4.2.1,7.13,6.010,13.012,14]tetradeca-4,8-diene (eq
285),412 where the structure of norbornadiene could

have initially decomposed to smaller molecules such
as C5 and C2 moieties. The reaction seems likely to
proceed via ruthenium carbene intermediate, al-
though the precise mechanism remains unclear.
b. Cyclopropanation

One of the remarkable progresses in the catalytic
reactions via carbene complex is the development of
efficient asymmetric cyclopropanation of olefins. Prac-

tical asymmetric cyclopropanation reactions of olefins
with diazo compounds can be performed with transi-
tion metal complex catalysts such as RuCl2(PPh3)3,413

Rh,414a and Cu complexes.414b By using chiral 2,6-
bis(2-oxazolin-2-yl)pyridine (pybox) ruthenium com-
plex catalyst 178, the reaction of diazoacetates with
styrenes can be carried out with high enantioselec-
tivity to afford the corresponding cis- and trans-2-
phenylcyclopropanecarboxylates (eq 286).415 The high
enantioselection of the reaction can be explained by
exclusive re face attack of styrene to the resulting
ruthenium carbene intermediate 179 as shown in
Scheme 44. Similar asymmetric cyclopropanation

reactions can be performed by using optically active
ruthenium porphyrin complexes with moderate to
high enantioselectivity.416

c. Reactions via Ruthenium Vinylidene Complexes
Vinylidene ruthenium complexes derived by the

1,2-hydrogen shift of cationic ruthenium alkyne
complexes277 are intermediates for various ruthenium-
catalyzed coupling reactions of acetylenes with ole-
fins. When vinylidene intermediate 180 is allowed
to react with allyl alcohol, reconstitutive condensa-
tion takes place via the formation of allyloxy carbene
complex 181, subsequent metalla-Claisen rearrange-
ment affording acylallyl complex 182, and reductive
elimination of ruthenium (Scheme 45).33 A combina-

tion of RuClCp(PPh3)2 and NH4PF6 catalyzes the
reaction of terminal alkynes with allyl alcohols to
afford the corresponding â,γ-unsaturated ketones (eq
287).417 When propargylic alcohol 183 is employed

Scheme 44

Scheme 45

Scheme 43
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as an alkyne, the corresponding allenylidene ruthe-
nium intermediate 184 is formed via 1,2-hydrogen
shift and the subsequent dehydration (Scheme 46).
Intramolecular nucleophilic attack of hydroxy group
to the allenylidene moiety to afford the vinylidene
complex 185, which undergoes similar reconstitutive
addition as shown in Scheme 45. â,γ-Unsaturated
ketones bearing cyclic ether skeletons can be pre-
pared directly by the reaction of hydroxy propargyl
alcohols with allyl alcohol under the similar reaction
conditions (eq 288).418 Efficiencies of these reactions
are illustrated by practical synthesis of rosefuran
(186, eq 289)419 and spiroketal subunit of (-)-caly-
culin A (eq 290).420

Under the similar reaction conditons, conjugated
dienyl terminal alkynes undergo 6π-electrocyclization
to give the corresponding aromatic rings (eq 291).421

In this reaction, the deuterium atom at terminal
alkynes migrates exclusively to the C5 position of the
product (eq 292), suggesting strongly of the formation

of vinylidene complex 187 via 1,2-hydrogen shift of
the terminal alkynes. Thus, the reaction can be
rationalized by cyclization of complex 188 to afford
hexadienylidene complex 189. Aromatization by
hydrogen shift affording hydridophenyl complex 190
and reductive elimination of ruthenium would form
substituted arenes (Scheme 47).

Selective dimerization of terminal alkynes (eqs
206-208)296-298 and the reaction of terminal alkynes
with secondary amines and CO2 (eqs 186-189)271-275

are also thought to proceed via ruthenium vinylidene
complexes (Schemes 26 and 30).

The oxycarbyne metal intermediate MtC-OY (Y
) H, SiR3) has been postulated for the novel cycliza-
tion reaction of diynes incorporating CO. Ru3(CO)12-
catalyzed reaction of 1,6-diynes with hydrosilane
under CO pressure gives the corresponding O-silyl-
ated catechol derivatives (eq 293).422 This unusual

construction of carbon skeletons has been explained
by the mechanism shown in Scheme 48. The oxida-
tive addition of hydrosilane into ruthenium carbonyl
complex gives hydrido silyl complex 191. Migration
of the silyl group to the oxygen atom would afford
oxycarbyne complex 192, which is converted into
complex 193. The reaction of complex 193 with

Scheme 46
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diynes gives the ruthenacyclopentadiene complex
coordinated with hydroxy siloxyacetylene 194. In-
sertion and reductive elimination of ruthenium gives
the product to complete the catalytic cycle.

C. Carbon−Carbon Bond Formations via
Ruthenacycle Intermediates

Ruthenacycles are versatile intermediates for cou-
pling reactions of acetylenes with olefins. Because
of easy generation of highly coordinatively unsatur-
ated ruthenium complexes, precoordination of two
reactant partners such as alkynes and alkenes could
lead to various modes of carbon-carbon bond forma-
tion via ruthenacycle intermediates. As shown in
Scheme 49, coordination of both alkynes and alkenes

with ruthenium complex gives rise to the formation
of ruthenacyclopentene 195. When bulky olefins
such as norbornene are used as an alkenes, reductive
elimination of low-valent ruthenium occurs to give
the corresponding cyclobutene 196. Thus, [2+2]
cycloaddition of norbornene with internal alkynes can
be performed with ruthenium catalyst such as RuH2-
(CO)[P(p-PhF)3]3

32,122,423 and RuClCp*(cod)424 to afford
the corresponding exo-tricyclo[4.2.1.02,5]non-3-enes
stereoselectively (eqs 294 and 295). This method is

applied to the synthesis of new series of rigid linear
rod compounds, exo,exo-fused [n]-ladderanes. For

example, archetype [n]ladderane can be extended
sequentially by one cyclobutane ring in the above
[2+2] cycloaddition step and by [4+2] cycloaddition
of cyclobutadiene using (cyclobutadiene)Fe(CO)3 (eq
296).425

Trapping the intermediate 195 in Scheme 49 with
CO provides the catalytic Pauson-Khand reaction.
The reaction of 1,6-enynes with Ru3(CO)12 catalyst
under CO pressure afforded the corresponding bicy-
clic cyclopentenones highly efficiently (eq 297).426

When simple linear alkenes are used as an olefinic
substrate in Scheme 49, â-hydride elimination occurs
from ruthenacyclopentene 197 to give hydrido vinyl
complexes 198 or 199, which undergo subsequent
reductive elimination of ruthenium to afford the cor-
responding 1,3- or 1,4-dienes, 200 or 201, respectively
(Scheme 50). Ru(cod)(cot)-catalyzed reaction of in-

ternal alkynes with electron-deficient olefins gives
the corresponding trans-1,3-dienes (eq 298).32,122,427

Heating an internal or terminal alkynes with mono-
substituted alkenes in the presence of RuClCp(cod)
catalyst gives rise to the equivalent of a highly
selective Alder ene type reaction (eq 299).428 The

Scheme 48

Scheme 49

Scheme 50
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regioselective preference for formation of the branched
product changes upon introduction of steric hin-
drance at the propargylic position (eq 300). Simi-

larly, preferential formation of linear product is also
observed when employing γ-hydroxybutynoate as
alkynes affording the corresponding butenolides via
lactonization of the intermediate hydroxy esters.429

The method can be applied to the short step synthesis
of the acetogenin (+)-ancepsenolide (202) (eq 301).

The regioselectivity is consistent with the metalla-
cycle intermediate 197 proposed in Scheme 50, in
which (1) steric hindrance is minimized and (2)
substituents that may coordinate to ruthenium are
preferentially located close to the metal.

Treatment of propargyl alcohol with norbornene
gives the corresponding cyclopropanation product,
acetyltricyclooctane in a quantative yield (eq 302).430

The formation of the ruthenacycle intermediate has
been postulated as the key intermediate of the
reaction.

Employment of cyclooctadiene as an olefinic sub-
strate gives rise to unusual [4+2] cycloaddition
reaction via intramolecular sequential annulation
reaction (eq 303).431 The reaction can be rationalized
by assuming the formation of ruthenacyclopentene

203. The intramolecular insertion reaction of ruthe-
nium into the coordinated olefin affords intermediate
204, which undergoes reductive elimination of ru-
thenium complex to give the tricyclic product.

The stoichiometric reaction of η6-cycloheptatriene
ruthenium complex 205 with terminal alkynes af-
fords [6+2] cycloaddition product 206 under mild
conditions (eq 304).432 The reaction can be explained

by the formation of ruthenacycle 207, isomerization
to the second ruthenacycle 208 and reductive elimi-
nation of ruthenium (Scheme 51).

The reaction of terminal alkynes with allyl alcohols
with RuClCp(COD) and NH4PF6 catalyst gives a
mixture of linear and branched γ,δ-unsaturated
ketones (eq 305).433 The reaction gives linear enones
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with RuClCp(cod) catalyst,433 while the same com-
pounds selectively leads to the branched isomer with
RuClCp*(cod) catalyst.434 Formation of ruthenacy-
clopentene 209 followed by â-hydrogen elimination
is one of most reasonable pathways (Scheme 52). This

is in contrast to the fact that the reaction with the
same substrates in the presence of RuClCp(PPh3)2
catalyst affords the corresponding â,γ-unsaturated
ketones which are mentioned in section VI.Bc (eq
287).417 Treatment of propargyl alcohols with allyl
alcohol in the presence of RuClCp*(cod) catalyst gives
2-hydroxy-5-methylenetetrahydropyrans via the simi-
lar coupling reaction and the subsequent cyclization
(eq 306).435

The reaction of (η2-C2H4)Ru(CO)4 with two alkyne
molecules gives the tricyclic complex 210 containing
two ruthenacyclopentadiene rings. In addition to Co
and Ni catalysts, cyclotrimerization of alkynes can
be performed catalytically using 210.436 The reaction

proceeds via a similar sequence of insertion of alkyne
and reductive elimination of ruthenium (Scheme 53).

D. Carbon−Carbon Bond Formation via
π-Allylruthenium Intermediates

π-Allylpalladium complexes are versatile interme-
diates for a variety of catalytic transformations of
allylic compounds.2 Catalytic carbon-carbon bond-
forming reactions via π-allylruthenium intermediates
have been investigated. The reactions of allylic

esters and carbonates with low-valent ruthenium
complexes give π-allyl intermediate 211, which un-
dergoes reaction with a variety of nucleophiles to
afford the corresponding allylated products (Scheme
54). RuH2(PPh3)4-437 and Ru(cod)(cot)-438 catalyzed

reactions of allyl carbonates with 1,3-dicarbonyl
compounds gives allylated products. Selective attack
of nucleophiles at the γ-positions of allyl carbonates
is observed in these reactions, while similar treat-
ment with π-allylpalladium predominates the R-at-
tack (eq 307).438 The γ-selectivity has been observed

in the carbonylation of allyl carbonates to afford â,γ-
unsaturated esters.439 The Ru3(CO)12-catalyzed car-
bonylation of allyl phenyl sulfides giving thioesters
also proceeds via π-allyl ruthenium intermediates.440

Another remarkable contrast to palladium chem-
istry is the ambiphilic character of π-allylruthenium
complexes. η3-Allylruthenium(II) complexes prefer
attack of electrophiles such as aldehydes as well as
attack of nucleophiles such as NaCH(CO2Me)2, while
π-allylpalladium complexes react with nucleophiles
exclusively.2 Thus, the stoichiometric reactions of
π-allylruthenium complex with benzaldehyde and
sodium salt of diethyl malonate afford homoallyl
alcohol and allylmalonate, respectively (eqs 308 and
309).441 The reaction can be carried out catalytically

using Ru3(CO)12 catalyst under CO pressure (eq
310).441,442

When electron-deficient olefins are employed as an
electrophile, a selective linear coupling reaction oc-
curs under the similar reaction conditions. Typically,

Scheme 52
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Scheme 54
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the Ru(cod)(cot)-catalyzed reaction of allylic carbon-
ates with R,â-unsaturated amides affords the corre-
sponding 3,5-dienoic derivatives (eq 311).443 Treat-

ment of allyl acetate with primary alcohols in the
presence of RuCl2(PPh3)3 catalyst and inorganic base
gives R,â-unsaturated ketone via dehydrogenation of
alcohols followed by the similar coupling reactions.444

Synthesis of R-hydroxycarboxylic acids from R-keto-
carboxylates can be performed by ruthenium cata-
lysts via π-allylruthenium intermediates.445

π-Allylruthenium complexes also act as intermedi-
ates for catalytic oxidation of alcohols under mild
reaction conditions. The RuH2(PPh3)4-catalyzed oxi-
dation of primary and secondary alcohols in the
presence of allyl methyl carbonate affords the corre-
sponding aldehydes and ketones with evolution of
CO2 and propene (eq 312).184

The reaction can be rationalized by assuming the
formation of π-allylruthenium methoxide 212 by the
oxidative addition of ruthenium species to allyl
methyl carbonate followed by decarboxylation. Ligand
exchange with alcohol substrate and subsequent
â-elimination give carbonyl compound and π-allyl-
ruthenium hydride 213. Reductive elimination of
propene affords low-valent ruthenium to complete the
catalytic cycle (Scheme 55).

Oligomerization and cooligomerization of conju-
gated dienes are one of the representative reactions
proceeding via transition metal π-allyl intermediates.
Typically, nickel(0)-catalyzed reaction of butadiene
gives cyclooctadiene,446 while palladium-catalyzed
reaction affords linear dimerization products.2 These
reactions can be explained by the formation of bis-
(π-allyl)metal complexes, where reductive elimination
and â-elimination of metals are controlling factors for
the product selectivity (eq 313). Similar dimerization

reactions mediated by ruthenium complexes have
been investigated by stoichiometric reactions of con-
jugated diene complexes of ruthenium.447 When
Cp*Ru(η4-butadiene)X (214) in dichloromethane was
treated with an acetone solution of equimolar silver
trifluoromethanesulfonate in the presence of excess
butadiene at ambient temperature, followed by al-
lowing the mixture to react with carbon monoxide (1
atm), a cationic 1,5-cyclooctadiene carbonyl complex
215 was isolated in 95% yield (eq 314), whereas
selective linear dimerization took place upon similar
treatment with cyclopentadienyl complex 216 afford-
ing complex 217 (eq 315).448 The intermediacy of bis-

(π-allyl) complexes for the present dimerization re-
action has been strongly suggested by the fact that
similar treatment of Cp*Ru(η4-1,3-pentadiene)Cl (218)
with 1,3-pentadiene afforded bis(π-allyl)ruthenium-
(IV) complex 219 via regioselective tail-head dimer-
ization (eq 316).

Catalytic cyclodimerization of dienes can be also
performed selectively. 1,5-Cyclooctadiene, dimeth-
ylcyclooctadienes, and 6-methyl-2,4,7-nonatriene can
be obtained from butadiene, isoprene, and 1,3-pen-
tadiene, respectively, upon treatment with a catalytic
amount of Cp*RuCl(diene) and AgOTf.448 The reac-
tion of [Ru(η3:η3-C10H16)(solv)3](BF4)2 undergoes simi-
lar dimerization of 1,3-butadiene to afford [Ru(η6-
C8H10)(1,3:5,6-η-C8H11)](BF4).449 Treatment of RuCl3‚
nH2O with 1,3-butadiene in refluxing 2-ethoxyethanol
results in trimerization of butadiene to give bis(allyl)-
ruthenium(IV) compound Ru(η3:η2:η3-C12H18)Cl2].450

E. Radical Reactions
Metal-catalyzed radical coupling reactions with

olefins have been performed by using metal complex
catalysts451 such as CuCl2,452 Cu2Cl2,453 [Co(CO)4]2,454

Scheme 55
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Fe2(CO)9,455 and (naphthalene)Cr(CO)3.456 Owing to
their ability to promote fast electron transfer, low-
valent ruthenium complexes have proven to be one
of the effective catalysts for generating radicals from
various organic halides. As shown in Scheme 56, the
reaction of divalent ruthenium complexes with poly-
halomethyl compounds gives ruthenium(III)-caged
radical intermediate 220. Trapping the intermediate
with radicophiles such as olefins affords intermediate
221 which undergoes recombination of halogen group
to give the corresponding radical coupling product
222 and ruthenium(II) complex to complete the
catalytic cycle. Representative results of ruthenium-
catalyzed radical coupling reactions of polyhalo-
methane compounds with olefins are shown below.

On heating with RuCl2(PPh3)3 catalyst, various
substrates bearing polychloromethyl groups such as
CCl4,457 trichloroacetyl chloride,458 and CF3CCl3

459

react with olefins to afford the corresponding 1-chloro-
2-polychloromethylalkanes with high efficiency (eqs
317 and 318). Under similar reaction conditions CF2-

ClCCl3 reacts with silyl enol ethers to give the
corresponding â-chloro-R,â-unsaturated ketones via
hydration and dehydrochlorination.460 Reductive
dechlorination with zinc powder gives γ,γ-difluoro-
allyl ketones (eq 319).

An intramolecular version of the reaction provides
a useful method for cyclization of olefins bearing a
variety of polychloromethyl moieties. Olefinic R,R′-
dichloro esters461 (eq 320), acids,461 nitriles,461 and

trichloromethylalkenes462 afford radical cyclization
products upon heating with RuCl2(PPh3)3 catalyst.
Pyrrolidine skeletons can be constructed from N-
trichloroacetylallylamines,463 which are readily pre-
pared by the reaction of allylic alcohols with CH3-
CN.463d Application of this process to the cyclization
of 1-buten-3-yl trichloroacetamides gives rise to
selective preparation of trans-â,γ-dialkyl γ-lactam as
a single product (eq 321).463b-d In sharp contrast,

trichloroacetamides bearing electron-withdrawing
substituents on the nitrogen such as Ts, Ms, Cbz, and
Boc groups afford the cis isomer as a major product
(eq 322). N-Allylic R-chloro-R-thioacetamides un-

dergo similar radical cyclization upon treatment with
RuCl2(PPh3)3 catalyst.464 These methods can be
applied to the stereoselective synthesis of indole463b

and indolizidine alkaloids (eq 323).464

The addition of arenyl,465,468 vinyl,466 and trihalo-
methyl sulfonyl chloride467,469 to olefins with RuCl2-
(PPh3)3 catalyst also proceeds in a radical manner.470

When the reaction was carried out in the presence
of Et3N, the radical coupling reaction and the sub-
sequent elimination of HCl occurred to afford the
corresponding (E)-R,â-unsaturated sulfones selec-
tively (eq 324).465 Similar treatment with vinylsul-
fonyl chloride at elevated temperature gives E,E-
dienes stereoselectively via subsequent elimination
of HCl and SO2 (eq 325).466

Scheme 56
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Desulfonylative radical couplings are also observed
in the reactions of trifluoromethanesulfonyl chloride
with styrene (eq 326).467 Asymmetric radical cou-

pling reactions of styrene with phenylsulfonyl chlo-
ride (eq 327)468 and trichloromethylsulfonyl chloride
(eq 328)469 have been investigated using Ru2Cl4[(-)-
diop]3 catalyst.

The present radical provides a new method for
radical polymerization of olefins. In the presence of
a catalytic amount of RuCl(PPh3)3/Al(O-i-Pr)3/PhCO-
CHCl2 methyl methacrylate undergoes living radical
polymerization in toluene at 80 °C (eq 329).471

1,4-Bicyclic epiperoxides undergo specific cleavage
reactions initiated by homogeneous O-O bond scis-
sion with RuCl2(PPh3)3 catalyst.472 When the reac-
tion is applied to PGH2 methyl ester 223, smooth
fragmentation give rise to afford methyl (5Z,8E,10E,-
12S)-12-hydroxy-5,8,10-heptadecatrienoate (224, HHT

methyl ester) selectively (eq 330). 1,4-Epiperoxides

bearing internal olefins are converted into the cor-
responding 1,2,3,4-diepoxides by trapping the result-
ing oxy radicals with internal olefins (eq 331).472 The

transannular ozonide of 9-tert-butyl-10-methylan-
thracene undergoes similar homogeneous scission of
the O-O bond to afford the corresponding hydroxy
ketone (eq 332).473

The intermediates (RuL3
2+)* generated by irradia-

tion of RuL3
2+ complexes have a strong ability to

promote electron transfer to heteroatom compounds
such as tertiary amines, generating radicals at
R-positions.474 Thus, some photoinduced reactions
including homolytic R-carbon-carbon bond scission
of tertiary amines475 and transacetalization reac-
tion476 can be performed by using Ru(bpy)3

2+ catalyst.

VII. Reaction of CO and CO2

Efficient utilization of CO and CO2 is very impor-
tant as C1 chemistry in view of industrial, economical,
and environmental aspects. Much effort has been
devoted to developing the efficient and selective
catalytic reactions.477 Ruthenium complexes play an
important role in this field of chemistry.

Synthesis gas (CO + H2), obtained readily by
gasification of coals, can be converted into hydrocar-
bons (Fischer-Tropsch Synthesis)478 and oxygen-
containing C1 and C2 molecules by using homoge-
neous ruthenium catalysts.479 Ethanol and ethylene
glycol can be obtained by heating synthesis gas in
the presence of catalytic systems such as Ru3(CO)12-
AcOOH,480 RuO2-Bu4PBr,481 Ru3(CO)12-KI,482 and Ru3-
(CO)12-1-alkylbenzimidazole (eqs 334 and 335).483

Bimetallic catalysts have been used for controlling
the distribution of small molecule products. Ru/
Rh484,485 and Ru/Re486 bimetallic systems exhibit good
selectivity for the formation of ethylene glycol. When
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the Ru/Co catalyst is used, ethanol is formed pref-
erentially,487 while methanol is obtained with Ru/Mn
and Ru/Ti catalysts (eq 333).488 In the presence of
ammonia, the synthesis gas can be converted into the
corresponding formamides with the Ru3(CO)12-Bu4-
PBr catalyst.489 The homologation reaction, a one-
carbon extension reaction, is one of the important
reactions using synthesis gas. Homologation of
methanol and methyl esters to ethanol and its
derivatives can be carried out with Ru/CH3I490 and
Ru/Co catalysts (eq 336).491 Hydroformylation of

olefins to the corresponding aldehydes can be per-
formed under synthesis gas in the presence of ruthe-
nium catalysts,492 although catalytic activities are
lower than those of cobalt and rhodium complexes.

Water gas shift reactions that afford CO2 and H2
from CO and H2O are performing worldwide as an
important industrial process (eq 337).493 Catalysis

with various homogeneous catalysts including Ru3-
(CO)12,494 H2FeRu3(CO)13,495 and K[Ru(Hedta)(CO)]496

has been extensively studied for efficient production
of molecular hydrogen. The reactions provide a con-
venient method for reduction of organic substrates
without operating hydrogen gas.497 Reduction of
nitroalkanes (eq 338)498 and nitroarenes499 to primary

amines has been performed efficiently using Ru3-
(CO)12 catalyst under water gas shift conditions.

The catalytic reaction utilizing reducing ability of
CO itself has been performed with ruthenium cluster
catalysts. Various reductive transformations of nitro
compounds have been performed with low-valent
ruthenium catalysts under CO pressure.500 Reduc-
tive carbonylation of nitroarenes with alcohols in the
presence of Ru3(CO)12 catalysts affords the corre-
sponding N-(alkoxycarbonyl)anilines which are im-
portant synthetic intermediates for the isocyanates
(eq 339).501,502 Reductive cyclization of 2-nitrosty-

renes (eq 340)503 and N-(2-nitrobenzoyl)amides (eq
341)504 can be carried out under CO pressure to give

the corresponding indoles and 4(3H)-quinazolinones,
respectively. γ-Nitroketones undergo similar reduc-
tion with CO and the subsequent cyclization to give
the corresponding cyclic imines.505 Reduction of
oximes can be also performed with the Ru3(CO)12
catalyst under CO pressure to afford the correspond-
ing imines.506

Although metal-catalyzed carbonylation reactions
are useful tools for the construction of a variety of
carbonyl compounds,507 the reactions using ruthe-
nium catalysts are limited to a few cases. Alkynes
undergo specific carbonylation reactions with methyl
iodide in the presence of Ru3(CO)12-Co2(CO)8 bimetal-
lic catalyst under phase-transfer conditions to afford
the corresponding γ-ketocarboxylic acids (eq 342).508

Oxidative cyclocarbonylation of allyl alcohols can be
performed with RuCl2(PPh3)3 and K2CO3 catalyst to
give 2(5H)-furanones.509 The unusual construction
of catechol skeletons has been performed by Ru3-
(CO)12-catalyzed reaction of 1,6-diynes with hydrosi-
lanes and CO (eq 293).423 The formation of siloxy-
carbyne ruthenium intermediate (RutCsOSiR3) has
been postulated as the reactive intermediates (Scheme
48).

Catalytic transformation of CO2 to basic chemicals
is one of particular interest because the use of CO2
for chemical syntheses are an economically valuable
extension to the carbon sources.510 The photochemi-
cal reduction of CO2 is important in view of artificial
photosynthesis and many methods for photoinduced
conversion of CO2 to formic acid and its derivatives,511

CO,512 and methane513 have been performed with the
aid of ruthenium complex catalysts. An alternative
useful method is electrochemical reductions,510e where
various low-valent ruthenium complexes bearing
bipyridyl ligands catalyze two electron reduction of
CO2 to afford formic acid and CO (eqs 343 and 344).514

Hydrogenation of CO2 to formic acid and its deriva-
tives is the most straightforward chemical method
for transformation of CO2 to organic small molecules
(eq 345); hence, many methods have been reported
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using transition metal complex catalysts.510e,f Hy-
dridoruthenium phosphine complexes such as RuH2-
(PPh3)4 are one of the effective catalysts for hydro-
genation of CO2. The RuH2(PPh3)4-catalyzed reaction
of CO2 (25 bar) and H2 (25 bar) in benzene in the
presence of triethylamine and water gives formic acid
with a turnover number of 87.515 When the reactions
are carried out in the presence of alcohols and
dimethylamine under similar reaction conditions,
alkyl formates516 and N,N-dimethylformamide517 can
be obtained, respectively. Methanol is obtained
preferentially when the hydrogenation of CO2 is
carried out with Ru3(CO)12-KI catalyst.518 Recently,
extremely high efficiency for the conversion of CO2
to formic acid has been achieved using ruthenium
catalyst in a supercritical mixture of H2, CO2, and
NEt3 without solvent.519 A turnover number of 7200
is obtained using RuH2(PMe3)4 and RuCl2(PMe3)4
catalysts. The reaction rate in the supercritical
phase is 18 times faster than that in THF under
comparable conditions. Under the similar supercriti-
cal phase conditions, methyl formate519c,520 and
DMF519c,521 can be prepared with extremely high
turnover numbers (3500 and 370 000) in the presence
of methanol and dimethylamine, respectively. A
turnover number of 740 000 has been achieved in the
reaction of dimethylamine with CO2 and H2 when
using RuCl2(dppe)2 as a catalyst.522 The representa-
tive results are shown in eqs 346-348.

One of the successful catalytic organic reactions,
employing CO2 as a substrate, is ruthenium-cata-
lyzed synthesis of vinyl carbamates from alkynes,
CO2, and secondary amines, which is described in sec-
tion V.271-276 Other catalytic transformations such
as photoinduced CO2 fixation into pyruvic acid (eq
349),523 hydrosilylation (eq 350),524 and aminosilyla-
tion525 of CO2 have been performed using ruthenium
catalysts.

VIII. Concluding Remarks
This review compiled recent advances in ruthenium-

catalyzed reactions mainly in view of organic syn-
thesis. Because of limitation of space of the manu-
script, many details of each reaction, i.e., reaction
mechanism, limitation of the applicable substrates,
and synthetic applications, have not been described
precisely. For further details, refer to the review
articles and original papers cited in the references.
Startling progress on ruthenium chemistry has been
made in the past decade, and a large number of
fundamental principles characteristic of the ruthe-
nium complexes has been presented. Presently,
many organic chemists see intense possibilities of
ruthenium chemistry toward new world of catalytic
reactions and organic synthesis. Novel transforma-
tions based on new principles and useful reactions
bearing higher efficiency and selectivities will be
continuously developed in the future. Furthermore,
the importance of ruthenium chemistry will be
increasing from industrial points of view because of
their efficiencies, selectivities, and the exceptional
cheapness of ruthenium metal compared to other
precious metals such as palladium and rhodium
being widely used in industrial processes. It will
surely become a powerful tool for organic synthesis
and related industrial processes and their utilities
will be increased in the future.

IX. Abbreviations
aca acetylacetonato
acac-F6 perfluoroacetylacetonato
Ala alanine
BINAP 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl
H8-BINAP 2,2′-bis(diphenylphosphino)-5,5′,6,6′,7,7′,8,8′-

octahydro-1,1′-binaphthyl
BIPHEMP 2,2′-dimethyl-6,6′-bis(diphenylphosphino)bi-

phenyl
Boc tert-butoxycarbonyl
BOM (benzyloxy)methyl
bpy 2,2′-bipyridine
Bz benzyl
TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl
CAN cerium ammonium nitrate
CBD cyclobutadiene
Cbz carbobenzyloxy
chiraphos (2R,3R)- or (2S,3R)-bis(diphenylphosphino)-

butane
cod 1,5-cyclooctadiene
cot 1,3,5-cyclooctatriene
Cp cyclopentadienyl
Cp* 1,2,3,4,5-pentamethylcyclopentadienyl
p-cymene 4-isopropyltoluene
DDAB didecyldimethylammonium bromide
diglyme bis(2-methoxyethyl) ether
diop 2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis-

(diphenylphosphino)butane
DME 1,2-dimethoxyethane
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide
dmp 2,9-dimethyl-1,10-phenanthroline
dmpe 1,2-bis(dimethylphosphino)ethane
dppb 1,4-bis(diphenylphosphino)butane
dppe 1,2-bis(diphenylphosphino)ethane
edta ethylenediaminetetraacetic acid
HHT (5Z,8E,10E,12S)-12-hydroxy-5,8,10-hepta-

decatrienoic acid
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mCPBA m-chloroperbenzoic acid
MEM 2-methoxyethoxymethyl
mesitylene 1,3,5-trimethylbenzene
Me3tacn 1,4,7-trimethyl-1,4,7-triazacyclononane
MOM methoxymethyl
Ms methylsulfonyl
MS4A molecular sieves 4A
NMO N-methylmorpholine N-oxide
OEP 2,3,7,8,12,13,17,18-octaethylporphyrinato
PCy3 tricyclohexylphosphine
i-Pr-BPE 1,2-bis(trans-2,5-diisopropylphospholano)-

ethane
PTA 1,3,5-triaza-7-phosphaadamantane
ppy 1-diphenylphosphino-2-(2′-pyridyl)ethane
PPN bis(triphenylphosphoranylidene)ammo-

nium
py pyridine
pybox 2,6-bis(oxazolin-2-yl)pyridine
ROMP ring-opening metathesis polymerization
salophen N,N′-bis(salicylidene)-o-phenylenediamine
SEM 2-(trimethylsilyl)ethoxymethyl
Ser serine
skewphos (R,R)- or (S,S)-1,3-dimethyl-1,3-bis(diphen-

ylphosphino)propane
TDCPP 5,10,15,20-tetrakis(2,6-dichlorophenyl)por-

phyrinato
T2,6diFPP 5,10,15,20-tetrakis(2,6-difluorophenyl)por-

phyrinato
TEOC 2-(trimethylsilyl)ethoxycarbonyl
Tet-Me6 N,N,N′,N′-tetramethyl-3,6-diazaoctane-1,8-

diamine
tetracyclone 2,3,4,5-tetraphenyl-2,4-cyclopentadienone
THAHS tetrahexylammonium hydrogen sulfate
THF tetrahydrofuran
THP 2-tetrahydropyranyl
TMC 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotet-

radecane
TMP 5,10,15,20-tetramesitylporphyrinato
TOF turnover frequency
TON turnover number
Ts p-toluenesulfonyl
trityl triphenylmethyl
trpy 2,2′,2′′-terpyridine
TPFPP 5,10,15,20-tetrakis(pentafluorophenyl)por-

phyrinato
TPP 5,10,15,20-tetraphenylporphyrinato
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Bäckvall, J.-E. J. Chem. Soc., Chem. Commun. 1991, 1063.

(86) (a) Basu, A.; Bhaduri, S.; Sharma, K.; Jones, P. G. J. Chem. Soc.,
Chem. Commun. 1987, 1126. (b) Wang, G.-Z.; Bäckvall, J.-E. J.
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(117) (a) Wang, G.-Z.; Bäckvall, J.-E. J. Chem. Soc., Chem. Commun.

1992, 337. (b) Almeida, M. L. S.; Kocovsky, P.; Bäckvall, J.-E.
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(352) Gómez-Bengoa, E.; Cuerva, J. M.; Mateo, C.; Echavarren, A. M.
J. Am. Chem. Soc. 1996, 118, 8553.

(353) Mizuho, Y.; Kasuga, N.; Komiya, S. Chem. Lett. 1991, 2127.
(354) Lin, Y.-R.; Zhou, X.-T.; Dai, L.-X.; Sun, J. J. Org. Chem. 1997,

62, 1799.
(355) IrH5(i-PPr3)2: Lin, Y.; Zhu, X.; Xiang, M. J. Organomet. Chem.

1993, 448, 215.
(356) ReH(N2)(PMe2Ph)4: Hirano, M.; Ito, Y.; Hirai, M.; Fukuoka, A.;

Komiya, S. Chem. Lett. 1993, 2057.
(357) Pd2(dba)3‚CHCl3-dppe: Nemoto, H.; Kubota, Y.; Yamamoto, Y.

J. Chem. Soc., Chem. Commun. 1994, 1665.
(358) RhH(CO)(PPh3)3: Yamamoto, Y.; Kubota, Y.; Honda, Y.; Fukui,

H.; Asao, N.; Nemoto, H. J. Am. Chem. Soc. 1994, 116, 3161.
(359) RhH(CO)(PPh3)3: (a) Murahashi, S.-I.; Naota, T.; Maezaki, M.

61th Annual Meetings of the Chemical Society of the Chemical
Society of Japan, Yokohama, March 29-April 1, 1991, Abstracts
1C940. (b) Paganelli, S.; Schionato, A.; Botteghi, C. Tetrahedron
Lett. 1991, 32, 2807.

(360) Asymmetric Michael reactions with Rh-TRAP: (a) Sawamura,
M.; Hamashima, H.; Ito, Y. J. Am. Chem. Soc. 1992, 114, 8295.
(b) Sawamura, M.; Hamashima, H.; Ito, Y. Tetrahedron 1994,
50, 4439.

(361) Pd2(dba)3‚CHCl3-dppb: (a) Yamamoto, Y.; Al-Masum, M.; Asao,
N. J. Am. Chem. Soc. 1994, 116, 6019. (b) Yamamoto, Y.; Al-
Masum, M. Synlett 1995, 969. (η3-C3H5PdCl)2: (c) Trost, B. M.;
Gerusz, V. J. J. Am. Chem. Soc. 1995, 117, 5156.

(362) Lee, L. Y. C.; Ci, X.; Giannotti, C.; Whitten, D. G. J. Am. Chem.
Soc. 1986, 108, 175.

(363) DeLaive, P. J.; Sullivan, B. P.; Meyer, T. J.; Whitten, D. G. J.
Am. Chem. Soc. 1979, 101, 4007.

(364) Noyori, R.; Kurimoto, I. J. Chem. Soc., Chem. Commun. 1986,
1425.

(365) Ivin, K. J.; Mol, J. C. Olefin Metathesis and Metathesis Polym-
erization; Academic Press: New York, 1997.

(366) Natta, G.; Dall’Asta, G.; Porri, L. Makromol. Chem. 1965, 81,
253.

(367) (a) Michelotti, F. W.; Keaveney, W. P. J. Polym. Sci. A 1965, 3,
895. (b) Rinehart, R. E.; Smith, H. P. J. Polym. Sci. B 1965, 3,
1049. (c) Tanielian, C.; Kiennemann, A.; Ösparpucu, T. Can. J.
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