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Abstract: Ruthenium, rhodium, iridium, and rhenium hydride complexes are highly useful
redox Lewis acid and base catalysts. Various substrates bearing hetero atoms are activated by
these catalysts and undergo reactions with either nucleophiles or electrophiles under neutral
conditions. These types of catalytic reactions are described together with their application to
the preparation of various biologically active compounds.

Ruthenium has various valencies (0 to 8 valene) and is not so expensive transition metal; therefore, var-
ious useful catalytic reactions for organic synthesis have been explored [1]. It is noteworthy that the
medical property of ruthenium is now being recognized, and ruthenium anticancer agents have recent-
ly entered the clinic, showing promising activity on resistant tumors. We have developed various ruthe-
nium-catalyzed reactions. Among them, I would like to focus on our findings that low-valent rutheni-
um hydride complexes can be used as alternatives to the conventional Lewis acids and bases.
Furthermore, using iridium, rhodium, and rhenium hydride complexes, various novel and unique cat-
alytic reactions can be explored.  

Reactions promoted by Lewis acids and bases are fundamental in organic synthesis; however,
most such reactions are merely stoichiometric. Therefore, the development of catalytic reactions that
use transition-metal complex catalysts under neutral and mild reaction conditions is particularly impor-
tant; society needs forward-looking technology, which is based on environmental acceptability. The cri-
teria include atom efficiency, formation of little inorganic waste, and selective synthesis of desired prod-
ucts. We should use instead environmentally friendly catalytic processes that will not produce such
waste. If one could design Lewis acid and base catalysts with low redox potentials, their reactions
would occur catalytically under neutral conditions. We have, therefore, been searching for transition-
metal complex catalysts, which we call redox Lewis acid and base catalysts [2]. We found that divalent
ruthenium hydride complexes act as redox Lewis acid catalysts and also as redox base catalysts.
Generation of carbon nucleophiles from pronucleophiles by activation of the α-C–H bond adjacent to
hetero atoms followed by reaction with various electrophiles affords catalytic carbon–carbon bond
forming reactions under neutral and mild reaction conditions. In principle, conventional acids and bases
cannot be used at the same time because of neutralization; therefore, we developed Lewis acid base
ambiphilic catalysts which can be utilized as either Lewis acid or bases in one-pot reaction. Low-valent
ruthenium, iridium, rhodium, and rhenium hydride catalysts can be used as catalysts to replace both
Lewis acids and strong bases, and they can be used in combinatorial chemistry. 

*Lecture presented at the 11th IUPAC International Symposium on Organometallic Chemistry Directed Towards Organic
Synthesis (OMCOS-11), Taipei, Taiwan, 22–26 July 2001. Other presentations are presented in this issue, pp. 1–186.
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REDOX LEWIS ACID CATALYSTS

Reactions with transition-metal complexes used as redox Lewis acid catalysts will open up new possi-
bilities, because they proceed catalytically with high selectivity under neutral conditions. To explore the
possibilities, we focused on low-valent ruthenium dihydride phosphine complexes, because they have
low redox potentials, strong coordination ability to heteroatoms, and hydride ligands that are small and
labile. The basic concept of redox Lewis acid catalysts has been shown for the activation of nitriles [3].
Nitriles are activated upon coordination to ruthenium complexes. Capture of the ruthenium-coordinat-
ed nitriles with various nucleophiles, such as water, alcohols, and amines, provides a new type of cat-
alytic transformation of nitriles that proceeds under neutral conditions. The concept of transition-metal-
based Lewis acid catalysts has been shown by Bosnich et al. [4]. The underlying principle is used in the
design of new kinds of catalytic reactions [5]. However, the above reactions of nitriles with nucleophiles
such as amines do not occur with these catalysts. This difficulty may arise if redox processes are impor-
tant in the reaction.

We found ruthenium hydride complex RuH2(PPh3)4 (1) catalyzed hydration of nitriles with only
1–2 molar amounts of water under neutral conditions to give the corresponding amides in excellent
yields (eq. 1) [6]. The usefulness of the present reaction is illustrated by the synthesis of (–)-pumil-
iotoxin C, which is an interesting skin alkaloid produced by a Central American frog [7].

Using the same principle, novel methods for synthesis of esters and amides from nitriles under
neutral conditions were discovered. When alcohols are used as nucleophiles, the ruthenium-catalyzed
reaction of nitriles with alcohols in the presence of 1–2 molar amounts of water proceeds to give the
corresponding esters with evolution of ammonia (eq. 2) [8]. Similar treatment of nitriles with amines
gives the corresponding amides along with ammonia (eq. 3) [9]. 

The efficiency of these reactions is highlighted by the synthesis of industrially important
polyamides as shown in Scheme 1. In the presence of 2 molar amounts of water and catalyst 1, the reac-
tion of adiponitrile (2) with 1,6-hexamethylenediamine (3) proceeds to give nylon-6,6 in 98% yield
along with ammonia. This process is attractive in comparison with the conventional methods, because
(i) the dinitrile 2 can be readily prepared by nickel-catalyzed hydrocyanation of butadiene, (ii) diamine
3 can be readily prepared by nickel-catalyzed hydrogenation of dinitriles, and (iii) polyamides are
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Scheme 1



obtained without formation of salts. Our catalytic process is also useful for synthesis of ε-caprolactam
(5), which is a precursor of nylon-6. Thus, the ruthenium-catalyzed reaction of aminocapronitrile (4),
which is derived from catalytic partial hydrogenation of 2 with water, gives 5 selectively. 

REDOX BASE CATALYSTS

The basic strategy for redox base catalysts has been shown by activations of C(sp3)–H bond α to the
heteroatom functions (Y). Coordination of heteroatom to transition metal (M) would increase both the
basicity of the metal and the acidity of the α-C–H bond adjacent to Y, and hence oxidative addition of
the metal into the α-C–H bond would occur readily to afford α-transition-metalated hydride complex
6, which can be trapped by insertion of compound (Z) to form a product substituted at the α-posi-
tion, giving product 7 under neutral conditions (eq. 4). In 1978, we discovered that the activation of

the α-C–H bond of tertiary amines (Y = –NR2) can be performed effectively upon treatment with low-
valent transition metals to give imminium ion metal hydride complexes [10]. Since nitriles have
stronger coordination ability to metals in comparison with amines, we can expect more readily activa-
tion of α-C–H bond. Actually, we found ruthenium-catalyzed carbon–carbon bond forming reactions
of nitriles at the α- position of nitriles. In the presence of catalyst 1, α-C–H activation of nitriles read-
ily proceeds, and Knoevenagel and Michael reactions of nitriles proceed under neutral and mild reac-
tion conditions (eq. 5) [11,12]. This discovery leads to find a family of catalytic carbon–carbon bond-

forming reaction of nitriles with electrophiles [13]. The reaction can be rationalized by assuming the
mechanism that involves α-C–H activation of nitriles to give C-bonded complex [RCH(CN)RuH]
which undergoes isomerization to N-bonded complex (RC–HCN → Ru+H) and subsequent reaction with
electrophiles such as carbonyl compounds and alkenes [14]. Actually, we succeeded in isolation of the
C-bound isomer RuCp[CH(CN)SO2Ph](PR3)2 and the N-bound isomer Ru+Cp(NCC–HSO2Ph)(PR3)2.
Interconversion of C- and N-bound isomers was observed as a key process for the present C–C bond
formation [15]. Interestingly, the ruthenium-catalyzed addition of nitriles to terminal acetylenes
takes place regioselectively; the addition to the α-position of terminal acetylenes was observed for
primary nitriles via C-bonded ruthenium complexes, while the addition to the β-position was observed
for tertiary nitriles, because of steric requirement of the corresponding ruthenium intermediate (N-bond-
ed ruthenium complexes) (eq. 6) [16]. 

The effectiveness of these reactions is demonstrated by the sequential four-component reaction
of polymer-supported cyanoacetate 8 (eq. 7) [17]. Thus, the ruthenium-catalyzed four-component
reaction of 8 with propionaldehyde, diethyl malonate, and methyl vinyl ketone gave the adduct 9
diastereoselectively (46%, 80% d.e.). It is noteworthy that this type of reaction provides a convenient
method for combinatorial chemistry that will be a powerful tool to aid in the rapid discovery of useful
molecules.
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The ruthenium catalysts bearing electron-donating ligands would have higher reactivity to the
activation of α-C–H bonds. We found that pentamethylcyclopentadienylrutheniumhydride complex
RuCp*H(PPh3)2 (10) is a more reactive catalyst, and activation of simple carbonyl compounds can
be performed efficiently. Actually, the reaction of cyclopentanone with methyl vinyl ketone in THF
at 60 °C in the presence of the catalyst 10 gave 11 in 52% yield (eq. 8). Michael addition of simple
ketone is quite difficult, owing to undesirable side reactions; therefore, synthons of ketones, such as
enamines and silyl enol ethers, have been used. Therefore, the present direct reaction has an advan-
tage over the conventional methods in view of synthetic and environmental aspects [18].

The α-C–H bond activation of isonitriles can be also performed. Coordination of low-valent
rhodium complex Rh4(CO)12 (12) to isonitirls followed by α-C–H bond activation gives α-metalated
isonitriles, which undergo reaction with carbonyl compounds. This method can be applied to the syn-
thesis of pyrroles, which are important precursors for biologically active compounds and porphyrins
(eq. 9) [19]. 

LEWIS ACID-BASE AMBIPHILIC CATALYSTS

Recently, we discovered that iridium hydride complexes IrH(CO)(PPh3)3 (13) and IrH5(P-i-Pr3)2 (14)
can be used as ambiphilic catalysts that work as both Lewis acid and base catalysts. Activation of the
α-C–H bonds and the CN triple bonds of nitriles occurs at the same time, and hence cross-addition of
nitriles can be performed under neutral conditions to give the corresponding cyanoenamines, which
are versatile synthetic intermediates (eq. 10) [20]. This reaction is corresponding to the alternatives to
Thorpe–Ziegler reaction which uses strong base such as KH. Typically IrH(CO)(PPh3)3 (13)-catalyzed
reaction of ethyl cyanoacetate gave cyanoenamine 15 (>99%) from which a building block for antitu-
mor alkaloids 16 was obtained in 96% yield upon treatment with H2SO4 (eq. 11). An important fea-
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ture of the present reaction is the chemoselective addition of nitriles to the CN triple bonds of nitriles
in the presence of carbonyl groups, owing to the strong coordination ability of nitriles toward metals.
The iridium-catalyzed addition of ethyl cyanoacetate to 4-acetylbenzonitrile gives ethyl (Z)-3-(4-
acetylphenyl)-3-amino-2-cyano-2-propenoate chemoselectively, while the same reaction promoted by a
conventional base such as AcONH4 gives ethyl 2-cyano-3-(4-cyanophenyl)-2-butenoate. 

Recently, we found that rhenium polyhydride complex ReH7(PPh3)2 (17) is remarkably effective
towards the α-C–H activation of carbonyl compounds in the presence of nitriles. Direct α-C–H activa-
tion of carbonyl compounds followed by addition to the CN triple bonds of nitriles proceeds efficient-
ly to give the corresponding ketoenamines which are hardly accessible by conventional reactions.
Typically, the reaction of 18 and methoxyacetonitrile gave 19 in 84% yield (eq. 12). 

Finally, we developed catalytic multicomponent reactions by using Lewis acid-base ambiphilic
catalysts. Multicomponent reactions that involve three or more substrates provide useful strategy not
only for combinatorial chemistry but also for minimizing energy, cost, and chemical waste. We found
that IrH5(P-i-Pr3)2 (14) is an effective ambiphilic catalyst, and multicomponent reactions can be per-
formed in one-pot under neutral conditions. Actually, treatment of a mixture of ethyl 2-cyanopropanoate
(20), acrylonitrile, and water in THF in the presence of catalyst 14 in a sealed tube at 150 °C gave 
2-methylglutarimide (21, 98%), which is an important building block for biologically active substances
(eq. 13). Iridium-catalyzed Michael addition of 20 to acrylonitrile, subsequent multistep hydrations, and
cyclocondensation would occur sequentially. At first, the catalyst 14 works as a replacement of base to
generate the carbon nucleophile by α-C–H activation. Thereafter, the catalyst 14 works as Lewis acid
to promote hydration and cyclocondensation. Using polymer-supported iridium hydride catalyst, this
reaction can be applicable to combinatorial chemistry for synthesis of heterocyclic compounds [21]. 

CONCLUSION

The discovery of a new way of chemical reaction often leads to new chemical principles and new appli-
cation. We discovered that low-valent transition-metal hydride complexes such as ruthenium, iridium,
rhodium, and rhenium hydride complexes are highly useful catalysts as redox Lewis acid and base cat-
alysts, and even ambiphilic catalysts. Substrates bearing hetero atoms such as nitriles, isonitriles, and
carbonyl compounds can be activated and undergo reactions with either nucleophiles or electrophiles
under neutral reaction conditions. The concept will provide a new way that leads to environmentally
friendly, future catalytic processes and also to combinatorial chemistry. 
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